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Abstract

Limited fossil resources and accelerating climate change necessitates global, sustainable solutions. Re-
newable energy sources are envisioned to replace fossil fuels but their intermittent production requires
efficient storage media and/or immediate use when produced. Liquid chemicals including methanol
constitute convenient energy carriers due to their generally high energy density and long term storage
stability. Conventional methanol synthesis occurs by converting fossil-derived syngas (CO2/CO/Hz)
over a Cu/Zn0/Aly03 catalyst but sustainable methanol can be produced from renewably generated
H, and industrially captured COs to concurrently store renewable energy efficiently and facilitate a
greener chemical production. Achieving a sustainable methanol-based global society necessitates a
massive expansion in the methanol production capacity which naturally requires improved methanol
catalysts provided through a better understanding of the working process and catalyst configuration.
Cu is regarded as the active metal but the influence of support, the nature of the active catalytic
site(s) and the role of CO and COs are imperfectly understood topics that are addressed in this thesis.

Unsupported Cu catalysts and Raney Cu featuring intrinsic Cu catalytic properties are applied as Cu
benchmarking catalysts together with Cu supported catalysts including Cu/SiOy, Cu/TiO2, Cu/ZnO,
Cu/Zn0/Al,03, Cu/Al;03 and Cu/MgO.

CO and COs hydrogenation are two possible pathways to methanol. COs is the primary carbon
source for Cu/ZnO-based catalysts based on kinetic and isotope labelling studies but the dominant
carbon source to methanol over pure Cu is unclear. Clarification on this matter is established by syngas
switching experiments with CO/Hy, CO/COz/H;z and CO2/Hs at industrially relevant conditions (523
K, 50 bar) over Cu-based catalysts. Results show that CO4 is the main carbon source on zinc-free Cu-
based catalysts. Special supports including basic MgO can exert a bifunctional metal/support synergy
effect with high CO hydrogenation activity. Methanol synthesis from COs over Cu is governed by a
direct route at low conversion (< 0.1 mol% methanol) and a methanol-assisted autocatalytic pathway
(especially for Cu/Zn0O/Al;03) that accelerates the rate due to the direct COq route by several times.
Cu/SiO4 exhibits similar autocatalytic behaviour but at a substantially lower absolute activity.

Insight into the direct CO4 route is provided by TPH experiments of formate pre-covered catalysts
after formic acid dosage. Hydrogenation of formate evolved methanol and substantiated that formate
is a key reaction intermediate for direct CO5 hydrogenation to methanol. Formate also governs the
autocatalytic pathway where methanol and formate react to methyl formate that hydrogenates to
methanol.

Estimating the surface coverage of key intermediates is an important parameter for catalytic reactions.
A reproducible and quantitative method delivered for the first time experimental estimations of the
formate coverage on Cu under industrially relevant conditions (CO2/CO/Hy = 3/29/68, 523 K, 50
bar). The method involves rapid quenching of the working catalyst and subsequent integration of
desorbed COs upon TPD. Applying this method to quantify adsorbate coverages can provide valuable
guidance for kinetic modelling studies.

Low and high conversion are scenarios with different optimal COy/Hs compositions. Methanol activity
rises with the CO5 concentration at low conversion with CO being a weakly surface poison. Higher
conversion entails greater product concentrations including inhibiting water and (autocatalytically)
promoting methanol. Though CO is a mild surface poison it promotes the activity by displacing
severely poisoning water by the water-gas shift reaction. The optimal COy fraction at high conversion
consists of ~ 10% CO5 and ~ 90% CO.
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Cu dispersion on supports stabilizes the Cu particles and ensure high Cu surface area but supports also
regulate the methanol TOF. Activity measurements at industrially relevant conditions (CO2/CO/Hs,
523 K, 50 bar) of Cu-based catalysts confirm the well-known support effect with the TOF following
the order: Cu/SiO2 < Cu/Al;03 < Cu/ZnO-based catalysts. Models proposed in the literature
are inadequate to describe the support effect across different Cu supported catalysts. Activity of
Cu supported catalysts declines with smaller Cu particles (< 5 — 8 nm) though interfacial metal-
support sites, whose concentration generally increases with smaller Cu particle size, are suggested to
feature high activity. Reduced Zn facilitating Cu-Zn surface sites are suggested in the literature to be
highly active. Investigating this theory involves methanol synthesis in firstly CO2/Hs and secondly
CO2/CO/Hy (at 1 and 20 bar) over mildly reduced Cu/ZnO/Al;O3 with intact ZnO. Addition of
reducing and Cu-Zn site generating CO is detrimental to the TOF and reduced zinc cannot describe the
support effect for Cu/ZnO. Clarifying the support effect is of high significance as it heavily influences
the methanol TOF and can guide optimization work, which is necessary for the implementation of
widespread sustainable methanol production on a global scale.

Support-regulated chemisorption properties of CO on Cu is investigated by IR spectroscopy. The
stretching frequency of C-O (vc.o) adsorbed on a (catalytic) surface is sensitive to the surface charge.
Supports regulated the Cu surface charge with high vc.o on Cu/SiOy corresponding to oxidized and
electron-deficient Cu (Cu®*) and ZnO yielding low vc.o resembling electron-rich Cu (Cu’~). CO
adsorption on formate-covered Cu/SiOs and Cu/ZnO indicate that the support controls the formate
population on Cu with high population for Cu/ZnO and low population for Cu/SiO5. The support-
regulated Cu surface charging is further investigated by IR spectroscopy in inert gas after intermediate
and harshly activated ZnO-based samples, which exhibit broad IR transparency loss following the order:
Zn0O > Cu/Zn0/Al;03 > Cu/ZnO. Electrons donated from Hy and trapped in ZnO can explain the
reduced transparency for ZnO, while contact to Cu (Cu/ZnO-based samples) promotes electron flow
from ZnO to Cu due to Fermi level alignment and thereby higher transparency for Cu/ZnO. Verification
of trapped Hs in the harshly activated ZnO-based samples is provided by subsequent Hs desorption in
a TPD. In contrast, harshly activated but insulating SiOs shows no Hy desorption in agreement with
the model of electron transfer from reducible oxides to Cu.

IR results shows relation between electron-enriched Cu and high TOF for supported Cu catalysts
and oppositely low TOF for electron-deficient Cu. Potential mechanisms behind this relation include
support-regulated formate population level and formate conversion rate. Applying the quantitative
method allows estimates of the working formate coverage (CO2/CO/Hz, 523 K, 50 bar) on Cu/ZnO,
Raney Cu and Cu/SiOz. A similar experiment (cooling in the reaction mixture and then TPD) is
performed in the IR cell to disentangle the CO2 signal and only integrate the (partial) COs profile
attributed to Cu-HCOO desorption. Raney Cu and Cu/SiO4 feature similar formate coverage despite
four times lower TOF for Cu/SiOs hence the formate population level is not the single determinant
for the support effect. TOF and formate coverage values for Cu/ZnO are substantially higher than
Raney Cu and Cu/SiOs indicating that supports can regulate the formate coverage sustained by
Cu. Hydrogenation of formate pre-covered catalysts is rapid for Raney Cu but slow for Cu/SiOs.
Consequently, the detrimental role of SiOs relates primarily to an impeded ability to convert formate
into methanol.

This work focused mainly on methanol from COy though Cu/MgO features high CO/Hy activity. CO
hydrogenation in COs- and water-free atmosphere is interesting for decentralized methanol plants due
to more favourable thermodynamics and absence of inhibiting water. Combining a metal and a basic
oxide (Cu/MgO) outlines a path towards optimally engineered low temperature methanol catalysts.

This thesis aims at clarifying the support effect in catalytic methanol synthesis as current models are
insufficient in explaining the effect. Support-regulated electron transfer is thoroughly investigated and
reported to account for the support effect. Acquired knowledge about the role of support can highly
promote optimization work, which is a pre-requisite for the potential implementation of sustainable
methanol production in the future. Cu/MgO is subjected to a special bifunctional metal-support
mechanism yielding high CO/Hj activity. Provided with sustainable and low-cost syngas with negli-
gible COy concentrations Cu/MgO can work as an active, low temperature methanol catalyst suitable
for decentralized plants that use renewable energy to produce sustainable methanol.
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Resumé

Begraensede fossile ressourcer og accelererende klimaforandringer ngdvendigger globale, baere-dygtige
lgsninger. Vedvarende energikilder forventes at kunne erstatte fossile breendsler, men deres fluk-
tuerende produktion fordrer et effektiv lagringsmedie og/eller umiddelbar anvendelse efter produktion.
Flydende kemikalier inklusiv metanol udggr bekvemmelige energibserere pga. deres generelle hgje en-
ergitaethed og langvarig lagringsstabilitet. Konventionel metanolsyntese foregar ved at omdanne fossilt
afledt syngas (CO2/CO/Hs) over en Cu/ZnO/Al;O3 katalysator, men baeredygtig metanol kan pro-
duceres fra vedvarende brint og industrielt indfanget COs for samtidig at opbevare vedvarende energi
effektivt og fremme en grgnnere kemisk produktion. Realisering af et baeredygtigt metanol-baseret
globalt samfund krsever en massiv ekspansion i metanol produktionskapaciteten, som naturligt for-
drer forbedrede metanol katalysatorer opnaet via en bedre forstaelse af den arbejdende proces og
katalysatorens konfiguration. Cu anses for at veere det aktive metal, men indflydelsen af baeremateri-
ale, karakteren af de aktive katalytiske postion(er) og rollen af CO og CO5 er ikke fuldkomne forstaede
emner, som alle bliver adresseret i denne athandling.

Ikke-understgttet Cu katalysatorer og Raney Cu, som besidder iboende Cu katalytiske egenskaber, an-
vendes som Cu reference katalysatorer sammen med understgttede Cu katalysatorer inklusiv Cu/SiOq,
Cu/TiOz, Cu/Zn0O, Cu/Zn0/Al;03, Cu/Al,O5 og Cu/MgO.

CO og CO5 hydrogenering er to mulige ruter til metanol. CO4 er den primaere karbonkilde for Cu/ZnO-
baserede katalysatorer pa baggrund af kinetiske og isotop maerkningsstudier, men den primere kar-
bonkilde til metanol over rent Cu er uafklaret. Afklaring af denne sag etableres ved syngas skifte-
forsgg med CO/Hy, CO/CO2/Hy og CO3/Hy ved industrielt relevante betingelser (523 K, 50 bar)
over Cu-baserede katalysatorer. Resultaterne viser, at COq5 er den primere karbonkilde pa zink-fri
Cu baserede katalysatorer. Specielle baerematerialer inklusiv basisk MgO kan udvise en bifunktionel
metal /baeremateriale synergieffekt med hgj CO hydrogeneringsaktivitet. Metanolsyntese fra CO5 over
Cu reguleres af en direkte rute ved lav omdannelse (< 0.1 mol% metanol) og en metanol-assisteret
autokatalytisk vej (specielt udtalt for Cu/ZnO/Al;O3), som accelererer raten relateret til den direkte
COg rute adskillige gange. Cu/SiO2 udviser lignende autokatalytisk opfersel men ved en substantiel
lavere absolut aktivitet.

Indsigt i den direkte COq vej bliver leveret af TPH forsgg af formiattildeekkede katalysatorer efter
myresyre dosering. Hydrogenering af formiat udviklede metanol og understgttede, at formiat er en
nggle reaktionsintermediate for direkte COy hydrogenering til metanol. Formiat kontrollerer i tilleeg
den autokatalytiske rute, hvor metanol og formiat reagerer til metylformiat, som hydrogeneres til
metanol.

Estimering af overfladedaekningsgraden for veaesentlige intermediater er en vigtig parameter for kat-
alytiske reaktioner. En reproducerbar og kvantitativ metode leverer for fgrste gang eksperimentelle
estimeringer af formiatdeekningsgraden pa Cu under industrielt relevante betingelser (523 K, 50 bar,
COy/CO/Hy = 3/29/68). Metoden involverer bratkeling af den arbejdende katalysator og efterfolgende
integration af desorberet CO4 under TPD. Anvendelse af denne metode til kvantificering af adsorbaters
dakningsgrader kan levere veerdifuld vejledning til kinetiske modelstudier.

Lav og hgj omdannelse er scenarier med forskellig optimal COy/Hs kompositioner. Metanolaktiviteten
stiger med CO4 koncentrationen ved lav omdannelse med CO veerende et svagt overfladegiftstof. Hgjere
omdannelse indebeerer hgjere produktkoncentrationer inklusiv heemmende vand og (autokatalytisk)
fremmende metanol. Selvom CO er et mildt overfladegiftstof, da promoverer den aktiviteten ved at
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fjerne seerdeles forgiftende vand via vand-gas skiftereaktionen. Den optimale COy fraktion ved hgj
omdannelse bestar af ~ 10% CO2 og ~ 90% CO.

Cu dispersion pa baerematerialer stabiliserer Cu partikler og sikrer hgj Cu overfladeareal, men baerema-
terialer regulerer ogsa metanol TOF. Aktivitetsmalinger ved industrielt relevante betingelser (CO2/CO/Ha,
523 K, 50 bar) af Cu-baserede katalysatorer bekraefter denne velkendte baerematerialeeffekt med TOF
i folgende raekkefplge: Cu/SiOy < Cu/AlyO3 < Cu/ZnO-baserede katalysatorer. Modeller fremlagt
i litteraturen er utilstraekkelige i at beskrive baerematerialeeffekten for forskellige understgttede Cu
katalysatorer. Aktiviteten af understgttede Cu katalysatorer falder med mindre Cu partikelstgrrelse
(< 5—8 nm), selvom interface metal-beeremateriale positioner, hvis koncentration generelt gges i takt
med mindre Cu partikelstgrrelse, foreslas at besidde hgj aktivitet. Reduceret Zn faciliterer Cu-Zn
overfladepositioner, som i litteraturen foreslas at veere sezerdeles aktive. Undersggelse af denne teori
involverer metanolsyntese i forst CO2/Hs og dernaest COy/CO/Hsy (ved 1 og 20 bar) over mildt re-
duceret Cu/Zn0O/Al;03 med intakt ZnO. Tilfpjelse af reducerende og Cu-Zn position genererende CO
er skadelig for TOF’en, hvorfor reduceret zink ikke kan beskrive beereeffekten for Cu/ZnO. Opklaring
af baereeffekten er af stor betydning, idet den kraftigt pavirker metanol TOF og kan vejlede optimer-
ingsarbejde, hvilket er ngdvendigt for at implementere en udbredelse af beeredygtig metanolproduktion
pa global skala.

Baeremateriale-regulerede kemisorptionsegenskaber af CO pa Cu undersgges med IR spektroskopi.
Streekningsfrekvensen af C-O (vc.p) adsorberet pa en (katalytisk) overflade er sensitiv til overfladens
ladning. Beerematerialer regulerer Cu overfladens ladning med hgj vc.o for Cu/SiOs svarende til ox-
ideret og elektronfattig Cu (Cu’t), mens ZnO giver lav vc.o symboliserende elektronrig Cu (Cu’~).
CO adsorption pa formiattildeekkede Cu/SiO2 og Cu/ZnO indikerede, at beerematerialet kontrollerer
formiatpopulation pa Cu med hgj population for Cu/ZnO og lav population for Cu/SiO;. Den
bezeremateriale-regulerende Cu overfladeladning undersgges yderligere med IR spektroskopi i inert gas
efter mellem og hardt aktiveret ZnO-baserede prgver, som udviser bredt tab af IR transparens i fplgende
rackkefplge: ZnO > Cu/ZnO/Al;O3 > Cu/ZnO. Elektroner doneret fra Hy og indfanget i ZnO kan
forklare den reducerede transparens for ZnO, mens kontakt til Cu (Cu/ZnO-baserede prgver) frem-
mer elektronflow fra ZnO til Cu som fglge af Fermi niveau justering og derved hgjere transparens for
Cu/ZnO. Bekraftelse af indfanget Hy i hardt aktiveret ZnO-baserede prover leveres af efterfolgende
Hy desorption i en TPD. I modsaetning hertil udviser hardt aktiveret men isolerende SiOs ingen Hy
desorption i overenstemmelse med modellen omkring elektronoverforsel fra reducerede oxider til Cu.

IR resultater viser relation mellem elektronrig Cu og hgj TOF for understgttede Cu katalysa-torer
og modsat lav TOF for elektronfattig Cu. Potentielle mekanismer bag denne relation inkluderer
baeremateriale-regulerende formiatpopulationsniveau og formiats omdannelsesrate. Anvendelse af den
kvantitative metode tillader estimeringer af den arbejdende formiatdaeknings-grad (CO5/CO/Ha, 523
K, 50 bar) for Cu/Zn0O, Raney Cu og Cu/SiOs. Et lignende eksperiment (keling i reaktionsgassen og
derefter TPD) udfgres i IR cellen for at adskille CO4 signalet og kun integrere den (delvise) COq profil
hidhgrende fra Cu-HCOO desorption. Raney Cu og Cu/SiO4 giver sammenlignelige formiatdaeknings-
grader, selvom TOF er fire gange lavere for Cu/SiOq, hvorfor formiatpopulationsniveauet ikke er den
eneste determinant for beerematerialeeffekten. TOF og formiatdaekningsgrads veerdier for Cu/ZnO er
substantielt hgjere end Raney Cu og Cu/SiOs, hvilket indikerer, at baerematerialer kan regulere formi-
atdaekningsgraden understgttet af Cu. Hydrogenering af formiattildaekkede katalysatorer er hurtig for
Raney Cu men langsom for Cu/SiOy. I konsekvens heraf relateres den skadelige rolle af Cu/SiOq
hovedsagligt til en haemmet evne til at omdanne formiat til metanol.

Dette arbejde fokuserede hovedsagligt pa metanol fra COq, selvom Cu/MgO udviser hgj CO/Hz ak-
tivitet. CO hydrogenering i CO5 og vandfri atmosfaere er interessant for decentrale metanolanlaeg pga.
mere favorabel termodynamik og fraveer af inhiberende vand. Kombinationen af metal og et basisk
oxid (Cu/MgO) skitserer en vej mod optimalt konstruerede lav temperatur metanolkatalysatorer.

Denne afhandling har til formal at udrede beerematerialeeffekten i katalytisk metanolsyntese, idet
nuvaerende modeller er utilstreekkelige i at forklare denne effekt. Baeremateriale-regulerende elek-
tronoverfersel undersgges grundigt og rapporteres til at kunne forklare baerematerialeeffekten. Fr-
hvervet viden omkring rollen af baerematerialet kan veere seerdeles fremmende for optimeringsarbe-
jde, som er en forudsaetning for potentiel implementering af baere-dygtig metanolproduktion i fremti-
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den. Cu/MgO er underlagt en speciel bifunktionel metal-bseremateriale mekanisme resulterende i
hgj CO/Hy aktivitet. Forudsat at vedvarende og billig syngas med negligerbar CO4y koncentrationer
er tilgaengelig, da kan Cu/MgO fungere som en aktiv, lav temperatur metanolkatalysator egnet for
decentrale anlaeg, der anvender vedvarende energi til at producere baeredygtig metanol.
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Nomenclature

Abbreviation Description

AES Atomic Emission Spectroscopy

AGA American Gas Association

ATR Autothermal Reactor

BASF Badische Anilin und Soda Fabrik

BFW Boiler Feed Water

BPR Back Pressure Regulator

BWR Boiling Water Reactor

CRI Chemical Recycling International

DME Di-methyl-ether

DFT Density Function Theory

DRIFTS Diffuse Reflactance Infrared Fourier Transform Spectroscopy
EELS Electron Energy Loss Spectroscopy

EDX Energy Dispersive X-ray Spectroscopy

EFTEM Energy Filtered Transmission Electron Microscopy
ETEM Environmental Transmission Electron Microscopy
EXAFS Extended X-ray Adsorption Fine Structure

FBR Fixed Bed Reactor

FID Flame Ionization Detector

FTIR Fourier Transform Infrared

GC Gas Chromatography

GL Graphite Like

GLC Gas-Liquid Chromatography

GLS Gas-Solid Chromatography

HAADF High-angle Annular Dark Field

HPLC High-performance liquid chromatography
HREELS High-Resolution Electron Energy Loss Spectroscopy
HRTEM High-Resolution Transmission Electron Microscopy
ICI Imperical Chemical Industries

IRRAS Infrared Reflection-Adsorption Spectroscopy

IWI Incipient Wetness Impregnation

KIE Kinetic Isotope Effect

LEED Low Energy Electron Diffraction

MFC Mass Flow Controller

ML Monolayer

MOR Mordenite
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Abbreviation

Description

MTPD Metric Tonne Per Day

MTY Mass Time Yield

ND Neutron Diffraction

NMR Nuclear Magnetic Resonance

NP Nanoparticle

QMS Quadrupole Mass Spectroscopy

RAIRS Reflection Adsorption Infrared Spectroscopy
RFC Reactive Frontal Chromatography

(R)WGS (Reverse) Water Gas Shift

SC Single Crystal

SEM Secondary Electron Multiplier

SMSI Strong Metal Support Interaction

STEM Scanning Transmission Electron Microscopy
STM Scanning Tunneling Microscopy

TC Thermocouple

TCD Thermal Conductivity Detector

TOF Turnover Frequency

TPD Temperature Programmed Desorption

TPH Temperature Programmed Hydrogenation
TPR(S) Temperature Programmed Reduction (Spectroscopy)
UHV Ultra High Vacuum

UPS Ultraviolet Photo-electron Spectroscopy
XPS X-ray Photo-electron Spectroscopy

XRD X-ray Diffraction

Symbol Description Unit
Ocwncoo Formate surface coverage on Cu [ML)]

H Oxygen vacancy formation enthalpy [eV]

kp Boltzmann’s constant [J/K]
M, Mass of catalyst [mg]
m/z Mass-to-charge ratio []

ng Charge concentration [em~?]
Ve.o C-O stretching frequency [em~1]
P Pressure [bar]
(GH)SV  Gas Hourly Space velocity [N1/kgeat/h] or [Nml/geat /h]
T Temperature K]
TOF Turnover frequency [CHgOH molec./Cu surface atom/s]
V& Oxygen vacancy concentration [em~?]
V0CO,asym  Asymmetric OCO stretching frequency  [em™]
Yoco,sym  Symmetric OCO stretching frequency [em~1]
o(b) Schottky barrier height [eV]
o(t) Barier bending height [eV]
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Chapter 1

Introduction

1 Motivation

Limited oil- and gas resources (projected depletion in 2070 based on 2018 consumption [1]), rising
global energy demand and increasing carbon emissions are key global challenges [1, 2]. Future energy
and chemical production must therefore be based on renewable sources but how can we store and
efficiently exploit intermittent renewable energy on cloudy and/or calm days?
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The concept behind carbon neutral methanol production is depicted in figure 2. Renewable electricity
drives the splitting of water into oxygen and hydrogen and the latter reacts with captured COq from
industrial sources to produce methanol (see reaction R1).

CO; + 3Hy = CH30H + H,0 {R1}

Reaction R1 depicts a well-established industrial process (80-90 million tonnes demand in 2018, 6%
yearly growth) accelerated over a Cu/ZnO/AlyO3 catalyst at 50-100 bars of pressure at 473-573 K
[4]. The company Carbon Recycling International (CRI) from Iceland proved that this sustainable
methanol concept is industrially profitable provided with favourable infrastructural conditions. These
conditions include readily access to renewable energy sources (geothermal energy and water power in
Iceland) and reasonably high concentrations of easily extractable COs supplied in the CRI case from
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Fig. 2: Concept behind sustainable methanol production based on industrial COy emissions and re-
newable Hy produced from water-electrolysis.

the extraction process of geothermal energy due to degassing of volcanic magma [5]. CRI proves that
places with low electricity cost and significant CO4 emissions can produce cost-effective and industrially
feasible and sustainable methanol.

Besides the ability of methanol to store renewable electricity efficiently it is a key chemical feedstock
for the synthesis of higher valuable products including paints, plastics, chemicals and fuels [4]. Carbon
neutral methanol therefore holds the potential to displace fossil fuels as a key chemical commodity and
facilitate the transition towards a more sustainable chemical industry. Encapsulation of a ”methanol
based economy” is depicted in figure 2 and suggested by Noble laureate in chemistry (1994) George
A. Olah [6] to address the challenge with limited fossil resources and concurrently presents a way to
produce energy and chemicals without detrimental environmental consequences.

Noble laureate in chemistry (1986) Richard E. Smalley examined the challenges connected to the future
energy supply and concluded that efficient renewable electricity storage in decentralised facilities is a
prerequisite [2]. Local methanol plants based on renewable Hy from water-electrolysis and captured
COg, from point sources necessitates milder operation conditions in terms of temperature and pressure
compared to the today’s industrial process to be economically feasible. However, milder reaction
conditions entail adverse effects on the methanol production from a kinetic viewpoint. Consequently,
active catalysts operating at mild conditions must be developed based on improved understanding of
the catalytic active site, which for Cu/Zn0O/Al;O3 remains a highly debated topic [4].

Cu is regarded as the active metal due to linearity between the methanol rate (gneon/gcat/h) and
the specific Cu surface area (m? Cu/gc,;) for various supported Cu catalysts [4, 7, 8]. Interestingly,
the rate to area ratio (called the turnover frequency, TOF) depends strongly on the support material
hence the term support effect [8]. As the support highly regulates the methanol TOF an improved
understanding of the effect is of high significance for optimizing conventional methanol catalysts and
fundamentally understand the catalytic systems. Mechanistic studies suggest formate (HCOO) on the
metal surface as a key reaction intermediate for methanol synthesis [9, 10]. Therefore, it is of high
importance to quantify the formate surface coverage on Cu (0cu.ncoo) at working conditions.
Another key feature in methanol synthesis over Cu is the role of CO and COs and the current dispute
regarding the main carbon source to methanol over Cu.

This PhD project seeks to establish a mechanism describing the support effect and clarify the roles of
CO and COg at various reaction conditions. The proposed support effect mechanism is that support-
induced electron flow at the metal-support interface regulates the catalytic properties of the metal.
Kinetic studies at conventional conditions coupled with various in situ spectroscopy methods with
mainly IR spectroscopy constitute the framework for investigating the proposed mechanism. The
acquired knowledge contributes with an improved fundamental understanding of how supports direct
catalytic reactions and could be of high industrial value by providing guidelines for future optimization
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work of metal-supported catalysts.

2 Project Description

This thesis focuses on metal-support electronic interactions to account for the reported support effect
on the methanol rate over supported Cu catalysts. Various supported and unsupported Cu catalysts
are synthesized and tested by means of:

e Hydrogen activation followed by Cu surface area estimation using NoO-Reactive Frontal Chro-
matography (RFC)

¢ Kinetic experiments at conventional methanol synthesis conditions (P = 50 bar mainly, T = 523
K mainly) in syngas (mainly CO2/CO/Hs or CO2/No/Hy or CO/Ar/Hy = 3/29/68) at mainly
low conversion (< 0.3 mol% CH3OH) conditions unless otherwise stated

e In situ Diffusive Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) of

— CO adsorption on oxidized and reduced samples as well as with co-adsorbate formate
— Formate synthesis in CO2/Hsy at 373 K, 1 atm and subsequent hydrogenation

— Methanol synthesis at 10 bar in CO2/CO/Hy at 523 K with subsequent TPD

— Formate injection and subsequent temperature programmed hydrogenation (TPH)

— Methanol injection and subsequent temperature programmed desorption (TPD)
e In situ X-ray Diffraction (XRD) of reduced samples for Cu crystallite size estimations

e Ex situ X-ray Photoelectron Spectroscopy (XPS) to study surface composition and system im-
purities

Cu supported catalysts (Cu/SiOz, Cu/TiO2, Cu/Zn0O, Cu/Zn0/Al,05, Cu/Al,03 and Cu/MgO)
were synthesized by standard precipitation or impregnation methods. All catalysts were activated in
hydrogen unless otherwise stated. Experiments were mainly conducted using a high-pressure flow-
reactor setup with two separate gas routes; one leading to U-shaped glass lined reactors applicable
for high-pressure reactions and another to an Harricks IR cell with accessories to perform cryogenic
temperature (atmospheric pressure) and high temperature (high-pressure) experiments. Inlet gas
flows for both gas routes through a carbonyl trap consisting of active carbon before entering the
reactor/cell containing the samples. Effluent gasses from both gas routes were analysed online by a
mass spectrometer and a gas chromatograph while samples placed in the IR cell was investigated by
a Nicolet iS50 Fourier Transform IR (FTIR) spectrometer. In situ XRD experiments were conducted
in a separate setup.

Chapter 2 provides a literature overview regarding the current scientific understanding of catalytic
methanol synthesis. Conventional synthesis methods for methanol catalysts are outlined followed by
micro-kinetic models describing the reaction pathway for methanol and the role of reaction conditions
on methanol synthesis. Based on this fundamental background the overview focuses on metal-support
interactions, the coverage of formate (HCOO) on Cu and the support effect on the methanol activity.
Finally, chemisorption methods to quantify the Cu surface area and alternative methanol catalysts are
briefly discussed before summarizing the scientific work and models for the active methanol site.

Chapter 3 is a reprint of the submitted and currently editing for review manuscript The roles of CO
and COs in high pressure methanol synthesis over Cu-based catalysts. It clarifies the main carbon
source for methanol over Cu-based catalysts at low and high conversion and highlights the role of CO
at these two conversion regimes. Supplementary material is provided in appendix A.

Niels Dyreborg Nielsen performed all presented investigations and did visualization, wrote, edited
and reviewed the manuscript , and conducted formal analysis and partly formulated the research
objective. Jakob Munkholt Christensen participated with conceptualization, methodology and formal
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analysis together with editing and reviewing the manuscript. He also acquired funding for the project,
managed and supervised the project.

Anker Degn Jensen supervised, managed the project, acquired funding for the project and reviewed
and edited the manuscript.

All authors proofread the article prior to submission.

Chapter 4 is a reprint of the publication entitled Methanol-Assisted Autocatalysis in Catalytic Methanol
Synthesis. It describes a newly discovered methanol accelerated autocatalytic mechanism present at
methanol concentrations above 0.5 mol% for especially the conventional Cu/Zn0O/Al,O3. This break-
through explains some of the current disputes about higher methanol rates at higher conversion and
provides vital understanding valuable for future optimization of conventional methanol synthesis. Sup-
plementary material is provided in appendix B. Niels Dyreborg Nielsen contributed with high-pressure
methanol synthesis experiments over Cu/Zn0O/Al;O3 in CO-free and CO-containing atmosphere at
low and high conversion and proofread the final manuscript. Joachim Thrane and Sebastian Kuld did
formal analysis, methodology, investigation, editing and reviweing manuscript. Anker Degn Jensen and
Jens Sehested supervised, performed editing and reviewing of the manuscript and conceptualization.
Jakob performed conceptualization, methodology, formal analysis, writing and editing the manuscript.
All authors participated in proofreading the article before submission.

Chapter 5 is a reprint of the paper Quantification of Formate and Ozygen Coverages on Cu Under
Industrial Methanol Synthesis Conditions. It outlines the reproducible quenching method develop to
quantify surface coverages of adsorbates present under high-pressure reaction conditions. Supplemen-
tary material is provided in appendix C.

Niels Dyreborg Nielsen performed all presented investigations and did visualization, wrote, edited and
edited the manuscript, and conducted formal analysis and partly formulated the research objective.
Jakob Munkholt Christensen participated with conceptualization, methodology and formal analysis
together with editing and reviewing the manuscript. He also acquired funding for the project, man-
aged and supervised the project.

Anker Degn Jensen supervised, managed the project, acquired funding for the project and reviewed
and edited the manuscript.

All authors proofread the article prior to submission.

Chapter 6 is a print of the paper Characterization of ozide-supported Cu by infrared measurements
on adsorbed CO. This shows that support regulates the Cu surface charge observed by C-O stretch-
ing frequency changes for Cu supported catalysts. Support-regulated electron transfer is the proposed
mechanism for this effect, which highly impacts the population level of adsorbate on surface illustrated
by profoundly different formate population levels for Cu/SiOg and Cu/ZnO. Supplementary material
is provided in appendix D.

Niels Dyreborg Nielsen contributed to the conceptualization and performed all investigations except
XRD experiments, performed formal analysis, wrote original manuscript and was responsible for edit-
ing and final drafting including visualization.

Thomas Erik Lyck Smitshuysen contributed with XRD investigations and formal analysis on these
tests, while Christian Danvad Damsgaard supervised primarily the XRD studies.

Anker Degn Jensen supervised, managed the project and was responsible for funding acquisition and
contributed to the writing and editing process.

Jakob Munkholt Christensen participated in the conceptualization and methodology processes, super-
vised, managed the project and data, acquired funding and participated significantly to the reviewing,
editing and visualization process of the final manuscript.

All authors participated in proofreading the article before submission.

Chapter 7 is a reprint of in preparation manuscript Support-dependent electron transfer to Cu explains
the support effect for catalytic methanol synthesis over Cu. It encapsulates the support effect and
suggest a detail description of the highly debated support effect.

Supplementary material is provided in appendix E.

Niels Dyreborg Nielsen performed all presented investigations and did visualization, wrote, edited
and reviewed the manuscript , and conducted formal analysis and partly formulated the research
objective. Jakob Munkholt Christensen participated with conceptualization, methodology and formal
analysis together with editing and reviewing the manuscript. He also acquired funding for the project,
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managed and supervised the project.

Anker Degn Jensen supervised, managed the project, acquired funding for the project and reviewed
and edited the manuscript.

All authors proofread the article prior to submission.

Chapter 8 is a reprint of the article with the title Bifunctional Synergy in CO Hydrogenation to
Methanol with Supported Cu. The article concentrates on methanol synthesis at mild conditions from
CO and Hs over MgO supported Cu. Synergy effects between MgO and Cu are found to be of vital
importance in understanding methanol synthesis over Cu/MgO. Supplementary material is reprinted
in appendix F and provides a general description of the experimental setup used throughout the PhD.
Niels Dyreborg Nielsen contributed with conceptualization, methodology, formal analysis and investi-
gation. This entailed synthesis of unsupported Cu, Raney Cu and supported Cu catalysts and later
analyses of measurements involving i) IR spectroscopy and ii) X-ray photoelectron spectroscopy, and
iii) syngas switching experiments between CO hydrogenation and COs hydrogenation atmospheres for
Cu/MgO, Cu/Aly03, unsupported Cu, and Raney Cu. Niels participated in the editing, reviewing
and visualization process of the final manuscript.

Joachim Thrane contributed with conceptualization, investigating and formal analysis. This was evi-
dent by with CO chemisorption experiments including subsequent TPD and partly long term stability
tests (410 hours) of Cu and MgO based catalysts in high pressure CO hydrogenation atmosphere. This
work is contained in his BSc thesis named Investigation of Copper Based Catalysts by Chemisorption
Methods. He also participated in the editing and reviewing process.

Anker Degn Jensen supervised, managed the project, acquired funding for the project and reviewed
and edited the manuscript.

Jakob Munkholt Christensen contributed with investigation, formal analysis, conceptualization and
methodology. Details of his work includes a description of the water inhibition effect, partly long term
stability tests (410 hours) of Cu and MgO based catalysts in high pressure CO hydrogenation atmo-
sphere, and suggested the mechanism based on IR spectroscopy and syngas switching experiments. He
wrote, reviewed, visualized and edited the manuscript and acquired funding, supervised and managed
the project.

All authors proofread the article prior to submission.

Chapter 9 summarizes the results in a combined conclusion section.
Chapter 10 suggests future work on the basis of the work presented in this thesis.
Appendix G summarizes the preparation parameters for the various catalysts prepared.

Appendix H describes calibration of various instruments applied in the flowreactor setup.
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Chapter 2

Literature Review

Decades of research into catalytic methanol synthesis together with its industrial application potential
are outlined and thoroughly discussed in this chapter. The preparation procedure for a typical indus-
trial type methanol catalyst is presented before the methanol synthesis reaction scheme and industrial
methanol production are discussed.

Modeling of the direct methanol synthesis reaction pathway based on experimental and theoretical
studies is evaluated before a possible indirect autocatalytic reaction pathway is presented. Knowledge
about the reaction mechanism is applied in the scientific debate including proposed models to account
for the well-substantiated Cu-Zn synergy effect on the catalytic activity. Chemisorption methods in-
cluding NoO-RFC and H,-TPD are widely applied to estimate the Cu surface area of supported Cu
catalysts hence a thorough evaluation of these methods is included.

Perspective is provided by a short presentation of alternative methanol catalysts for methanol produc-
tion based on renewable energy sources.

1 Historical Overview

Methanol production based on a syngas mixture of Hy, CO, and CO5 was for the first time described
in 1921 by Patart [1, 2]. This method was a few years later patented by BASF (today a world-
leading chemical production company) based on a ZnO/Cry03 catalyst operating at T = 573-633 K,
P = 150—250 bar [3]. After decades of work into Cu-based catalysts [4] and improved steam reforming
pioneered by Imperical Chemical Industries [4, 5] resulting in lower impurity levels of the syngas [6],
ICT patented in 1965 a more active ternary Cu/ZnO/Al;O3 catalyst synthesized by co-precipitation
for methanol synthesis [7] operating at milder conditions in comparison to the ZnO/Cr,O3 catalyst.
The Cu/Zn0O/AlyO3 catalyst has ever since been the preferred catalyst for catalytic methanol synthe-
sis with excellent methanol selectivity (> 99.8%) and good energy conversion (75%) [4, 6] but it is
susceptible to inhibtion over time by thermal sintering [4, 8]. Initially, the working conditions (T" =
503, P = 50— 100 atm) for stable methanol production involved a mixture of CO and Hy [9]. However,
early radiolabelling studies at high pressure conditions conducted first by Kagan et al. [10] and later
by Chinchen et al. [11, 12] and Liu et al. [13] with support from transient kinetic measurements [14]
showed that the carbon component in methanol originated from COs rather than CO as previously
proposed by Natta [15] and supported by the Klier group [16].

Consequently, the syngas mixture changed in composition to Hy/CO/CO42 with ratios around 80/10/10
[17] supplied by coal gasification or steam reforming of natural gas as the dominant sources [18].

The three components in the Cu/Zn0O/Al,O3 catalyst are suggested to promote methanol synthe-
sis in different ways as described below:

Al,Oj3 acts as a structural promoter by facilitating a high Cu dispersion (defined as the ratio between
surface atoms and total number of Cu atoms) [19-21]. It is associated with high thermal stability and
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enhanced catalytic activity [22] through modified ZnO reducibility by Al** incorporation into ZnO
[20].

Cu can synthesize methanol from CO5 and Hy based on single crystal experiments [23-25] and is
regarded as the active metal based on the linear relationship between the methanol activity and the
specific Cu surface area [26-28]. Recent studies have attributed the ability of Cu to synthesize methanol
to defective Cu step sites and Cu lattice strain [29].

ZnO works as a structural promoter by inhibiting Cu particle sintering [21, 22, 30, 31] as shown by
Kasatkin et al. [32] in figure 2.1.1, and it profoundly enhances the activity compared to Cu [33, 34]
(known as the Cu-Zn synergy effect) as seen by Fujitani et al. [35] in figure 2.1.2. Moreover, it
scavenges poisons (e.g. sulfur and chlorides) and thereby minimizes Cu poisoning [4, 21]. The Cu-Zn
synegy effect is suggested to arise from metal-support interactions between Cu and ZnO resulting
in partial ZnOy formation, which is suggested to cover Cu under reducing conditions [29]. Several
mechanisms based on both experimental and theoretical work have been proposed to describe these
interesting metal-support interactions for highly active Cu/ZnO based catalysts as presented in section
7. However, the nature of the active sites remains a controversial topic, and future research are required
to solve this long standing debate.
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Fig. 2.1.1: High-Resolution Transmission Elec-

tron Microscopy (HRTEM) image of a calcined  Fig. 2.1.2: Methanol TOF for a Zn/Cu(111)
(in air at 603 K) and activated (in Hy at 523 catalyst exposed to Hy/COo = 3 at 523 K
K) Cu/Zn0O/Aly03 catalyst with an industri- and 18 atm as function of Zn coverage (©z,),
ally relevant Cu/Zn/Al molar ratio of 6/3/1. which was determined after methanol synthesis
ZnO prevents Cu particles from sintering. Fig- by XPS. Figure is from [35].

ure is from [32].

2 Conventional Methanol Catalyst Preparation

Conventional methanol catalysts consist of 50-70 mol%, CuO, 20-50 mol% ZnO and 5-20 mol% Al;Os.
The preparation procedure includes co-precipitation of Cu, Zn, and Al containing nitrates mixed with
precipitating agents such as alkali bicarbonate or alkali carbonate. Co-precipitation refers to the
phenomenon where otherwise soluble species react and undergo simultaneous precipitation facilitated
by the presence of precipitating agents. Alternative precursors with readily accessible metal includes
sulfates and chlorides are deselected due to their poisoning effect on the catalyst [4, 27]. Mixing of
nitrate metal precursors and the precipitating agents produce hydroxy-carbonate precursors with Cu
and Zn on supporting Al,O3 at pH = 6 — 7 and T = 333-343 K with first aging for 0.5-2 hours (T =
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333-343 K) and second washing and drying and third calcination at 327-427°C. Catalyst activation by
Hy-reduction at 463-503 K represents the final step [22].

> Meso-structuring > Nano-structuring > Activation
Initial precipitate Aged precipitate Calcination product Active catalyst

Zincian georgeite Zincian malachite CuO/Zn0O Cu/Zn0O

undefined compact shape thin needles spherical particles
size ca. 100 nm size ca. 20 x 200 nm size ca. 10 nm

Fig. 2.2.1: Preparation scheme for Cu/Zn0O/Al;O3 from initial catalyst precursor (a) to final activated
catalyst (d). This demonstrates catalyst configuration modifications during preparation and activation
steps. Figure is from [31].

Zincian malachite ((Cu,Zn)2(OH)2CO3) is identified as a vital precursor phase for the conventional
Cu/Zn0O/AlyO3 catalyst because of a clear relation between the Zn content in zincian malachite and
the Cu surface area [31] as seen in figure 2.2.2. A decreased zincian malachite interplanar distance
d(201) suggests lattice contraction caused by more Zn?* incorporation (substituting Cu?*) into zincian
malachite [31]. As evident from figure 2.2.2, a conventional-type catalyst prepared with a Cu:Zn ratio
of 70:30 yields close to the highest obtainable Cu surface area.
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Fig. 2.2.2: The effect of Cu/Zn content on the lattice properties of zincian malachite displays the
amount of Zn?* incorporation (solid black squares) into zincian malachite seen by the interplanar
distance d(201) and the specific Cu surface area (open squares). All samples are activated before
structural characterization experiments are conducted. Figure is from [31].

Promoters can be added to the Cu/Zn0O/Al;O3 catalyst as exemplified by MgO, which facilitates a
higher and more stable catalytic activity [8].
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3 Reaction Scheme for Methanol Synthesis

The overall reactions involved in methanol synthesis from syngas are depicted in table 1. The exother-
mic nature of the presented reactions combined with the stoichiometry ratio between products and
reactants entail that methanol synthesis according to thermodynamics is favourable at high-pressure
(Le Chatelier’s principle) and low temperature. Contrary, reaction kinetics increases exponentially
with temperature [36]. Optimal reaction conditions concerning temperature and pressure are there-
fore partly a trade-off between rapid (kinetics) and high (thermodynamics) methanol production.

Methanol synthesis by-products including dimethylether (DME) and aldehydes are thermodynamically
more stable than methanol. Therefore, the methanol catalyst must be (highly) selective towards syn-
thesizing methanol, and the methanol selectivity of typical industrial catalysts exceeds 99.8% [4, 6, 18].

Table 1: Standard heat of formation (AHYgk) for reactions relevant for methanol production from
syngas based on [36].

Reaction name Reaction Enthalpy of formation
AH g1 [kJ mol 1]
CO hydrogenation CO + 2 Hy, = CH30H -91
CO3 hydrogenation COs + 3 H, = CH30H + H>0O —47
Water-gas shift (WGS) CO + HyO = Hy + CO, —41

CO2 hydrogenation is the main reaction pathway for conventional methanol synthesis [37-39] and
higher CO5 partial pressure should enhance the methanol activity. However, a high COs concentration
(assuming constant CO concentration) favours the reverse WGS reaction and results in CO formation
and methanol activity inhibiting and co-produced HyO [40-42] (see WGS in table 1). The CO:COq
ratio in the feed gas influences the WGS/RWGS reactions and the oxidation/reduction potential [43, 44]
of the feed gas with consequences for the methanol activity [44, 45].

4 Industrial Methanol Synthesis

Industrial methanol production involves careful considerations about the supply and preparation of
syngas, choice of catalyst and reactors, method of optimally controlling the reaction temperature etc.
Modern methanol plants produce methanol with a selectivity above 99.8% and with an energy efficiency
around 75% making it a highly optimized process [4, 6]. The main steps towards producing methanol
is depicted in figure 2.4.1 with a starting feedstock of hydrocarbons (derived chiefly from natural gas
by steam reforming), which is subsequently reformed (incl. possible purification) to the optimal or
desired syngas mixture. Synthesised methanol is collected by distillation [46] to yield different qualities
of methanol [4].

Feedstock Syngas Methanol

Distillation

(natural gas) Production Synthesis

Fig. 2.4.1: General steps for conventional methanol synthesis with inspiration from [46] though coal
gasification is another major feedstock for syngas production.

The dominant method for conventional methanol production is steam reforming of natural gas [18]
involving reaction R2 [36] at 25-35 bar and up to 1273 K:

CH; +HoO == CO+3Hy  AHS y = 206kJmol ™! {Rr2}

with WGS/RWGS (see table 1) occurring simultaneously. Regions with insufficient cheap natural gas
resources (e.g. China) use coal gasification as the dominant feedstock to prepare syngas [18].
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Characteristic properties of the syngas are the module, M, defined in equation 4.1 and the CO/COq
ratio [18]. A high CO/CO, ratio enhances the reaction rate by displacing inhibiting water, which
otherwise accelerates catalyst deactivation [18]. However, CO is required, because it is the primary
carbon source to methanol synthesis from COy hydrogenation (see section 1).

Hy — CO2

M= 0T CO, — 2 (stoichiometric) (4.1)

Stoichiometric methanol syngas is achieved using a module of 2 (see CO and COy hydrogenation
reactions in table 1).

Conventional methanol synthesis is primarily produced based on three designs [4, 18, 21]; tubular
boiling water reactors (BWRs) applied by the Lurgi company, quench reactors developed by ICI (now
Johnson Matthey), and adiabatic reactors in series used by Topsge and Kellogg (now Kellogg Brown
& Root). Their main differences originate from their method of controlling the reaction heat with
associated advantages and limitations [21]. Figure 2.4.2 provides an overview of the designs and the
conversion to methanol as function of temperature profiles, which will be discussed in further detail
next.
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Fig. 2.4.2: Upper panel: Methanol yield (bold lines) and methanol equilibrium (thin lines) as function
of temperature associated with lower panel reactors: (a) tubular boiling water reactor (b) series quench
reactor and (c) series adiabatic reactor. Figure is from [4].
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4.1 Boiling Water Reactor

This design implemented by Lurgi (see figure 2.4.3) consists of catalyst material loaded into vertical
reactor tubes immersed into boiling water, which ensures good temperature control and converts
80% of the reaction heat into high-pressure steam applicable for syngas compression and electricity
generation [47]. Figure 2.4.3 shows a simplified diagram of the Lurgi process with (1) compression of
fresh syngas and subsequent mixing with recycled gas. Reaction heat preheats the mixed syngas in
the heat exchanger (2) before the gas enters at the top of the reactor (3). Methanol in the product
gas leaving the reactor is condensed in a cooler-condenser (4) and separated (5) before gas recycling
(7) with injection of fresh syngas. Part of the recycled gas is purged (6) to avoid built up of inert gas
but purging lowers the yield to around 90% because it unavoidably contains syngas [48].

Similar process diagrams including a syngas recycling loop to achieve high conversion (> 90 — 95%
of the make-up gas) exist for the quench and adiabatic reactor designs [21]. This recycle requirement
due to unfavourable gas-phase thermodynamics at conventional reaction temperature is one of the
most profound disadvantages about conventional methanol synthesis [4]. The isothermal configuration
facilitates high thermal efficiency (product energy content divided by reactant energy content), good
temperature control, and high selectivity, conversion, and yield. BWRs well-controlled temperature
profile and low average operation temperature results in high yields, minimal sintering and consequently
high catalyst lifetime (5 years) [4, 18, 21, 48, 49]. However, the complex mechanical design with a tube
sheet limits the reactor diameter to approximately 6 m thus restricting the methanol capacity to 1800
ton/day [4, 49]. Parallel BWRs can be installed but this configuration is associated high investment
cost making large scale methanol production unsuited with current BWR technologies [18, 21, 49].
Operational conditions are typically 40-100 bar and 493-538 K [8, 21] with a recycling to feed ratio of
3-4 [18, 21].

steam
e

synthesss gas

S
[enu

methanol

Fig. 2.4.3: Simplified diagram from [48] of the Lurgi process with: 1: Feed gas compressor, 2: Heat
exchanger, 3: Lurgi BWR, 4: Methanol condensers, 5: Gas-liquid separator, 6: Purge, 7: Recycle gas
COIMPIessor.

4.2 Quench Reactor

ICT (now Johnson Matthey) designed a quench reactor consisting of several adiabatic reactors in series
embedded within the same shell with internal cooling of the reaction heat supplied by shot cooling
with syngas (and partly cooled recycled syngas, see figure 2.4.4) through lozenges in between the beds
as shown in figure 2.4.4 [21, 49]. Heat exchangers between the beds are therefore unnecessary resulting
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in a simple mechanical design. Its simple and reliable design combined with low cost make it a popular
choice and it dominates the market of methanol reactor designs with 61% compared to 27% for the
Lurgi design (data based on [50] presented in [6]) and is normally used for methanol production up
to around 3000 metric tonnes per day (MTPD) [8]. However, gas dilution by cold (recycled) syngas
injected from the sides causes temperature variation across the catalysts beds resulting in low catalyst
utilization, which necessitates high catalyst volume and high recycle streams (recycle to feed ratio of 5-
7) [4, 8, 21]. Figure 2.4.2 shows the undesired saw-toothed conversion profile as function of temperature
implying profound temperature gradients and poor thermal efficiency with increased risk of thermal
sintering of the catalyst and lower selectivity [21]. Quench reactors usually operate at 50-100 bar at
493-553 [8, 21].

Recycle
Compressor Converter
Heat
Compressor ) Exchangers
\
Feed gas
Purge gas
<«
Separator
Condenser

Raw methanol

Fig. 2.4.4: Simplified flow diagram for the ICI design with fixed-bed adiabatic reactors and multiple
feed gas injection positions to quench the reaction. Figure is from [21].

4.3 Serial Adiabatic Reactor

Though designs by ICI and Lurgi dominate the methanol plant market, the series of adiabatic reactor
configuration designed by Topsge and Kellogg (now Kellogg Brown & Root) is the optimal choice for
large capacity methanol plants [4, 21]. Single-line capacities up to 10 000 MTPD can be achieved
with this design. They are constructed as spherical reactors with the advantage over cylindrical
vessels that they can be constructed with thinner reactor walls yet withstanding the same reaction
pressure resulting in lower construction costs. Moreover, the design consists of two perforated spherical
shells with catalyst loaded in between, which allows the gas flow to enter from the outside and flow
through a relatively thin catalyst bed thus minimizing the pressure drop. This increases the methanol
rate compared to cylindrical reactor designs [21, 51]. The advantages of this design are high thermal
efficiency, high selectivity and good temperature control, but its relative high cost and complex loading
procedures make it most applicable for large capacity plants [4, 21]. Figure 2.4.5 shows a methanol
synthesis loop for three adiabatic reactors in series with heat exchanger units placed between each
reactor. Optimal reaction conditions are 50 to 100 bar at around 493 K using a recycle ratio of 3 to 5
[4, 21, 48].

4.4 Sustainable Methanol from CO, and H,

Methanol produced from captured CO5 and renewable Hs constitutes a potential vital component
in realising a methanol economy based on a carbon neutral cycle as envisioned by Noble laureate in
Chemistry 1994 George Olah (see section 1). However, CO-free CO2/H2 mixtures enhance the risk of
substantial inhibiting water concentrations by the RWGS and CO-free conditions is thermodynamic
unfavourable for the methanol equilibrium [52, 53]. If restricted to a renewable CO4/H; feedstock, one
solution is to initially pass the feedstock through a shift reactor to produce CO and H2O from COs
and Hy with subsequent water out-condensation resulting in a conventional CO/CO2/Hy mixture as
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First Second Third
methanol methanol methanol
converter converter converter
Boiler feed water or
ﬁ feed water to saturator
Recirculator  Makeup gas

Crude
methanol

Fig. 2.4.5: Methanol synthesized using a loop of three adiabatic reactors resemble a type of reactor
configuration optimal for large capacity methanol plants designed by Topsge and Kellogg (now Kellogg
Brown & Root). Figure is from [4].

illustrated in figure 2.4.6 using the isothermal BWR Lurgi type reactor. Presence of CO favours a
higher methanol equilibrium and can scavenge produced and inhibiting water from CO5 hydrogenation
[52].

Isothermic reactor
Adiabatic reactor

! HP steam

=D < BFW

H,+CO,

Recycle
compressor

Purge gas

Crude methanol

Fig. 2.4.6: Flow scheme for converting a CO4/H; feedstock into methanol using a two reactor (adiabatic
and isothermic) system attached with a boiler feed water (BFW) system, which allows utilization of
the high-pressure (HP) steam. Figure is from [47].

Alternatively, new catalysts, which converts COs and Hy directly into methanol while suppressing the
RWGS reaction and/or being more water-tolerant, have been proposed [54, 55]. One advantage of a
"water-resistant” catalyst is that the shift reactor (adiabatic reactor in figure 2.4.6) can be excluded
resulting in economic gain, which must at least outweigh the investment costs associated with devel-
oping the ”water-resistant” catalyst, before such a ”water-resistant” catalyst becomes economically
feasible.
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Invention of feasible methanol catalysts operating at mild conditions in decentralized areas may pave
the way for widespread sustainable methanol production through integration with renewable sources.
Low-pressure methanol synthesis is attractive in terms of lower operational and investment costs and
supports small decentralized methanol plants but it also lowers the equilibrium methanol conversion.
This could be counteracted by lowering the temperature, which in turn decreases the kinetic rate
substantially. Therefore, catalysts for methanol synthesis from COs and Hs must be highly active at
low temperature, stable against product inhibition and suppress the endothermic RWGS assisted by
lower reaction temperature [52]. Solving these challenges open the possibility for sustainable methanol
production at industrial scale.

The Icelandic company CRI demonstrates that renewable methanol production from a COy/Hs feed
is economically feasible in areas with inexpensive and available renewable electricity to produce Hs
together with easily accesible CO5 emissions in high concentrations. CRI uses 5600 metric tonnes
of CO3 to produce 4000 metric tonnes of methanol per year [56]. Their patent issued in 2007 [57]
disclosures the overall process, which is a modified version of the two reactor Lurgi design (see figure
2.4.6). Hy generated from water-electrolysis and captured COy are pressurized and react in a RWGS
reactor to produce CO and H2O. CO is fed to a syngas storage tank containing Ho and COs, which is
connected to a methanol reactor, while water is collected in a storage tank. They describe methanol
synthesis from different Hy/COy syngas mixtures including COs/Hy = 1/3 at 50 bar and 498 K
over Cu/Zn0O/Aly03, Cu/ZrOy or Cu/Zn/Cr based catalysts with a 20-25% conversion. Temperature
control of both the endothermic RWGS and exothermic methanol synthesis reactions is achieved by
heat exchange between the two reactors. Excess heat from the methanol synthesis reactor is applied to
preheat the cold inlet gas. Their design features an energy-efficiency (electricity to methanol) of 58%,
which is slightly higher than the theoretical maximum of 54.1% for a Lurgi design [58]. Therefore,
CRI most likely modified the Lurgi design.

Overall, CRI proofs that sustainable methanol from COs and Hs is economically feasible provided with
favourable conditions including abundant, cheap renewable electricity and readily accessible COq in
high concentrations and at a low cost preferably with within close proximity to minimize transporta-
tion costs. Capital costs for conventional and green methanol production is estimated to be roughly
the same [47, 59] whereas the sustainable syngas preparation procedure for green methanol is signifi-
cantly more expensive compared to natural gas steam reforming [58, 59]. Model scenarios [58] for green
methanol production revealed a ten fold higher methanol cost compared to natural gas based methanol
and that hydrogen production accounted for around 70-80% of the energy consumption [58, 60] though
the actual price increase for green methanol may be location and facility dependent. Improved and
cheaper hydrogen production potentially promoted by lower electricity prices is therefore a key chal-
lenge for large scale green methanol production. Moreover, electrolysers working efficiently with a
variable energy source such as intermittent renewable energy posses an inherent challenge in cheap
and renewable hydrogen production from water electrolysis [58]. In comparison, syngas preparation ac-
counts for 50-60% of the total investment cost in conventional methanol plants supplied by natural gas
[4, 6, 61]. Expansion in the installed renewable power capacity, initiatives to reduce carbon emissions
(e.g. carbon tax) combined with improved COq capturing and electrolysis technologies could expand
the locations for economically feasible and commercially interesting sustainable methanol production.

4.5 Catalyst Deactivation

Cu is especially susceptible to poisons including sulphur, chlorine, and iron carbonyls. Sulphur can
block the active sites but rarely constitutes a problem for syngas derived from natural gas, whereas
desulfurization using a ZnO guard bed may be required for syngas based on coal gasification. Chlorine
significantly promotes sintering of Cu and Zn phases but is not normally present in the feedstock.
Iron carbonyls may constitute part of the make-up gas in gasification plants but is also generated,
when high-pressure and highly reducing syngas contacts the steel-made synthesis loop components
including reactor, tubes, heat exchangers etc. Syngas purification and passivation and/or minimizing
of carbon-steel tubes in the synthesis loop make catalyst poisoning a minor issue in commercial plants
[4, 21].

The major source for deactivation in conventional methanol synthesis is Cu sintering. Tammann’s rule
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states that thermal sintering of Cu (with a melting point of 1358 K) is minimal if not absent during
conventional methanol synthesis operated around 480-580 K [4, 26] as seen in equation 4.2 [4].

Tmobility > 0.5 Tbulk, melting point (42)

However, above the Hiittig temperature [62] (see equation 4.3 [4]) surface mobility of atoms and
molecules becomes significant which promotes sintering [4, 63].

THiittig =0.3 Tbulk, melting point (43)

The importance of catalyst sintering for Cu/Zn0O/Al; O3 is evidenced by an activity loss of more than
one-third after 1000 h (~42 days) of operation at commercial conditions [4, 64]. Reduced reaction
temperature minimizes the sintering risk, but operational policy generally dictates temperature rise
over time to maintain high activity (fast kinetics). Due to the aforementioned thermally promoted
sintering, the temperature increase is usually small [21]. Trade-offs between high activity and minimal
sintering are considered when deciding on the reaction trajectory. Eventually, the catalyst is replaced
after 2-5 years of operation [4, 21, 26, 59].

5 Literacy for methanol synthesis over Cu/ZnO/Al,O3

Decades of scientific research on catalytic methanol synthesis over Cu-based catalysts have advanced
the understanding and resulted in well-established knowledge, which is briefly outlined in this section.
Especially the nature of the active sites is subjected to scientific dispute and a comprehensive discussion
is allocated for this topic later in section 7.

e Metallic Cu and ZnO were reported as the dominant copper and zinc phases during conventional
methanol synthesis conditions based on the following observations:

— Insitu XRD in CO/CO2/H; syngas mixture at T' = 493 K, P = 30 bar for a Cu/Zn0/Al,03
catalyst found metallic Cu and ZnO [65].

— IR spectra of CO adsorbed on reduced Cu/ZnO catalysts (reducing gas: CO/CO2/Hs)
showed metallic Cu characteristic features [66].

— XRD investigations after reduction in syngas mixture for a Cu/ZnO catalyst showed ZnO
characteristic XRD features [67].

— In situ neutron diffraction (ND) experiments for a Cu/Zn0O/Al;O3 catalyst at industrially
relevant conditions (CO2/CO/Hy gas, T = 503, P = 60 bar) showed Cu and ZnO reflections
even after 148 h of time-on-stream (TOS) [68].

— XPS analysis of Cu/ZnO [69] and Cu/Zn0O/Al;03 [70] catalysts after Hy reduction at 523
K and 493 K, respectively, identified metallic Cu and ZnO. The surface of a commercial
Cu/Zn0/Aly03 catalyst after methanol synthesis (T = 523 K in Hy/CO/COy = 73/25/2,
P = 2 atm) was reported [71] to consist of metallic Cu and ZnO based on post synthesis
XPS analyses.

e The methanol productivity (gneomn/geat./h) depends linearly on the specific Cu surface area (m2

Cu/geat.) for Cu/ZnO-based catalysts in CO2/CO/Hy gas mixtures based on studies with the
following reaction conditions:
— T = 473-493 K, ambient pressure [28]
T =523 K, P = 50 bar [72]
T =518 K, P = 45 bar [27]
— T =513 K, P =50 bar (all areas evaluated by NoO-RFC).
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e Supports profoundly influence the methanol TOF [33, 73, 74] known as the support effect. ZnO
and Al,O3 supports can promote/stabilize the methanol synthesis activity. Direct relation be-
tween methanol production and ZnO coverage after synthesis evaluated by XPS on a zinc de-
posited Cu(111) catalyst was reported [35] yielding a maximum thirteen fold TOF increase
in comparison to zinc-free Cu(111). Al,O3 acted as a structural promoter and ensured high
methanol activity and long catalyst lifetime [19, 22].

e CO, was identified by isotope labelling studies as the main carbon source for methanol synthesis
on Cu/ZnO(/Aly03) catalysts [11, 13, 38] at industrially relevant conditions in agreement with
mechanistic studies [37] and single crystal studies on Cu(100) [25].

e Formate (HCOO) is the predominant reaction intermediate on the Cu surface and attributed to
play a pivotal role for the methanol activity due to:

— DRIFTS shows HCOO dominance on an ICI catalyst after both methanol synthesis (COgz/Hs
= 9/91, 473 K, 44 bar) and methanol adsorption (P = 20 mbar, T' = 303 K) [75].

— FTIR study on methanol synthesis (CO2/Hy = 1/9, T = 503 K, P = 100 bar) on Cu/SiO2
revealed predominantly Cu-HCOO surface species [76].

— Kinetic model coverage calculations show HCOO as the dominant hydrocarbon surface
species (0.07 ML) on Cu in a gas composition (Hs/CO2/CO/H,0/CH3OH = 88.65/3.65/1.79/1.35/4.56,
T = 506 K, P = 50 bar) corresponding to a 85% approach to equilibrium [77].

— XPS post-reaction investigations on a zinc deposited Cu(111) catalyst revealed relation
between formate coverage and methanol activity (Ho/CO9, T = 523-563 K, P = 18 bar)
[35].

— In situ IR spectroscopy of Cu/Zn0O/Al;O3 identified formate and observed direct relation
between the absorbance intensity of the formate band and the evolved methanol when
exposed to i) CO2/Hg, P = 10 bar, T' = 550 K [78] and ii) at 0 to 3 bars of CO3 in fixed 7
bars of He, T = 523 K [79].

— Sum-frequency generation study on single and polycrystalline Cu catalysts at 8 bar in
COy/Hy = 10/90, T = 573 K reported profound formate coverage of 0.3-0.4 ML [80].

— TPD measurements on an ICI standard Cu/Zn0O/Al;O3 catalyst after methanol synthesis
(CO3/Hy = 1/9, T = 473 K, P = 1 bar) exhibited simultaneous desorption of COs and
H, at 440 K [81] assigned to formate decomposition in agreement with [82]. Quantitative
amounts of COq and Hy agreed well with the amount of methanol produced [81].

— DFT calculations on Cu(111) found hydrogenation of adsorbed formate as a key reaction
intermediate due to its relative high reaction barrier [37].

— Kinetic isotope effect (KIE) studies [83] on
Cu/Zn0O/Al, O3 (P = 30 bar, T = 413-523 K in CO2/X = 1/3 (X being Hs or D2) reported
formate hydrogenation as the rate determining step.

6 Methanol Synthesis Reaction Pathway

Methanol synthesis by CO5 hydrogenation involves multiple reaction steps usually described as di-
rect HCOO formation and its conversion to methanol by kinetic models. Hydrogenation of formate
to methanol Theoretical and experimental studies on the reaction pathway in conjunction to the
rate-limiting step are discussed. Reaction conditions and type of support impact the activity and
is therefore considered. An alternative and recently suggested additional methanol-assisted autocat-
alytic pathway is suggested to profoundly accelerate methanol production of Cu/ZnO-based catalysts
at higher conversion (0.3 mol% MeOH in the effluent gas) when operated at industrially relevant
conditions.
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6.1 Direct Hydrogenation Mechanism

A micro-kinetic model for methanol synthesis based on CO5 hydrogenation was suggested by Askgaard
et al. [77]. The model consisted of 13 elementary reaction steps (see table 1) of which eight steps (step
1-8) were designated to the WGS reaction and five steps (step 9-13) assigned to the simplest reac-
tion pathway for methanol synthesis. Three steps were added to allow formation of the by-product
formaldehyde. One feature of the model was the incorporation of nearest adsorbate neighbor repul-
sion, which restricted the saturation surface coverage to one molecule per active surface site defined as
two Cu sites whereby complete surface coverage (6 = 1) corresponded to a ¢(2 x 2) surface structure.
Model simplification was obtained by focusing on the low index planes Cu(100), Cu(110), and Cu(111)
as the dominating facets.

Input parameters for the micro-kinetic model were adapted from gas-phase thermodynamics and single
crystal (SC) experiments on Cu(100) [23] performed at P = 2 bar and T = 483 — 563 K with COq:H,
= 1:1. Good agreement for the methanol TOF was found between model-predictions and experimental
TOF rates for commercial type Cu/Zn0O/Al,O3 catalysts [84] at T = 484 — 517 K, P = 15 — 50 bar
with different CO:CO2:Hs gas compositions, when additional methanol input parameters for Cu(111)
were applied as shown in figure 2.6.1.

The good correspondence between model and experimental results supported the application of SC
experiments in modeling industrial catalysts and led the authors to suggest that the dominant active
Cu facet for methanol synthesis was the Cu(111) facet. Based on comparisons between model-scenarios
assuming step 10, 11 or 12 to be the rate-limiting step with SC experiments [23], the authors proposed
hydrogenation of HoCOO* to methoxide and oxide (step 11) to be the rate-limiting step.

Limitations of Aksgaard’s micro-kinetic model includes the influence of support (and potential bifunc-
tional mechanisms) and surface structure [21], which to some extent were addressed later by Ovesen
et al. [85].

Table 1: Isolated * symbolizes a free surface site, whereas X* signifies that the molecule/atom X is
adsorbed on the surface or in the gaseous (g) state. The kinetic model is adapted from [77].

Step no. Reaction
1 HyO(g) +* = H,O*
2 H,O* + * = OH* + H*
3 2 OH* = H,O* + O*
4 OH* + * = O* 4+ H*
5 2 H* = Hy + 27
6 CO(g) + * = coO*
7 CO* + O* = COo; + *
8 CO;3 = COs(g) + *
9 CO35 + H* = HCOO* + *
10 HCOO* + H* =  HyCOO* + *
11 H,COO* + H* =  H3CO* 4+ O*
12 H3CO* + H* =  CH3OH* + *
13 CH3;OH* = CH3;0H(g) +*
14 H,COO* +* =  HCHO* + O*
15 HCHO* = HCHO(g) + *
16 H,COO* + H* = HCHO* + OH*

In contrast to Askgaard’s model (based on Cu SC experiments), Fujita et al. [86] reported hydrogena-
tion of HCOO-Zn and/or HCOO-Cu into CH30-Zn as rate-limiting step(s) based on combined FTIR,
TPD and activity investigations on Cu/ZnO catalysts. FTIR performed during methanol synthesis
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Fig. 2.6.1: Experimental studies conducted by both Rasmussen et al. [23] and Graaf [84] agree well
with predictions (line) from a kinetic model suggested by Askgaard et al. [77]. Original figure from
[77] was been modified with annotations.

(CO3/Hy = 1/9, T = 438 K, 1 atm) demonstrated a rapid initial rise in the amount of HCOO-Cu,
whereas the rate of the CH3O-Zn signal increase was significantly less pronounced upon methanol syn-
thesis as evident from figure 2.6.2. Further investigations of catalysts containing preadsorbed HCOO-
Cu and HCOO-Zn showed that decrease in the HCOO-Cu signal was accompanied by an increase in
the CH30-Zn signal, whereas the HCOO-Zn signal both during methanol synthesis and Hs treatment
remained constant over time as shown in figure 2.6.3. This supported the suggested methanol synthesis
route from HCOO-Cu to CH30-Zn. Based on the facile formation of HCOO-Cu (rapid initial rise),
the relation between HCOO-Cu decrease and CH30O-Zn increase, relation between CH30-Zn formation
from HCOO-Cu and partial pressure of Hy, and previously reported fast hydrolysis of CH3O-Zn into
methanol [87], hydrogenation of formate on Cu into methoxy was suggested as the rate-limiting step
for methanol synthesis in CO5/Hs syngas on Cu/ZnO catalysts. DRIFTS studies by Neophytides et
al. [75] on an ICI type Cu/ZnO/Al;O3 catalyst substantiated that hydrogenation of formate species
adsorbed on Cu into methoxy was the rate-limiting step.
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Fig. 2.6.2: Time-evolution in the Fig. 2.6.3: Changes in the amounts of HCOO-Cu
amounts of HCOO-Cu (0), HCOO-Zn (0), HCOO-Zn (@), and CH30-Zn (O) with time
(@), and CH30-Zn (O) during CO2/Ha- of Hy pretreatment at 383 K on catalysts containing
reaction for 30 mol% Cu/ZnO catalyst. preadsorbed HCOO-Cu and HCOO-Zn. Figure is
Figure is form [86]. from [86].
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The origin of the different reported rate-limiting steps may be ascribed to catalyst type, reaction
conditions etc. as will be discussed later in section 7.5. Nevertheless, the elementary steps contained
in the micro-kinetic model by Askgaard et al. [77] are still regarded as applicable [4, 37].

Changes in the particle morphology in response to the reaction conditions were incorporated into
Askgaard’s static model by Ovesen et al. [85]. Their revised model included the impact of syngas
composition on the interface surface free energy between Cu and ZnO (support), which enabled a
description of the dynamic behaviour based on the change in the number of active sites upon applying
various syngas mixtures. The profound effect of including the dynamic behaviour was shown by in
situ EXAF'S studies [88], where syngas oxidation potential variations resulted in particle morphology
changes for a Cu/ZnO catalyst system and hence changed the number of active sites. Reversible particle
morphology response was observed upon changing the syngas between standard syngas (CO/COs/Hs)
and oxidizing syngas (H,O/CO/CO3/Hs). Support to a mobile surface under reaction conditions was
provided by Spencer [89], who reported the onset temperature for surface mobility (Hiittig temperature
equal to ~ % of the melting temperature i.e. %Tm [4, 89]) for Cu to be ~ 450 K (in agreement with
[64]) well below conventional reaction conditions (473-573 K).

Based on this ”dynamic” micro-kinetic model, methanol activities for Cu/ZnO/Al;O3 catalysts using
different CO/CO5 gas mixtures were calculated agreed with experimental studies. Both theoretical and
experimental investigations demonstrated that particle morphology dynamics profoundly impacted the
catalytic activity.

Work to improve the dynamic model by Ovesen et al. [85] was performed in a comprehensive DFT
study by Grabow and Mavrikakis [37]. They established a mean-field micro-kinetic model, which
investigated the methanol synthesis and the WGS reaction based on 8 gas and 22 adsorbed species
evaluated using 49 elementary steps. The fundamental model assumptions are listed next:

e Mean-field approximation with no adsorbate-adsorbate interactions was justified by assuming
the adsorbates to be well-mixed (T ~ 500 K for methanol synthesis) on the surface together with
negligible diffusion limitations.

e A Cu(111) surface was used to determine kinetic and thermodynamic parameters due to:

— The most stable Cu facet is Cu(111). [37]

— TEM imaging showed Cu(111) and Cu(100) surfaces to prevail during methanol synthesis.
(90]

— Reaction rates on polycrystalline Cu with Cu(111) as the major facet and industrial type
Cu/Zn0O/Al, 03 catalysts [91] agreed well.

e Surface coverage was limited to 1 ML, and multilayer adsorption was not considered.

e All input parameters were derived from periodic and self-consistent GGA-PW91 DFT calcula-
tions conducted on Cu(111) and fitted to experimental activities for
Cu/Zn0/Al; 05 catalysts operating at industrially relevant conditions.

Generally, assumptions about the limiting steps etc. are a prerequisite to estimate input parameters
as conducted by Ovesen et al. [85]. However, Grabow and Mavrikakis [37] eliminated this requirement
by applying DFT to determine the input parameters. The reaction mechanisms for COy and CO
hydrogenations proposed by the DFT calculations are shown in the following (X* and * are described
in table 1):

CO; hydrogenation
CO; - HCOO* - HCOOH* — CH3035 — CH,0* — CH30* — CH30H*

CO hydrogenation
CO* - HCO* — CH,0* — CH30* — CH30H*

20



Methanol Synthesis Reaction Pathway

On the basis of a micro-kinetic model comprehensively evaluated by DFT, the active methanol site
was proposed to consist of a partially oxidized and more open Cu facet including Cu(110), Cu(211)
and Cu(100) rather than Cu(111).

Figure 2.6.4 revealed the impact of WGS and CO/CO4 hydrogenation on the methanol synthesis reac-
tion pathways. Enthalpies and activation energy barriers were obtained after fitting the micro-kinetic
model to experimental methanol synthesis results obtained for COy hydrogenation (blue), CO hydro-
genation (green) and RWGS reaction (red).

The model performed better in COs-rich syngas mixtures because the dominant part of the experi-
mental studies applied for model fitting was performed with COs-rich syngas mixtures.

Through comparison between DFT derived binding energies and micro-kinetic model inputs, the au-
thors suggested Cu as the active site for methanol synthesis, though they could not definitively elimi-
nate possible synergy effects between Cu and ZnO.
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Fig. 2.6.4: Potential energy surface for different methanol synthesis pathways calculated based on the
micro-kinetic model, which was fitted to experimental data. Enthalpies are shown w.r.t. to COz(g),
CO(g) and 3 Hy(g) at T = 499 K. The (R)WGS reactions (red) are assumed to involve OH* species
marked in gray italic font. Path for COy hydrogenation: state 1 — blue line — black line — state 3
ending with either i) blue line — state 4 if no WGS or ii) red line — state 5 if incl. WGS. Path for
CO hydrogenation: state 2 — green line — black line state 3. Spectator molecules are shown in black
boxes with shaded background, and adsorbed H* has been removed. Figure is from [37].

The influence of zinc on the reaction pathway was studied using DFT by Behrens et al. [29], who
examined a flat (defect-free) Cu(111) surface, a stepped Cu(211) surface to incorporate surface defects
with and without Zn as illustrated in figure 2.6.5. Increase in the methanol activity was found for the
Cu stepped surface compared to the flat Cu surface attributed to stabilization of reaction intermediates
on the steps as shown by figure 2.6.6. Activity experiments (T = 483 and 523 K, P = 60 bar, 59.5% Ha,
8.0% COq, 6.0% CO, balanced inert) confirmed the relation between enhanced activity and presence
of a stepped surface by a linear increase in the activity as function of the stacking fault probability
(identified by the inter-planar spacing ratios d111/d2go and dags /d4gp). Both DFT and catalytic activity
measurements reported further activity rise for zinc containing Cu catalysts. Enhanced adsorption
strength of reaction intermediates and lowering of reaction barriers between intermediate steps were
suggested as explanations for the beneficial role of zinc.
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Fig. 2.6.5: Examined surface facets in figure 2.6.6 with one Zn atom replacing one Cu atom in the Cu
stepped surface and termed CuZn211. Figure is from [29].
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Fig. 2.6.6: DFT calculated energy diagrams for COy hydrogenation at T' = 500 K, Py, = 40 bar,
Pco =10 bar, Pco, = 10 bar, Pcu,on = 1 bar and Py,0 = 1 bar on various facets. The energies are
relative to gas phase COy and Hy on clean surfaces (AG = 0). The facets are close-packed (black),
stepped Cu with three atoms (blue) and surface Zn replacing Cu one to one (red solid) or two Zn
atoms to one Cu atom (red dashed). Figure is from [29].
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6.2 Indirect Autocatalytic Mechanism

A reaction exhibiting autocatalytic behaviour is characterized by a reaction product acting as catalyst
for further product formation resulting in a net activity gain [92]. An autocatalytic mechanism is at-
tractive because it offers an explanation for conflicting reported activity results measured at different
conversion levels and syngas composition using various support types. These conflicting studies are
briefly discussed, as a further discussion and description of the autocatalytic mechanism is presented
in the published paper Methanol-Assisted Autocatalysis in Catalytic Methanol Synthesis in chapter 4.
Once an equilibrium limited reaction reaches a steady state and equilibrium concentration of reactants
and products is achieved. At low conversion or equivalent differential conditions the concentrations
of products are not expected to substantially impede the reaction rate. At higher conversion (finite
conditions), the product concentrations rise and shifts the equilibrium towards the product size. Con-
sequently, it is expected that the turnover frequency of a simple reaction occurring over a given catalyst
at identical reaction conditions (temperature, pressure, feed gas composition) except the conversion
level (regulated by e.g. space velocity and catalyst loading) is highest at differential conditions. Incon-
sistent results with this description points to an imperfectly understood reaction mechanism. Studies
reporting higher TOF at finite conditions at certain reaction conditions are discussed next.

Lee et al. [40] exposed a commercial (ICI) Cu/ZnO/Al;O3 catalyst to both CO- and COs-rich
CO/CO2/Hy syngas mixtures under different space velocities to study the influence of space velocity
and CO/COx concentration on the methanol activity. In CO-rich syngas with COy fractions of 10-30%
CO; and 70-90% CO, the methanol rate is higher at finite (54 x 1031/kg/h) conditions compared to
more differential (108 x 10%1/kg/h) conditions.
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Fig. 2.6.7: Methanol rate at various space velocities (SV) and different feed gas compositions over a
commercial ICI Cu/Zn0O/Al;03 catalyst. All experiments are conducted at T' = 523 K, P = 30 bar
with Hy/CO, = 4 except for 73 x 10%1/kg/h with Hy/CO, = 8. Figure is from [40].

Similar observations was reported by Sahibzada et al. [41] as seen in figure 2.6.8 with higher rate at
finite conditions in CO-rich syngas mixtures. This methanol activity acceleration at higher conversion
that contradicts the normal behaviour of a catalytic reaction especially equilibrium limited reactions
creates room for a second potentially autocatalytic mechanism, which becomes important at higher
conversion conditions. Further discussion on this matter is provided in chapter 4

7 Metal-Support Interactions

Supported metal catalysts can experience interactions between metal and support with profound conse-
quences for the catalytic properties of the catalyst including the methanol TOF [74, 93-95]. Reported
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Fig. 2.6.8: Methanol rate from CO/COy/Hs (COy/Hy = 1/4) feed gas mixtures measured at differential
conditions in a tubular reactor and at finite conditions in a internal recycle reactor. Figure is from

[41].

metal-support interactions for Cu/ZnO-based catalysts are often abbreviated the Cu-ZnO synergy
and is suggested to account for the supremacy of the conventional Cu/ZnO/Al;O3 catalyst. Several
mechanisms have been proposed to explain the Cu-ZnO synergy including:

e Gas-dependent surface morphology
e 7ZnO induced Cu strain and defects

ZnO decoration of Cu generation an active Cu-ZnO interface

Cu-Zn surface alloy formation

Electron transfer induced by the support

The proposed electron transfer mechanism constitutes a main research objective in this PhD work.

7.1 Gas-dependent Morphology of Cu on ZnO

Changing the gaseous environments over Cu-based catalysts altered the surface morphology of Cu
particles with profound implications for the catalytic activity. The suggested gas-dependent Cu surface
morphology mechanism is discussed in the following.

Cu/Zn0O and Cu/SiO4 catalysts were investigated by EXAFS in two syngas environments with differ-
ent oxidation potentials (Dry: 5% CO, 5% CO,, balanced hydrogen, low oxidation potential, Wet: 3%
H>0, 4.85% CO, 4.85% COx, balanced Hs, high oxidation potential) by Clausen et al. [88]. Cu/SiO4
exhibited no apparent change in the Cu coordination number upon switching from dry to wet syngas
mixture whereas Cu/ZnO showed reversible changes in the coordination number, which was attributed
to Cu particle shape variations. By applying the Wulff construction [96] the authors explained the dy-
namic coordination number response to dry/wet syngas exposure with changes in the Cu/ZnO contact
surface free energy induced by variation in the oxygen vacancy concentration as a consequence of the
different oxidation potentials. The dry/wet syngas caused support wetting/non-wetting phenomena
and disc-like/sphere Cu particle shapes.

Absence of changes for Cu/SiOy was attributed to the strong Si-O bond making it difficult to generate
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oxygen vacancies, which could alter the Cu surface morphology.

Later IR studies by Topsge and Topsge [66] supported the increase in oxygen vacancy concentration
under reducing atmosphere for Cu/ZnO catalysts and found no reversible variation in the surface
structure for Cu/SiOs (and Cu/Al;O3) in agreement with Clausen et al. [88].

A similar Cu/ZnO catalyst exposed to the same gas mixtures (as Clausen et al. [88]) were investigated
by Grunwaldt et al. [67], who in addition measured the methanol production rate. The rate of methanol
production responded reversibly as the gas mixture altered between wet and dry gas mixtures as seen
in figure 2.7.1 (compare dry gas exp. no. 2, 4 and 6 with wet gas exp. no. 3, 5 and 7) again in support
of the work by Clausen et al. [88].
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Fig. 2.7.1: EXAFS and MS analyses combined on a Cu/ZnO catalyst (4.5 wt% Cu) demonstrated
relation between methanol activity obtained at 493 K (ambient pressure) in dry or wet syngas and

variation in the apparent Cu-Cu coordination number in the reducing gas (1), dry syngas (2, 4, 6) and
wet syngas (3, 5, 7). Figure is from [67].

The proposed relation between reaction conditions, oxygen vacancies and the resulting Cu particle
shapes were modeled as seen in figure 2.7.2 and described in reactions R3 and R4 [85].

Ha(g) + Zn—0 = H,0(g) + Zn—V©° {R3}

CO(g) + Zn—0 == CO4(g) + Zn—V° {R4}

with VO symbolizing an oxygen vacancy in ZnO formed at the Cu/ZnO interface under reducing
conditions. ZnO reduction could facilitate Cu-ZnOy surface alloy formation as seen in figure 2.7.2c.
Oxidizing syngas was associated with spherically shaped Cu particles and high Cu coordination num-
ber, whereas reducing syngas flattened the Cu particles and lowered the Cu coordination number.
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Dry syngas conditions enhanced the methanol
signal attributed to a larger Cu particle surface
area. The authors ruled out inhibiting water
as a key factor influencing the methanol activ-
ity based on a micro-kinetic model [77], which
reported that water adsorb weakly on Cu. How-
ever, even small amounts of water added to the
feed gas has recently shown substantial decrease
in the methanol activity (see section 6.2) thus
water deficiency under dry syngas conditions may
partly explain the larger methanol signal reported
by Grunwaldt et al. [67]. The gradual decline in
the MS signal with higher (odd) experiment num-
ber (figure 2.7.1) was associated with Cu sintering
over time [67].

Ovesen et al. [85] applied the knowledge obtained
by Clausen et al. [88] and Grunwaldt et al. [67]
to construct a dynamic micro-kinetic model (see
section 6), which demonstrated good agreement
with independent studies in terms of describing
the gas-dependent particle morphology and its ef-
fect on the catalytic activity.

Oxygen Vacancies m
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)

A9

foy

Y

Reducing

Fig. 2.7.2: Interaction model for Cu particles
and ZnO support under various conditions from
round-shaped particle (a) over a disk-like Cu par-
ticle (b) and formation of a Cu-ZnOy surface alloy
(¢) to brass alloy formation (d) involving oxygen
vacancies and reduced Zn. Figure is from [67].

Imaging of the gas-dependent surface morphology was obtained by Hansen et al. [90] using in situ TEM
as seen in figure 2.7.3. Clearly, reducing gas conditions promoted flat Cu particles, while oxidizing
gas mixtures resulted in more spherical Cu particles. The in situ TEM results agreed well with the
dynamic model by Ovesen et al. [85] and the interaction model presented in figure 2.7.2.

Studies discussed here evidently suggested gas-dependent surface morphology wetting/non-wetting
behaviour of Cu on ZnO, which in turn influenced the methanol activity. However, it can be debated,
whether the examined model Cu/ZnO catalysts with small Cu particles dispersed on a ”large” ZnO
support (and reported gas-dependent surface morphology) are representative for the conventional
catalyst with 50-70 atomic % CuO and 20-50 atomic % ZnO (see section 2). Moreover, the exclusion
of the detrimental role of water in wet syngas environments seem to contradict other studies (see

discussion in section 6.2).
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Fig. 2.7.3: In situ TEM imaging obtained at the following conditions: A (reducing): Hy, T = 493 K,
Pyt = 1.5 mbar, C (wet, oxidizing): Hy/Ho0O = 3/1, Pt = 1.5 mbar, T = 493 K, E (dry, reducing):
Hy/CO = 95/5, Piot = 5 mbar, T = 493 K. Images A, C, and E show the equilibrium shapes after 1
h gas exposure. B, D, and F reveal the Wulff constructions determined by surface and interface free
energies obtained from A, C and E. Figure is from [90].

7.2 Defective and Strained Cu Lattice Promoted by ZnO

Microstrained and defective Cu induced by ZnO was suggested to facilitate the generation of active
Cu edge sites (e.g. steps), which was proposed to account for the Cu-ZnO synergy effect according to
the studies presented in this section.

Gilinter et al. [97] synthesized Cu/ZnO catalysts with different Cu/Zn ratios and applied XRD to
examine both the microstructure and the Cu surface area with MS applied to evaluate the activity
in CO/CO3/Hy = 10/4/72 (balanced in He) syngas at T = 493 K and atmospheric pressure. The
Cu/Zn precursor ratio (shown in figure 2.7.4) regulated the Cu microstrain, which in turn affected the
activity (most beneficial for Cu/Zn = 20/80 mol%) as evident in 2.7.5 and explained by:

e 7ZnO dissolved in Cu facilitated structural Cu defects.
e Incomplete Cu reduction caused oxygen leftover in Cu.

e Epitaxial bonding of Cu on ZnO caused interfacial strain.

Support to the relation between Cu microstrain and catalytic activity was provided by work of Kasatkin
et al. [32], who examined an industrial type catalyst at T = 483 K in a Hy:CO:CO2:He (72:10:4:14
molar ratio) syngas mixture at 60 bar. Based on XRD and TEM with EDX measurements the authors
reported that both the overall faulting probability (1.5a + 8 in figure 2.7.6¢), and the microstrain
(Strain in figure 2.7.6b) correlated with the catalytic activity. Lattice imperfections such as planar
defects and strain explained the increase in the methanol activity, because the imperfections could
facilitate the formation of unique active sites, according to the authors [32].

Behrens et al. [29] underpinned the activity promotion effect attributed to Cu defects and the stacking
fault probability as seen in figure 2.7.7 based on methanol synthesis experiments on an unsupported
(pure) Cu and five Cu/Zn0O/Al;O3 catalysts. They argued [29] that Cu due to strong metal support
interactions (SMSI), which describes suboxide covering supported metal particles mediated by reducing
atmosphere [98], was partially covered by ZnOy, which facilitated the formation of Zn®+. The Cu-ZnO
synergy effect was explained by substitution of partial oxidized zinc species (Zn®*t) into highly active
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Notice, the clear trend between methanol activity and both microstrain fig. b (open squares) and
overall faulting probability fig. ¢ (solid squares). Figure is from [32].

Cu step sites resulting in stabilization of reaction intermediates. Gibbs free energy diagrams for the
different Cu(Zn) facets shown in figure 2.6.5 demonstrated the following activity order Cu/Zn(211)
> Cu(211) > Cu(111) due to variations in reaction intermediate stabilization and reaction barrier
energies as illustrated in figure 2.6.6.

Activity measurements concerning COs hydrogenation on zinc-free and zinc-containing catalysts sup-
ported the DFT calculations regarding stabilization of CO5 hydrogenation intermediates in the pres-
ence of zinc by reporting a clear beneficial role of zinc on the activity [29].

The active Cu step site mechanism implied methanol rate increase (on top of the rate increase asso-
ciated with a larger Cu surface area) as the Cu particle size decreased, because smaller Cu particles
generally facilitated a higher probability of stacking fault (e.g. steps). However, very small Cu parti-
cles (below 8 nm according to Van den Berg et al. [99]) may not be able to accommodate highly active
step-edge sites. Accordingly, a non-linear increase in the activity with larger Cu surface area facilitated
by moderately small Cu particles (above 8 nm) is expected, if strained and defective Cu (potentially
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Fig. 2.7.7: Intrinsic activity (P = 60 bar, T = 483 and 523 K, Hy/CO2/CO = 59.5/8/6 and balanced
inert) of Cu catalysts (5-15 nm in size) as function of the Cu stacking fault concentration (determined
by shifts in the 111, 200, 222 and 400 diffraction peaks) with the inset figure illustrating how a stacking
fault in a (111) surface can facilitate kinks and surface steps. Figure is from [29].

decorated with ZnOy) constitutes the active site. This model is in conflict with the well-substantiated
linear relation (see section 5) between activity and Cu surface area, which is normally based on the
N3O uptake of Cu after catalyst reduction. However, the reduction treatment may partially reduce
reducible oxides including ZnO causing an additional NoO uptake [70, 100, 101]. The potentially bi-
ased Cu surface area (discussed later in section 8.1) may conceal the "expected” (if defect sites are
the active centres) non-linear relation between the activity and the Cu surface area. Whether the
additional NoO-uptake exactly cancelled out the structure sensitive effect is questionably especially
because the linearity between surface area and activity was also reported in studies working with
ZnO-free catalysts [33, 102, 103].

Behrens et al. [29] reported that stepped Cu sites covered by Zn°T ensured high methanol activity
obtained by a highly optimized catalyst preparation procedure. Therefore, for industrial applications
only a small fraction of the Cu surface area contributed to the activity by significantly enhancing the
TOF, and this catalyst configuration was difficult to obtain for simple model systems, the authors
argued.

Whether such highly active Cu steps decorated with Zn®*t exist at conventional reaction conditions,
or the TOF is independent of the Cu particle size (potentially restricted to a specific size range above
~ 8 nm) requires additional work.

Overall, the discussed studies reported a highly active and defective/strained Cu surface induced by
Zn0Oy to account for the Cu-ZnO synergy effect.

7.3 Promoted Activity by ZnO Decoration of Cu

Interactions between Cu and ZnO were proposed to generate a sintering protective and activity pro-
moting ZnO overlayer on Cu nanoparticles (NPs), which is the subject for discussion in this section.
This mechanism builds on the model of a defective and highly active Cu surface but differs by the
additional promoting aspects of a protective ZnO overlayer.

Recently, the Cu-ZnO interaction has been attributed to a graphite like (GL) ZnO overlayer on top of
Cu NPs by Lunkenbein et al. [104]. After reduction of Cu/Zn0O/Al;O3 in Hy/Ar (20/80) at 523 K,
the catalyst was transferred to a glove box and prepared for investigations using scanning transmission
electron microscopy (STEM), HRTEM, energy filtered transmission electron microscopy (EFTEM),
and electron energy loss spectroscopy (EELS) with the results shown in figure 2.7.8. The analyses
revealed a core-shell structure with a Cu core (in figure 2.7.8 Cu is A: identified, B: grey, D: red)
surrounded by a ZnO shell (in figure 2.7.8 zinc is A: identified, B: yellow, C: yellow).

The authors highlighted the importance of a defective Cu surface by associating a defective surface
Cu with high kinetic stability of the GL ZnO layer, which inhibited Cu NPs sintering. The GL ZnO
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Fig. 2.7.8: A: STEM-EELS spectrum of the Cu/ZnO/Al,O3 catalyst shows the Cu Ly 3 and Zn Lg 3
EELS features obtained from the single NP and its surrounding environment (see inserted HAADF-
STEM image with the 20 nm scale bar). B: TEM image indicated the core-shell structure shown
clearer by EFTEM maps for C) the oxygen K edge and D) the copper L edge. Figure is from [104].

overlayer was observed ex situ on a real catalyst making room for future in situ experiments to evaluate
the dynamics and stability of this GL ZnO overlayer under working conditions as also recognized by
the authors [104].

An active Cu-ZnO interface layer benefiting the methanol rate was suggested by Kattel et al. [105] to
explain the substantial methanol production (7" = 550 K, Pco, = 0.5 atm, Py, = 4.5 atm) increase
as 0.4 ML ZnO was vapour-deposited Cu/Zn(0001) termed ZnO/Cu/Zn(0001) as seen in figure 2.7.9.
Cu/Zn(0001) consisted of small Cu particles deposited on the ZnO single crystal facet. Figure 2.7.9
shows a volcano-shaped methanol production dependency on the fraction of covered Cu indicating
that the combination of Cu and ZnO NPs were key to a high methanol production.

Similar reaction conditions to Kattel et al. [105] were applied by Palomino et al. [106] to investigate
the methanol production for ZnO NPs deposited on Cu(111) and Cu(100). Generally, ZnO/Cu(100)
featured a doubling in the methanol production w.r.t. ZnO/Cu(111), while the methanol production
exhibited a volcano-shaped dependency on the fraction of Cu covered by ZnO as shown in figure 2.7.10.

Overall, the studies highlighted the Cu-ZnO interface accommodated by a thin ZnO layer as important
for high methanol activity. Similar to the discussion in section 7.2, the active overlayer mechanism or
Cu-ZnO interface is a localized phenomena related to specific step-edge sites. This entails an effect
of the particle size on the activity and that special sites and not the entire Cu surface dictate the
activity, which seems to contradict the linear relation between the methanol rate and Cu surface area
as outlined in section 5.
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Fig. 2.7.9: Methanol production rates at T’
= 550 K, Poo, = 0.5 atm, Py, = 4.5 atm
as function of Cu coverage on the ZnO sur-
face for Cu particles deposited on ZnO(0001)
(open circles) and for ZnO particles vapour-
deposited on Cu/ZnO(0001) (solid squares).
Figure is from [105].
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Fig. 2.7.10: Relation between the methanol
production for ZnO NPs deposited on Cu SC
(Cu(100) and Cu(111)) and the fraction of
covered Cu by ZnO under the following reac-
tion conditions: T' = 550 K, Pco, = 0.5 atm,
Py, = 4.5 atm Figure is from [106].

7.4 Cu-Zn Surface Alloy

A Cu-Zn surface alloy facilitated by reducing pretreatment was proposed to describe the Cu-ZnO
synergy effect based on the relation between Zn coverage and methanol activity and this model is
evaluated in the following.

0.7

Zn/Cu(i11)

Fujitani et al. [35] showed rela-

tion between activity and surface 0.6
coverage of formate (HCOO) for

Zn/Cu(111) after methanol synthe- 0.5
sis (T' = 523-563 K, Hy/CO2 = 3, P 04
= 18 bar) as evident from compar- 8 )
ing figures 2.7.11 and 2.1.2. The si- 0.3
multaneous increase in activity and

formate coverage until (zinc surface 0.2
coverage) 0z, ~ 0.19 was attributed

to metallic Zn substituting into the 0.1

Cu surface thus stabilizing formate
species, whereas for 8z, > 0.19 the
ZnO content increased (see figure
2.7.11) causing a decreased activ-
ity, according to the authors. These
findings are both qualitatively and
quantitative similar to the volcano-
shaped behaviour observed in figure
2.7.10.
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Fig. 2.7.11: Coverage (©) of ZnO-oxygen (00 zno) and
formate-oxygen (0o ncoo) on Zn/Cu(111) with oxygen
1s peaks at binding energies 530.4 eV and ~532 eV re-
spectively determined by XPS post methanol synthesis.
Figure is from [35].

Evidence for Cu-Zn surface alloy formation was provided by Sano et al. [107] based on Ultra High
Vacuum Scanning Tunneling Microscopy (UHV-STM) and Low Electron Energy Diffraction - Auger
Electron Spectroscopy (LEED-AES) because substituted Zn atoms into a Cu(111) surface caused a
surface height increase of ~ 0.35 A w.r.t. pure Cu(111). Kinetic analysis by Sano et al. [107] using
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STM revealed fast Zn diffusion over the surface towards the step edge, where alloy formation was
suggested to initiate by atomic local-exchange due to the high concentration of Zn at the step edge
followed by Zn movement inside the terrace as seen in figure 2.7.13.

. i Local
Zn island Zn localizes around the step E)[:z:an ge Step edge

CX 1st layer m

Zn / 2nd layer Transition State v

step edge ¥
Zn migrates over the terrace

v
(m)m

'

Zn distributes homogeneously
over the terrace

$ Fig. 2.7.13: Local-exchange model
7 X \‘\ ~
OCOOC

for Zn incorporation (solid black cir-
cle, top) at a Cu step with sub-
sequent migration over the terrace.
Figure is from [107].

Fig. 2.7.12: Cu-Zn surface alloy formation model. Figure
is from [107].

Quantification of Zn in a Cu-Zn surface alloy for Cu/Zn0O/AlyO3 catalysts was performed by Kuld
et al. [70], who conducted several pretreatments with variation in the Hy pressure (0.01-1 bar) while
maintaining a fixed temperature ramp of 2 K/min from 300 K to 493 K in a Hy/He atmosphere.
After pretreatment, the catalysts were characterised by XPS, Ho-TPD, Ny;O-RFC, and Hy-TA with
results from the three former methods depicted in figures 2.7.14 and 2.7.15. Increased Hs pretreatment
pressure was assigned with higher metallic Zn concentration due to shifts in the XPS Zn L3My 5My 5
Auger peak towards lower binding energies with harsher pretreatment conditions. A geometric model
was applied to estimate the Cu surface area using the XPS measurements (see figure 2.7.14), whereas
the Hy signal and N3O surface uptake were employed to determine the Zn ratio in Cu (see figure
2.7.15). Good support to the surface alloy model was provided by the quantitative correspondence
between the Cu surface area (figure 2.7.14) and the Zn ratio in Cu (figure 2.7.15) as functions of Hp
pretreatment pressure despite application of individual characterization methods.
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Fig. 2.7.14: XPS and H2-TPD evaluated Cu
surface areas as function of pretreatment Ho
pressure. Figure is from [70].

Fig. 2.7.15: Quantification of the Zn ratio in
the Cu surface using NoO-RFC and Hy-TPD
methods. Figure is from [70].

Improvements to the quantitative description of the Zn coverage was subsequently provided by Kuld
et al. [44], who established a theoretical model based on thermodynamic considerations regarding
ZnO reduction to Zn (see reaction R5) and DFT calculations. Cu/Zn0O/Al;O3 catalysts were exposed
to different CO/COx ratios (with small amounts of Hz) at 493 K and 553 K followed by Zn coverage
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estimations using Ho-TPD and their previous model to quantify the Zn coverage [70] with results shown
in figure 2.7.16. The overall good agreement for the Zn coverage estimated experimentally (points)
and model-predicted (lines) validated the application of the model under synthesis gas conditions,
according to the authors.

ZnO(s) + CO(g) = Zn + CO2(g) {R5}
0.35 4 ¢
280°C
0.30
i [ ]
S5 025+ _.-—Te  20C
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Fig. 2.7.16: Comparison between DFT calculations at 493 K (dashed line) and 553 K (solid line) and
Hy-TPD determined 6y, (circles) as function of the CO/COx ratio. Figure is from [44].

Industrial-type catalysts were exposed to different Hy pressures (0.01-40 bar) at 493-553 K to yield
various 0z, followed by first methanol synthesis in CO/COy/Hy = 18/18/64 at 363-413 K and second
0z, determination by Ho-TPD based on reduced Hy desorption caused by Zn atoms directly replacing
Cu atoms in the surface. Incorporation of these experimental results into the model demonstrated as
seen in figure 2.7.17 a relation between 0z, and activity, which both were influenced by the ZnO and
Cu particle sizes. Peak activity were reported for a pretreatment at 543-553 K in Hy at 30-40 bar with
ezn ~ 0.47.

Small ZnO particles were found to be unstable and prefer to surface alloy with Cu thereby increasing
0z, whereas larger Cu particles supported higher 8y, according to the model.

The authors argued that a vital parameter for the methanol activity was 0z, regulated by the syngas
reduction potential (CO/CO4 ratio, see equation R5), the size of ZnO and Cu particles and/or the Hy
pretreatment conditions.

Overall, the studies presented good support to a promotional Cu-Zn surface alloy model, though
further operando studies evaluating the state of zinc at industrially relevant conditions are required
to further examine the Cu-Zn surface alloy model and its relevance for the Cu-ZnO synergy effect at
conventional conditions.

The quantitative Cu-Zn surface alloy model by Kuld et al. (see figure 2.7.17) suggested the methanol
rate to be structure sensitive due to the change in relative TOF as the Cu particle size increased.
Contrary, size independent TOF was found by the linear relation between rate and Cu surface area
(see section 5). Kuld et al. [44] suggested that the absence of reported size dependent TOF’s in
previous studies were due the studied Cu particle sizes being dcy > 10 nm, where the Cu particle size
effect according to the quantitative model (see figure 2.7.17) was less pronounced in agreement with
[19]. Supporting the structure sensitive mechanism are studies by Berg et al. [99] and Karelovic et
al. [108] both reporting 3-5 fold increase in the methanol TOF upon increasing the Cu particle size
from 2-4 nm to above ~10 nm. Berg et al. [99] presented two models to account for the structure
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Fig. 2.7.17: Relation between relative methanol TOF, 0z,, and particle size for ZnO (A) and Cu (B).
Figure is from [44].

sensitivity. One proposed [109] that very small nanoparticles (< 10 nm) could not accommodate the
highly active Cu step sites (B5A, B6 and B5B sites), whose abundance increase with particle size until
~4 nm (B5A, B6) or 8 nm (B5B). Another model suggests that small Cu particles with high fraction of
low-coordinated sites below 8 nm [110] strongly adsorb formate and inhibit the activity [99]. Further
work is necessary to experimentally investigate the relation between the methanol TOF and the Cu
(and ZnO) particle sizes reported in the model by Kuld et al. (see figure 2.7.17).
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7.5 Electron Transfer Mechanism

Cu is regarded as the active component for methanol synthesis but the support plays a pivotal role
for the catalytic activity. The linearity between activity and Cu surface area strongly indicates that
the whole Cu surface is active and entails that the support effect must influence the entire Cu surface.
Support effects in methanol synthesis arising from delocalised electronic metal-support interactions
are discussed in this section in relation to the formate coverage on Cu and methanol activity.

Charge Transfer Phenomena

Contact between a semiconductor (e.g. oxide) and a metal causes a narrow interface region in the
semiconductor, where charges are depleted from. This region is termed the depletion layer or Schottky
barrier [111, 112] as shown in figure 2.7.18 for an n-type semiconductor in contact with a metal, where
the metal work function is higher than the semiconductor electron affinity [112]. Alignment between
the metal Fermi level Fr \ and the semiconductor Fermi level Er gc forces electrons to flow from the
semiconductor to the metal until the Fermi energy levels (broken lines in figure 2.7.18) align and an
equilibrium is established.

Vacuum Bottom of
level conduction

Metal  Semiconductor

(a) Before contact (b) Just after (¢) Equilibrium
contact established

Fig. 2.7.18: Formation of a Schottky (potential energy) barrier ¢(b) and resulting Fermi level (broken
line) alignment between a metal and an n-type semiconductor. Figure is from [111].

Several studies on prereduced metal-supported systems report support-dependent properties regarding;;
catalytic activity [102, 113, 114], CO adsorption [113], Hy [115] and N3O uptakes [102], and surface
morphology changes [104].

Electron transfer phenomena between metal and semiconducting materials were suggested as possible
explanations for these observed metal support interaction effects. Reduction of metal-oxide systems
at sufficiently harsh conditions can facilitate charge transfer between support and metal through oxide
reduction [69, 115], because reduction of the transition metal oxide surface cations (e.g. Ti*T — Ti3*
for TiO9 support) enables the cations to acquire d orbital electrons while removing surface anions.
This reduction facilitated mechanism permits physical interaction between reduced cations and the
metal and thereby allows electron transfer to the metal with potential implications for the catalytic
properties [115].

Indications of a metal-support charge transfer was provided by Chung et al. [116], who investigated
SrTiO3 (100) with increasing Pt surface coverage (0p;) ranging from 0 to 2 ML. Profound changes in
the EELS spectrum combined with a clear increase in the support work function from 4.2 eV at 0py
= 0 ML to 5.0 eV at fpy = 1 ML measured by Ultraviolet Photo-electron Spectroscopy (UPS) was
assigned to electron transfer from SrTiOg3 to Pt.

Kahler et al. [114] reported similar charge transfer mechanism. Methanol adsorption on pure ZnO
NPs and ZnO NPs decorated with Au were investigated by TPD and DRIFTS as seen in figure 2.7.19
for 1.9 wt% Au/ZnO. Adsorption of methanol was performed by exposing the catalyst to 3000 ppm
methanol in He at 373 K.
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Quantification results of the surface species
by TPD (reprinted in table 1) showed a
clear decrease in the (desorbed) effluent
CO/COg ratio with increased Au loading
thus suggesting higher oxygen vacancy con-
centration and more facile ZnO reduction
in presence of Au.
the DRIFTS spectra of Au/ZnO displayed
a high absorbance intensity and broad band
with growing absorbance during methanol
exposure. This enhanced IR absorbance was
explained by electron transfer from donor
sites (oxygen vacancies) to the conduction
band of the semiconductor [117]. Wavenumbers/cm™
Combined DRIFTS and TPD analyses
indicated that methanol exposure enhanced
the concentration of oxygen vacancies
([VET]), which previously had been shown Fig. 2.7.19: DRIFTS (absorbance) spectra for
to be the dominating intrinsic defect type oxygen-pretreated 1.9 wt% Au/ZnO obtained a)
in Zn-rich ZnO due to its low formation en- prior to methanol exposure at 373 K, b) after
ergy relative to other defect types [118, 119]. methanol exposure for 2 min. ¢) 3 min. and d)
10 min. displaying a broad band with reduced IR
intensity. Figure is from [114].

log (1/R)

Table 1: Quantification of desorbed species (normalised to the catalyst loading) during TPD with 3
K min~! as heat rate performed after methanol exposure (3000 ppm methanol in He until methanol
surface saturation) at 373 K. Figure is from [114].

Naes [nmol g, t] 0.9 wt% 1.9 wt%

Species ZnO Au/ZnO  Au/ZnO
CH3;O0H 7 8 8
H, 96 121 62
CO 43 29 8
COq 6 32 32

The link between higher ZnO reducibility and enhanced generation of oxygen vacancies accounting for
electron transfer phenomena was in accordance with a metal-semiconductor (oxide support) junction
hypothesis proposed by Frost [120].

Frost argued [120] that the energy required to move electrons to the oxide conduction band played
a major role for the formation of oxygen vacancies. Band bending between metal and oxide could
facilitate electron movement and cause a decrease in the enthalpy of oxygen vacancy formation by
2¢(b) = 2(Ec,sc — Erm) (¢(b) is the Schottky barrier height) resulting in higher [VE™] (C, SC desig-
nates the conduction band of the semiconductor), which for the Cu/ZnO interface is 0.45 eV [120, 121].
Metals with a high work function (low Ep y) in comparison to the semiconductor electron affinity pro-
mote a high [Vg*] by lowering the oxygen vacancy formation energy. Enhanced oxide reducibility
when contacted with a metal was supported by early studies [3, 122] showing partial to full reduction
of ZnO in the presence of Cu during Hs treatment of CuO/ZnO mixtures at 573 K (close to working
conditions), whereas reduction of pure ZnO required higher reduction temperature.

Another important parameter for [VE™] was the reduction potential (CO/CO,) of the syngas deter-
mined by the equilibrium seen in reaction R6. The Ho-H5O equilibrium, which also influence [Vg*’],
was not considered by Frost probably due to the applied reaction conditions and the higher reducible

36



Metal-Support Interactions

character of CO compared to Hs.

CO(g) + 5 Oals) = COx(5) R6}

CO(g) + Ozmo?™ == 2e™ + Vo 4 CO4(g) {R7}

By only considering oxygen vacancies and applying the requirement of charge neutrality (n_ = 2[V$+])
together with reaction R7, the authors established an analytic expression for [V$+] as seen in equation
7.1. Here, the partial pressure of oxygen (po,) and the work function difference between (semicon-
ducting) oxide and metal ¢(b) = Ec gsc — Erm were the dominating variables (assuming both fixed
temperature and catalyst system).

1
3kpT Po, (7.1)

with the band bending height ¢(t), formation energy for vacancies termed Hv, Boltzmann’s constant
kp and the temperature 7.

e [ 200 260

1
V5T « pai/(s can be rewritten into [VET] o (;’CC—OOZ) ° by applying the CO-CO, equilibrium (see
reaction R6). Moreover, Frost [120] reported Hv > ¢(b) ~ ¢(t) for a Cu/ZnO catalyst whereby a
temperature increase results in higher [Vgﬂ according to equation 7.1.
The surface concentration of Vg+ was calculated based on equation 7.1 and found to be substantial.
Methanol synthesis (473 K, 10 bar, Hy/COy ~ 2/1) over Cu/ThOs confirmed the proposed ”junction
theory” with oxygen vacancies as the active sites and deactivation by COy. However, his proposed
prevalence of such a mechanism as a unified ”junction theory” for methanol synthesis catalysts seems
rather speculative. The ”junction theory” predictions with oxygen vacancies as the active sites, which
are eliminated in presence of CO5 are in direct conflict with the well-established knowledge with Cu as
the active metal and CO4 as the main carbon source over Cu/ZnO-based catalysts (see section 1 and
5). Regarding Cu as the active component entails that proposed electronic metal-support interactions
accounting for the support activity effect must be delocalized on Cu and not confined to specific metal-
oxide inter-facial sites.
While the ”junction theory” may fail in generally assigning oxygen vacancies as the active sites for
methanol catalysts and quantitatively overestimate the charge transfer concentration [123], it may
qualitatively capture the electron transfer phenomena occurring between metal and oxide(s).

Interestingly, the temperature and CO/CO» ratio trends for [Vg*'] agreed qualitatively with the ten-
dencies for 0z, reported by Kuld et al. [44], who assigned an enhanced 3 eV downward energy shift for
the Zn L3My 5My 5 Auger peak upon increased reduction potential (higher Hy pressure) to a valence
change state from Zn?* (ZnO) to Zn° (see section 7.4).

Increase in the electrical conductivity of ZnO was previously attributed with a more pronounced 3
eV energy shifted Zn peak [124, 125], and since formation of oxygen vacancies involves generation of
electrons (see reaction R7), it is likely that higher [VE™] contributed to the 3 eV energy shifted Zn
Auger peak. Consequently, the CO/CO- ratio and temperature tendencies for 0z, reported by Kuld et
al. may (at least partially) be due to oxygen vacancies as the qualitative agreement between equation
7.1 and figure 2.7.16 indicates.

Charge transfer upon contact between metal and semiconducting oxides is possible but the importance
of charge transfer on the catalytic properties may vary depending on the specific catalyst system (metal
and oxide), as Frost [120] emphasized. Investigations on real catalysts under operation studied by in
situ and surface sensitive characterization techniques may clarify the importance and prevalence of
this charge transfer.

Formate Coverage

The reaction pathway for methanol synthesis depends on the reaction conditions [37, 41, 86] and the
support influences the methanol TOF [74, 93, 94]. This section is devoted to industrial-type catalysts
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exposed to syngas mixtures composed of CO5/CO/Hy or CO2/Hy. Under these restrictions hydro-
genation of formate (HCOO), dioxymethylene (HoCOO) and methoxy (CH30) have been suggested as
the rate-limiting steps for COy hydrogenation into methanol. The argumentation for these proposals
are outlined in the following.

Nakamura et al. [126] investigated methanol synthesis (Hy/COg = 3/1, T = 523 K, P = 18 atm)
on Cu(100), Cu(110), Cu(111), Cu(311) and Zn/Cu(111). After methanol synthesis, XPS analysis
revealed a clear correlation between the methanol TOF and the formate coverage with the latter
parameter quantified by proposed zinc induced changes in both the O 1s XPS peak at 531.1-531.8
eV as seen in figure 2.7.20 and the C 1s XPS peak at 287.7-289.0 ¢V (not shown here). Notice, the
formate coverage (Oucoo) in figure 2.7.21 with maximum Opcoo ~ 0.05 ML, which was similar to
the micro-kinetic model predicted Opcoo ~ 0.07 ML reported by Askgaard et al. [77] at industrially
relevant conditions (P = 50 bar, T' = 500 K, Hy:CO2:H30:CH30H = 88.65:3.65:1.79:1.35:4.56, surface
coverage of free sites Ox ~ 0.52 ML). A formate coverage on Cu of a few percentage creates amble

room for engineering the catalyst towards achieving higher formate coverage to potentially enhance
the TOF.
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Fig. 2.7.20: Postreaction O 1s XPS spectra of (®nco0) based on post methanol reaction

different model catalysts with emerging peak at surfaces with zinc coverages; a) 0.015, b)
around 531 eV attributed to increased formate 0.073, ¢) 0.076, d) 0.13) and e) 0.15 for
coverage (Oucoo). Figure is from [126]. Zn/Cu(111). Figure is from [126].

The clear correlation between formate coverage and methanol activity for Cu based catalysts was
supported by Amenomiya and Tagawa [78], who investigated Cu/ZnO/AlyO3 catalyst in COqo/Hy
syngas. Methanol synthesis using COy/Hy = 1/4 was performed at 1 and 20 bars of pressure at
temperatures up to 550 K. IR experiments were conducted in situ during methanol synthesis with the
formate concentration identified by the absorbance of the 1640 cm ™' and 1320 cm ™! bands.

A clear correlation between the reported HCOO adsorbance bands (1640 cm~! and 1320 cm~!) and
the methanol activity as function of the COs partial pressure was found as shown in figure 2.7.22,
whereas correlation between the partial pressure of hydrogen and the methanol activity was reported
as seen figure 2.7.23. Conclusively, formate hydrogenation was assigned as the rate-limiting step for
methanol synthesis.

Another method to investigate the formate coverage was to compare the TPD spectra of the same cat-
alysts pretreated with formate and syngas. Quantified amounts of coincident CO5 and Hs desorption
were assigned to surface coverage of formate based on TPRS spectra after diluted formic acid-helium
dosage of the catalyst by Sakakini et al. [81]. They reported good quantitative agreement between
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Fig. 2.7.22: Influence of carbon dioxide par-
tial pressure (Pco,) on the IR bands (formate
adsorbed on Cu: vocosym = 1320 cm~! and
V0CO,asym = 1640 cm™!) and methanol rate
for 5%Cu0-2.2%7Zn0-Al,03 at 496 K, con-
stant Hy pressure of 8 bar and total flow of
50 ml/min. Figure is from [78].

Fig. 2.7.23: Effect of varying the hydrogen
partial pressure (Pp,) on the methanol and
CO rates, and formate assigned IR band (1640
ecm 1) performed on 5%Cu0-2.2%Zn0-Al,03
at 496 K, constant CO5 pressure of 2 bar and
a total flow of 50 ml/min. Figure is from [78].

the estimated formate coverage using desorbed COs and Hs and methanol production during TPH of
formate-covered ICI standard (conventional) Cu/ZnO/Al,O3 catalyst. With formate being the most
stable reaction intermediate and high prevalence formate hydrogenation was assigned to be the rate-
limiting step for COy hydrogenation into methanol.

Askgaard et al. [77] constructed a kinetic model of the reaction pathway for methanol synthesis (see
section 6). When results from Cu SC ([23]) were inserted into the model, the rate-limiting step was
found to be hydrogenation of HoCOO in agreement with combined DFT calculations and experimental
investigations of COs hydrogenation on pure and ZnO supported Cu NPs by Yang et al. [127]. Ex-
perimental surface sensitive techniques including in situ spectroscopy do not report accumulation or
significant HoCOO concentrations on the working catalytic surface as expected, if HoCOO hydrogena-
tion was the rate-limiting step. One could advocate that a small fraction of sites with accompanied
minute HoCOO surface coverage dictate the TOF making HoCOO virtually ”undetectable”. However,
this assumes that only special sites (e.g. stepped Cu sites) control the TOF in disagreement with the
linearity between rate and Cu surface area.

Based on a comprehensive DFT study, Grabow and Mavrikakis [37] (see section 6) suggested CH30
hydrogenation as the rate-limiting step in COsq-rich syngas mixtures for an open Cu surface (e.g.
Cu(100), Cu(110), and Cu(211) partially covered by oxygen) due to the energy barriers depicted in
figure 2.6.4. Interestingly, the potential energy diagram showed formate as the most stable intermedi-
ate, which may explain the identification of formate species in the experimental studies by Nakamura
et al. [126], Amenomiya [78], and Sakakini [81]. The clear relation between formate coverage and
methanol production in the experimental studies strongly suggested hydrogenation of formate as a key
reaction intermediate though not necessarily the rate-limiting step. Figure 2.6.4 supported that hy-
drogenation of HCOO, H,COO and CH30 were all key intermediate steps as evident from the relative
large energy barriers for these reaction steps.

Linkage between formate surface coverage and methanol TOF strongly suggests that high formate
coverage is a key indicator for a highly active Cu/ZnO-based catalysts but whether this holds for other
Cu-based systems requires further work. Despite the strong evidence in favour of formate hydrogena-
tion as the rate-limiting step this statement is disputed among scientists. Moreover, methanol synthesis
may be a complex process depending on reactions conditions etc., where a simple rate-limiting step
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cannot necessarily encompass its complexity.

Electron-Donating Supports and Methanol Synthesis

A hypothesis, which unifies charge transfer effects and the reported proportionality between formate
coverage and methanol TOF for oxide-supported Cu catalysts, is presented and evaluated in this
section.

Formate possess electron-withdrawing properties as indicated by a formate-induced change in the
C-O stretching frequency of CO (vco) adsorbed on Cu, which was shown by Dubois and Zegarski
[128] using figure 2.7.24. They studied CO-chemisorption using high-resolution electron energy loss
spectroscopy (HREELS) on Cu(100) and observed a change in vco from 2090 cm~! for CO adsorbed
on pure Cu(100) to 2150 cm ™! when CO was co-adsorbed with formate on Cu(100). Previous studies
by Sexton [129] showed that HCOOH physically adsorbed on Cu(100) at 100 K transformed to a stable
formate layer upon heating with desorption of excess physisorbed HCOOH at 100-300 K. Therefore,
the experiment for HCOOH by Dubois and Zegarski [128] was performed at 306 K.

cu ioo) + €O
Other studies reported vco = 2080-2090 cm ! [130] 2160

for Cu(100) in agreement with Dubois and Zegarski
[128], whereas a higher vco = 2120—2160 cm ™! was
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Cu, because characteristic properties for Cu™ site

were identified. Dandekar and Vannice [132] anal-
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unambiguously attributed a strong adsorption fre-
quency at 2120 cm™! to CO bonded to Cut sites 1S00L 05
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on Cu/SiO2 by Topsge and Topsge [66]. X-ray 2090
adsorption near edge spectroscopy (XANES) mea-
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Fig. 2.7.24: HREELS spectra of CO
chemisorption performed on a clean Cu(100)
facet and with co-adsorbed oxygen, formate
and methyl chloride. The expansion scales are
relative to the clean Cu(100) surface value.
Figure is from [128].
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In summary, the combined hypothesis suggested that the support activity effect arise from support-
regulated Cu surface charging. This charging impacts the adsorbate population level including the
potential key reaction intermediate formate. Consequently, the support highly influences the catalytic
properties of Cu supported catalysts. Engineering Cu supported systems to yield maximum TOF may
include considerations to the optimal formate coverage as overpopulation of formate may cause surface
blockage and impede the TOF. No solid and unified experimental evidence has been provided for the
electron transfer model and its role in methanol synthesis. Chapter 7 is based on work in this PhD
and contributes with new insight into the electron transfer mechanism.

8 Application of Chemisorption Methods

The Cu dispersion is an important parameter for the methanol activity, and the chemisorption methods
H5-TPD and NoO-RFC are usually applied to obtain this information. The techniques are based on
the interaction between a probing molecule (Hy or N3O) and the (Cu) sample surface but to provide
estimations on the Cu dispersion the interaction must be highly selective towards Cu to prevent biased
results. This and other issues regarding the methods are discussed next.

8.1 N;0O-Reactive Frontal Chromatography

Chinchen et al. [39] presented NoO-RFC as a convenient and fast technique to determine the Cu
surface area of Cu supported catalysts. Diluted N2O oxidises the pre-reduced Cu surface and this
reaction evolves Ny and a causes a drop in the NyO signal. Once Cu is completely oxidised the NoO
signal is restored termed NoO breakthrough and the time required to oxidise Cu is proportional to the
Cu surface area, which is estimated based on the applied reaction conditions.

A vital variable in NoO-RFC experiments conducted on Cu containing catalysts is the temperature,
because high temperature facilitates subsurface oxidation, whereas unselective and weak physisorbed
N> O is favoured at low temperature [134]. Both temperature regimes cause an inaccurate NoO break-
through and inhibits simple estimation of the Cu surface area from the measured Ny and N,O signals.
Chinchen et al. [39] suggested 333 K as the optimal temperature with regards to NoO chemisorbing
selectively on Cu. They concluded that quantitative Cu surface area estimations cannot be obtained by
N>O-RFC at T < 333 K, whereas bulk oxidation takes place above 363 K. The preferred temperature
interval (333-363 K) is supported by Sengupta et al. [135], who observed bulk oxidation already at
343 K.

Previous studies have applied the NoO-RFC method to determine the Cu surface area of Cu/ZnO-
based catalysts under the assumption that NoO selectively decompose on Cu [134]. However, Fichtl et
al. [100] reported recently a substantial bias in the NyO-RFC measurements of Zn-containing catalysts
assigned to additional NoO uptake on oxophilic Zn’*. Such oxophilic sites are promoted and regulated
by the the reducing atmosphere for reducible oxides. Figure 2.8.1 displays the bias by the deviation
for the catalysts containing a ”Z” (for Zn) and the (non-biased) solid line.

The Cu surface area evaluated by Ho-TPD and NoO-RFC for Zn-free Cu catalysts supported on non-
reducible oxides demonstrated good correspondence (see figure 2.8.1). It is important to note that the
Cu surface areas estimated by Ho-TPD was lower for zinc containing catalysts, whereas the Cu surface
area evaluated by NoO-RFC was fairly unchanged (observe CM1—CMZ1 and CM2—CMZ2 in figure
2.8.1 with C=Cu, M=Mg, Z=Zn).

Reactions for NoO-decomposition involving Cu in reaction R8 and partially reduced ZnOy in reaction
R9 are well-substantiated [70, 136]. These reactions demonstrated the additional N3O uptake, when
ZnOy partially substitutes Cu in the surface.

N3O 4+ 2 Cu — Cuy0 + Ny {R8}
N2O + Zn — ZnO + Na (R}
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Fig. 2.8.1: Cu surface area determined by Ho-TPD and NoO-RFC methods with C=Cu, Z=Zn, M=Mg,
A=Al. Figure is from [100].

TPD experiments on Cu single crystals [137] revealed that the hydrogen saturation coverage for all
the low index Cu planes was one-half (Cu:H = 2:1) corresponding to a Cu:Hs ratio of 4:1. However,
later experimental studies conducted by Fitchl et al. [100] and Chatterjee et al. [136] both reported
lower Cu:Hjy ratios with 3.0 by Fichtl et al. [100] based on a single BET measurement of unsupported
Cu and 2.8 by Chatterjee et al. [136] obtained from nine different supported Cu catalysts. The
exact titration reaction involving Hy-uptake on Cu is disputed, and a generally accepted reaction for
dissociate adsorption of hydrogen on Cu has not yet been established.

The lower Cu surface area obtained with the Cu selective Ho-TPD method for zinc-containing catalysts
was attributed to a ZnOy overlayer covering part of the Cu. According to this proposal, presence of
zinc should yield lower Hy-uptake due to partial coverage of the Cu surface and higher NoO-uptake as
each oxophilic ZnOy, site decomposes more NoO in comparison to a Cu site (compare reactions R8 and
R9). Other reducible oxides should in theory yield similar trends though the extend of the biased NoO
uptake is oxide-dependent. This non-selective nature of the NoO-RFC method must be considered
when estimating Cu surface areas of Cu supported on reducible oxides based on solely NoO-RFC. For
Zn-free catalysts with non-reducible oxides, the NoO-RFC method was found to be well applicable in
determining the Cu surface area as evident by the position of the Zn-free catalysts in figure 2.8.1 on
the straight solid line with a slope corresponding to a N20:Hjy ratio of 1.5 corresponding to a Cu:N,O
ratio of 2:1 (using the reported Cu:Hy ratio of 3:1, see figure 2.8.1) as expected for exclusively NoO
decomposition on Cu (see reactions R8 and R9).

Formal Cu oxidation using NoO produces CuyO, whereby the Cu:N,O ratio is 2:1 according to Fichtl
et al. [100], which is in agreement with Chatterjee [136].

The HRTEM image of a Cu/ZnO/MgO catalyst in figure 2.8.2 [100] demonstrated the presence of
Zn’t sites near Cu atoms, a ZnOy overlayer and missing surface Cu atoms, according to the authors.
These oxygen defect sites were proposed to be adsorption sites for CO5 and reaction intermediates
such as formate.

8.2 H,-Temperature Programmed Desorption

Cu surface area estimation by Ho-TPD was described by Muhler et al. [138] and includes Hy adsorption
at subambient temperature before heating in inert gas. Hy desorption from Cu occurs at a characteristic
temperature of 300 K and by integrating the amount of desorbed Hs the Cu surface area can be
estimated.

Hs-adsorption on Cu single crystals were reported by Balooch et al. [139] to be an activated process
involving energy barriers, which depended on the Cu crystallographic orientation. Activated adsorp-
tion diminished the probability for hydrogen readsorption, which potentially could cause broadening
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Fig. 2.8.2: HRTEM image of reduced (523 K for 30 min. in 5% Hs/Ar) CMZ1 catalyst (Cu/Mg/Zn
= 79/16/5) revealed presence of Zn’" sites. Figure is from [100].

and shifts of the Ho-TPD peaks [138]. Moreover, substantial structural surface modifications were
prevented by the relative low heat of Hy adsorption [138].

Therefore, the Ho-TPD method posed a promising method to obtain reproducible and quantifiable Cu
surface areas with neglible surface modifications, provided that optimal experimental conditions were
applied. Recommendations aiming at obtaining good quantitative Cu surface area experiments using
H,-TPD were proposed by Mubhler et al. [138]. They recommended that Hy adsorption was performed
below 300 K with subsequent temperature hold at around 250 K for one to two hours, where they
observed no significant hydrogen desorption, before the sample was cooled to ~ 77 K using liquid No.
The Hy exposure at T' < 300 K was applied to prevent surface changes including bulk oxide reduction,
which has been observed for specifically ZnO containing ternary catalysts, according to Muhler et al.
[138]. Moreover, the recommended low Hy exposure temperature minimized desorption of adsorbed
oxygen species on metallic Cu, which Muhler et al. [138] observed to occur already at 300 K. Given
the objective of the Ho-TPD method is to quantify the Cu surface area a given conditions removal of
surface oxygen at the investigated reaction conditions is undesired.

The integration procedure applied by Muhler et al. [138] consisted of integrating the characteris-
tic Ho peak around 300 K associated with Cu after subtracting a linear background by drawing a line
between two minima on each side of the peak. Reproducible surface areas within 5% were reported by
Mubhler et al. [138].

The bonding properties of hydrogen to Cu(111) surfaces was investigated using EELS and RAIRS by
McCash et al. [140], who proposed hydrogen atoms to bind to the two-fold bridge site on Cu(111).
LEED experiments conducted on Hy-saturated Cu(111) demonstrated a transition from a (3x3) LEED
pattern at 150 K to a (2x2) LEED pattern at 180 K. These LEED patterns corresponded to (2x1) and
(3x1) real surface layer structures corresponding to the classic Cu:Hg ratio of 4:1 seen in figure 2.8.3
and the 3:1 ratio as suggested for Zn-free catalysts by Fichtl [100] and seen in figure 2.8.4 respectively.
Provided with information about the saturation hydrogen coverage, the Cu surface area could be
calculated based on integration of desorbed Hy around 300 K.

Genger et al. [141] showed reproducible surface areas within 3% for a Cu/Zn0O/Al;03 catalyst by Hy
dosage at P = 15 bar and T = 240 K for 1 h, resulting in a saturated hydrogen coverage (Cu:H =
2:1 as in figure 2.8.3) based on TPD experiments on Cu single crystals [137]. Comparison between
hydrogen exposure at atmospheric pressure and 15 bar as shown in figure 2.8.5 revealed a relation
between decreased peak temperature and enhanced Hy coverage attributed to a higher initial hydrogen
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Fig. 2.8.3: Real space (2x1) surface struc- Fig. 2.8.4: Real space (3x1) surface structure

ture with one H atom and two Cu atoms con- with two hydrogen atoms and three Cu atoms
tained in each unit cell (dashed square) equal in each unit cell yielding a Cu:Hy ratio of 3:1
to Cu:Hs = 4:1 and a hydrogen surface cover- and a hydrogen surface coverage () of 0.67.
age (0) of 0.5. Figure is from [140]. Figure is from [140].

coverage at 15 bar compared to atmospheric pressure. Therefore, the authors proposed Hy dosing at
high pressure. In view of figure 2.8.5 and further experiments, which related an enhanced Hy dosage
to lower peak temperature, the authors interpreted the Hy desorption as a second order desorption
process. Moreover, no significant Hy re-adsorption was found based on the high symmetry of the TPD
peak in figure 2.8.5.
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Fig. 2.8.5: Influence of pressure on the Hy peak performed at A) 1 bar and B) 15 bar. Both profiles
are obtained with the following experimental conditions: Flow = 100 Nmlmin~!, Loading = 200 mg
and 6 K/min as heat rate. Figure is from [141].

The actual Ho-TPD experiment was conducted by heating from 78 K with a heat ramp of 6 K/min in
100 Nml/min of He with 200 mg of catalyst (mcat)-

Figure 2.8.6 demonstrated that higher heating ramp increased the peak temperature for samples dosed
with Hy at atmospheric pressure. Optimal heating ramp in terms of high symmetric peaks and a large
quantifiable signal was according to figure 2.8.6 6 K/min.

DFT calculations conducted by Kuld et. al [70] showed that replacing every third Cu atom by a Zn
atom lowers the Hy adsorption energy by 0.28-0.30 eV and thereby making Hy adsorption less energetic
favourable. Desorption of eventual weakly hydrogen bonded to Zn or Cu with a neighbouring Zn atom
occurred at a lower temperature than the main 300 K Hy peak (from Cu) and did therefore not
contribute to the integrated signal centred around 300 K.
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Fig. 2.8.6: Ho-TPD profiles obtained after exposing the catalyst to Hy at atmospheric pressure with
heating ramps of: A) 1 K/min, Thax = 283 K, B) 2 K/min, Tiax = 287 K, C) 6 K/min, Tiax = 299
K, D) 10 K/min, Tyax = 302 K, E) 15 K/min, Thax = 307 K, F) 20 K/min, Ty = 310 K. Figure is
from [141].

9 Alternative Methanol Catalysts

The constant pursuit for alternative methanol synthesis catalysts in terms of improved activity, se-
lectivity etc. has lead to the discovery of new, promising catalysts operating at both conventional
and milder conditions. Intermittent renewable energy production can advantageously be produced in
remote areas but requires efficient storage preferably in close proximity to minimize transportation
and energy losses. Liquid methanol constitutes a convenient energy carrier and can be produced from
renewable Hy and captured CO,. This concept of decentralized methanol plants are attractive but ne-
cessitates active methanol catalysts operating at milder conditions. Conventional methanol production
is restricted to temperatures above 473 K to achieve profitable reaction rates [26]. Alternative, active
catalysts operating at mild conditions are highly desirable and could involve CO hydrogenation due
to favorable thermodynamics in COs-free syngas [53] and absence of inhibiting water, which is of sig-
nificant concern at lower temperatures [142, 143]. New catalysts producing methanol from COs must
be water-tolerant and simultaneously suppress the ~100 times (T = 573 K) faster RWGS reaction [127].
Potential low temperature methanol catalysts are discussed before alternative catalysts to Cu/Zn0O/AlyO3
are evaluated.

9.1 Nickel-Gallium

Nickel-Gallium (Ni-Ga) and especially the é-phase NisGag was recently studied Studt et al. [144] and
found to feature high activity, stability and selectivity for CO5 hydrogenation at ambient pressure. This
catalyst slightly out-competed an industrial-type methanol catalyst in terms of increased suppression
of the RWGS activity and increased methanol activity at ambient pressure, where methanol synthesis
is less favoured compared to conventional high pressure conditions (see table 1 and section 1).

The authors [144] argued that this observation was due to selective RWGS at Ni-rich sites and methanol
synthesis at Ga-rich sites in contrast to Cu/Zn0O/Al; O3, where the same sites are involved in methanol
synthesis and RWGS reactions. During operation, Ni sites can get poisoned by CO and C resulting
in substantial inhibition of the RWGS activity. Moreover, Studt et al. [144] attributed the enhanced
activity to a larger number of active sites for Ni5Gag, because contrary to the Cu/Zn/AlyO3 catalyst,
the Ni-Ga catalyst does not require a promoter such as zinc, hence a higher number of active sites
compared to the Cu/Zn0/AlyO3 catalyst could potentially be achieved.

Later studies by Sharafutdinov et al. [145] outlined the dynamics of NisGag under reducing conditions
and suggested a model for the formation of Ni-Ga NPs. However, the catalyst significantly suffered
from cooking. Further optimization on the system in terms of stable methanol production was achieved
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Fig. 2.9.1: a) Methanol yield for a variety of NiGa catalysts benchmarked towards an industrial-
type Cu/Zn0O/Al; O3 catalyst and b) CO-free selectivity evaluated at various temperatures. Reaction
conditions: Hy/COg = 3/1, GHSV: 6000 h—!, 1 atm Figure is from [144].

by a NisFeGa/SiO2 (Heusler alloy) catalyst with 4100 h steady state methanol production (463 K, 1.2
bar, Hy/CO5 = 3/1) after an initial stabilization period of < 10 h. However, a commercially supplied
Cu/Zn0O/Al;03/MgO catalysts tested at similar conditions outperformed the NigFeGa/SiO,.

Further work investigating the catalyst under operating conditions in situ could be instructive to
elucidate the dynamics of the catalyst during methanol synthesis. Moreover, optimization work to
enhance the activity at mild conditions and out-compete conventional benchmarking catalysts is also
necessary before feasible industrial-scale methanol production in connection with renewable energy
production using Ni-Ga catalysts can be realised.

9.2 Copper-Ceria-Titania

A new interesting copper/ceria catalyst featuring high methanol synthesis activity and its alternative
route to methanol is discussed in this section. Almost two orders of magnitude methanol activity
enhancement was found by Graciani et al. [146] for Ce containing catalysts. Figure 2.9.2 compares
CeOy/Cu(111) with 20% of a Cu(111) surface covered by ceria and 0.1 ML Cu on a TiO5(110) surface
precovered by 15% ceria and termed CeO,/TiO2(110) with Cu nanoparticles on ZnO(0001) abbreviated
Cu/Zn0O(0001) and a Cu(111) surface (benchmarking data are from [127]). Methanol synthesis was
performed at elevated temperatures (500-600 K) in a syngas mixture of CO2 (0.5 atm) and Hy (4.5
atm). Through TRRAS measurements in CO5 and CO3/H; environments Graciani et al. [146] argued
that CeOy/Cu(111) activated COy based on the emergence of carboxylate (COS™) species.
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In view of the observation that the carboxy- CH30H synthesis
late species were less stable than formate,
the authors proposed an alternative reaction
mechanism (compared to the conventional
pathway in section 6.1) on CeOy/Cu(111)
involving less stable carboxylate species
compared to formate. DFT calculations of
CO3 hydrogenation on a CeOy/Cu(111) cat-
alyst system revealed a potential reaction
mechanism with general exothermic nature
dominated by reaction steps downhill in en-
ergy.

The authors attributed this phenomenon
partly to the property of CeOy NP cations to
easily change their oxidation state between
+3 and +4 leading to dynamic chemical
properties and partly to the special metal- 5
oxide interface composed of Cu and CeO,

NPs. ‘ ‘ . ‘ . ‘ ‘
Further studies by Senanayake et al. [147] 165 170 175 180 185 190 195 2.00
supported the work by Graciani et al. [146] 1000 KIT

and observed significant increase in the

methanol activity for CeOy/Cu(111) (higher

than both Cu/Zn0O(0001) and Cu(111)) at- Fig. 2.9.2: Arrhenius plot for methanol synthesis
tributed to the CeO4-Cu interface. Inter- over: Cu(111), 0.2 ML Cu on ZnO(OOOi), Cu(111)
estingly, Senanayake et al. [147] reported with 20% surface coverage of ceria, 0.1 ML Cu
a clear correlation between the surface con- on Ti0O5(110) precovered with 15% ceria. Steady-
centration of Ce®* and the catalytic activity state methanol rates measured at 600 K, 575 K,
of CeOx/Cu(111) based on Ce 3d XPS spec- 550 K, 525 K, 500 K. Reaction conditions in a

tra obtained after activity tests (Pco, = 0.5 batch reactor: 0.5 atm COs, 4.5 atm Hs. Figure
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Supporting this proposal was ambient pressure infrared reflection adsorption spectroscopy (AP-IRRAS)
spectra showing a relation between the catalytic activity, concentration of Ce3 sites and generation of
COS~ species, which according to Graciani et al. [146] were vital for the CO, conversion to methanol.
Calculating the TOF involved estimation of the number of active sites. For the CeOy containing cata-
lysts, only metal-oxide interface consisting of Cu(111) initially covered by ceria (~20%) was considered
in the TOF calculation, whereas all the Cu atoms in the Cu/ZnO(0001) were used to estimate the
TOF for Cu(111)/Zn0O(0001). The two difference normalization approaches entail a potential bias.
Underestimation for Cu/ZnO(0001) may explain part of the higher activity reported for CeOy com-
pared to Cu/ZnO(0001).

Additionally, the CeOy/Cu(111) and Cu/CeOy/TiO2(110) catalyst systems were prepared by vapour
deposition using expensive metal evaporators, which may not be economic feasible especially in com-
parison to abundant and cheap catalyst precursor materials for the conventional methanol catalyst
and its simple synthesis procedure.

Further optimized copper/ceria catalysts constitute a promising future conventional methanol cata-
lyst but its suggested new reaction mechanism involving transitions between Ce?t and Ce** can also
provide a pathway for designing active low temperature methanol catalysts .

9.3 Manganese - Cobalt

A hybrid catalyst composed of MnO, NPs supported on mesoporous Co304(m-Co304) by Li et al.
[148] exhibited a 10 fold TOF increase (0.18 s7!) at P = 6 bar, T' = 523 K compared to an industrial-
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type Cu/Zn0O/Al;O5 operated at industrially relevant conditions (P = 40 bar, T = 523 K [99]).
They attributed the high methanol activity and selectivity to a core/shell grain structure consisting
of uniformly dispersed metallic cobalt cores shielded by cobalt oxide with contact to manganese oxide.
This highlighted the importance of the MnO/CoO interface, where manganese NPs facilitate COq
reduction to CO species and CoO accounts for the production of methanol.

At higher conversion (50 —60% range), the methanol selectivity increased from 30% (”low conversion”:
3-7%) to 45%. The application of this highly active hybrid catalyst under milder conditions made it
an attractive catalyst in terms of energy-effectiveness and activity enhancement. Industrial use of this
hybrid catalyst requires long-term stability tests, catalyst cost evaluation etc.

9.4 Indium Oxide - Zirconium dioxide

Promising properties in terms of activity, selectivity and stability have been reported for In,O3, which
exhibited better performance when supported by ZrOs in terms of increased amount of active oxygen
vacancies and enhanced stability, by Martin et al. [149]. The activity of the catalysts was measured
at T =473 — 573 K, P = 10 — 50 bar, Hy/COy = 4:1. In the entire temperature range, the methanol
selectivity for both InoO3 and InsO3/ZrOy was reported 2-3 times higher than the conventional-type
tested catalyst due to the simultaneous RWGS reaction, whereas the maximum STY for InyO5/ZrOs
exceeded the conventional-type catalyst at around 7" > 540 K as shown in figure 2.9.3. Good stable
methanol production at T = 573 K is shown in figure 2.9.4 while the conventional catalyst suffered
from significant deactivation. The supremacy of InoOs3/ZrOs over Cu/Zn0/AlyO3 in figure 2.9.4 is
biased by the chosen reaction temperature of 573 K, where Cu/Zn0O/Aly03 yields the lowest STY in
the investigated temperature interval (see figure 2.9.3). Still, the long-term stability with high activity
for the IngO3/ZrO2 catalyst is interesting.

The active sites were attributed to creation and annihilation of oxygen vacancies based on Hy-TPR
features emerging at temperatures below bulk reduction and XPS O 1s features suggesting oxygen
atoms next to defect sites.
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Fig. 2.9.3: Methanol space time yield (STY) ates the time-dependency of the STY over
and selectivity for bulk InyOs, InyO3/ZrO4 InyO3/ZrO2 (9 wt% In) and Cu/Zn0O/Al503.
(9 wt% In) and Cu/ZnO/Al,O3 during reac- Operational conditions: T = 573 K, P = 50
tion. Conditions: P = 50 bar, Hy/CO2 = 4/1, bar, Hy/COy = 4/1, GSHV = 16 000 h~1.
GHSV = 16 000 h~!. Figure is from [149]. Figure is from [149].
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InyO3/ZrO2 constitutes a promising future industrial methanol catalyst in view of its good properties
(stability, activity, selectivity) and the fact that InyOg is a simple system with current practical appli-
cations (light-emission diodes, thin-film transistors) [150]. However, cost-benefit analysis are required
to evaluate the economic feasibility of InyO3/ZrOs compared to the conventional Cu/Zn0O/Al;O3
catalyst.

Interesting applications lie in engineering metal-oxide interfaces, which support bi-functional properties
concerning adsorption and reaction sites. The alternative catalysts have not been applied as industrial
catalysts despite promising catalytic properties properly due to reduced long-term stability and/or
selectivity, higher cost, testing under non-industrial practical conditions, lower poison tolerance level
etc. [4]. Future scientific work on addressing these potential issues are required before alternative
methanol catalysts can outperform and replace the conventional Cu/Zn0O/Al; O3 catalyst. Methanol at
milder conditions constitute a new, unexplored market with great potential for active, low temperature
catalysts.

10 Summary - Active Site Mechanisms

The various mechanisms discussed in section 7 are compared to the well-established literacy (see section
5) to evaluate the credibility of each mechanism.

The oxidation potential of the feed gas was closely related to the methanol activity through generation
of oxygen vacancies by the studies in section 7.1. However, the lower methanol signal in wet syngas
could as well be ascribed to presence of inhibiting water causing Cu particle sintering instead of gas-
dependent Cu particle morphology.

The investigated catalysts consisted of Cu NPs on ZnO support and may not necessarily be represen-
tative for the conventional methanol catalyst consisting of mainly Cu and secondly ZnO (see section
2).

Localized Cu steps promoted by ZnO was suggested as the active sites in section 7.2 based on a direct
correlation between the methanol activity and the degree of defects/strain found in both theoretical
and experimental studies at industrially relevant conditions. ZnO played a pivotal role in section 7.3
as a key paramter for obtaining a high methanol activity. Mechanisms in both sections indicated the
methanol synthesis to be structure sensitive, which disagrees with the size independent TOF based
on the well-substantiated linear relation between the methanol rate and the specific Cu surface area
showed in section 5 with support from Karelovic et al. [19]. They [19] reported the methanol rate to
be independent of the Cu particle size for Cu/ZnO catalysts with estimated Cu particle sizes ranging
from 8.5 to 37.3 nm. In addition, Berg et al. [99] and Karelovic et al. [108] reported experimental
evidence for structure sensitive methanol synthesis for Cu/ZnO and Cu/SiOy respectively but only
for catalysts with Cu particle size below 8-10 nm. Kuld et al. [44] contributed with a quantitative
model, which predicted clear relation between particle sizes (ZnO and Cu) and the methanol activity.
However, Kuld et al. [44] supported by Berg et al. [99] and Karelovic et al. [108] argued that larger Cu
NPs promoted the methanol synthesis, whereas Behrens et al. [29] and Kasatkin et al. [32] reported
a promotional effect for small Cu NPs.

This discrepancy concerning the Cu structure effect on the activity indicates that additional work is re-
quired to establish, how the structure of Cu NPs influences the methanol activity including assessment
of the Cu particle size dynamics under industrially relevant reaction conditions.

Section 7.4 examined the Cu-Zn surface alloy mechanism. Shifts in the XPS Zn LMy My 5 Auger
peak were related to be regulated by the Hs pressure during catalyst pretreatment. Good agreement
between Zn coverage, formate coverage and methanol synthesis on Cu(111) with increasing amounts
of Zn deposited were applied to substantiate the suggested mechanism. However, the mechanism
supported the idea of the methanol synthesis being structure sensitive, which as previously discussed
disagreed with the linear relation between methanol rate and Cu specific surface area. On the other
hand, the Cu-Zn surface alloy model and the quantitative methods using Ho-TPD, NoO-RFC and XPS
described well the observations in figures 2.7.14 and 2.7.15.
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Summary - Active Site Mechanisms

Delocalized electronic effects constituted a unified model to explain the both the Cu-ZnO synergy and
general support effects based on the well-known metal-semiconductor junction formation as discussed
in section 7.5. Support-regulated electron transfer at the metal-oxide interfaces was proposed to alter
the Cu surface characteristics hence the catalytic properties. The importance and clear evidence for
this proposed model requires future work as provided in chapter 7

Overall, experimental evidence supporting different mechanisms for the active site under conventional
methanol synthesis conditions clearly demonstrated the continuous need for in situ surface sensitive
techniques (XPS, XAS, IR etc.) to unveil the dynamics and active center of the working Cu/ZnO-based
catalysts.
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Abstract

The roles of CO and COs in Cu-catalyzed methanol synthesis from syngas were evaluated in experi-
ments with gas switching between CO/Hy and COs/Hj feeds and between a CO5/CO/Hs feed and a
corresponding CO-free COg/inert/Hy feed. Switching between CO/Ar/Hy (3/29/68) and CO2/N2/H,
(3/29/68) for Cu/AlsO3 showed that the rate of methanol synthesis on Cu is more than an order
of magnitude higher from COz compared to CO. Experiments switching between CO3/CO/Hy and
COy/inert/Hy showed that at low conversion conditions with negligible product formation, CO is
purely inhibiting for Raney Cu and for a range of supported (on SiO2, TiO2, Al;O3 and ZnO) Cu-
catalysts including the industrial Cu/Zn0O/Al;O3 catalyst. Given the generality across Cu-based sam-
ples the mechanism of this inhibition is most likely competitive adsorption on the Cu surface. However,
as conversion is increased by lowering the gas space velocity there is a sharp transition from an in-
hibiting to a beneficial role of CO relative to a CO-free feed. With increasing conversion more water
is formed, and as water is a far stronger inhibitor to Cu-based catalysts than CO, the beneficial effect
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of CO arises from the removal of water from the gas atmosphere, through the water-gas shift reaction.
At low conversion the methanol synthesis rate is thus highest for a CO-free feed that minimizes CO
inhibition, whereas the rate at high conversion is optimal with a CO-rich syngas that minimizes water
inhibition. Hence, CO has a beneficial role at commercial, high conversion conditions. The ZnO sup-
port exerts a strong, beneficial support effect at low conversion conditions, where the strong reductant
CO has a purely negative effect. This could suggest that reduced Zn-sites (oxygen vacancies in ZnO or
Cu-Zn surface alloy sites), whose concentration are expected to depend on the reductive potential of
the atmosphere, are not critical to the support effect from ZnO. At both industrial conditions (523 K,
50 bar), mild conditions (448 K, atm. pressure) and in a nominally oxidizing gas (498 K, 20 bar with
CO2 > Hj) the addition of CO to the feed was detrimental to the activity of Cu/Zn0O/Al;O3 at low
conversion conditions. This supports that CO plays no beneficial role by facilitating ZnO-reduction
and possibly that Zn alloyed into the Cu surface is unimportant for catalytic activity.

Graphic Abstract

Low conversion High conversion

CO inhibiting CO removes H,O
Slow Fast Slow

CH,OH CH,OH CH,OH

C0,/CO/H, CO,/H, CO,/CO/H, CO,/H,

Keywords: Methanol synthesis - Copper catalyst - Metal-support interaction - Reaction mechanisms
- CO and CO4 hydrogenation

1 Introduction

Conventional methanol synthesis proceeds from syngas, a CO3/CO/H; mixture, over a Cu/ZnO/
AlyO3 catalyst operating at 473-573 K and 50-100 bar [1-3]. Hydrogenation of CO (R1) and CO,
(R2) constitute two potential reaction pathways for methanol synthesis on supported Cu catalysts,
which raises the question, whether CO or COs is the dominant carbon source for methanol.

CO +2Hy == CH30H {R1}

COz + 3Hy; == CH30H + H,0 {R2}

For certain Cu-based catalysts, such as Cu/MgO, R1 is faster than R2. However, this is not related to
the intrinsic properties of Cu but is instead the result of a Cu-MgO synergy that strongly accelerates
R1 [4]. Some theoretical models [5-7] have predicted that R1 should be faster than R2 on pure Cu
surfaces, but experimental studies of both single crystals [8] and polycrystalline Cu [4, 9] have shown
that the pathway from CO22 (R2) is 1-2 orders of magnitude faster than the pathway from CO (R1).
This is in agreement with prior isotope labeling studies [10, 11] on industrial Cu/ZnO-based catalysts
that unambiguously established CO5 as the primary carbon source for such catalyst systems.

Whereas the role of CO5 as the primary reactant for Cu and industrial Cu/ZnO-catalysts is relatively
unambiguous, the role of CO in the syngas feed for the industrial process is less clear. Some studies
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[6, 12-15] observe that the methanol synthesis over Cu/ZnO/Al;O3 is faster in CO3/Hs than in
CO/CO3/Hg, and correspondingly kinetic studies [16] have observed a negative reaction order in CO.
By contrast other studies [13, 17-19] observe a faster methanol formation from a CO-rich CO/CO4/Hs
mixture. As methanol synthesis from sustainably generated Hs and locally available CO5 point sources
is envisioned to become an important energy storage solution in a sustainable future society [20], it
is important to clarify the exact role of CO in the current industrial process from syngas. There are
several potential roles of the CO that need to be unraveled. One of these roles is in removal of water
through the water-gas shift (WGS) reaction (R3), as water is observed [16, 21, 22] to be a strong
kinetic inhibitor of the methanol synthesis. However, this role will be limited to higher conversions,
where significant water concentrations build up.

CO + Hy0 = CO, + H, {R3}

It has also been proposed that the strong promoting support effect of ZnO in the industrial Cu/Zn0O/Al;03
catalyst is due to the creation of strongly reduced Zn-sites featuring high activity, such as oxygen va-
cancies in the ZnO phase [23] or Cu-Zn surface alloy sites [24, 25] in the metal surface. With CO
being the most reducing component in the syngas [26-28] the CO concentration should regulate the
concentration of such sites [23, 25] and hence the activity, if these reduced Zn-sites are the primary
active centers. Thirdly, CO may govern the oxygen coverage on the Cu surface. Ambient pressure
X-ray Photoelectron Spectroscopy (XPS) studies [29, 30] have shown that oxygen can deposit on the
Cu surface in COq or Hy/CO2 atmospheres, but the oxygen coverage is found to be low on the Cu
surface in CO-rich syngas [22], which suggests that CO may play a role in removing oxygen from
the Cu surface. Here we investigate the roles of CO and COs in Cu-catalyzed methanol synthesis
using Raney Cu and a variety of supported Cu catalysts. This work is based on methanol synthesis
experiments switching between CO/Hz and COq/Hsy feeds and by switching between a CO/COy/H,
feed and a corresponding CO-free No /CO2/Hy feed.

2 Experimental

Gas flows are reported at normal conditions by “N” and referring to a temperature of 273.15 K and a
pressure of 1 atmosphere (e.g. Nml/min).

2.1 Catalysts

The catalysts were synthesized from Cu(II) nitrate hemi(pentahydrate) (98.6%, Alfa Aesar) using
co-precipitation (Cu/ZnO/Al;O3 with 56 wt% Cu, Cu/ZnO with 10 wt% Cu and Cu/Al;O3 with
67 wt% Cu), incipient wetness impregnation (Cu/SiOy with 36 wt% Cu) or deposition precipitation
(Cu/TiO2(20) with 20 wt% Cu and Cu/TiO2(60) with 60 wt% Cu). Raney Cu (98.9 wt% Cu, 0.81 wt%
Al 0.1 wt% Fe, 0.05 wt% Ni) from Strem Chemicals was received as an aqueous slurry and was pre-
dried in air at room temperature before use. The preparation of the co-precipitated samples is described
elsewhere [31]. For the deposition-precipitation the TiOy support material (anatase nanopowder, 21
nm particle size from Sigma Aldrich) was dispersed in 500 mL of HyO before the precipitation. The
Cu was then added by dripping aqueous solutions of Cu(II) nitrate and Nay;COg3 (Sigma Aldrich,
> 99.8%) into this TiOy-containing slurry at 338 K and a pH of 6.5 followed by 1 h ageing at 338
K with unrestricted pH (same procedure as in co-precipitations). After precipitation the samples
were washed in demineralized HoO and dried at 313 K overnight. Cu/SiOy was prepared by incipient
wetness impregnation of crushed and sieve fractionated (150-300um) silica (Saint Gobain, SS61138)
with an aqueous solution of Cu(II) nitrate hemi(pentahydrate). All catalyst precursors were calcined
in 1 NL/min air flow with a 2 K/min ramp to 573 K, which was maintained for 3 hours. Further
characterization of some of these samples using various techniques can be found elsewhere [4, 22, 31].

63



Ezxperimental

2.2 Catalyst pre-reduction/activation

All catalysts were pre-reduced in a 60 Nml/min flow of 5% Hy/Ny (Air Liquide Denmark) using a
heating ramp of 1 K/min and a holding period of 1-4 hours at 448 K before further heating with
1 K/min to 523 K for 2 hours. At both temperatures, water generation terminated as verified by
the MS within the allocated holding times. For Cu/AlyO3 the standard reduction was followed by an
additional step using 50 Nml/min of 100% Hs (Air Liquide Denmark) at 523 K for 1 h. After reduction
all samples were flushed with He at the final reduction temperature. In selected cases the pre-reduction
of the Cu/Zn0/Al; 03 sample was stopped after the holding period at 448 K and then flushed with He
at 448 K in order to probe the effect of CO in the reaction gas after a milder pre-reduction treatment.

2.3 Cu surface area measurement

N5 O-reactive frontal chromatography (RFC) [32, 33] was applied to evaluate the Cu surface area at
333 K using a 19 Nml/min flow of 1% NoO/He on pre-reduced catalysts. This was done in an Autosorb
iQq setup according to the procedure described elsewhere [4]. The Cu surface area was determined
using a Cu:0 = 2:1 stoichiometry and a Cu surface atom density of 1.47-10'? surface Cu atoms/(m?
Cu) [33, 34]. Previous studies [21] using the same setup has shown a standard deviation of 6%. For
ZnO-supported Cu it is known that ZnO-reduction can distort the Cu area measured by NoO-RFC. To
ensure that the surface area measurements were not impacted by ZnO-reduction the Cu/ZnO(/AlyO3)
samples were subjected to NoO-RFC after varying pre-reduction conditions. The sample was either
subjected to the standard pre-reduction in 5% Hy with holding at 448 K and 523 K, to a milder
reduction that was terminated after the holding period at 448 K or to a harsher reduction where the
standard procedure was followed by exposure to 100% Hy at 523 K until the water evolution stopped.
The results from these 3 pre-reduction tests are shown in Fig. Sla and S1b with substantial NoO
uptake increase when replacing 5% Hs with 100% Hy at 523. This substantiates that the standard
reduction method with 5% Hy at 448 K and 523 K should be used prior to No-RFC to quantify the Cu
surface area of Cu/ZnO(/AlzO3) samples. For Cu/Al,O3, similar tests (Fig. Slc) showed a profound
increase in the Cu surface area from reducing in 5% Hsy at 448 K to 523 K, whereas subsequently change
to 100% Hs at 523 K was within uncertainty the same. Due to the irreducible nature of alumina [1, 34]
the increased Cu surface area was attributed to Cu reduction. For this reason it was concluded that
100% Hy is necessary for obtain complete Cu reduction in Cu/AlsOs3, and the standard pre-reduction
with 5% Hs used for the other samples was therefore always augmented by a 100% Hy treatment at
523 K for measurements on Cu/Al;Os.

2.4 Catalytic tests

Methanol synthesis experiments were conducted in a high-pressure flow reactor setup with catalysts
placed in glass lined, U-shaped, stainless steel reactors and product analysis by a Hiden HPR-20 EGA
MS and a Thermo Fisher Trace 1300 GC equipped with one channel . composed of a TG5 column
guiding the gas to an FID detector and one channel composed of an OV-1 column followed by a
Shincarbon column guiding the gas to a TCD detector equipped with one channel . composed of a
TG5 column guiding the gas to an FID detector and one channel composed of an OV-1 column followed
by a Shincarbon column guiding the gas to a TCD detector. The setup and calibration procedures are
described in detail elsewhere [4].

Syngas switching experiments

After catalyst pre-reduction the reactor was pressurized in He to 50 bar at 523 K before switching to
one of three syngas mixtures (CO5/CO/Hy = 3/29/68, CO/inert/Hy = 3/29/68 or COs/inert/Hy =
3/29/68 mol%) dosed from pure Hy (99.9999%), pure He (99.9999%), and pre-mixed 9.50% CO/Ar,
9.00% CO2/N2 and 9.00% CO3/CO all from Air Liquide Denmark. Time resolved monitoring of the
methanol synthesis activity was based on mass spectrometry (MS) measurements (m/z = 31), while
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reported activities were based on the methanol production quantified by online gas chromatography
(GC). After obtaining a steady state or quasi-steady state in one gas mixture the feed was switched
to another mixture. Catalyst loadings in the reactor were adapted for each catalyst to yield low
conversion reaction conditions (here <0.3 mol% methanol in the effluent gas).

Impact of CO at varying conversion levels

Methanol synthesis was conducted over Cu/Al;O3 and Cu/Zn0/Al,O03 at 523 K and 50 bar at vary-
ing conversion levels in the presence (CO2/CO/Hy = 3/29/68) and absence of CO (CO2/Ngo/Hy =
3/29/68). The feed flow and catalyst loading were adjusted to regulate the conversion level. Reported
effluent water concentrations for the CO-free feed were based on an oxygen balance assuming that
only methanol synthesis (R2) and WGS (R3) occur, whereby the HoO production is equal to the sum
of the produced CH3OH and CO, which are quantified by the calibrated GC.

Mild syngas switching experiment over Cu/ZnO/Al,O;

Cu/Zn0O/Aly03 was mildly reduced in 60 Nml/min of 5% Hs/Ny by heating with 1 K/min to 448
K for 1 h to activate Cu but prevent any ZnO reduction. Next, a syngas experiment at 448 K and
atmospheric pressure was conducted by starting with CO2/Ny/Hy (3/29/68) and monitoring the 5
catalytic activity. Once activity had stabilized the feed was switched to COy/CO/Hs (3/29/68) at a
constant gas flow of 280 Nml/min.

Methanol synthesis in oxidizing atmosphere over Cu/ZnO/Al,O3

Cu/Zn0O/Al;03 was mildly reduced in 60 Nml/min of 5% Hs/Ny by heating with 1 K/min to 448 K
to activate Cu but prevent ZnO reduction, which according to [35] initiates above 0.05 bar Hy at 493
K. Next, the catalyst was flushed with He and heated to 498 K, where it was pressurized to 20 bar
in He before switching to CO2/Hs/He (40/30/30) and monitoring the catalytic activity. The feed was
then replaced by a feed of COy/Hy/CO (40/30/30) with the same flow rate at 498 K and 20 bar of

pressure.

2.5 Equilibrium calculations

Equilibrium constants for the WGS and methanol formation obtained from Graaf and Winkelman [35]
were applied to calculate the approach to equilibrium with the assumption of ideality in the gas phase.

3 Results and Discussion

3.1 Sample properties

Nielsen et al. [31] have previously reported Cu surface areas for some of the presently applied samples.
Here the Cu surface areas of all the presently applied samples are summarized in Table 1. It is well-
established that partial ZnO reduction can distort the Cu surface area measured from the NoO uptake
in Cu/ZnO systems. To ensure that the obtained Cu surface areas were free of this effect, the Cu
surface area of the Cu/ZnO(/Al;O3) samples was measured after varying pre-reduction treatments to
identify the onset of ZnO reduction. Here the standard pre-reduction in 5% Hsy with holding at 448 K
and 523 K was compared to a milder pre-reduction terminated after the holding period at 448 K or
to a harsher pre-reduction with exposure to 100% Hs at 523 K after the standard pre-reduction. The
results from these experiments are shown in Fig. S1 in the Supporting Information. It is concluded
from the results of Kuld et al. [36] that no ZnO reduction will take place with the pre-reduction in
5% Ha at 448 K, and Fig. S1 shows that with 5% Hy pre-reduction the Cu area is the same (within
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the known uncertainty) after reduction at both 448 K and 523 K. From this it is concluded that ZnO-
reduction is negligible in the present standard reduction program using 5% Hs, and consequently the
Cu areas in Table 1 should also be accurate for the Cu/ZnO(/Al;O3) samples.

Table 1: Results from NoO-RFC in this study and recent studies by Nielsen et al. [31]. Estimated
relative error is 6% based on five repeated measurements on Cu/SiO3 in the same setup [21].

Sample Cu area [m?/gcat] Ref.
Cu/SiOq 1.40 This work
Cu/Al;O3 7.16 This work
Cu/TiO2(60) 1.82 This work
Raney Cu 5.18 31
Cu/Zn0O 4.90 31
Cu/Ti05(20) 1.19 31

3.2 The carbon source in methanol synthesis over Cu

Theoretical models [5-7] have predicted that the rate of methanol formation on pure Cu should be
far higher from CO than from COs. However experimental studies [4, 8, 9] unanimously show the
opposite — that the rate is far higher from CO3. A proposed [5] explanation for this contradiction
has been that stable COs-derived intermediates may obscure the fast pathway from CO identified by
theoretical studies. To test this Cu-rich Cu/AlyO3 was used, as it features good thermal stability
and has previously [4] been shown to qualitatively reflect the behavior of unsupported Cu. Cu/Al2O3
was subjected to experiments with gas switching between CO/Hy and COs/Hy feeds to evaluate,
if the reaction rate in CO/Hj is affected by prior exposure to COg/Hy. If very stable COs-derived
intermediates affect the pathway from CO the order of the gas mixtures should be of great importance.
Fig. 1a shows the result of this switching experiment starting from COy/Hs, whereas Fig. 1b shows the
result when starting in CO/H,. Fig. 1 illustrates that the rate of methanol synthesis from COs is more
than an order of magnitude faster than the rate from CO regardless of the order of the gas mixtures.
These results show that even in the absence of COs-derived intermediates occupying the surface, the
route from CO is still far inferior to the route from COs. The results help to substantiate that COs is
the primary carbon source in methanol synthesis over Cu. Our previous work [4] and additional tests
for the Cu/TiO2 catalysts (see Supporting Information Fig. S2) show that this conclusion applies to
all the Cu-based catalysts investigated here. Here we thus focus on materials that share the intrinsic
properties of Cu, where the rate from COs is far higher and where CO3 consequently is the primary
reactant for methanol synthesis. It may be added that the alternative synergistic pathway for CO-
hydrogenation, which is particularly strong in materials such as Cu/MgO, most likely relies on basic
support sites in the vicinity of the metal particle, and consequently this pathway is strongly inhibited
by the acidic gas CO2 [4].

3.3 The role of CO in methanol synthesis from syngas

Since COs is the primary reactant for methanol synthesis on the investigated catalysts it is relevant
to elucidate the role of CO in a ternary CO/CO2/Hs atmosphere. To do this both Raney Cu and
supported Cu catalysts were allowed to stabilize in a CO5/CO/Hj feed, and the CO in the feed was then
replaced with an identical concentration of Ny, while all other conditions were maintained. In these
experiments flows and catalyst loadings were adjusted to preserve low conversion conditions (< 0.3
mol% CH3;OH produced) with negligible product formation to avoid that effects caused by the products
impact the conclusions substantially. Fig. 2 shows the development in methanol productivity during
such an experiment for Cu/TiO2(20) and illustrates that the methanol production actually increases,
once CO is removed from the feed. Fig. 3 summarizes the stabilized productivity levels with and

66



Results and Discussion

CO,/N,/H, CO,/N,/H,

0.30 A
0.25 A

0.20

0.15 +

Methanol concentration [mol%]
Methanol MS signal [a.u.]

0.05 +

0.00 TrrryrrrrprrTTrTTTrTTTTrTTTTr T T Ty Ty Ty
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375

Time on stream [minutes]

CO,/N,/H,
b) 0.35 -

0.30 o
S * * *x | _
S -

1 >
£,0.25 <
c ] —
s ] 3
T 0.20 o
IS ] n
3 ] n
§ 0.15 Z

1 @]
© E C
s 5
@ 0.10 - =
s ] S
[} |
s ]

0054

* * *

0.00 +—— * L B L B L B AL L

0 25 50 75 100 125 150

Time on stream [minutes]

Fig. 1: The methanol production (stars) over Cu/AlyO3 as function of time on stream when switching
between CO2/Hz and CO/Hj feeds (both balanced with inert gas) starting from a) CO3/Hy and b)
CO/H;. The MS signal (solid line) for methanol (m/z = 31) is also shown to better illustrate the
transient development. Flow measurement required bypass of the MS resulting in a data gap in the
MS signal in a). Reaction conditions: T = 523 K, P = 50 bar, feed flow = 275 + 3 Nml/min,
COy/inert/Hy = 3/29/68, Cu/Al;O3 loading = 180.2 mg in a) 148.4 mg in b). Fig. 1b is reproduced
with permission from Nielsen et al. [4].

without CO for all samples. To facilitate comparison the stabilized level in CO3/Ny/Hy is assigned
as a relative productivity of 1.00 for each sample, and the final productivity in COy/CO/Hs prior to
the shift to COy/Ny/Hs is shown relative to this level. The figure clearly illustrates that at these low
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conversion conditions all samples exhibit a faster rate in CO5/Ny/Hs. Hence, CO is an inhibitor for
all the investigated Cu-catalysts. This qualitative generality suggests that the inhibiting effect of CO
comes from an interaction with the metallic Cu surface, which is the only common feature of these
samples. It follows from this argument that if all the catalysts are impacted by CO interacting with
the Cu surface then the reaction must also be located on the Cu surface for all the samples. While
there have been previous reports [16, 37] of CO-inhibition for Cu/ZnO-systems the generality of this
effect has not previously been identified. From repeated cycling of thermally stable systems, such as
Cu/TiO2(60), it is evident that the effect of CO is fully reversible over the time scale of a few minutes
(see Fig. S3). This suggests that the effect of CO is on the kinetics of the surface reactions. The
most likely cause for the inhibiting effect of CO is competitive adsorption. The CO adsorbed on the
Cu surface is only converted to methanol with a very low rate (Fig. 1), and blockage of the surface
with adsorbed CO will inhibit the rate by preventing the much faster pathway from COs. However,
there could be a secondary inhibiting effect of CO. There are indications from ambient pressure XPS
studies [29] that oxygen deposits on the Cu surface in Hy /COy atmospheres, and it has been proposed
[9] that this oxygen exerts a promotional role on the methanol synthesis. In a previous study [22] we
found that that the oxygen coverage on Cu was insignificant (below our detection limit of 0.04 ML)
in a CO-rich syngas. The CO may therefore also inhibit the methanol formation by scavenging away
oxygen from the metal surface.

CO,/CO/H, CO,/N,/H,
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0.025
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Methanol MS signal [a.u.]

o000 fpo o+ o O
0 50 100 150
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Fig. 2: The methanol concentration (stars) as a function time on stream for Cu/TiO2(20), when
switching from a CO2/CO/H;y feed to a CO2/Ny/Hy feed. The MS signal (solid line) for methanol
(m/z = 31) is also included. Reaction Conditions: T = 523 K, P = 50 bar, feed flow = 280 + 5
Nml/min, CO5/X/Hy = 3/29/68 with X = CO or N3, Cu/TiO2(20) loading = 261.5 mg. Here the
final measurement in each gas is used to construct Fig. 3.

Fig. 3 shows that stronger CO inhibition generally occurs in the experiments with the lowest conver-
sions and hence the lowest product concentration in the efluent. This indicates that the impact of CO
is dependent on the conversion level. It is well known that the water produced in the methanol synthesis
reaction (R1) is strongly inhibiting to Cu-catalyzed methanol synthesis. Thrane et al. [21] found that
adding 1500 ppmv H5O to the syngas feed caused the methanol synthesis rate over Cu/Zn0/Al;O3 to
drop by 60-70% when operating in the 493-523 K range at 41 bar. Sahibzada et al. [15] also found that
such a catalyst lost 90% of its methanol synthesis activity, when 2 vol% HyO was added to the feed
at 523 K and 50 bar of pressure. The occurrence of water inhibition for Cu-catalysts is not support
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Fig. 3: The normalized methanol productivity (left vertical axis) in CO/CO2/Hz (red bars) and
CO3/N3/Hs (blue bars) for Raney Cu and various supported Cu-samples. Each catalyst is allowed
to stabilize in CO/COy/Hy before replacing CO with an identical concentration of No as illustrated
in Fig. 2. The black data points (triangle and diamond) show the effluent methanol concentration in
each experiment on the right vertical axis. Reaction conditions: T = 523 K, P = 50 bar, CO2/X/H,
= 3/29/68 with X = CO or Ny). Space velocity was varied (between 3.1-10* and 145-10* Nml/g..;/h)
to ensure low conversion conditions with maximally 0.3 mol% methanol in the effluent.

specific, as Yang et al. [38] found that adding 0.2 mol% H3O to the feed caused Cu/SiO2 to lose
approximately 40% of its methanol synthesis activity at 413 K 413 K and 6 bar. Hence, the water
inhibition is general for Cu catalysts, although the available data do not rule out that the strength of
the effect could be support dependent. Saito et al. [37] also conducted direct comparisons of inhibition
from CO and HyO for Cu/Zn0O/ZrO2 and found that HyO is a far stronger inhibitor than CO. Hence, at
higher conversion CO can exert a relative positive effect by displacing a worse inhibitor, water, through
the WGS reaction (R3). To investigate the water scavenging effect at higher conversion, switching ex-
periments between CO5/CO/Hy and CO42/Ny/Hy were conducted for Cu/Al;O3 and Cu/Zn0O/Al; O3
at varying conversion levels. The conversion was varied by adjusting the catalyst loading and feed
flow to change the space velocity/residence time. Fig. 4 shows the results from such experiments
with Cu/Al;O3, where the gas switch is conducted at different space velocities. Fig. 4a shows that
at the highest space velocity (lowest conversion and water concentration) there is a slight negative
effect of CO. Fig. 4b shows that for lower space velocities, where conversion and water concentration
are higher, there is oppositely a significant positive effect of CO relative to a CO-free gas. Here it is
important to emphasize that both CO and H2O are inhibitors, and the highest productivity occurs
with high space velocity and no CO in the feed (Fig. 4a), whereby the total presence of the inhibitors
is minimized. The benefit of CO is a relative benefit due to the exchange of a stronger inhibitor (H20)
with a weaker one (CO).
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Fig. 4: The methanol production rate as a function of time on stream with Cu/Al,O3 and a gas space
velocity of a) (9.42 & 0.07)-10* Nml/gcat/h and b) both (3.80 + 0.06)-10* Nml/gc.¢/h and (1.38 +
0.04)-10* Nml/g..c/h. In b) the methanol MS signal (m/z = 31) is also shown to illustrate that the
product concentration is higher for the lower space velocity. Gaps in the methanol MS signal are due
to bypass for flow measurements at the start and end of each feed flow. Reaction conditions: T = 523
K, P = 50 bar, CO2/X/Hy = 3/29/68 with X = CO or Ng, Cu/Al,O3 loading = 178.6 mg in a) and

433.7 mg in b).
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Fig. 5 shows the ratio between the rates with and without CO as a function of the water concentration
in the effluent for the CO-free feed. The water concentration is estimated from an oxygen balance as
the sum of the production of methanol and CO assuming that only reactions R1 and R3 occur. Since
negligible formation of DME or other products were detected by the GC, this is expected to be a good
assumption.
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Fig. 5: The ratio between the methanol formation rates in CO5/CO/Hz and CO2 /N3 /Hj as a function
of the estimated effluent concentration of water in the CO2/Ny/Hy atmosphere for Cu/AloO3 and
Cu/Zn0O/Aly03. Reaction conditions: T = 523 K, P = 50 bar, GHSV = (2.4-14.5)-10° Nml/gca;/h
for Cu/Zn0O/Al,03 and (1.4-94.1)-10* Nml/gcq:/h for Cu/AlyO3.

Fig. 5 shows that at low conversion conditions the HoO formation is low, and CO only impacts the
activity in a negative way for both Cu/Zn0O/Al;O3 and Cu/Al;O3. By increasing the conversion level
the HyO formation rises, and for both Cu/Zn0O/Al;O3 and Cu/Al; O3 there is a sharp transition, where
CO becomes beneficial compared to a CO-free gas. As described above this benefit can be attributed
to the role of CO as a scavenger of water. The transition to a positive effect of CO occurs at a lower
water concentration for Cu/Zn0O/Al;O3. This can be rationalized from the known support effect of
ZnO upon the heat of adsorption of water on the catalyst. In the limit of zero water coverage the heat
of adsorption of water on Cu/ZnO/Al;O3 is 65 kJ/mol [39], whereas the heat of adsorption on pure
Cu is around 45 kJ/mol [40-42].

It would be consistent with the stronger bonding of water on Cu/ZnO/Al;O3 that the inhibiting
effect of water, and hence the need for water removal by reaction with CO, becomes important at a
lower water concentration for Cu/ZnO/Al;O3. However, the beneficial effect of CO also emerges for
Cu/Al;O3 although at a higher water concentration. This is in agreement with the results of Yang et
al. [38] showing that water inhibition is also important for ZnO-free supports.

For the experiments in Fig. 5 with a CO-free feed, where the water content can be accurately esti-
mated through the oxygen balance, the approach to equilibrium for WGS and methanol synthesis were
evaluated, and the results are summarized in Table S1 in the supporting information. The highest
approach to equilibrium among these tests were 59.1% for WGS and 20.8% for methanol synthesis.
Hence, both reactions are in the kinetically controlled regime although with the faster WGS closer to
an equilibration.
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3.4 Optimal CO/CO, ratio for methanol synthesis over Cu/ZnO-based cat-
alysts

As the hydrogenation of CO4 provides a faster pathway (Fig. 1) the concentration of COs in the syngas
feed is obviously important. Fig 6 summarizes the literature [43-45] on the effect of the CO5 partial
pressure in the feed, when only the COs concentration is varied. Fig. 6 shows that the methanol
synthesis is approximately 15¢ order in CO, to around 1 bar of pressure and then becomes 0" order
in COg for higher partial pressures. IR studies [43, 45] suggest that the stagnation occurs because the
concentration of formate intermediates on the Cu saturates.
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Fig. 6: The relative methanol production rate of Cu/ZnO-based catalysts as a function of the COq
partial pressure in the feed. Data (in the 496-523 K range) from: Amenomiya and Tagawa [45] (O),
Le Peltier et al. [43] (O), and Nomura et al. [44] (A). The data are normalized by setting the highest

productivity in each study to 100%.

Studies that instead vary the CO/CO; ratio in the COy part of the syngas have yielded seemingly
contradictory observations, as optimal activity has been reported for both CO-free and CO-rich atmo-
spheres. The observation of a transition from a detrimental to a beneficial effect of CO on the activity
when varying the conversion level (Figs. 4 and 5) can help to rationalize these observations. At low
conversion the inhibiting effect of CO means that the CO concentration should be as low as possible,
but at high conversion a high concentration of CO is needed to remove water. Fig. 7 summarizes
literature results for Cu/ZnO(/AlxO3) catalysts by showing the normalized methanol productivity as
a function of the fraction of CO5 in the COy part of syngas feed with a fixed COy/Hz ratio. These
results are obtained at industrially relevant high pressure conditions. The literature results are sepa-
rated into low conversion condition with negligible product formation (Fig. 7a) and high conversion
conditions with non-negligible product formation (Fig. 7b).

Fig. 7a shows that at low conversion conditions the methanol formation rate rises strongly until CO,
constitutes 10-20% of the CO, whereafter the increase continues albeit less profoundly until COs is
the only CO, component. The sharper initial rise in Fig. 7a until 10-20% CO5 in the CO, can be
attributed to the regime, where the reaction is 1°* order in COs (see Fig. 6) and where COy thus
brings an advantage of its own. Above this level additional CO5 may not bring strong beneficial effects
of its own, since the reaction becomes 0" order in CO,. However, as CO is inhibiting it is nevertheless
still beneficial to replace CO with COq, and maximal activity occurs in a completely CO—free gas.
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An analysis of the product concentrations in the experiments in Fig. 7a shows that this low conversion
behavior occurs for methanol effluent concentrations below ca. 1 mol% (see Table S1). Fig. 7b shows
that at high conversion conditions with higher product concentrations the methanol production is op-
timal for a syngas with a COy fraction of ca. 10% CO4 and 90% CO. At high conversion it is beneficial
to include sufficient CO5 to reach the 1-2 bar CO5 partial pressure that saturates the beneficial effect of
COs. However, once this COs-concentration is reached, the CO4 offers no additional benefit, and it is
instead preferable that the remaining part of the COy is CO in order to optimize the removal of water
by the shift reaction. The optimal COy composition is thus a CO-rich mixture at higher conversions.
The composition dependencies in Fig. 7 can thus be described in terms of the beneficial effect of CO,
(Nielsen et al. [4] and Figs. 1 and 6), the inhibiting effect of CO (Fig. 3), and the inhibiting effect
of water (e.g. Thrane et al. [21] and Yang et al. [38]) that all are general among Cu catalysts. This
implies that it is the kinetics of the surface reactions on Cu and not support-dependent effects that
cause the dependencies on the CO, composition. However, Fig. 5 clearly shows that the transition
between the two regimes in Fig. 7 will depend upon the support, and any support-dependencies in the
formate coverage could also cause factors such as the location of the optimum in Fig. 7b to vary with
the support.

An analysis of the product concentrations in the experiments in Fig. 7b show that this low conversion
behavior occurs for methanol effluent concentrations above ca. 3 mol% (see Table S1). Hence the
transition between the behaviors of Fig. 7a and Fig. 7b occurs in the range of 1-2 mol% methanol in
the effluent.

It should be added that at high conversion with significant methanol concentrations, the water scav-
enging effect of CO operates in parallel to a methanol-assisted autocatalytic mechanism, whereby
methanol facilities the generation of additional methanol [21]. For catalysts such as Cu/Zn0O/Al;O3
the combined effect of the autocatalytic acceleration and the water scavenging means that the absolute
rate increases with increasing conversion for CO-rich feeds [21]. The alcohol-assisted mechanism that
causes the autocatalytic effect does not seem to require CO [46-48]. The increase in absolute activity
of Cu/Zn0/Al,05 with increasing conversion in the presence of CO is therefore not likely the result
of CO participating directly in the autocatalytic pathway, but rather the result of CO removing water
and thus providing optimal conditions for the autocatalytic pathway.
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Fig. 7: The relative methanol synthesis activity for Cu/ZnO(/AlyO3) catalysts as a function of the
CO; fraction in the COy part of the syngas for: a) low conversion conditions with negligible product
concentrations and b) high conversion conditions with non-negligible product concentrations. Here
the COy composition is varied at a fixed COx/Hj ratio and all studies are normalized to the highest
activity achieved in the study. Data in a) from: Studt et al. [5] (O), Chanchlani et al. [12] (A) and
Data in b) from: Martin and Perez-Ramirez [17] (A), Barbier et al. [18] (O),
Sahibzada et al. [15] (¢), Lee et al. [13] () and Klier et al. [19] (x). The exact data used from the
literature studies are specified in Tables S2 and S3 in the Supporting Information.
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3.5 Role of CO-induced rise in reductive potential for Cu/ZnO-catalysts

It is well established that ZnO exerts a strong support effect on the Cu-catalyzed methanol synthesis
[21, 49-53], although the exact mechanism by which this support effect operates remains imperfectly
understood. One proposal is that reduced Zn-sites, such as oxygen vacancies in the ZnO [23] or Zn
alloyed into the metallic surface [25, 36, 54-57], are sites of particularly high activity. The reductive
potential of the syngas, which is governed by especially the CO/COx ratio, will have a major impact
on the concentration of such reduced Zn-sites [23, 25], which should be reflected in a major impact
on the catalytic activity. Fig. 8 shows the turnover frequency (TOF) in methanol synthesis per Cu
surface atom for Raney Cu and Cu/Zn0O/Al;O3 at the low conversion conditions of Fig. 3 both with
and without CO in the feed.
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Fig. 8: The turnover frequency for methanol synthesis (per Cu surface atom) for Raney Cu and
Cu/Zn0/Aly03 in both CO3/N3/Hj (red) and CO3/CO/Hy (blue). These results are at low conversion
conditions (see effluent concentrations in Fig. 3). Reaction conditions: T = 523 K, P = 50 bar,
CO,/X/Hy = 3/29/68 with X being CO or Ny, GHSV = (8.3-8.4)-10* Nml/gcas/h (Raney Cu) and
(1.4-1.5)-105 Nml/geat/h (Cu/ZnO/Al503).

We have previously [22] confirmed that the Raney Cu sample is a good quantitative approximation
to the intrinsic properties of Cu, and Fig. 8 shows that at these low conversion conditions the TOF
for Cu/Zn0O/Al;03 is 7-8 times higher than the TOF for Raney Cu. Fig. 8 illustrates that at
these conditions a strong support effect is present, but the most reducing component in the gas,
CO, nevertheless has a negative effect on the performance of the Cu/Zn0O/Al;O3 system. This could
suggest that reduced Zn-sites, whose concentration rise with increasing CO/COq ratio [23, 25], are
not critically important for the catalytic activity. However, it cannot be fully excluded that the high
hydrogen pressure at the conditions of Fig. 8 is sufficient to saturate the concentration of such reduced
Zn-sites. Switching experiments were therefore conducted at two sets of model conditions, where
the presence of CO should be essential for the creation of reduced Zn-sites, such as Cu-Zn surface
alloy sites. Cu/Zn0O/Al;03 was subjected to mild (5% Hs at 448 K) pre-reduction to ensure minimal
reduction of the ZnO component. The methanol synthesis activity was then investigated at 448 K
and atmospheric pressure starting from a less reducing CO2/Ny/Hy mixture and then switched to a
more reducing CO5/CO/H, gas mixture. The Ny and CO concentrations were identical to ensure that
all other parameters remained constant. Fig. 9 shows the methanol formation during the switching
experiment and illustrates that also at these conditions CO exerts an exclusively negative effect and
causes a 34% drop in the methanol formation rate. Equilibrium methanol concentrations at 448 K
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and atmospheric pressure for CO5/CO/Hs and CO42 /Ny /Hsy are calculated to 9136 ppm and 201 ppm,
respectively. As the experimentally observed concentrations are well below these levels the presented
results are not expected to be influenced by equilibrium constraints. The negative role of CO at these
conditions is in good agreement with the results of Cherifi et al. [16], who studied the reaction kinetics
with a similar catalyst and conditions and also observed an exclusively negative effect of CO.
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Fig. 9: The methanol production as a function of time on stream when mildly pre-reduced (5% Hy /Ny
at 448 K) Cu/Zn0O/Al; 03 is exposed to first CO2 /Ny /Hs followed by replacement of the Ny with CO.
Reaction conditions: T = 448 K, atmospheric pressure, feed flow = 281 + 4 Nml/min, COy/X/Hy =
3/29/68 with X = N3 or CO, Cu/Zn0O/Al;03 loading = 25.3 mg.

In a second model study Cu/ZnO/Al;03 was mildly (5% Ha at 448 K) pre-reduced before being
heated in He to 498 K and pressurized to 20 bar. The sample was then subjected to a CO2/He/Hy
(40/30/30) feed i.e. a nominally oxidizing gas (CO2 > Hy). The methanol formation was allowed to
stabilize before the He was replaced with CO, which changed the atmosphere to a nominally reducing
gas (CO+Hy > COs). Fig. 10 shows the methanol formation during the stabilization and gas switch
and illustrates that CO is also inhibiting at these conditions, as the activity drops by 40-50% upon
introduction of CO. The equilibrium methanol concentrations at these conditions are 3.62 mol% with
CO in the feed and 3659 ppm without CO in the feed, and as the experimental concentrations are fare
blow these levels the results in Fig. 10 are clearly in the kinetically controlled regime.

These results clearly illustrate that CO plays no beneficial role in facilitating the reduction of Cu/Zn0O/Al5O3.
Additionally, the fact that CO has a negative effect at these model conditions, where the reductive
power of CO should be critical to the formation of reduced Zn-sites, suggests that e.g. Cu-Zn surface
alloy sites are not the source of the beneficial support effect from ZnO. These results showing that a
CO-induced rise in the reductive potential to be detrimental for the catalytic activity are in conceptual
agreement with the results of Frei et al. [58], who observed that raising the reductive potential during
pre-reduction through increasing temperature was detrimental for a Cu/Zn0O/Al;O3 catalyst in terms
of TOF and activation energy.
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Fig. 10: The methanol concentration as a function of time on stream when mildly pre-reduced (5%
HH,/NH, at 448 K) Cu/ZnO/AlH;OH, is exposed to first a formally oxidizing COHy/He/HH, at-
mosphere followed by replacement of He with CO to create a formally reducing atmosphere. Reaction
conditions: T = 498 K, P = 20 bar, feed flow = 280 £ 3 Nml/min, X/Hy/CO2 = 30/30/40, GHSV =
1.23-10% Nml/geas /h.

4 Conclusion

Catalytic methanol synthesis is currently a major industrial process operating from CO/COy/Hy with
a Cu-based catalyst. However, future uses of the process could involve the conversion of COy/Hs feeds
from sustainably derived hydrogen and CO; captured at locally available point sources. It is therefore
relevant to evaluate the roles of CO and COs for the Cu-catalyzed reaction. Here we have conducted
switching experiments between feeds with and without CO over Cu based catalysts to elucidate the
roles of CO and COy at varying conversion levels. Switching between CO/Hy and COs/Hy feeds
for Cu/AlyO3 clearly showed that the methanol synthesis rate from COs is more than an order of
magnitude faster than the rate from CO, which helps to substantiate that COs is the immediate
carbon source for methanol on Cu. Low conversion experiments switching between CO/CO5/H,
and Ny /COq/Hy feeds, where the presence or absence of CO is the only change, showed that CO is
inhibiting to Raney Cu and to Cu supported on AlyOg, SiO2, TiO2, ZnO and ZnO/Al;O3. Competitive
adsorption on the Cu surface could explain the observations, although the removal of promotional
oxygen species from the Cu surface by CO cannot be fully excluded as a reason for the inhibiting effect
of CO. At higher conversion the presence of CO was found to be beneficial compared to conditions
without CO in the feed. This can be explained by the ability of CO to remove a worse inhibitor, water,
through the WGS reaction. As a result the optimal feed is a CO-free gas at low conversion, but at
higher conversion a CO-rich syngas that efficiently removes produced water is preferable. Comparisons
of Cu/Zn0/Al;03 and Raney Cu showed that a strong, beneficial support effect from ZnO was present
at low conversion conditions, where the effect of CO is observed to be purely detrimental for both
samples. One proposed mechanism for the ZnO-support effect has been that reduced Zn species are
alloyed into the metal surface, and the CO concentration has previously been found to be important for
the creation of the reduced Zn-species. The fact that the support effect is strong at conditions where
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Conclusion

the carbon monoxide-induced rise in the reductive potential of the atmosphere was detrimental for the
activity is a clear indication that such reduced Zn-species are not critical to the support effect from
ZnO. In a further experiment Cu/Zn0O/Al;O3 was at high space velocity (low conversion) exposed to a
H,/He/CO2 gas mixture with an excess of CO5 compared to Hy i.e. a nominally oxidizing atmosphere.
Once activity had stabilized, the He was replaced with an equal concentration of CO, which changed
the atmosphere into a nominally reducing gas. Again the effect of CO was purely inhibiting. The fact
that CO is also detrimental at such oxidizing conditions is a further indication that reduced Zn-sites
may not be involved in creating the beneficial synergy between Cu and ZnO.
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Abstract

Catalytic methanol synthesis is one of the major processes in the chemical industry and may grow
in importance, as methanol produced from CO; and sustainably derived Hsare envisioned to play an
important role as energy carriers in a future low-COs-emission society. However, despite the widespread
use, the reaction mechanism and the nature of the active sites are not fully understood. Here we
report that methanol synthesis at commercially applied conditions using the industrial Cu/Zn0O/Al;O5
catalyst is dominated by a methanol-assisted autocatalytic reaction mechanism. We propose that the
presence of methanol enables the hydrogenation of surface formate via methyl formate. Autocatalytic
acceleration of the reaction is also observed for Cu supported on SiOs although with low absolute
activity, but not for Cu/AlyO3 catalysts. The results illustrate an important example of autocatalysis
in heterogeneous catalysis and pave the way for further understanding, improvements and process
optimization of industrial methanol synthesis.

Graphic Abstract
Keywords: Autocatalysis - Methanol - COs hydrogenation - Copper - Reaction mechanisms
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1 Introduction

Heterogeneous catalysis is vital to modern chemical industry. Understanding the nature of the ac-
tive sites, reaction mechanisms and the origin of metal-support/promoter interactions is therefore not
only fundamentally important, but also significant due to the substantial economic impact of im-
provements to large-scale industrial processes relying on catalysis. Methanol is a major bulk chemical
with a production exceeding 70 million tons/year and is produced from syngas (CO/CO2/Hs) over a
Cu/Zn0O/Al, O3 catalyst [1]. Methanol synthesis can proceed over Cu surfaces, but the reaction rate is
strongly enhanced by the presence of zinc in the catalyst [2-5]. However, the exact nature of the active
sites and the beneficial support effect from ZnO in the industrial catalyst are still debated issues. By
contrast, there seems to be a more widespread agreement concerning the general reaction mechanism
for methanol synthesis over Cu catalysts. Most theoretical and experimental studies advocate that
methanol is made directly from carbon dioxide (CO2) and hydrogen (H) via formation of surface
formate and its subsequent hydrogenation to methanol, and this mechanism explains most reported
data in the literature. Yet, such a mechanism is not able to explain some of the most remarkable
observations, where methanol synthesis rates under certain conditions are accelerated with increasing
conversion [6, 7]. This acceleration is highly unexpected, as the methanol synthesis has a relatively
unfavourable equilibrium and experiences a strong kinetic inhibition from the accompanying water
product [7-10]. Here, we demonstrate that the origin of this obvious inconsistency between theoretical
understanding and experimental data is a previously unknown, methanol-assisted, autocatalytic reac-
tion pathway. Our data confirm that this reaction pathway is responsible for most of the turnovers to
methanol under industrial conditions, and we conclude that the autocatalytic mechanism most likely
is via a methyl formate intermediate.

2 Results and Discussion

A series of Cu catalysts supported on ZnO/AlyO3, ZnO, Al,O3 and SiOy were prepared, and the
active Cu areas of the catalysts were determined through the oxygen uptake (using O:Cugys = 1:2
and 1.47-10' Cu atoms/m?) [11] from 1 mol% N,O/He at 333 K after reduction in 5 vol% Ha /Ny at
atmospheric pressure and 523 K. Cu/Al;O3 required that the 5% Hy /Ny treatment was followed by a
100% Hy treatment at 523 K to obtain complete Cu reduction. The catalytic activity of pre-reduced
catalysts was measured in a flow reactor at 523 K and 50 bar in syngas (CO/CO2/Hy = 29.6/2.8/67.6
mol%), and for each catalyst, the space velocity (SV) was varied by 1-3 orders of magnitude to vary
the level of conversion. Turnover frequencies (TOF: methanol formation rate per Cu surface atom) at
the different conversion levels were determined from the Cu surface areas and the methanol production
rates, and Fig. 1 shows the TOF as a function of the methanol concentration at the exit of the reactor.
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Fig. 1: The dependence of the TOF upon the CH30H concentration in the reactor effluent when
varying the space velocity. Note the different scaling of the Cu/SiOs data. Dashed lines given as
guides to the eye. Experimental conditions: 50 bar, 523 K, Hy/CO/COy = 67.6/29.6/2.8 mol%,
3:10% — 4.3 - 107 NL (kg h)~!. See Fig. S1 for a definition of the TOF and a comparison in terms of
space velocity. The equilibrium concentration of CH3OH at these conditions is 23 mol% based on data
from Graaf and Winkelman [12].

This figure depicts, how the Cu catalysts respond to the changing product concentrations, when the
SV is varied. Under differential conditions (below approximately 0.1 mol% methanol produced), the
TOF reaches a stable plateau for each catalyst type. Here methanol formation through a mechanism
directly from the reactants must dominate. At these conditions there is a notable support effect on
the TOF, and the activity order of the supports (ZnO/Al;03 = ZnO > Al,O3 > SiO2) is in good
agreement with the observations in several previous studies [2-4]. Within the uncertainty the same
TOF is seen for Cu/Zn0O/Al;03 and Cu/ZnO at identical conversion levels in Fig. 1, and these two
systems are therefore treated collectively in the remaining text. The TOF values are determined from
the Cu surface areas obtained from NoO titrations, and there are uncertainties in methods for de-
termination of metal area, as illustrated by the systematic and carrier-dependent differences between
areas from NyO and Hy titrations [11]. However, with the applied pre-reduction, the magnitude of
these differences [11] is expected to be considerably smaller than the differences between the TOF
values of the different catalyst systems, and the uncertainties on the area should therefore not affect
the conclusions. Consequently, this issue is not discussed further in the following.

Remarkable changes in TOF are observed in Fig. 1 when the product concentrations are increased
by lowering of the SV to achieve finite conversion. Lowering the SV causes the TOF-values for the
ZnO(/Al303) and SiO; containing catalysts to increase more than three-fold. Such an increase with
rising product concentration is indicative of a significant autocatalytic effect, whereby the product
assists the formation of additional product. The magnitude of the acceleration means that the auto-
catalytic pathway is at least several times faster than the direct pathway, and as a result the substantial
majority of turnovers in the industrial process must arise from the autocatalytic pathway. This au-
tocatalytic behaviour is clearly support-dependent. The Cu/SiO catalyst has a low absolute activity
but shows an autocatalytic behaviour like that of Cu/ZnO(/Al;O3), while reaction rates for Cu/AlyO3
are independent of SV (see also Supporting Information Fig. S1d). The heat generated in the exother-
mic reaction increases with conversion/product concentration regardless of the support, but here no
significant temperature rise was observed, and the fact that TOF for Cu/AlyO3 did not grow with
conversion shows that the acceleration is not due to a temperature rise. As COs is the primary reac-
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tant in methanol synthesis over pure Cu and Cu/ZnO(/Al;O3) [9, 13, 14] it is important to evaluate,
if changes in CO5 concentration can arise from the variations in conversion. COs is consumed via
methanol synthesis (R1), but partly restored by the water-gas shift reaction (Rs).

CO, + 3H, == CH30H + H,0 {R1}

CO + H;O = Hs + CO4 {R2}

The activity peak for Cu/ZnO(/Al303) in Fig. 1 (+ 372%) occurs at 2 mol% methanol in the effluent.
If R2 is equilibrated at these conditions there will be a 2.5% net conversion of the CO,. However,
the volume contraction due to the loss of molecules in R1 was measured to be 4% at these conditions,
and this leads to a corresponding rise in the CO2 concentration. The consumption of COy and the
concentration rise due to volume contraction thus nearly balance out, and the concentration of COs is
therefore essentially unaffected by the reaction (see Fig. S2). Consequently reaction-induced changes
in CO5y concentration cannot affect the experimental results. As diffusion limitations were ruled out
by experiments and calculations (see Supporting Information), it can be ruled out that a local con-
centration rise within the catalyst pores should affect this conclusion.

The increase in reaction rate in Fig. 1 must therefore arise from the emergence of a faster pathway
at higher conversions, and at least two parallel reaction pathways in methanol synthesis are needed
to explain the results: a direct conversion of the reactants dominating at differential conditions and a
faster autocatalytic route involving a reaction product dominant at higher conversions. At the lower
SV, where the autocatalytic pathway prevails, the TOF for Cu/ZnO was observed to remain constant
across an 8-fold variation in Cu surface area, which corresponds to a linear correlation between ab-
solute activity and Cu surface area (Fig. S3). This would imply that the rate limiting step in the
autocatalytic pathway occurs on the metal surface, but there is clearly also an either direct or indirect
involvement of the support that is of great importance for the absolute activity. In the industrial
process the syngas feed already contains some methanol due to recirculation of unconverted reactants,
and the methanol concentration rises to significant percentages through the reactor [15]. Under such
conditions, the faster autocatalytic pathway will be responsible for the vast majority of the turnovers
and thus dominate the industrial process.

This conclusion raises the question of, which reaction product that causes such an effect. As the
highly selective methanol synthesis produces only two major products, namely CH3OH and H5O,
these two products represent the most likely candidates. Additional experiments were therefore con-
ducted with the Cu/Zn0O/Al;O3 catalyst (Cu:Zn:Al = 6:3:1, 20 m%, gt ) to identify the source and
possible mechanism of the autocatalytic effect. The methanol synthesis activity was measured for the
Cu/Zn0O/Al;03 catalyst at differential conditions (SV = 1.6-10° NL (kg h)~!) far from equilibrium
(< 1000 ppm CH30H produced) with low levels of water added to the syngas feed, and the results are
shown in Fig. 2.

The data in Fig. 2 illustrate that even minute amounts of water lower the activity substantially, which
strongly indicates that water is not the source of the autocatalytic effect. Competitive adsorption of
water or its dissociation products is a likely explanation for this kinetic inhibition, as water adsorption
isotherm measurements [16, 17] on Cu/Zn0O/Al;O3 suggest a high coverage on the Cu surface at
temperatures and HoO partial pressures similar to those where major water inhibition is observed in
Fig. 2. The increase in TOF with rising product concentrations in Fig. 1 is even more remarkable
when considering the strong inhibition caused by the co-produced water.

The effect of adding the second major product, methanol, to the syngas feed is illustrated in Fig.
3. Two independent methanol co-feeding experiments were performed in two very different setups
(described in detail in the Supporting Information), and the results are depicted as Figs. 3a and 3b,
respectively. Remarkably, the net rate of methanol formation increases considerably, when methanol is
co-fed with the syngas feed, and on this basis we deduce that methanol is the source of the autocatalytic
acceleration in methanol synthesis. Liquid phase alcohols were previously found [18-20] to accelerate
the Cu-catalysed hydrogenation of COs to methanol at low temperatures (< 443 K) well below the
industrial operating window. However, the data in Fig. 3 imply that methanol synthesis at commercial
conditions is dominated by methanol mediated autocatalysis.
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Fig. 2: The relative methanol production as a function of the water content added to the syngas
feed. Experimental conditions: Catalyst: Cu/ZnO/Al;O3, P = 41 bar, Hy/CO/COy = 67.6/29.6/2.8
mol%, 1.6-:10% NL (kg h)~!. Dashed lines given as guides to the eye. See Supporting Information for
a definition of the error bars.

The net increase in reaction rate with increasing conversion seen in a CO/COq/Hs feed (Fig. 1) does
not occur in COy/Hs gas mixtures as illustrated in Fig. S6. This can be rationalized through the
opposite effects of the two reaction products. If CO is present, most of the produced water will be
removed by R2, and the beneficial effect of methanol will dominate over the adverse effect of water.
In a CO-free atmosphere, water is produced by both the methanol synthesis and the reverse water-
gas shift reaction, and the greater concentration of inhibiting water causes the rate to decline with
increasing conversion. However, from a COy/Hs feed, only a moderate loss in activity of 6% was
observed for a Cu/Zn0/Al;03 catalyst at a methanol effluent concentration of 0.4 mol% (see Fig.
S6). At these conditions, an oxygen balance suggested that 0.68 mol% water was co-produced, if only
R1 and R2 occur. Considering the inhibition expected from such a water concentration (see Fig. 2),
the autocatalytic acceleration seems to partly compensate for the negative effect of water and thus
also play a major role in a CO5/Hy atmosphere. Hence, the net rate of the reaction is determined by
the balance between acceleration from the autocatalytic pathway and inhibition from produced water,
which will depend on the reaction conditions such as the composition of the syngas.

We show here for the first time that methanol formation over the industrially applied
Cu/Zn0/Al, O3 catalysts is dominated by an autocatalytic pathway that involves methanol. At high
SV the formed methanol is almost exclusively from COs with the industrial Cu/Zn0O/Al;O3 catalyst
[9, 13, 14]. This is most likely also the case at lower SV, where the rate from a COs-containing gas
(> 5 gMeoH s h™' in Fig. Slc) is also far higher than in a CO/H; feed (0.4 gneon gon h™' at
comparable conditions [9]). The autocatalytic pathway at lower SV must therefore be expected to
proceed from COs. At higher conversion with greater water formation more methanol is formed by
the CO — COs — CH30H sequence of R2 followed by R1, but the constancy in COs concentration
across the reactor (Fig. S2) suggests that R2 is fast, and consequently R1 is solely rate limiting in
methanol synthesis. Adsorbed formate is present on the metal surface at methanol synthesis conditions,
[14, 21, 22] which suggests that the autocatalytic pathway could involve COs-derived formate. Fig.
4a shows that CD3OOCH was formed at low temperature, when Cu/Zn0O/Al,O3 with pre-adsorbed
HCOO (from exposure to HCOOH /N3 at 303 K) was subjected to temperature programmed reaction
(TPR) in a flow of CD30D in He. This illustrates that methyl formate can be formed from reaction
between methanol and surface formate. A role of molecularly adsorbed formic acid cannot be fully
excluded here, but previous IR studies [23, 24] also demonstrate that the ester is easily formed by
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Fig. 3: (a) Relative net productivity of methanol as a function of the methanol concentration in
the syngas feed at 50 bar. (b) Relative net productivity of methanol as a function of the methanol
concentration in the syngas feed at 41 bar. Other experimental conditions: Catalyst: Cu/ZnO/Al;Os,
T = 523 K, syngas before MeOH addition: Hy/CO/CO4 = 67.6/29.6/2.8 mol%, 1.6-106 NL (kg h)~L.
Additional data in Figs. S4 and S5. See Supporting Information for a definition of the error bars.

reaction of an alcohol with adsorbed formate at typical methanol synthesis temperatures. A probable
pathway for the autocatalytic process is therefore via formation of the methyl formate ester from
methanol and surface formate (reaction (3), subsequently denoted R3) followed by hydrogenation of
the ester (reaction (4), denoted R4). However, methyl formate may also be decarbonylated to methanol
and CO (reaction (5), denoted R5) [25].

CH30H + HCOO — CH300CH + OH {R3}
CH300CH + 2H, = 2 CH;0H (R4}
CH300CH == CH30H + CO {R5}

Reaction R3 followed by reaction R4 results in a net gain of methanol, whereas the combination of
R3 and R5 yields no net gain. Effective autocatalysis via methyl formate therefore relies on the rates
of R3 and R4 being faster than direct COs hydrogenation and on a high selectivity to hydrogenation
(R4) relative to decarbonylation (R5) in the conversion of methyl formate. Fig. 4b shows the results,
when Cu/Zn0O/Al;O3 pre-covered with surface formate (from HCOOH) was subjected to a TPR in
a flow of either CH3OH/He or Hy. Fig. 4b illustrates that the onset of methyl formate formation
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in a CH3OH/He gas occurs at a lower temperature than methanol formation in Hy. Re-adsorption
phenomena can delay the appearance of a product in a TPH, but the lower onset temperature does
indicate that R3 is considerably faster than direct hydrogenation of HCOO, and there are good indi-
cations in the literature that this is also the case for both R4 and R5. Fakley and co-workers [26] used
the data from Monti et al. [25] to calculate that R4 should be of ample rate on Cu to account for an
acceleration of the methanol synthesis.

[Y]
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Fig. 4: (a) The formation of methyl formate (CD3sOOCH, m/z = 63) as a function of temperature
during TPR when HCOO-covered Cu/ZnO/Al;O3 was heated (1 K min™!) at 1 atm in a 19 NmL
min! flow of 4.1 mol% CD30D in He, 0.5 g cat. See Fig. S7 for details on peak shape. (b) Comparison
of the onset of methyl formate formation during TPR in 5.5 mol% CH3OH in He and the onset of
methanol formation during TPR in 100% Hs when formate covered Cu/Zn0O/Al;O3 was subjected to
TPR at 1 atm. Ramp: 1 K min™!, Flow: 40 NmL min~?, 0.5 g cat.

Santiago et al. [27] co-fed methyl formate with the synthesis gas, and their results showed that methyl
formate was rapidly converted over Cu/ZnO(/Al;0O3) and Cu/Al;O3 catalysts at 473 K and 65 bar.
We infer from their data that the additional production of methanol due to methyl formate co-feeding
was almost twice as high for Cu/Zn0/Al;O3 compared to Cu/Al;O3, which suggests a preference for
R4 on Cu/Zn0O/Al,03 and a preference for R5 on Cu/AlxO3. A preference for R5 on Cu/AlyO3 is
further supported by the results of Lam et al. [23], who observed decarbonylation of methyl formate
over Cu/Al;O3 and found that R5 is catalysed by the AloO3 support. By contrast, Cu/ZnO-systems
[28] and Cu/SiOq-systems [25] preserve a high selectivity to R4 versus R5 also at high temperatures,
possibly because these supports are less likely to catalyse R5. A pathway via methyl formate would
thus explain the observed support dependence in Fig. 1: a net acceleration with increasing conver-
sion for the Cu/Zn0O(/Al;03) and Cu/SiO3 systems, where R4 dominates, whereas R5 dominates for
Cu/Al;03 and interrupts the autocatalytic pathway. As previously discussed, the net rate is governed
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by the competition between the autocatalytic acceleration and the water inhibition. Consequently, the
conversion independent TOF of Cu/Al;O3 in Fig. 1 does not rule out that the autocatalytic pathway
proceeds to some extent for Cu/Al;O3 and partly compensates for inhibiting effects of water, but the
efficacy of the autocatalytic pathway is clearly lower for Cu/Al;O3 than for the Cu/ZnO(/AlyO3) and
Cu/SiO systems.

A consequence of the support dependence in the autocatalytic pathway is that conclusions regarding
the difference in TOF between Cu/ZnO(/Al;03) and Cu/Al;O3 are highly dependent on the con-
ditions. Fig. 1 shows that the ratio between their TOF values increases from a factor of three at
differential conditions to more than an order of magnitude at higher conversion. Such variations illus-
trate the complexity that can emerge in catalytic reactions due to the existence of multiple, parallel
reaction pathways with varying dependence on conditions and catalyst composition. This new and
more complex picture of the reaction routes over Cu based methanol synthesis catalysts can possibly
help to reconcile some apparent disparities between previous conclusions in the literature. Such com-
plexity arising from the existence of multiple reaction pathways should be a general consideration for
catalytic processes, since methanol synthesis may not be the only reaction, where multiple, parallel
pathways coexist.
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3 Conclusion

The discovery of a previously unknown autocatalytic mechanism dominating methanol synthesis at
commercial reaction conditions with the industrial catalyst satisfactorily explains the so far unex-
plained observations. [6, 7] of increasing methanol synthesis rates with increasing conversion. This
novel understanding represents a paradigm shift in the mechanistic interpretation of methanol synthe-
sis and shows that important new discoveries can be made even for well-studied and widely applied
catalyst systems. Finally, this breakthrough paves the way for further understanding, improvements
and process optimization of industrial methanol synthesis.
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Abstract

A method for quantifying the surface coverage of adsorbate species for reactions at high pressure and
high temperature is presented. Methanol was synthesized from CO5/CO/H; (3/29/68) at 523 K and
50 bar on Raney Cu, which yielded a turnover frequency (TOF) per Cu surface atom of (6.22 +
1.04) x 1072 s~1. Rapid quenching by submerging the catalytic reactor in ice water during operation
allowed the formate surface coverage on Cu (6cu.ncoo) at reaction conditions to be determined in a
subsequent temperature programmed desorption experiment. This yielded 0cu.ncoo = 0.071 £ 0.012
ML and a corresponding TOF per adsorbed HCOO of 0.088 + 0.021 s~'. CO, was essentially observed
to be the exclusive source of methanol formation over Raney Cu, as the CO in the syngas could be
replaced by Ny without impact on the methanol formation rate. Based on this observation and the
considerable support in the literature for a COz-pathway via surface formate on Cu the TOF per
surface formate species should represent the true rate of the catalytic cycle in Cu-catalyzed methanol
synthesis. Temperature programmed hydrogenation of Raney Cu and unsupported Cu after quenching
during high-pressure operation did not indicate a presence of oxygen species (O or OH) on the working
Cu surface.
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1 Introduction

The surface coverage of adsorbate species under reaction conditions is an important parameter for cat-
alytic reactions. This also applies for the Cu-catalyzed hydrogenation of CO5 to methanol. Methanol
synthesis from COs is a major industrial process from coal or natural gas derived syngas (CO/CO2/Hs)
and could have applications for storage of renewable energy in the form of methanol [1]. In methanol
synthesis formate (HCOO) is an important adsorbate to quantify on the metallic Cu surface. Formate
is an important reaction intermediate as indicated by the correspondence between disappearance of
formate on Cu and the appearance of methoxide/methanol [2] and by the similar response of methanol
production and formate IR bands to variations in the COq pressure [3, 4]. In situ infrared spectroscopy
[3] and sum frequency generation [5] studies on supported and unsupported Cu have unambiguously
identified HCOO on the copper surface under methanol synthesis conditions, but no quantification of
Ocuncoo was provided. Gravimetric analyses [6] show that the industrial Cu/ZnO/Al,O3 catalyst
is highly covered by surface adsorbates in a syngas atmosphere at high pressure, but this technique
cannot distinguish between adsorbates on the metal and oxide components of the catalyst. Exper-
imental approaches to quantification of 8¢y ncoo include X-ray photoelectron spectroscopy (XPS)
post methanol synthesis (523 K, 18 bar) on Cu single crystals yielding 8cy.ncoo = 0.005-0.024 ML [7]
and temperature programmed desorption (TPD) after methanol synthesis (1 atm, 438 K) on Cu/ZnO
catalysts resulting in fcy.ncoo = 0.083 ML [2]. However, these studies provide no details regarding
the post reaction cooling procedure, which ideally should be infinitely fast to quench the working state
of the catalyst. Micro-kinetic models [8-13] based on Cu surface science data or DFT calculations re-
port formate coverages in the entire range from sub-percentage levels to full coverage under industrial
methanol synthesis conditions and thus offer no unified estimate of Ocy.ncoo. Quantitative estimates
of the formate coverage on Cu at industrially relevant conditions (T = 523 K, P = 50 bar [14] are
therefore necessary to improve the fundamental understanding of the Cu-catalyzed methanol synthesis
and guide kinetic modelling studies.

This study presents a quantitative method for determination of Ocy.pcoo on Cu during methanol
synthesis by integrating the desorbed amount of CO5 in a TPD experiment after rapid quenching of
the working catalyst by submerging the reactor in a cooling medium. Coverages are reported as the
number of adsorbates relative to the total number of Cu surface atoms. For adsorbates such as HCOO
that tend to adopt a bidentate configuration with bonding to two copper atoms full coverage should
thus correspond to 0.5 ML. Raney Cu was used to approximate the intrinsic properties of Cu because
it was observed to have superior thermal stability compared to unsupported Cu, and studies on Raney
Cu thus improve the reliability of the analyses. Comparisons of the TOF for CO5 hydrogenation for
Raney Cu to measurements on unsupported Cu and to single crystal values from the literature are
used to support that Raney Cu is a reasonable model for the intrinsic properties of Cu.
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2 Experimental

2.1 Catalysts

Raney Cu from Strem Chemicals (The producer reports: 98.9 wt% Cu, 0.81 wt% Al, 0.1 wt% Fe,
0.05 wt% Ni) was received as an aqueous slurry, from which small portions were pre-dried in air
at room temperature in a fume hood before loading it into the reactor. This method proved more
convenient and no difference in catalytic activity was observed between loading in a wet or dried state.
Unsupported Cu was obtained from pure CuQO. The CuO used to produce unsupported Cu for activity
tests was prepared by precipitation from the nitrate and calcination to CuO in flowing air as described
in detail elsewhere [15]. The CuO used to generate unsupported Cu for the TPH experiment searching
for adsorbed oxygen on the working copper surface was CuO nanopowder (< 50 nm) from Sigma
Aldrich.

2.2 Experimental Setup

Methanol synthesis experiments and subsequent TPD or temperature programmed hydrogenation
(TPH) experiments to quantify adsorbate coverages were conducted in a high pressure flow reactor
setup described in more detail elsewhere [15]. In brief, the catalyst was placed in a U-tube reactor
(SGE Analytical Science borosilicate glass lined steel). The U-tube reactor was placed within an
Entech tubular oven that can be opened rapidly to access the reactor. Thereby the U-tube reactor
containing the catalyst can be cooled rapidly by raising a liquid (ice water, boiling water or liquid
N,) filled dewar to submerge the U-tube in the cooling liquid. The effluent from the reactor during
catalytic reaction and temperature programmed experiments was analyzed using a Thermo Fisher
Trace 1300 GC and a Hiden HPR-20 EGA mass spectrometer.

2.3 Activation of Catalyst by H, Reduction

Raney Cu is partly oxidized during storage or during the pre-drying of the sample. Thus before any
use, Raney Cu was reduced in situ in 5% Hs /Ny by ramping with 1 K/min to first 448 K and secondly
to 523 K with a 2 h dwell time at both temperatures. A similar activation procedure was initially
employed for unsupported Cu, but water evolution terminated at the 448 K step indicating complete
reduction already at 448 K. Because unsupported Cu was less thermally stable and fully reduced
already at 448 K all results reported for unsupported Cu were obtained with pre-reduction at 448 K
(1 K/min, 2 h holding time).

2.4 Surface Area Measurement

The specific Cu surface area was evaluated based on the NoO Reactive Frontal Chromatography (RFC)
method [16]. The pre-reduced/activated catalyst was exposed to 19 Nml/min of 1% NoO/ He at 333 K
and ambient pressure. The NoO consumption was converted into a Cu surface area assuming a Cu:O
stoichiometry of 2:1 [17] and an average Cu surface atom density of 1.47 x10'° atoms/(m? Cu) [18]
based on the arithmetic mean of the low index Cu facets (Cu(111), Cu(100) and Cu(110)). NoO-RFC
was conducted both in a Quantachrome IQs setup and in the high pressure setup also applied for the
quenching and methanol activity experiments. The Raney Cu sample contained residual Al in the
form of Al;O3. Because of the low surface free energies of oxides compared to metals [19] the oxide
components in Raney Cu may represent a larger concentration on the surface. The extent of the Al,O3
covered surface was determined from the difference between a BET measurement of the total surface
area and an NoO-RFC measurement of the metallic Cu surface area. A Quantachrome NOVAtouch
Gas sorption analyzer was applied to perform the BET analysis. Pre-dried Raney Cu was reduced
ex-situ (see Sect. 3.2) with fixed temperature for 4 h (due to use of a larger amount of sample) at
448 K and 2 h at 523 K (ramp 1 K/min) before He flush and cooling to room temperature. The
ex-situ activated Raney Cu was then loaded into the NOVAtouch analyzer and vacuum degassed with
10 K/min heating to 423 K and holding for 16 h. Degassed Raney Cu was weighed before performing
a standard 6-point BET surface area measurement.
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2.5 Measurement of Catalytic Activity and Activation Energy

After catalyst pre-reduction the reactor was pressurized to 50 bar in He (99.999%) and the catalyst
was then subjected to the reaction gas, which was mixed from pure Hs (99.999%) and pre-mixed 9.00
mol% COy in CO or 9.00 mol% COq in Ny (all gasses from Air Liquide Denmark). The methanol
concentration in the efluent was measured by gas chromatography, and the efluent flow was measured
by a soap film flowmeter. For determining the activation energy pre-reduced Raney Cu was cooled to
423 K and pressurized in He before feeding with 280 Nml/min of CO2/CO/Hz (3/29/68). The reaction
temperature was raised in steps of 20 K from 423 to 523 K each time with a fixed temperature for 1-2 h
to reach a stable methanol effluent concentration, which was quantified by online gas chromatography.

2.6 Procedure to Estimate the Surface Coverage of Formate on Cu

Figure 1 illustrates the experimental procedure for quantifying fcu.ncoo. After pre-reduction of
Raney Cu, the reactor was at 523 K pressurized in He to 50 bar before feeding 280 Nml/min of
COy/CO/Hy = 3/29/68 at constant temperature and pressure. All measurements were conducted at
differential conditions with a maximum of 0.10 mol% methanol in the effluent gas stream. Once the
methanol signal (evaluated by the MS using m/z = 31) reached its peak level, the methanol production
was quantified by a GC measurement, before the catalyst was rapidly cooled in the reaction gas by
different cooling methods described below. At room temperature or below, the syngas pressure was
released, and the reactor was thoroughly purged with He before conducting a TPD in flowing He with
a 2 K/min heating ramp.

H, Methanol

Quenching Purge TPD

reduction synthesis

Fig. 1: Block diagram of the protocol for quantifying the surface adsorbate coverage at reaction
conditions on Raney Cu

Figure 2 shows the cooling profile measured by two thermocouples (TCs) — one placed inside the reactor
tube at the top of the catalyst bed (red) and one on the external surface of the reactor tube at the
bottom of the catalyst bed (blue). The cooling was set to start at t = 0 in Fig. 2 by swiftly opening the
oven and moving a dewar filled with the cooling liquid (ice water was used in Fig. 2) vertically upwards
to cool the U-shaped reactor (see Fig. 2), and after a few seconds both TCs were at (or below) room
temperature. The cooling profile experienced by the catalyst bed is an average of the temperature
profiles measured by the two TCs, and this average is plotted as Ty in Fig. 2. In the case of cooling
with boiling water, the dewar was removed after cooling to 383 K and further cooling was due to
ambient air circulation around the U-shaped reactor. Cooling by static air occurred by opening the
oven and allowing the reactor to cool by the ambient room temperature air. Two additional repetition
experiments confirmed the reproducibility of quenching profiles with ice water (see supplementary
information Fig. S1). After cooling to room temperature or below, the pressure was released, and the
syngas was thoroughly flushed out with He before removing the dewar with the cooling liquid (except
for boiling water where the dewar was removed at 383 K) under continuous He flush and allowing the
reactor to heat naturally to room temperature, if the temperature during He purging was below room
temperature. Starting from room temperature, a TPD was carried out with 2 K/min heating to 673
K in a He flow. The He flow was calibrated for each experiment using a soap film bubble flow meter
and was within the interval from 42 to 45 Nml/min. A Hiden EGA mass spectrometer continuously
measured desorbing COq (m/z = 44), CO (m/z = 28), HyO (m/z = 18) and Hs (m/z = 2). The CO4
MS signal was calibrated using a certified 500 ppm CO3 in He gas mixture from Air Liquide Denmark.
This allowed determination of fcy.gpcoo from integration of the calibrated COq signal. Desorbed Hs
could in principle also be used to quantify Ocu.pcoo, since HCOO on Cu decomposes to COs and
Hs, but the hydrogen desorption was observed to be very complex with multiple peaks - most likely
from decomposition of species on both the metal and AlyO3 parts of the surface yielding Hy. It was
therefore concluded that it was too complex to quantify ¢y .ncoo based on desorbed Hs.
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Fig. 2: Left: Cooling of the catalyst in the reaction mixture started at t = 0, while two thermocouples
(TCs) positioned inside at the top (red, dashed) of the catalyst bed (orange) and outside at the
bottom of the catalyst bed (blue, solid) monitored the cooling process. Right: Schematic view of
cooling process by raising the filled dewar to sub-merge and cool the U-tube including positions of the
thermocouples (red and blue). Far right: Image of the U-tube submerged in ice water

2.7 Evaluation of the Coverage of Adsorbed Oxygen by Temperature Pro-
grammed Hydrogenation

Two TPH experiments were designed to evaluate the coverage of adsorbed oxygen species (O or OH)
on the Cu surface under reaction conditions. Both TPHs were performed in 60 Nml/min flow of 5%
Hs /Ny with 2 K/min heating ramp from 300 to 673 K. In one experiment prereduced Cu was oxidized
by 1 mol% N2O in He at 333 K, which yields half a monolayer of oxygen on Cu as verified by studies
[16, 17] benchmarking NyO-RFC against BET surface area measurements. Next, the half monolayer
of oxygen was hydrogenated in a TPH and formed HyO was quantified to calibrate the HoO (m/z
= 18) MS signal by equating the integral HoO signal to 0.5 ML of O. In a second experiment the
working catalyst was quenched using ice water (see Sect. 2.5) and then subjected to a TPH instead
of TPD. The oxygen coverage on the working catalyst was estimated from integration of the HoO MS
signal acquired during TPH of the quenched catalyst. A blank TPH experiment with quartz wool but
without catalyst (but similar to the procedure for the second experiment) showed no gas desorption
thus verifying that products formed in the TPH/TPD experiments were associated with the catalyst.

2.8 X-Ray Photo-Electron Spectroscopy on Raney Cu and Unsupported
CuO

XPS analyses were performed on Raney Cu and unsupported CuO to qualitatively assess the surface
composition of Raney Cu. The XPS source was a monochromatic and micro-focused Al K-Alpha
source (1486.6 eV) with a 180° double focusing hemispherical analyzer and a 128-channel detector
from Thermo Scientific with an optimal base pressure of 6 x 1072 mbar. XPS experiments were
performed with a chamber pressure of 4 x 10™® mbar and analysed using the Avantage software.
Survey spectra were acquired for fresh unsupported CuQO, predried Raney Cu and predried and then
reduced Raney Cu. Survey spectra were recorded for all three samples and extra spectra were recorded
to detect Al in Raney Cu.
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3 Results and Discussion

3.1 Surface composition of Raney Cu

In agreement with previous XPS studies [20] on Raney Cu ex situ XPS measurements (see supplemen-
tary material Figs. S14-S17) on the pre-reduced Raney Cu sample showed that there were two peaks
in the 70-80 eV range, namely a Cu3p peak at ca. 78 eV and an Al2p peak at 75 eV (see Fig. S16).
The binding energy of the Al2p peak suggests that the Al was in an oxidized AlyO3 form [20-23]. This
shows that the surface of Raney Cu is partly covered by AloO3. NoO-RFC yielded a Cu metal area
of 5.18 m?/g for Raney Cu, whereas the BET area of the pre-reduced catalyst, which includes both
the metallic Cu surface and the Al;O3 covered surface, yielded 13.94 m?/g. Consequently, the Al;O3
covered the major part of the surface (by difference between BET and NoO- RFC around 8.8 m?/g)
despite Al constituting less than 1 wt% of Raney Cu.

3.2 Benchmarking Against the Intrinsic Properties of Cu

The present work seeks to evaluate the intrinsic properties of Cu at a realistic methanol synthesis
temperature of 523 K, and Raney Cu was used because it has a reasonable thermal stability at these
conditions. However, as discussed above the Raney Cu sample also had an extensive oxide surface and
thus sites such as the Cu/oxide interface that are not present in pure Cu. To evaluate, if Raney Cu is
a reasonable approximation of the intrinsic properties of Cu concerning methanol synthesis, the rate of
CO3 hydrogenation to methanol was compared to unsupported Cu (0.494 m? Cu/gc,;). Both Raney Cu
and unsupported Cu were tested at 498 K in COy/ No/Ha = 3/29/68 at 50 bar of pressure and showed
very similar TOFs of 3.65 x 1073 s~! and 2.78 x 1073 s~!, respectively (Table 1). The evaluation
was performed at 498 K rather than 523 K, as measurements of unsupported Cu were unreliable at
523 K, where it transited from powder to a massive pellet. Rapid activity loss for unsupported Cu at
523 K is also known in the literature [24]. Unsupported Cu is prone to sintering due to a low Hiittig
temperature (408 K) above which surface mobility becomes significant [25], and copper particles are
known to agglomerate above 473 K [26]. Given the propensity of unsupported Cu towards sintering
the TOF agreement within ca. 25% between unsupported and Raney Cu is taken as evidence that
Raney Cu is a good approximation of the intrinsic properties of Cu. By assuming a linear hydrogen
pressure dependence, as also employed by others [11], and utilizing reported activation energies under
the assumption of an Arrhenius-type temperature dependence, previously reported [27, 28] TOF-values
for CO5 hydrogenation on Cu(111) and polycrystalline Cu were extrapolated to the present conditions
(498 K, pr, = 34 bar). Table 1 compares these extrapolated TOF-values [27, 28] to the ones for Raney
Cu and unsupported Cu obtained in this study, and the results generally show a good agreement. Based
on the correspondence in TOF between Raney Cu and both unsupported Cu and previous single crystal
studies it is concluded that Raney Cu is a reasonably good approximation to the intrinsic properties
of copper. The methanol synthesis rate in CO/COy/Hy was measured at 50 bar and temperatures
ranging from 423 to 523 K to determine the activation energy for the methanol synthesis on Raney
Cu. Figure 3 shows an Arrhenius plot determined from these measurements, which yields an apparent
activation energy of 55.3 kJ/mol. Previous measurements [15] in the same setup on unsupported Cu
at 50 bar and a CO5/Hs feed suggest an activation energy of 60 kJ/mol for unsupported Cu, which
within the uncertainty also indicates a reasonable agreement between Raney Cu and unsupported Cu
in terms of the activation energy.

3.3 Formate Quantification by a TPD Method

Raney Cu was allowed to reach steady state in COy/CO/Hs at 50 bar and 523 K. At that point the
activity was measured by gas chromatography, and the catalyst was rapidly quenched by submerging
the U-tube reactor in ice water. The ice water cooling yielded reproducible and rapid cooling profiles
(see Fig. S1). The quenched sample was then subjected to a TPD, and Fig. 4 shows the evolution
of CO, CO3, Hy and HyO during the TPD. The reproducibility of the obtained TPD profiles was
verified by three repeated experiments (see also Figs. S2 and S3). Figure 5 shows the CO5 desorption
deconvoluted into three Gaussian peaks termed «, (3, and 7.

100



Results and Discussion

Table 1: TOF values for Raney Cu and unsuported Cu at 498 K, 50 bar, CO5/Ny/Hy = 3/29/68 and
TOF-values from single crystal studies extrapolated to the conditions of this study (T = 498 K, ppu,
= 34 bar using their reported activation energies

Catalyst T PH, Eact TOF reported TOF extra- References

[K] [bar] reported [s7!] polated [s™!]

[kJ/mol]
Cu(111) 523 13.5 73.6 2.06 x 1073 2.07 x 1073 [27]
Polycrystal. Cu 510 4.67 77 1.2x 1073 5.7 x 1073 [28]
Unsupported Cu 498 34 2.78 x 1073 2.78 x 1073 This study
Raney Cu 498 34 55.3 3.65 x 1073 3.65 x 1073 This study
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Fig. 3: Arrhenius plot for

methanol synthesis over Raney Cu exposed to reaction conditions (50 bar,

C0,/CO/H, = 3/29/68, GHSV = 6.7 x10* Nml/gea/h).
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Fig. 4: Measured gas profiles during the TPD with 2 K/min as heating ramp after methanol synthesis
at 523 K, 50 bar pressure in COy/CO/Hy = 3/29/68 and subsequent quenching. MS signals are
vertically off-set on the linear y-axis for clarity.
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The main COq desorption (the f-peak) occurred at 410 K. In a Redhead analysis [29, 30] with the
commonly applied prefactor of 10'® s~! this temperature corresponds to an activation energy for
desorption of 122 kJ/mol, which is consistent with formate desorption from Cu [31-34]. Fujita et al.
[2] also observed that the CO; TPD peak corresponding to the B-peak in Fig. 5 scaled with the Cu
surface area for a range of formate covered Cu/ZnO samples. This further supports that the COq
B-peak arises from a species on the Cu surface. Although the hydrogen desorption was too diffuse to
be used in quantification, the COy 3-peak also coincided with a shoulder in the Hs desorption, which
is consistent with formate on Cu yielding desorption of both CO5 and Hs.
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Fig. 5: Peak fitting to the measured black solid COy desorption line using three Gaussian peaks («, 3
and y), which sum up to the dotted green profile. HCOO was quantified by the integrated area
(orange) under the CO5 B-peak. Heat ramp: 2 K/min. He flow: 42.5 Nml/min.

On this basis the CO5 -peak was unambiguously assigned to formate on Cu. The 3-peak was therefore
used to determine fcu.pcoo, and the orange area in Fig. 5 marks the area integrated to calculate
the formate coverage. The main CO desorption peak at 464 K was assigned to methoxide on the
AlyO3 part of the surface. The main argument for this assignment is that Tamm et al. [35] observed
concurrent desorption of CO and Hy and to a lesser extent COs at a similar temperature during
TPD after methanol adsorption on y-Al,O3z. The COy y-peak coincided with the CO desorption
at 464 K and was therefore most likely also related to desorption from the oxide surface similar to
the one observed by Tamm et al. [35]. Desorption above 550 K must originate from highly stable
adsorbed species most likely on the oxide and therefore not likely to influence the methanol synthesis
reaction at 523 K. It was reported that formate on Al;O3 may desorb as CO and HoO [36] at higher
temperatures, and Cu might also facilitate water—gas shift [37, 38] of these species to COy and Hs.
The higher temperature desorption was therefore assigned to the oxide surface. As discussed in Sect.
3.1 the oxide surface presents a major fraction of the total surface area, which supports that species
on the oxide contributes significantly to desorbed gas species during post reaction TPD. The lower
temperature desorption below approximately 383 K was attributed to chemisorbed H5O and reactants
on the sample. This includes the small, low temperature o-COs peak in Fig. 5. As the o-peak is
centered at ca. 370 K, where COs chemisorbed on Al;Oj3 is reported [39] to desorb, the o-peak is
attributed to chemisorbed COs on the alumina part of the surface and not included in the formate
quantification. However, given the small size of the o-peak this does not change the conclusions
markedly.
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3.4 Evaluation of Cooling Methods

We have previously [15] compared the rates of methanol formation from CO and COz on Cu with the
same Cu-based materials investigated here, and found that the rate from COs is approximately an
order of magnitude faster than the rate from CO. Additionally, an experiment was performed, where
the CO in the syngas was exchanged with Ny, and this had essentially no influence on the methanol
formation rate (see Fig. S12). Consequently, there should be little uncertainty in attributing the entire
methanol production to the pathway from COs. There is considerable experimental data to support
that the pathway from COs; is via formate [2-4], and the formation and hydrogenation of formate can
be expressed in a simplified manner by reactions R1 and R2 (with HCOO* denoting adsorbed formate
and * denoting an active site) [8, 40]:

1
COq + 5 Hs + * == HCOO* {Rl}
» Hyd. *
HCOO* %, CH,OH + (R2}

To provide the true working coverage of the catalyst the quenching must therefore be rapid enough
to avoid that neither R1 nor R2 change the coverage during cooling. To evaluate this the quenching
rate was varied using different cooling media, and the measured formate coverage was compared after
cooling with ice water, boiling water, liquid N9, and static air. Table 2 summarizes the measured TOF
and fcu.ncoo in 3 tests quenching the reaction in ice water, and Fig. 6 illustrates the relation between
the measured formate surface coverage and the time it took to reach 383 K during quenching with the
various cooling media (showing that ice water was most efficient). Table 2 shows that the TOF at 523
K is (6.22 4 1.04) x10~3 s~1. Extrapolation of previously measured [40] rates for R1 on Cu to 523
K suggests that R1 should be 1-2 orders of magnitude faster than the TOF. Consequently, R1 should
be quasi equilibrated under reaction conditions, and R2 is the rate limiting step in the reaction.
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Fig. 6: Formate surface coverage as function of the time it takes the average temperature of the two
thermocouples to reach 383 K using different cooling methods.

Adsorption reactions are by necessity exothermic to compensate for the loss of entropy, and this is
also the case for R1 [40]. This means that during cooling the reverse reaction of R1 will stop before
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Table 2: Experimental parameters for each experiment with methanol synthesis over Raney Cu at 523
K, 50 bar in CO2/N3/Hy = 3/29/68 followed by quenching and TPD

Cooling Ave. time to  meat TOF [CH30H molec. (Cu  Oucoo [ML]
method 383 K [ [Mgcat] surface atom) =1 s7!]
Test 1 Ice water 1.1 258.43 5.63 x 1073 0.0640
Test 2 Ice water 0.5 254.36 6.46 x 1073 0.0748
Test 3 Ice water 1.4 259.54 6.59 x 1073 0.0730
Average 1 (6.22 £1.04) x 1073 0.071 £ 0.012

Uncertainties correspond to two standard deviations and the specific Cu surface areas of Raney Cu
was 5.18 m?/g_,

the forward reaction. Consequently, if the cooling is too slow, R1 will raise the HCOO coverage
during cooling. Previous measurements [40] suggest that at 383 K the forward rate of R1 is 0.0013
formate molecules/Cu surface atom/second, which means that it would take several hundred seconds
to cover the surface with formate. This is so slow compared to the cooling that R1 can be regarded as
terminated at 383 K. Figure 6 therefore evaluates the measured coverage as a function of time required
to reach 383 K with various cooling methods. Figure 6 shows that water based cooling methods yield a
measured coverage that within uncertainty is independent of cooling rate, and this is taken as evidence
that the cooling speed has reached the point, where the quenching is sufficiently fast to avoid that
R1 modifies the coverage during cooling. Using liquid Ns as a cooling medium gives a slightly slower
cooling. This is rationalized from a poor heat transfer in the gas film created when Ny boils around
the hot reactor tube. However, the coverage obtained with the slower liquid Ny cooling seems, within
the uncertainty, to be identical to the coverage obtained with ice water cooling. By contrast, cooling in
static air is considerably slower, and Fig. 6 shows that this slower cooling does result in an increased
coverage as expected from the exothermic nature of R1. Table 2 shows that quenching using ice water,
which is concluded to be fast enough to avoid being influenced by R1 yields cy.gcoo = 0.071 £ 0.012
ML (two standard deviations) and a corresponding TOF per adsorbed HCOO of (6.22 & 1.04) x1073
s71/(0.071 4 0.012 ML) = 0.088 £ 0.021 s~!. This suggests that each surface formate species on
average is converted to methanol every 1/(0.088 s™1) = 11.4 s at 523 K. This represents the time it
would take R2 to remove all formate on the surface, if no new formate is generated. As quenching to
below 383 K occurred rapidly compared to this lifetime, which increases exponentially with decreasing
temperature, the reported formate coverage after ice water quenching was not significantly affected by
R2. Since the quenching using ice water was concluded to be sufficiently fast to avoid major alterations
of the coverage by both R1 and R2 during quenching the three ice water quenching tests (see Figs. 2,
6, and S1) were used to obtain the best estimate of the formate coverage on the working Cu surface,
which as summarized in Table 2 is fcu.ncoo = 0.071 ML. Among existing micro-kinetic models the
best agreement is with the model by Askgaard et al. [8] using Cu surface science data and the model
by Grabow and Mavrikakis [9] using DFT calculations on Cu(111) both suggesting HCOO coverages
of several percent at conditions similar to those used in the present study. With the strong indications
of a mechanism via formate [2-4], and assuming that all the detected formate on Cu participates in
the reaction, the determined TOF per adsorbed HCOO of 0.088 £ 0.021 s~! should represent the best
estimate of the true rate of the catalytic cycle for methanol synthesis on Cu at industrially relevant
conditions.

3.5 Oxygen Coverage on Cu During Methanol Synthesis

Previous studies [14, 33, 41, 42], which during methanol synthesis have flushed the reactor with inert
gas before cooling and then quantified the free Cu surface with NoO-RFC, have observed the existence
of oxygen species on the Cu surface of the working catalyst. However, the existence of adsorbed
oxygen has caused debate [43-46], as it is surprising that any noteworthy oxygen buildup should
occur in a reducing gas mixture at high pressure. Nevertheless, recent in situ ambient pressure XPS
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studies [47] also observed oxygen on the Cu surface during CO5 hydrogenation and thus call for further
quantification of the oxygen coverage on Cu under industrially relevant methanol synthesis conditions.
Quantification of the oxygen coverage on the working Cu surface was based on the evolution of H,O
during two TPH experiments on Raney Cu pre-covered by either (1) 0.5 ML of oxygen after oxidation by
1 mol% N0 at 333 K or (2) reaction intermediates after quenching during methanol synthesis. Figure
7 displays HoO formation profiles after the NoO oxidation (post NoO) and the methanol synthesis
and ice water quenching (post quenching). A minor water evolution was observed during TPH of the
quenched sample, but such water evolution also occurred in TPH of a freshly reduced sample (see Fig.
S13). The water evolution was therefore attributed to water impurities in the TPH feed that adsorb
on the sample prior to the start of the TPH and then desorb in the initial stages of the TPH instead
of being due to reduction of oxygen species on the Cu surface. Consequently, the oxygen coverage on
the working Cu surface was concluded to be below the detection limit of our TPH method.

Post N,O
6, =0.50 ML

Normalised MS signal [a.u.]

Post quenching
6, =0.044 ML

- wm em e wn wm mr e e e .
= ey
T

T T T T T T T
300 320 340 360 380 400 420 440 460
Temperature [K]

Fig. 7: The H2O signal in TPH as a function of temperature with Raney Cu after quenching during
methanol synthesis at 523 K, 50 bar of pressure in CO5/CO/Hy = 3/29/68 (post quenching) or after
N3O-RFC on pre-reduced Raney Cu (post N2O). TPH conditions are 2 K/min in 60 Nml/min of 5%
Hs/Nj. Both signals are individually and linearly baseline corrected using the specific data points at
T =300 K and T = 460 K for each experiment.
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4 Conclusion

A reproducible and quantitative method for estimating the surface coverage of adsorbate species under
high temperature and high-pressure reactions conditions was outlined. Ice water provided the fastest
cooling rate and fixated the surface coverages obtained at reaction conditions. Activity measurements
in CO2/CO/H; at 523 K and 50 bar of pressure yielded a TOF per Cu surface atom of (6.22 & 1.04)
x1073 s71 for Raney Cu (all uncertainties are here two std. deviations). Based on the quenching
method with ice water, the surface coverage of formate was determined to be Ocy.ncoo = 0.071 £
0.012 ML for Raney Cu yielding a corresponding TOF per adsorbed HCOO of 0.088 4 0.021 s~ 1.
Given the strong indications that the methanol synthesis proceeds via formate this TOF per adsorbed
HCOO should represent the best estimate of the true rate of the catalytic cycle. Such estimations
are vital for improving the understanding of kinetic reactions and guide kinetic modelling studies.
Comparisons of Raney Cu to unsupported Cu and reports from single crystal studies suggested that
Raney Cu, at least in terms of methanol synthesis activity and CO5 hydrogenation properties, was a
good approximation to pure Cu. TPH of the Raney Cu surface post methanol synthesis suggested that
the oxygen coverage on the working Cu surface was below the detection limit of our TPH method.
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Errata

”CO2/N2/Hy” in the table caption of table 2 should correctly be ”CO2/CO/Hy”. Fig. S7 and S8
were identical in the original published paper. The correct fig. S7 is inserted in this thesis work in the
supplementary part for this paper. Original figure captions for Figs. S7 and S8 are correct.
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Abstract

Infrared spectroscopy on CO chemisorbed on Raney Cu and materials with Cu dispersed as nanopar-
ticles on oxide supports was used to evaluate support effects on the Cu surface properties. The C-O
frequency (vc.o) is sensitive to the charge on the adsorption site with vc.o being high on Cu™, inter-
mediate on Cu®, and low on Cu~, whereby this method can probe the charging state of the Cu surface.
The Raney Cu reference demonstrates the complex analysis of the IR band intensity, which can be
susceptible to dipole coupling. This means that the most intense IR bands may be higher frequency
bands strengthened by such coupling effects rather than the bands arising from the most abundant
sites. The vc.o of the major band attributable to CO adsorbed on the metallic surface follows the
order: Cu/SiOg > Raney Cu > Cu/Al;O3 > Cu/TiO,. Given the charge-frequency relationship these
support-dependent frequency shifts are attributed to changes in the charging of the Cu surface caused
by support effects. The Cu surface is more electron deficient for Cu/SiO2 and electron enriched for
Cu/TiO3. For the Cu/ZnO(/Aly03) samples, which are important as industrial methanol synthesis
catalysts, band assignments are complicated by a low vc.o on Cu™ sites connected to the ZnO matrix.
However, Cu/ZnO(/Al;03) has a spectral feature at 2065-68 cm ™!, which is a lower frequency than
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observed in the Cu single crystal studies in the literature and thus indicative of a negative charging
of the Cu surface in such systems. Experiments with co-adsorption of CO and electron-withdrawing
formate on Cu/ZnO and Cu/SiOs show that vc.o in the adsorbed CO shifts upwards with increas-
ing HCOO coverage. This illustrates that the surface charge is donated to the electron-withdrawing
formate adsorbate, and as a result co-adsorbed CO experiences a more charge depleted Cu surface
that yields higher vc.o. The support-dependent surface charging may thus affect the interaction with
adsorbates on the metal surface and thereby impact the catalytic properties of the Cu surface. Dilution
of the samples in KBr, which has been used in many studies in the literature, had pronounced effects
on the spectra. The presence of KBr leads to an increase in vc.o indicative of an electron depleted
surface attributed to transfer of electron-withdrawing bromine species from KBr to the sample.

Graphic Abstract

Support controlled C-O frequency in CO on Cu

decreasing frequency

Cu/SiO2 Raney Cu Cu/Al203 Cu/TiO2 Cu/ZnO(/AlI203)

? ?
SiO2 ZnO

Keywords: Copper catalyst - support effects - CO adsorption - infrared dipole coupling - surface
charging

1 Introduction

Materials with copper dispersed as nanoparticles on oxide supports are of great practical importance
as catalysts for reactions such as methanol synthesis and the water-gas shift reaction. In these two
reactions catalytic activity only emerges once the copper is reduced to the metallic state [1, 2], and
catalytic activity scales linearly with the Cu surface area [3-8], which strongly indicates that the
reaction occurs on the metallic surface. However, the support used to disperse the Cu has a major
impact on the catalytic activity and may cause order of magnitude changes to the rate of the reaction
on the Cu surface [9-13]. It is therefore important to investigate, how the properties of the Cu surface
depend on the underlying support. Infrared spectroscopy of CO adsorbed on the surface as a probe
molecule is a valuable technique because of the high sensitivity of the C-O stretching frequency (vc.o)
to the nature of the adsorption site. Focusing on the dominant on-top bonding of CO, the most
important factor for the C-O frequency on Cu is the charge on the adsorption site. This is illustrated
by Fig. 1, which shows how high C-O frequencies correspond to more positively charged adsorption
sites, while progressively lower C-O frequencies are characteristic of zero-valent and negatively charged
Cu sites.

The charge on the Cu site depends on the surroundings. CO adsorbed on fully developed Cut sites
is associated with frequencies above ca. 2105-2110 cm~!, but Davydov [20] observed that Cu cations
linked to a basic oxide (MgO or ZnO) appeared to be Cu®* sites with a limited positive charge and
gave vc.o < 2100 cm~! in the adsorbed CO. This can be rationalized from the Lewis definition of
a base as an electron donor that thus limits the positive charge on the Cu cation. On the metallic
surface the morphology is also important. According to the theory of Smoluchowski [21] the electronic
cloud at the metal surface smoothens out, which means that charge flows from protrusions, such as
step atoms to the lower lying facets. As a result the step atoms become positively charged Cu®*t. This
positive charge on protrusions explains, why stepped Cu single crystal surfaces exhibit the highest C-O
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Fig. 1: C-O stretching frequencies (vc.o) for CO adsorbed on Cu surfaces or on isolated Cu ions (in
frozen Ne) based on reports in the literature [14-19]. The values are for the predominant linear, on-top
bonding of CO.

frequencies among metallic surfaces - near the transition to fully developed Cu* sites (Fig. 1). The
same partial charging applies for other protrusions in nanoparticles, such as edges and corners [22, 23].
On the low-index, planar Cu surfaces the frequency is generally found in the 2070-2100 cm ™! range
[16]. The highest frequencies occur on the Cu (110) surface that also has protruding rows of atoms.
If the metal surface is negatively charged, the C-O stretches shift to lower frequencies. By theoretical
calculations Head-Gordon and Tully [17] observed that the C-O frequency in CO adsorbed on a Cu'?
cluster was lowered by 127 cm ™!, when the cluster was negatively charged corresponding to an electric
field of -0.5 V/A.

The relationship between surface charging state and frequency can be rationalized through the Bly-
holder model [24]. The metal-CO bond is dominated by donation from the 50 orbital of CO to the
metal surface and back donation from the metal surface to the 27t* orbitals of CO. Both the 50 and 27*
orbitals are anti-bonding with respect to the internal C-O bond [25]. Hence, more positively charged
sites will receive more donation from the 50 orbital and back donate less to the 271" orbitals, which
results in strengthening of the C-O bond and a higher stretching frequency (due to greater removal
from a CO anti-bonding orbital). More negatively charged sites will oppositely receive less 50 donation
and back donate more leading to a lower C-O frequency (due to greater donation to a CO anti-bonding
orbital).

Although providing valuable information, there are also important factors to consider in the inter-
pretation of the IR spectra of adsorbed CO. Possibly the most important effect is dipole coupling.
The vibrations of the adsorbed molecules are coupled by the electrostatic fields from their radiation
induced dipoles [26]. Hollins [27] found that if the surface contains two different sites giving C-O fre-
quencies in close proximity, the higher frequency is subjected to constructive interference resulting in
enhanced absorbance intensity, whereas the lower frequency experiences destructive interference and
weakens. As an example Hollins and co-workers [26, 27] showed that if the surface contains just a
few percent of high C-O frequency sites, such as the Cu®t atoms at steps, the positive interference
from dipole coupling causes these high C-O frequency sites to dominate the recorded IR spectrum
completely. The CO on the planar facets, which has a lower CO frequency and therefore receives
destructive interference, will only be seen as a minor shoulder in the spectrum despite constituting
the majority of the adsorption sites. For complex supported samples with a variety of facets the main
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spectral features from CO on the metallic surface must therefore be expected to represent adsorp-
tion at the higher frequency sites at surface protrusions (e.g. steps or the protruding rows in (110)
facets). Experimentally it is observed [28] that the strengthening of the high frequency band induced
by dipole coupling increases with adsorbate coverage as more adsorbates contribute to the interference
phenomena. A second important factor to consider is the preferential bonding. In the case of copper,
positively charged Cut sites bind CO stronger than metallic Cu sites, which can be attributed to the
greater donation from the 50 orbital of CO to the Cu™ site [29]. It must therefore be expected that
the positively charged Cu sites are occupied first upon exposure to CO and are the last to be vacated
upon desorption.

There have been previous comparative studies [30, 31] of support effects on Cu, but these studies have
proposed explanations that varied from adsorption dominantly on the metallic surface to full oxide
decoration of the Cu particles, and the available studies thus offer no unified conclusions. Consequently
it is still highly necessary to examine the issue of support effects in Cu-based materials. Additionally,
a significant part of the published literature using infrared spectroscopy has used samples diluted in
KBr. However, the presence of KBr has been reported [32, 33] to induce significant chemical modifi-
cations to the investigated sample and its properties. It is therefore also relevant to assess the effect
of KBr to evaluate the validity of the results in the literature.

Here we conduct FTIR investigations of CO adsorbed on Cu dispersed on a variety of supports (SiOq,
AlyO3, ZnO(/Al;O3) and TiO2) using high surface area samples representative of catalytic materials.
The main aim is to identify the primary IR band from CO adsorbed on the metallic Cu surface of
each sample and to detect the presence of any support effects. Low temperature measurements are
used to obtain spectra of CO on Raney Cu to assess the intrinsic properties of Cu for comparison to
the supported samples. Experiments with co-adsorption of formate and CO were used to gain further
insight into the Cu surface properties. Furthermore, experiments with controlled addition of KBr
were conducted to evaluate the effect of dilution by KBr used in much of the previous IR work in the
literature.

2 DMaterials and Methods
2.1 Materials

Flows are reported with reference to normal (N) conditions equal to 273.15 K and 1 atm. of pressure.
All supported Cu samples were prepared from the nitrate (Cu(NO3)2-3HoO > 98.6% from Alfa Aesar).
Cu/ ZnO, Cu/ZnO/Al;05 and Cu/Al;O5 samples were synthesized by coprecipitation methods with
metal nitrate precursors (using Zn (NO3)q-6H20 > 98%, Al(NO3)3-9H20 > 98% from Sigma Aldrich)
and a precipitating agent (NapCOs, > 99.8% from Sigma Aldrich). Precipitation conditions were
adapted from the optimal conditions reported by Baltes and co-workers [4]. The precipitation was
conducted by dripping nitrate solution and precipitation agent into a stirred beaker initially containing
500 mL of demineralized water as a temperature buffer. The precipitation was conducted at pH =
6.5 and T = 338 K until the nitrate solution was consumed and the precipitate was then aged at this
temperature for 1 hour with unrestricted pH. Cu/TiO5 was prepared by deposition-precipitation using
similar synthesis parameters, but with TiOs anatase powder (nanopowder, 21 nm particle size from
Sigma Aldrich) added to the initial 500 mL of water. The aged precipitates for Cu/ZnO (10 wt% Cu),
Cu/Zn0O/Aly05 (63.0 wt% Cu, 32.5 wt% Zn, 4.5 wt% Al), Cu/Al;03 (20 wt% Cu), and Cu/TiOq
(20 wt% Cu) were filtered and thoroughly washed using demineralized water followed by overnight
drying at 313 K before calcination. Dried samples were loaded into alumina crucibles and calcined in a
tubular furnace using an air flow of 1 NL/min, while ramping the temperature by 2 K/min (1 K/min
for Cu/Al;03) to the calcination temperature of 573 K (603 K for Cu/Al;O3) which was held for three
hours before cooling. After calcination the samples were pressed, crushed and sieved to 150-300 pm.
Cu/SiOs (10 wt% Cu) was prepared by impregnation using crushed and sieved (150-3001m) SiOg
carrier particles (SS61138, 250 m? /g, from Saint Gobain) with the Cu nitrate precursor before drying
overnight at 313 K and calcination by the same procedure as for the other samples.

Raney Cu (98.9 wt% Cu, 0.81 wt% Al, 0.1 wt% Fe, 0.05 wt% Ni) was purchased as an aqueous solution
from Strem Chemicals and was pre-dried in air at room temperature in a fume hood to obtain a dry
state before loading. Further characterization of this sample is reported elsewhere [34].
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FTIR grade KBr was purchased from Sigma Aldrich and sieve fractionated to 150-300 pm before use.

2.2 Methods

Generally the samples were pre-reduced/activated in situ by hydrogen at atmospheric pressure prior
to measurements on reduced samples. The samples were heated (1 K/min) in 5% Ha /N to first 448
K and secondly to 523 K with holding times of generally 30-180 min at both temperatures until no
further water evolution could be detected. For Cu/Al;O3 the standard procedure was followed by a
subsequent treatment in 100% Hy at 523 K until no further water evolution could be detected.

The exposed Cu surface areas of the pre-reduced samples were measured by the NoO Reactive Frontal
Chromatography (RFC) method [35] using a Quantachrome IQs setup. After pre-reduction the samples
were subsequently cooled in He to 333 K and here exposed to a 19 Nml/ min flow of 1% N2O/He to
determine the Cu surface area from the oxygen uptake. The Cu surface area calculations were based
on the NoO consumption, using a Cu:O stoichiometry of 2:1 [36] and an average Cu surface atom
density of 1.47-10' atoms/(m? Cu) [37].

In situ XRD was performed using an X’Pert Pro diffractometer from Malvern Panalytical with a
CuKa anode and an installed XRK 900 in situ cell from Anton Paar and applied to determine the Cu
crystallite size based on the Scherrer method. In situ XRD also verified complete Cu reduction with
the applied activation method (Fig. S1-S6). The effluent gas was analyzed by a Pfeiffer quadrupole
mass spectrometer. Prior to analyses samples were activated by the same hydrogen concentrations as
outlined previously by mixing 99.9999% He and 99.9999% Hs from Air Liquide Denmark. The Cu
crystallite size was estimated from the Scherrer equation [38] using a Scherrer constant of 0.9 [39, 40]
and correction for an instrumental broadening of maximally 0.1°. The Inorganic Crystal Structure
Database [41] with the collection code written in parentheses is applied to identify observed XRD
peaks. XRD patterns featured a growing baseline with increasing 260 especially for the samples with
high Cu weight percentage due to fluorescence from the sample matching the CuKa anode.

Infrared spectroscopy experiments were conducted with a domed reactor cell and Praying Mantis
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) unit from Harrick Scientific
Products using a Nicolet iS50 FTIR spectrometer with a liquid No cooled MCT detector. Measured
spectra were an average of 76 scans with a resolution of 4 cm™!. In a standard experiment the Cu
samples were loaded and compacted in the sample cup of the reactor cell before experiments. Gasses
(> 99.999% He with < 2 ppm Os, 9.50% CO/Ar with <3 ppm Os, Ha, 5.01% Hy /Ny with < 2 ppm Oa,
9.00% CO3/Ny with < 3 ppm Oz, > 99.999% H, with < 2 ppm Oz, >99.999% No with < 2 ppm O3)
were obtained from Air Liquide Denmark and dosed via Brooks SLA5850 mass flow controllers. The
gas passes through an active carbon filter immediately before entering the reactor cell. The effluent
gas from the reactor cell was analyzed by a Hiden HPR-20 EGA mass spectrometer (MS).

All measurements were conducted at atmospheric pressure starting with the hydrogen activation pro-
cedure outlined above. For CO adsorption experiments, the activated samples were cooled in He to the
CO adsorption temperature, where a background spectrum was recorded in He prior to CO exposure.
The samples were then exposed to 0.4 mbar CO balanced in inert gas and analyzed as spectra (in
Kubelka-Munk units) using the aforementioned background. The typical measurement temperature
of 276 K was achieved from adjusting the temperature of the thermostatic bath supplying the cooling
water circulating through the IR cell.

Low-temperature measurements were used for Raney Cu. These measurements were conducted using
a CHC-CHA-3 reaction chamber (Harrick Scientific Products) that includes a liquid Ny container
connected through a cold finger to the low temperature reaction chamber. Pre-reduced Raney Cu
was held in an Ny atmosphere at room temperature before cooling to a temperature of 152-153 K. At
this temperature a background spectrum was recorded in flowing No before exposure to 0.4 mbar CO.
Subsequently the cell was purged with Ny and absorbance spectra of the adsorbed CO were recorded
using the background measured at the same temperature in Ny prior to CO exposure.

To aid the distinction between contributions from metallic and oxidized sites, measurements were
conducted on oxidized samples (to eliminate the metallic contributions) and after a harsher reduction
in CO to help eliminate oxide contributions. Two types of measurements on oxidized samples were
conducted. In one type of measurement the CuO/SiOs and CuO/TiOy oxide precursors were instead
of pre-reduction only outgassed in flowing He at 373 K until no further water evolution could be
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detected and then cooled in He to 276 K. Here adsorption of 0.4-100 mbar CO in stepwise increasing
CO concentration was conducted. For the other type of measurement on oxidized samples Raney
Cu, Cu/Al, 03, Cu/Zn0O/Al; 03, and Cu/SiO2 were activated by the normal pre-reduction and then
re-oxidized at room temperature by exposure to a flow of 9% CO5/Ny. After flushing of the cell with
He at room temperature, the CO adsorption was then conducted with 0.4-100 mbar CO in stepwise
increasing concentration at 276 K (152-153 K for Raney Cu).

For tests with a harsher reductive treatment of Cu/SiO2 and Cu/ZnO/Al;O3 the samples were pre-
reduced by the normal treatment, then exposed to a 50 NmL/min flow of 100% Hs at 523 K for 1 hour.
Finally the flow was switched to 79 Nml/min of 9.5 % CO (balanced in Ar) and heated with 5 K/min
to 573 K and kept constant for 30 minutes before thorough He purge at 573 K to remove residual and
adsorbed CO and cooling in He to 276 K where adsorption of 0.4 mbar CO was conducted.

For experiments with deposition of formate on Cu/ZnO or Cu/SiOg, the pre-reduced sample was
flushed and cooled in He to 373 K (atmospheric pressure), where it was exposed to CO3/Ny/Hs
(3/29/68) flow until stable IR signals before cooling to 276 K in the syngas mixture. A background
spectrum was recorded in He at 276 K and used for recording spectra (in Kubelka-Munk units) during
a subsequent exposure to 0.4 mbar CO. After CO adsorption, the sample was thoroughly flushed with
He at 276 K before performing a TPD in 45 Nml/min He with a heating ramp of 10 K/min to 323 K
before further heating by 2 K/min to a final temperature of 393 K with a dwell time of 5 min. During
cooling from the final TPD temperature, a 10 min dwell step at 353 K in a 150 Nml/min He flow
was included to prevent re-adsorption of desorbed adsorbates. The higher He flow was maintained
during further cooling to 276 K, where a new background spectrum was collected for the subsequent
CO adsorption exposure. The combined TPD and CO adsorption cycle was repeated with increased
final TPD temperature in steps of 20 K (413 K, 433 K and 453 K).

To evaluate the effects of sample dilution with KBr, which has been used for many similar studies in
the literature, measurements were conducted with the Cu-based samples physically mixed with KBr.
The KBr-sample mixture was then subjected to the same pre-reduction and measurement protocols
used in the standard experiments and analyzed by IR measurements on chemisorbed CO.

3 Results and Discussion

3.1 Sample Properties

The results from structural characterization of the samples are summarized in Table 1. Details of the
post reduction XRD patterns are shown in the supplementary material Figs. S1-S7. The constant
angle (20) of the XRD reflections from Cu for all the samples (see Fig. S7b) suggests that bulk alloying
of Cu and support components do not occur for any of the samples with the applied reduction methods.
Precipitated samples (Cu/AlzO3, Cu/Zn0O/Alz03, Cu/Zn0O, Cu/TiO3) have a smaller crystallite size
than the Cu diameter determined from the Cu surface area. This suggests that the samples are
polycrystalline with larger particles composed of smaller crystallites. However, an extent of decoration
of the metal particles (i.e. an “iceberg” configuration) by the support can also contribute to an
overestimation of the Cu particle size relative to the XRD crystallite size estimates. Oppositely,
Cu/SiO prepared by impregnation exhibits a larger crystallite size than the size determined from the
surface area. This has also been observed previously [42] for Cu/SiOy prepared by impregnation. The
impregnation method must have resulted in larger crystallites that dominate the XRD measurement
over a majority of smaller particles that dominate the Cu area. For Raney Cu the size estimates from
XRD and chemisorption are similar, indicating that the sample consists of relatively homogeneous
40-50 nm Cu crystals. Previous characterization [34] has shown that around 30-40% of the surface of
these crystals is free metallic surface, whereas the rest is covered with a thin AlyOg3 film.

It is known that the TOF for methanol synthesis over Cu based samples (and hence expectedly the
surface properties) is generally size independent for Cu particles larger than ca. 5 nm [12, 43, 44].
Xu and Goodman [45] also found that the IR spectrum of CO adsorbed on a Cu/ SiO3 model system
became relatively size-independent above ca. 3.5 nm in diameter (below 30% Cu dispersion). The
surface properties should therefore be relatively constant for particle sizes above the limit of 3.5-5 nm.
As the crystallite sizes are close to or above this limit (Table 1), and as the area-derived particle sizes
are well above this limit, it is unlikely that the present comparisons across supports are affected by
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Table 1: Results from structural characterization of the reduced samples by NoO-RFC and in situ

XRD.

Sample Nominal Cu sur- Cu crystal- Cu diameter
Cu content face area lite size from from Cu sur-
(Wt %] [m?2/Cu/geat] XRD [nm] & face area [nm]

Cu/SiOq 10 3.99 67.3 16.8

Raney Cu 98.9 5.18 40.7 47.5P)

Cu/Aly0O3 20 4.80 2.9 28.0

Cu/TiOq 20 1.19 65.7 112.9

Cu/ZnO 10 4.90 3.9 13.7

Cu/Zn0O/Al,03 63 20.25 4.7 20.9

a) Determined based on the Cu {111} diffraction peak at 43.1° (ICSD cc. 64699) after activation.
b) Determined from the combination of the free Cu area and the AlyO3 covered surface area determined
by Nielsen et al. [34].

differences in particle size.

3.2 Raney Cu

A previous study [34] with the same Raney Cu sample evaluated the catalytic properties and showed
that Raney Cu featured the intrinsic properties of Cu. Consequently, CO adsorption on Raney Cu
should be representative of the intrinsic properties of Cu in the absence of notable support effects.
Spectroscopic measurements on metal-rich Cu samples are complicated by the high reflectance of the
metal [16], which is the most likely reason, why only weak signals were obtained in the present DRIFTS
experiments on Raney Cu. The measurements were therefore conducted at low temperature, where
adsorbed CO can be preserved for some time after purging the cell of gaseous CO. This allows a clearer
identification of the band from adsorbed CO.

Fig. 2a shows the IR spectrum of pre-reduced Raney Cu during CO adsorption at 153 K and after a
subsequent 3 min Ny purge until only minor traces of gaseous CO could be detected. The IR band at
2094 cm !, which is preserved during removal of gaseous CO, is attributed to adsorbed CO on metallic
Cu. Comparison to single crystal studies [16, 46] suggests that this spectrum is dominated by the
contribution from the (110) facets. Previous [47-49] Wulff-construction modeling on Cu has yielded a
distribution of 5-7% (110), 25-30% (100), and 60- 70% (111) for the Cu surface. The catalytic properties
of the Raney Cu sample are also relatively similar to those of a Cu(111) single crystal surface [34],
which supports that this equilibrium distribution is representative for the present Raney Cu sample.
It could thus seem contradictory that the least abundant facet dominates the spectrum in Fig. 2a,
but this can be rationalized from the dipole coupling effects mentioned in the introduction. Single
crystal studies [16, 46] show that the C-O frequency decreases in the order (110) > (100) > (111). As
the interference phenomena from dipole coupling strongly favor the higher C-O frequency sites, the
contribution from higher frequency (110) sites dominates the spectrum despite representing a minority
of the surface sites. The strong effects of dipole coupling seen for the Raney Cu reference suggests
that polycrystalline Cu samples generally must be expected to be dominated by the higher frequency
contributions, such as Cu(110), despite the limited concentration of such sites.

Fig. 2b shows the IR spectrum of the adsorbed CO on Raney Cu that had been first pre-reduced
and then re-oxidized by 9% COs /N3 at room temperature. Fig. 2b illustrates that this yields a C-O
band at 2107 cm™! in the frequency range indicative of CO on oxidized Cu' sites (Fig. 1). The fact
that the 2094 cm~! band seen for the reduced sample is replaced with a higher frequency band by the
oxidative treatment helps to verify that the 2094 cm~! band is due to CO adsorption on metallic Cu.
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Fig. 2: a) IR spectra of pre-reduced Raney Cu in the presence of 0.4 mbar CO (blue) and after
subsequent Ny purge (red) both at 153 K. b) IR spectra of pre-reduced and then re-oxidized (by 9%
CO3 /Ny at room temperature) Raney Cu in 0.4 mbar CO at 152 K and during Ny purge at 152 K
post stepwise increase in CO pressure from 0.4 mbar to 100 mbar CO.

118



Results and Discussion

3.3 CU/AIQOS

Fig. 3a shows the IR spectrum for CO adsorbed at 276 K on prereduced Cu/Al;O3 with a main band
located at 2089 cm~! attributed to CO on the metallic surface on the basis of a comparison to Fig.
1. Fig. 3b shows the IR spectrum for CO adsorbed at 276 K on pre-reduced and then re-oxidized
(9% CO2/Ny at room temperature) Cu/AlO3, which shows a main band at 2109 cm™! indicative
of CO on relatively welldeveloped Cut sites (Fig. 1). Since the 2089 cm~! band seen for reduced
Cu/Al503 is significantly displaced by the oxidative treatment (Fig. 3), and because D’Alnoncourt et
al. [50] observed that more severe reduction of Cu/Al;O3 did not change this band substantially, the
2089 cm~! band is attributed to the metallic Cu surface. If the partially oxidized sample is exposed
to increasing CO pressures the band also seems to shift down towards the metallic state (Fig. S8).
Table 2 compares the presently achieved C-O frequency to values reported for reduced Cu/Al,O3 in
the literature. Generally the results agree within a few cm ™', which would suggest that measured C-O
frequencies are reproducible to the extent that even small variations are significant.
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Fig. 3: a) IR spectrum of pre-reduced Cu/AlyO3 in 0.4 mbar CO at 276 K. b) IR spectrum of prereduced
and then re-oxidized (in 9% CO2/N3) Cu/Al;O3 in 0.4 mbar CO at 276 K.
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Table 2: Measured vc.o for CO adsorption on reduced Cu/Al;Og3 in this study and comparison to
studies in the literature. None of the studies from the literature mention any sample dilution by KBr.

Study Reference Cu content [wt%] vc.o on metallic Cu
[em™"]

Topsge and Topsge [30] 2.5 2094

D’Alnoncourt et al. [50] 20 2090

Padley et al. [51] 5 2094

Dulaurent et al. [52] 4.7 2092

This work 20 2089

3.4 Cu/TiO,

Arakawa et al. [53] investigated methanol synthesis catalyzed by Cu/TiOs and concluded that the
turnover frequency per exposed metallic Cu atom was high. TiOs is thus an example of a support that
can exert a clear support effect on Cu that in methanol synthesis causes a high turnover frequency.
Fig. 4 shows IR spectra as a function of time when pre-reduced Cu/TiO is exposed to 0.4 mbar
CO at 276 K. This clearly illustrates the existence of two IR bands at 2070 cm™! and 2104 cm™'.
These bands are attributed to CO adsorbed on Cu sites, since adsorption on TiOg9 yields higher C-O
frequencies [54]. Fig. 5a shows that the 2070 cm ™! band is displaced more rapidly than the 2104 cm ™!
band when the IR cell is flushed with He at 276 K after CO adsorption. Given that CO is bound more
strongly to Cu™ sites [29] this could indicate that the higher frequency 2104 cm ™~ band is due to more
strongly bound CO on Cu®* sites at Cu®t-O-Ti linkages to the support, whereas the lower frequency
2070 cm~! band is due to more weakly bound CO on the metallic surface. This assignment is strongly
supported by Fig. 5b, which shows the spectrum of CO adsorbed on the air calcined, CuO/TiOq
oxide precursor and illustrates that the high-frequency band is very prominent for the oxidized state
of the sample. Oppositely, the low-frequency band is absent in the oxidized sample. Consequently, the
2104-2106 cm™! high-frequency band is attributed to CO on Cu®*-O sites linked to the TiO, oxide
matrix, whereas the 2070 cm ™! band is attributed to CO on the metal surface.
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Fig. 4: IR spectra of pre-reduced Cu/TiO2 as a function of time during exposure to 0.4 mbar CO at
276 K.

The significantly lower C-O frequency on the metal surface of Cu/ TiOs compared to the Raney Cu
reference suggests that the Cu surface in Cu/TiOs is significantly modified by the support. Dipole
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Fig. 5: a) IR spectra of pre-reduced Cu/TiO4 as a function of time during He flush after exposure to
0.4 mbar CO at 276 K. b) IR spectra of fresh, air calcined CuO/TiO2 as a function of time during
exposure to 0.4 mbar CO at 276 K. Fig. S4 shows that the oxidized sample contains a mixture of CuO
and CuyO phases.
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coupling makes it likely (see section 3.2) that the main contribution from the metallic surface (2070
em~! for Cu/TiO,) arises from the sites such as the (110) facet that yield considerably higher frequen-
cies on unperturbed single crystal surfaces [16, 46]. Considering the charge-frequency relationship in
Fig. 1 the low frequency on Cu/TiO5 indicates a negative charging of the Cu surface. At the interface
between a metal and an n-type semiconductor such as TiOs there will be a charge transfer from the
semiconductor to the metal [55-57]. In the classical limit, charge transferred to a conductor, such as
the copper metal, is distributed across the surface, and DFT calculations suggest that this behavior of
charge distribution across the surface is emerging already in very small metal clusters [58]. Such charge
transfer effects can rationalize the negative charging of the Cu surface on the n-type semiconductor
supports including TiOs.

Fig. 6 shows time-resolved spectra during CO adsorption at 276 K on pre-reduced Cu/SiOs dominated
by a central 2100 cm ™! band with two shoulders at approximately 2072 cm ™! and 2125 cm™!. The
present spectra are similar to those of lower Cu-dispersion (< 30%) Cu/SiO2 model systems in UHV
experiments [45], which suggests that the current measurements are free of experimental artifacts such
as gas phase impurities. The multiple IR bands for the reduced Cu/SiOs sample raises the question
of which bands that arise from the metallic surface. Fig. 7a shows the spectrum of CO adsorbed
on the freshly calcined CuO/SiOy oxide precursor, where the high-frequency band (2127 cm™1!) is
clearly present. Fig. 7b shows comparisons between CO adsorbed on pre-reduced Cu/SiOs2 and on
pre-reduced and then re-oxidized (by 9% CO2/Ny at room temperature) Cu/SiOs. The figure reveals
that oxidative treatment strengthens the high-frequency band and eliminates the two lower frequency
bands. These results clearly show that the band at 2125-2127 cm ™! is from oxidized Cut sites. In the
reduced sample the remnant of such species are most likely the Cu™-O-Si linkages at the metal/oxide
interface. Oppositely, the two lower frequency bands are attributed to CO adsorption on the metallic
surface. The 2100 cm ™! band is thus the main band from the metallic surface, which from analogy
to the Raney Cu results is expected to be the higher C-O frequency facets, particularly Cu(110), that
are strengthened by dipole coupling. The shoulder towards lower frequency is most likely from the
more densely packed facets that are disfavored by the dipole coupling, but nevertheless slightly visible
due to the good resolution achieved in spectra for Cu/SiOs. During flushing of the cell with He the
bands from adsorbed CO disappear with similar rates (Fig. S9). There are thus no clear differences
in binding strength to aid the band assignment.

The main CO band attributable to the metallic surface of Cu/SiO; is thus shifted upwards by 6 cm ™!
compared to Raney Cu and is between the frequencies observed on reduced and oxidized Raney Cu
(see Fig. 2). Considering the discussion in section 3.3 this shift is most likely of sufficient magnitude
to represent a significant difference. From the charging-frequency relationship in Fig. 1 the higher
frequency on Cu/ SiO2 indicates that the surface of Cu particles on silica is electron depleted. The
most likely reason for this depletion is that the Cu™-O-Si linkages observable in the spectrum are so
electron-withdrawing that the whole Cu surface becomes slightly electron deficient.

3.6 Cu/ZnO based samples

Cu/Zn0O/Al;03 is the industrial catalyst for methanol synthesis, and it is well-substantiated that ZnO
exerts a strong beneficial support effect [9-13]. Cu/ZnO based catalysts with or without alumina have
been observed [13] to exhibit similar turnover frequencies for methanol synthesis and are discussed
together in this section. Fig. 8a shows the IR spectrum of Cu/ZnO in presence of 0.4 mbar CO at
276 K, whereas Fig. 8b displays the spectrum of Cu/Zn0O/Al;O3 in 0.4 mbar CO at 276 K. In good
agreement with previous studies [30, 50, 59] the Cu/ZnO (/Al;03) samples show two IR, absorption
bands centered at 2093-2094 cm~! and at 2065-68 cm ™! with the lower frequency band being more
clear in Cu/ZnO. Any contribution from CO adsorbed on ZnO is excluded, as this occurs around 2190
em~! [60, 61]. Fig. S10 shows the development in the spectrum of adsorbed CO at various stages
during the reduction of Cu/Zn0O/Al;O3 and illustrates that a band at 2100 cm~! on the initial oxidized
state is replaced by the spectrum characteristic of the reduced sample at 448 K.

As touched upon in the introduction band assignments can be particularly difficult on basic oxides,
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Fig. 6: IR spectra of pre-reduced Cu/SiO2 as a function of time during exposure to 0.4 mbar CO at
276 K after normal pre-reduction (5% Hs at 523 K).

where Cu®* sites from Cu-O linkages to the support may yield C-O frequencies similar to the Cu®™ sites
seen at protrusions in an unperturbed metallic surface. Previous studies [31, 62] on Cu/ZnO(/Al;O3)
samples report that the high frequency band can be eliminated by harsher reduction in CO-containing
gas. This could indicate that the high-frequency band arises from an oxidized species. However, we
were unable to reproduce this elimination of the 2093-2094 cm~! band by harsher reduction (Fig.
9a), although the reason for this discrepancy is not completely clear. Fig. 9b shows IR spectra at
various CO pressures and during subsequent flushing in He for a Cu/Zn0O/Al;O3 sample that has been
pre-reduced and then reoxidized (9% COs2 at room temperature). Fig. 9b illustrates that the oxidized
sample exhibits a broad band around 2100 cm~!. The fact that the major band is at relatively similar
frequencies for both the reduced and oxidized sample (compare Figs. 9a and 9b) could indicate that
this band arises from oxidized sites, such as Cu-O-Zn linkages to the support. Additionally, the high
frequency band is relatively more stable when the gaseous CO is flushed away with He (Figs. 9b
and S11), whereas the shoulder at 2065-2068 cm~! is displaced more easily (Fig. S11). This could
also suggest that the lower frequency shoulder represents the more weakly bound CO on the metallic
surface, whereas the high-frequency represents stronger bonding on oxidized sites.

Based on these observations it is most likely that the 2093-2094 cm~! main band is part of the reduced
particles, since it cannot be modified by hasher reduction (Fig. 9a). However, given the similarity
to the main band on an oxidized sample (Fig. 9b) it is also likely that the 2093-2094 cm~! band
represents a partially oxidized site, namely the Cu®t-O-Zn sites at the periphery of the metal particle.
The 2065-68 cm ™! band is assigned to the CO adsorbed on the interior metallic surface. Chemisorption
techniques [63] suggest that there are relatively few Cu-O-Zn sites compared to metallic Cu0 sites in
reduced Cu/ZnO (/Aly03). If the 2093-2094 cm~! band is due to Cu®*-O-Zn sites its high intensity
must therefore arise from dipole coupling.

Both Cu/SiO2 and Cu/ZnO(/Al2O3) show some similarities in the CO spectra with a main peak
in the 2090-2100 cm ' range and a shoulder towards lower frequency. However, as outlined above
different band assignments are applied for the two systems with the most intense band assigned to
the metallic surface for Cu/SiO2 and to a site linked to the oxide matrix for Cu/ZnO(/AlyO3). The
main argument for this interpretive difference comes from the supporting studies of oxidized samples,
where oxidized Cu sites for Cu/ZnO(/Al;O3) appears to be at a considerably lower frequency (ca.
2100 cm~! in Fig. 9b) than the oxidized Cu sites for Cu/SiOy (2125-2127 cm ™! in Fig. 7). However,
the complex analysis induced by dipole coupling, where the most intense IR bands may arise from the
most coupling-favored high-frequency sites rather than from the most physically abundant sites must
be remembered in these interpretations. Cu single crystal studies [16, 46] have not shown frequencies
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Fig. 7: a) IR spectrum of freshly calcined CuO/SiO4 after pre-adsorption of 0.4 mbar CO at 276
K followed by 16 min He purge at 276 K. b) IR spectra during exposure to 0.4 mbar CO at 276
K for normally pre-reduced (blue), harshly pre-reduced by 9.5% CO at 573 K (green) and normally
prereduced and then re-oxidized (9% COz/N3 at room temperature, red) Cu/SiOs.
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below 2070 cm™!, so the observation of a lower frequency feature for Cu/ZnO (/Al,O3) indicates
a negative charging of the metallic surface (see Fig. 1). This would also be consistent with the
observation of a low frequency feature for Cu/TiO2 (see section 3.4) given that both TiO2 and ZnO
are n-type semiconductors. Additionally, Behm and coworkers [64] inferred from the C-O frequency
in CO adsorbed on Au/ZnO that the surface of gold dispersed on ZnO is negatively charged. Prior
XPS analyses [65, 66] of Cu/ZnO are also consistent with a negative charging of the Cu surface. The
conclusion of a negative charging on the Cu surface of Cu/ZnO(/Al2O3) is therefore supported by
other techniques/systems.
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Fig. 9: a) IR spectrum of Cu/Zn0/Al;03 in 0.4 mbar CO at 276 K after harsh pre-reduction with 30
minutes in 9.5% CO/Ar at 573 K after the normal pre-reduction. b) IR spectra of pre-reduced and

then re-oxidized (by 9% CO3/N; at room temperature) Cu/ZnO/Al;O3 in 0.4 mbar to 100 mbar CO
and during subsequent He flush at constant 276 K. Spectra are offset for clarity.

3.7 Effect of formate decoration of the metal surface

The main band for Cu/SiOz (2100 cm™!) is between bands seen on the reduced and oxidized states
of the Raney Cu reference, which could suggest a charge depletion of the metal surface in Cu/SiO,.
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Oppositely the n-type semiconductor supports ZnO and TiOs yield low-frequency features that may
indicate an increased negative charge in the Cu surface. It is therefore relevant to validate, if the
observed bands indeed are due to adsorption on copper sites. This was examined in experiments
involving formate deposition on copper. It is known from single crystal studies [67] that a sufficiently
high coverage of formate can partially or completely exclude the CO adsorption on copper, and that
pre-adsorbed formate on Cu can be removed by TPD to 450 K [34], whereas desorption of formate
on ZnO occurs at higher temperatures [68-70] Cu surface of a HCOO covered sample can thus be
selectively exposed by heating to temperatures up to 450 K, where only the formate on Cu desorbs.
Formate was adsorbed on pre-reduced Cu/ZnO and Cu/SiO5 by CO2 /Ny /Hs (3/29/68) exposure (373
K, 1 atm.). Fig. 10 shows the IR spectra in He at 276 K for the two samples after the CO5/H,
treatment. Fig. 10a shows that the exposure of Cu/ZnO to CO3/Hjy resulted in distinct HCOO
features on both Cu [71-73] (Voco,sym = 1352 cm ™!, V6O asym = 1602 cm™! and v = 2852 cm ™)
and ZnO [72, 74] (2882 cm~!, 1580 cm™!) as well as CH30-ZnO [72] (2931 cm ™) and zinc related
bicarbonate species [74] (1305 cm™!). For Cu/ZnO the C-H features are clearer in the raw absorbance
spectrum in Fig. S12, which also shows a broad IR absorbance across the entire spectrum attributable
to light absorption from intraband excitations of free charge carriers in the ZnO conduction band
[75-77]. Fig. 10b shows that the exposure of Cu/SiOs to CO2/Hs resulted in Cu-HCOO (voco sym
= 1352 cm™!) and features at 2934 cm~! and 2852 cm~! that may arise from either Cu-HCOO or
CH;30-Si0, [78-80].

After decoration of the Cu surface with HCOO (Fig. 10) the spectrum of adsorbed CO on the
maximally HCOO covered sample was measured in 0.4 mbar CO at 276 K with the result displayed
in Fig. 11. A series of TPD sequences were then conducted. Here the sample was heated in He to
progressively higher temperatures to desorb increasing amounts of the adsorbed formate. The gradual
desorption of formate during the TPD runs was verified by the progressive disappearance of the Cu-
HCOO IR features (Figs. S13 and S14) and by the concurrent detection of Hy and CO; in the effluent
during the TPDs (Figs. S15 and S16). After each TPD sequence the sample was cooled and subjected
to 0.4 mbar CO adsorption at 276 K, where the IR spectrum for CO adsorption was recorded. Fig.
11 summarizes the CO spectra at 276 K recorded between the TPD sequences for both Cu/ZnO and
CH/SIOQ

The first conclusion to be drawn from Fig. 11 is that the observed IR bands are due to CO adsorption
on copper sites, as they can be displaced by HCOO blockage of the Cu surface and fully restored by
TPD to 453 K, which is known [34] to desorb all formate from Cu. The formate species associated
with zinc are essentially preserved during the TPD (Fig. S13 and S14), and as such sites thus remain
blocked during the experiment in Fig. 1la, it can be ruled out that the observed CO bands are
associated with zinc-species. The differences between these two identically treated samples also provide
important insight into the support effect upon the Cu surface. Cu/ZnO facilitates a relatively high
formate coverage on Cu resulting in a completely physically filled Cu surface as evident from the nearly
complete absence of CO uptake for Cu/ZnO after Hy/COs treatment (“Post CO2/Hs” in Fig. 11a).
Oppositely Cu/SiO2 (Fig. 11b) shows a clear CO band already at the maximal HCOO coverage after
CO2/H; treatment. It is also a striking difference that Cu-HCOO on Cu/ZnO exhibits an asymmetric
OCO stretch at 1602 cm™! (Fig. 10a), which is completely absent in Cu/SiOy (Fig. 10b). This
asymmetry could be due to the higher formate coverage on the Cu surface of Cu/ZnO that causes the
formate molecules to tilt to accommodate neighbors in close proximity as observed in single crystal
studies [67, 81].

Several techniques [49, 82-85] have shown that adsorbed formate is an electron-withdrawing species.
With the highest coverage of electron-withdrawing formate Cu/ZnO features two main bands from
adsorbed CO at 2098 cm~! and 2127 cm~! (Fig. 1la and more clearly in Fig. S17). As the HCOO
coverage gradually decreases by the TPD treatments these CO bands progressively shift to 2068 cm ™!
and 2098 cm ™!, close to the positions for a freshly reduced sample (Fig. 8a). Similar gradual frequency
shifts are seen as formate desorb from Cu/SiO;. Weak van der Waals interactions between adsorbed
HCOO and CO are ruled out as an explanation for these frequency shifts. This is because there are no
matching changes in the C-H and OCO regions of the spectrum to indicate distortion of the formate
by the CO adsorption (Figs. S18-S20). Consequently, the frequency changes in adsorbed CO with the
amount of co-adsorbed formate must reflect that the charging state of Cu surface sites not occupied
by formate is modified by the amount of electron- withdrawing adsorbates.
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for Cu/ZnO.
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These observations suggest that the Cu surface of Cu/ZnO is able to donate charge to the adsorbed
formate to the extent that it ensures a complete physical filling of the Cu surface. By contrast the Cu
surface of Cu/SiOs is only able to support a formate coverage until the point where the remaining Cu
surface becomes charge depleted to a degree (evident from a high C-O frequency in the co-adsorbed
CO in Fig. 11b) that it is unable to sustain additional formate. This suggests that adsorbates such
as formate are able to accomodate the surface charge in the metal-adsorbate bonding. It would be
consistent with a support induced negative charging of the metal surface in Cu/ZnO that the metal
surface is able to donate more charge to the adsorbates resulting in a higher formate coverage.

The role of surface charging in governing the interaction with electron-withdrawing adsorbates is
potentially important for the catalytic properties, as some of the important Cu-catalyzed reactions
involve electron-withdrawing adsorbates. This includes formate in the synthesis of methanol [34, 70, 86]
and adsorbed oxygen in the water-gas shift reaction [87-89].

3.8 CO stretching frequencies on supported Cu

Table 3 summarizes the C-O frequency for the main band attributed to the metallic Cu surface and to
oxidized Cu®t sites for each sample and shows a clear variation in the C-O frequency with the choice
of support. For the ZnO-free supports the values for the metallic surface in Table 3 represent the
most intense band that is not also present in the oxidized sample. For the ZnO-containing samples
the interpretation is more difficult and we have tentatively assigned the lower-frequency feature as the
major feature from the metallic surface.

Table 3: Measured vc o associated with metallic Cu on various pre-reduced Cu samples during CO
adsorption at 276 K (Raney Cu at 153 K).

Sample ve.o for the primary band attributed to rc.o for Cu®t
the metallic surface [cm™!] [em~1]

Cu/SiOq 2100 2125-2127

Raney Cu 2094 2107

Cu/AlyO3 2089 2109

Cu/TiO4 2070 2104-2106

Cu/ZnO(/Al;03) 2065-2068* 2093-2100

* Band assignments are challenging as discussed in section 3.6. Here it is assumed that the 2093-2094
cm ™! band is from Cu-O linkages to the support and not due to sites on the interior metallic surface.

The previously discussed consistency among the reported C-O stretches for Cu/Al;O3 (Table 2) under-
lines that even small change to the C-O stretch are potentially significant. Figs. 4, 6, and 8 show that
the rising intensities (and hence rising CO coverage) as a function of time during CO dosage indicate no
substantial shifts in frequencies. This suggests that the coverage dependence of the frequencies is too
weak to distort a comparison across the various samples. As discussed in section 3.1 the samples also
have Cu crystallite/particle sizes that are close to or above the size where the Cu surface properties
become size insensitive. Furthermore there is no correlation between frequencies and XRD crystallite
size or area derived particle size as illustrated in Fig. S21 in the supporting information. Structure
sensitivity can therefore not account for the changes in the C-O stretches across the samples. Hence
the frequency shifts in Table 3 must arise from support effects.

It has been common to interpret the support dependence of the C-O frequency in terms of a preferential
faceting by comparison to the most similar single crystal results. By such an interpretation Cu/Al2O3
(V.o = 2089 em™1) should be dominated by Cu(100) facets, as a Cu(100) single crystal gave vc.o =
2088 cm~! at a very similar CO pressure [90]. Cu/SiO2 (vc.o = 2100 cm™1) should be dominated by
Cu(311) facets considering the observation [16] of vc.o = 2093-2104 cm ™! on a Cu(311) single crystal.
However, such an interpretation is unlikely to be correct for two reasons. Firstly, a preferential faceting
is inconsistent with the catalytic properties for a reaction such as methanol synthesis. If Cu/SiOy was
dominated by (311) facets and Cu/Al;O3 was dominated by (100) facets, then single crystal studies
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[91] suggest that the (311) facets, and thereby Cu/SiOs, should be considerably more active. In fact
it is oppositely Cu/Al;O3 that is an order of magnitude more active than Cu/SiOs at industrially
relevant conditions [13, 92]. The interpretation in terms of preferential faceting based on vc.o thus
yields an incorrect prediction of the catalytic properties.

Secondly, this interpretation neglects the importance of dipole coupling. The measurements on Raney
Cu (Fig. 2) show a spectrum that appears to be dominated by the Cu(110) facet [16, 46] although Wulff
construction modeling [47-49] suggests this to be the minor facet (5-8%) in comparison to Cu(100)
with 25-30%, and Cu(111) with 60-70%. Because the interference phenomena from dipole coupling
favor the higher frequencies it only takes a small percentage of higher frequency sites, such as the
(110) facets, to dominate the spectrum. Even if the surface of a polycrystalline particle is dominated
by lower frequency (100) or (111) facets it is still the minority of higher frequency (110) sites that
tend to dominate the IR spectrum. For supported nanoparticles it is therefore always most likely
that the major band arises from higher frequency sites, such as edges, corners, steps and the (110)
facet with its rows of protrusions (or possibly Cu-O linkages to the support if present), regardless of
the support. Similar coupling-favored sites are therefore likely to dominate the spectrum on all the
supports, and the frequency shifts in adsorbed CO compared to the Raney Cu reference should thus
reflect the support dependent modifications of these sites.

Given the relationship between charge on the surface sites and the C-O frequency (Fig. 1) it would seem
likely that the variations in Table 3 reflect a gradual shift in the charging of the metal surface, from
more positively charged in Cu/SiOs to more negatively charged in Cu/TiOg and Cu/ZnO(/Al;03).
The charge transfer from the n-type semiconductors to the metal, which could cause this charging is
discussed in section 3.4. An insulator like Al;O3 may still have for example oxygen vacancies in the
surface that can act as electron donor centers for charge transfer to supported metals as seen [93] for
Au on MgO. Oppositely, the difference between Cu/SiO5 (2100 cm~!) and Raney Cu (2094 cm~!) will
mostly reflect a positive charging of the metallic Cu surface in Cu/SiO5 as discussed in section 3.5.
The observed differences in the abilities of the Cu surface of Cu/ZnO and Cu/SiO, towards formate
uptake (Figs. 10 and 11) would also be consistent with changes in surface charging that impacts the
ability to donate charge to adsorbates. It is likely that this support-dependent surface charging plays
a role in regulating the interaction with the adsorbate population, which in turn may be of importance
for the catalytic properties of the supported metal particles.

3.9 Effect of KBr dilution

The measurements presented in this study have been without KBr dilution. In the past literature
dealing with similar IR measurements on CO adsorbed as a probe molecule it has been a common
practice to use samples either physically mixed or pelletized together with KBr. However, there have
been observations [32] of chemical modifications caused KBr, and it is therefore important to evaluate,
if any such effects are present for CO probe molecule studies on in situ reduced samples.

Fig. 12a shows normalized IR spectra of CO adsorbed on pre-reduced, undiluted Cu/Al;O3 and on
a physical mixture of KBr and Cu/ Al,O3 that has been given the same pre-treatment. The figure
illustrates that there are two major effects of KBr. Firstly, the KBr-diluted experiment shows a broad
shoulder IR band centered around 2120 cm™! indicative of CO adsorption on fully developed Cut
sites. This band is absent for the undiluted experiment. Secondly, the main IR band attributed to
CO on the metallic Cu surface (see Section 3.3) is slightly shifted from 2089 cm™! in the undiluted
experiment to 2095 cm~! in the diluted experiment. Such frequency shifts in the main frequency
for CO on metallic Cu are relatively general for KBr dilution of the presently employed samples as
illustrated in Table 4.

The same effects are seen in Fig. 12b, which shows IR spectra of CO adsorption on pre-reduced
Cu/SiOy with varying degrees of KBr dilution. This figure clearly illustrates that the amount of fully
developed Cu™ sites increases with increasing amount of KBr.

Transfer of potassium species to the Cu-sample is ruled out as the explanation, because this should
cause a downshift in the C-O frequency [73, 94], opposite to the actual observations. Instead the effects
are proposed to arise from transfer of bromine to the Cu-sample, as shifts to higher C-O frequency have
previously been observed [85], when co-adsorbing a halogen (Cl from methyl chloride) with CO on Cu.
The transfer of presumably low levels of Br to the sample could for example occur from hydrolysis of
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Table 4: Frequencies attributed to CO on the metallic surface of supported Cu samples with and
without KBr dilution.

Sample KBr dilution [wt%) Metallic C-O frequency [cm™]
Cu/SiOq a0 2109
Cu/Si0, 0 2100
Raney Cu 50 2105
Raney Cu 0 2094
Cu/AlLO; 45 2095
CU./A1203 0 2089
Cu/TiOs 10 2075
Cu/TiO4 0 2070
Cu/ZnO 10 2068 £ 3
Cu/ZnO 0 2065 £ 3

KBr with the water formed in the prereduction as illustrated by reactions R1 and R2:

KBr + H,0 — KOH + HBr {R1}

HBr + Cu — % Hy + Br~ —Cu™ {R2}

The electronic effect from an electronegative adsorbate such as a halogen will be strongest immediately
at the metal atom where it is adsorbed [95], and the fully developed Cut sites emerging in measure-
ments on KBr diluted samples are most likely these Br—-Cu™ sites. However, the shift towards higher
frequency for the main IR band assigned to the metallic surface could indicate that the entire Cu
surface becomes more electron deficient due to the presence of the strongly electronegative adsorbates.
This observation of both stronger local effects and weaker wider ranging effects could be of signifi-
cance for catalytic properties of metal catalysts, which are often strongly affected by electronegative
adsorbates (sulfur, halogens etc.) [96-100].

The shift in the main C-O frequency on the metallic surface is of a moderate size, and on this basis
many qualitative conclusions in the literature based on KBr-diluted samples may still be valid although
absolute values will be incorrect. However, the present results illustrate that the effects of dilution
can be important — as an example Fig. 12b shows that KBr dilution can lead to very misleading
conclusions about the distribution between metallic and oxidized sites in a sample. It is therefore
advisable to regard previous studies employing KBr dilution with some caution.
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Fig. 12: IR spectra in 0.4 mbar CO at 276 K for a) Cu/ZnO and b) Cu/SiOs. The measurements are
conducted after formate decoration of the samples by COs/Hs treatment and after consecutive TPDs
in He to increasingly higher temperatures. Each background is the partly HCOO-covered sample prior
to each CO adsorption. The HCOO covered state in Fig. 10 is thus the background for the “Post
CO3/Hy” spectrum here. See Fig. S17 for a detailed view of the very weak “Post CO2/Hs” spectrum
for Cu/ZnO.
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4 Conclusion

Support effects on the Cu surface properties were investigated for Raney Cu and materials with Cu
dispersed as nanoparticles on oxide supports using infrared spectroscopy on chemisorbed CO. Since
the C-O frequency (vc.o) is sensitive to the charge on the adsorption site (vg.o higher on Cu™,
intermediate on Cu® and lower on Cu~) this method can provide information about the charging state
of the Cu surface. Raney Cu was used as a reference for the intrinsic properties of Cu and illustrates
the challenges caused by dipole coupling. The spectrum of CO on Raney Cu is fully dominated by the
contribution from CO on the (110) facets despite this being expectedly the least abundant facet on
the surface. As the dipole coupling favors the higher frequency sites such as the (110) facet, the most
intense spectral features arise from the most coupling-favored sites and not from the most abundant
types of sites.

The most intense CO band that was present in the reduced sample, but absent in the oxidized state
of the sample was taken as the main contribution from the metallic Cu surface. The frequency for
this main contribution from the metallic site varies in the following order for the investigated samples:
Cu/SiO2 > Raney Cu > Cu/AlyO3 > Cu/TiOs. Given the charge-frequency relation this implies
that the Cu surface of Cu/SiOs is more electron depleted, whereas the Cu surface is electron enriched
for Cu/TiOs. These charging effects were attributed to support dependent tendencies to donate
or withdraw electrons from the Cu surface. Adsorbed CO on Cu®? sites linked to basic oxides,
such as ZnO, may have low frequencies, which makes spectral interpretation even more difficult. For
Cu/ZnO(/Aly03) systems that are important as industrial catalysts it is thus difficult to obtain an
unambiguous assignment of the CO bands. However, the band that we tentatively assign to the
interior of the Cu surface is lower in frequency (2065-2068 cm~1) than observed on Cu single crystals,
which may also indicate an electron enrichment of the Cu surface. Experiments with co-adsorption of
HCOO and CO suggested that electron-withdrawing adsorbates can accommodate the surface charge
in the metal-adsorbate bonding. This conclusion is based on an increased va.o in CO co-adsorbed with
formate, which indicates that CO experiences a more electron-depleted surface because formate attracts
the surface charge. A COy/H; treatment to adsorb formate on Cu/ZnO largely prevented subsequent
CO adsorption on copper sites, whereas identically treated Cu/SiOs maintained a significant fraction
of its intrinsic CO adsorption. This indicates that the Cu surface of Cu/ZnO interacts more strongly
with formate adsorbates, which here resulted in a greater filling of the Cu surface. This would be
in reasonable agreement with a support-induced electron enrichment of the Cu surface that impacts
the ability to donate charge to adsorbates. Consequently, the support dependent electron donation
or withdrawal may help to regulate the interaction with adsorbates on the Cu surface and hence the
catalytic properties. The effect of sample dilution by KBr, which has been employed in many studies in
the literature, was also investigated. It is observed that KBr has a substantial impact on the spectra of
the in situ reduced samples. The presence of KBr leads to a growth in the number of fully developed
Cu™ sites and a general electron depletion of the surface (deduced from an increased vc.o for the
most intense CO band). These effects were attributed to Br~ transferred to the Cu surface yielding
Br~-Cu™ at the immediate adsorption site and a wider ranging electron depleting effect.
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Abstract

Understanding the role of support on metal-catalyzed reactions is central to the optimization of cat-
alytic materials. This support effect is especially important for the catalytic conversion of syngas to
methanol as SiOs highly impedes the rate in contrast to the strong activity promoting role of ZnO.
In-situ IR spectroscopy and kinetic analysis of supported and unsupported Cu catalysts are applied to
investigate a proposed support-regulated electron transfer mechanism to account for the support effect.
Photo-ionization of free conducting electrons in oxide structures causes IR absorbance. Reduced ZnO-
based samples contained Hy, which due to its electron-donating properties can facilitate free electrons
in reducible oxides. Free electrons can be photo-ionized by IR and lead to high IR absorbance. Contact
between ZnO and Cu promotes electron transfer to Cu to align the Fermi levels of the two materials.
Consequently, the IR absorbance declines and follows the order: Cu/ZnO < Cu/ZnO/Al;03 < ZnO.
Unlike activity beneficial ZnO, detrimental and insulating SiOs does not contain Hs or absorb IR.
Support-regulated electron transfer constitutes a mechanism that jointly explains the support effect
on the TOF and involves the entire Cu surface.

Keywords: Copper catalyst - Support effects - Formate - Methanol synthesis - IR-MS

1 Introduction

Methanol synthesis is achieved by syngas (CO2/CO/Hsy) conversion over a Cu/Zn0O/Al;05 (CZnA)
catalyst operating at 473-573 K and 50-100 bar at a large industrial scale (~85 Mtons/year in 2018
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Results and Discussion

[1]). The renewed interest of methanol relates to its dual use as a convenient sustainable fuel and
efficient liquid energy carrier of renewable energy [1-3]. Achieving a sustainable methanol society as
envisioned by Noble laureate George A. Olah [4] necessitates comprehensive optimization work, where
an understanding of the metal-support interactions is central. For methanol synthesis from COs-
containing feeds over Cu supported catalysts the productivity generally scales linearly with the total
metallic Cu surface area as reported for SiOy [5-7] (except for a substantially lower activity in very
small nanoparticles [8, 9]) and ZnO-based catalysts [10-13], which strongly suggests that the reaction
is distributed on the metallic surface. Accordingly, a proposed support effect mechanism must impact
the entire metal surface.

2 Results and Discussion

Fig. la shows the turnover frequency (TOF, here rate per Cu surface atom) at high temperature and
pressure characteristic of industrial operation for Raney Cu (which is a good representation of the
intrinsic properties of Cu) [14] and for Cu supported on SiOg and ZnO(/AlzO3). The figure illustrates
the importance of the support, as ZnO exerts a strong beneficial effect, whereas SiO exerts a significant
detrimental effect. Extended data Fig. E3 verifies the detrimental effect of SiO5 by confirming that
the present Cu/SiO9 sample is characteristic of such materials in the literature and by showing a direct
comparison between Cu/SiO5 and systems such as unsupported Cu and Raney Cu that illustrate the
intrinsic properties of Cu.

Samples including pure supports (ZnO and SiO3) and Cu-based catalysts (Cu/ZnO(/AlzO3) and
Cu/Si05) were treated with hydrogen up to 523 K before flushing with this temperature. Trapped
hydrogen gets incorporated into the ZnO bulk [15], whereas hydrogen on the surfaces of ZnO [15]
and Cu [16] desorb below the flushing temperature (523 K). Pre-treating ZnO with hydrogen creates
strong absorbance across the entire mid-IR range as shown by the raw spectra in extended data
El and by the average absorbance (650-4000 cm~!) in Fig. 1b. This absorbance increases with
the severity of the hydrogen treatment which can be attributed to intraband transitions among free
electrons in the ZnO conduction band (Fig. 1c), that enable the absorbance of a continuum of IR
frequencies [17-19]. Absorbed hydrogen in the ZnO bulk acts as an electron donor, and the free charge
carriers in the conduction band arise from thermal excitation of electrons in these hydrogen donor-
levels (Fig. 1c). Remarkably, Fig 1b shows that the Cu/ZnO(/Al;O3) systems exhibit lower degree
of IR absorbance after the hydrogen treatment, even though a temperature programmed desorption
(TPD) of the hydrogen pre-treated samples shows that the amount of hydrogen in the ZnO bulk (the
desorption peak at 573 K) is substantially higher for the Cu/ZnO(/Al2Os3) systems (Fig. 1d) possibly
due to hydrogen spillover from Cu. The lower absorbance for Cu/ZnO(/Al;O3) systems despite their
greater concentration of ZnO bulk hydrogen to serve as electron donors is rationalized by electrons
being transferred to the Cu metal instead of residing in ZnO conduction band (Fig. 1c). These results
illustrate that charge is transferred from a beneficial support (ZnO) to the Cu metal. This observation
of electron donation can help to rationalise the experimental indications [20-23] of an electron-enriched
metal surface of particles dispersed on ZnO. In the classical limit, charge transferred to a conductor
will be distributed across the external surface and as theoretical calculations [24] show this behaviour
emerges already in very small clusters. Thus the > 5 nm metal particles in industrial catalysts
should be reasonably represented by the classical limit [25]. Hence, this electron donation offers a
mechanism whereby the support impacts the metal surface in its entirety as indicated by simultaneous
dispersion independence (> ca. 5 nm) and support dependence of the catalytic properties in Cu-
catalysed methanol synthesis. The IR measurements in Fig. 1b do not suggest any charge donating
effect from insulating SiOs. By contrast prior IR measurements [20] suggest an electron-deficient Cu
surface on Cu/SiOq attributable to the electron-withdrawing effect of Cu-O-Si linkages to the support.
Hence, there is a correlation between the methanol synthesis activity and the support induced charge
enrichment/depletion of the Cu surface.

It is also evident from prior IR spectroscopy studies [20] that the charge in the Cu surface is donated to
the electron-withdrawing formate adsorbates on Cu, whose conversion are the expected rate limiting
step in methanol synthesis [26-28]. A charge enriched Cu surface (as on a ZnO support) may thus have
a positive effect on the methanol synthesis by either raising the population of electron-withdrawing
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Fig. 1| Mechanism behind the support effect. a Turnover frequencies for methanol synthesis
over Raney Cu, which is a good approximation to the intrinsic properties of Cu [14] and over Cu
supported on ZnO and SiOs-based supports (CO2/CO/Hy = 3/29/68, T = 523 K, P = 50 bar) b
Average mid-IR (650-4000 cm ') absorbance of catalysts and supports in He at 298 K after treatments
in Ho containing gas at 523 K, 1 atm. The background is the same sample in He after pre-reduction
in 5% Hs at 448 K, 1 atm. Raw spectra in Extended data Fig. E1. ¢ Energy diagram illustrating the
intraband transitions leading to mid-IR absorption in H-containing ZnO in the right panel and the
electronic transitions from ZnO to Cu that diminishes this absorbance in Cu/ZnO systems shown in
the left panel. d Hy evolution during temperature programmed desorption in flowing He (45 NmL/min,
2 K/min heating) for ZnO-based samples pretreated with 1 atm Hs at 523 K followed by flushing in
He at 523 K. Raw data in Extended data Fig. E2.

formate intermediates or by raising the filling of the 7-orbitals in formate that are antibonding for the
formate C-O bond that needs to be ruptured in the rate limiting conversion to methanol. For formate
adsorbed on Cu these antibonding orbitals are located slightly above the Fermi level and receive only
marginal filling [29, 30] as also evident from formate’s near exclusive tendency to desorb as COq
without rupture of the C-O bonds in temperature programmed desorption. Hence, any increased
filling of these orbitals from a more charge enriched surface would benefit the methanol formation. A
charge depleted Cu surface (as on a SiO2 support) will oppositely have a detrimental impact on these
properties. Extended data Fig. E4 shows an analysis of the formate coverage on Cu for supported
catalysts at the conditions of Fig. 1a established using the quenching method presented elsewhere [14].
Although the results show a moderately increased formate coverage on Cu for Cu/ZnO compared to
Raney Cu, which can account for a smaller part of the beneficial support effect, the coverages on Raney
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Cu and Cu/SiO; are very similar despite a major difference in turnover frequency. Consequently, the
regulation of the formate population size on the Cu surface is not the primary impact of the support
on the catalytic activity.

Fig. 2 shows the methanol formation during temperature programmed hydrogenation of formate
deposited from HCOOH on pre-reduced Cu-samples. As also observed by others [31] Cu/SiO> is nearly
unable to convert formate into methanol in agreement with the low rate of the steady state reaction
(Fig. la). By contrast the ability to hydrogenate formate into methanol is considerably greater for
Raney Cu and especially for Cu/ZnO/Al;O3 in agreement with the order of the steady state reaction
rates. Hence, Fig. 2 shows that the major impact of the support effect is on the ability to perform
the rate limiting formate hydrogenation, which correlates directly to the charge enrichment/depletion
state of the Cu surface as expected from the changes to the occupancy of the antibonding orbitals in
formate.
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Fig. 2| Support dependence in the ability to hydrogenate HCOO into methanol. The MS
signals for COy (m/z = 44, left y-axis marked by dashed lines) and CH;OH (m/z = 31, right y-axis
marked by solid lines) during temperature programmed hydrogenation (2 K/min ramp in 50 Nml/min
Hs) for Raney Cu, Cu/ZnO/Al;03, and Cu/SiO5. The signals are normalized to the Cu surface area
and blank test corrected. The formate is adsorbed by injecting 1 pl of liquid HCOOH into a He stream
passing over the pre-reduced sample at 313 K. Extended data Fig. E5 verifies that the non-appearance
of methanol for Cu/SiO4 is not due to re-adsorption effects.
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3 Conclusion

In conclusion, the presented results strongly suggest that electron transfer between Cu and support
regulates the conversion of formate to methanol, which readily accounts for the observed variation
in TOF for Cu supported catalysts. Improved understanding of the support effect provides tools to
optimize metal-support catalysts further and can promote sustainable methanol production.
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Abstract

Future energy storage could be distributed at local plants and involve production of methanol from
reaction of sustainably derived hydrogen with CO or COs from locally available carbon sources. Such
decentralized production would benefit from milder operating conditions than found in the current
large-scale industrial process. We propose that a route via CO hydrogenation deserves consideration
for this purpose, as it will be free of water, which is unavoidable from COs-containing gas and strongly
inhibiting to the methanol synthesis at lower temperatures. On pure Cu the rate of methanol synthesis
from CO is an order of magnitude lower than the rate from COs, but active CO hydrogenation
catalysts can emerge from a bifunctional mechanism in catalysts that combine copper with a basic
oxide. Mechanistic studies are consistent with the bifunctional Cu/support synergy arising from a
mechanism, where basic oxide sites activate CO as formates at the metal/oxide interface followed by
metal assisted hydrogenation of the interfacial formates. Active catalysts for CO hydrogenation are
strongly inhibited by COq, which forms carbonates that block the basic oxide sites and thereby prevent
the synergistic pathway from CO.
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1 Introduction

Methanol synthesis from syngas (CO/CO3/H3) at 500-600 K and 5-10 MPa over Cu/Zn0O/Al,O3 cat-
alysts is a major industrial process [1]. However, future uses of the reaction to store renewable energy
in the form of methanol [2] could involve a decentralized production of methanol, where milder reaction
conditions would be especially beneficial. While there is a major research focus on COy hydrogenation
[1, 3-5], the synthesis of methanol from CO/Hs should not be neglected in the search for improved
low-temperature systems. An advantage of the route from CO/Hj is that the atmosphere will be free
of water, which is unavoidable from COs-containing gas and strongly inhibiting to the methanol syn-
thesis — especially at lower temperatures [6-9]. At lower temperatures (<473 K) a few kPa of water
partial pressure is sufficient to eliminate the majority of the activity for Cu-based methanol synthesis
catalysts [6, 7]. As HyO adsorption isotherms on Cu [10] or Cu/Zn0O/Al;O3 [10-12] also suggest that
a high coverage is reached at HoO pressures of a few kPa the inhibition can largely be attributed to
competitive adsorption (illustrated in supplementary information, Figs. S1 & S2). This is likely to be
one of the factors that confine the industrial process to higher (>500 K) temperatures. Consequently,
from COs it could be difficult to reach a high yield with a high reaction rate at lower temperatures due
to inhibition from the co-produced water. Future energy storage could involve synthesis of methanol
from sustainably derived hydrogen and CO; from locally available point sources. The inhibition by
water means that it is difficult to achieve a high methanol yield directly from a COs/Hy feed, but
there are process concepts [13, 14] where the CO2/Hs feed is first partially shifted to CO/COgz/Hs
(and formed water is removed) and then converted to methanol. This allows methanol synthesis with
the conventional catalyst, as the CO in the syngas can help to remove water formed during methanol
synthesis by the shift reaction. However, these concepts are still limited to the harsher synthesis con-
ditions (500-600 K, 5-10 MPa) of the current industrial process. When seeking a process for synthesis
of methanol at milder conditions it is worth considering a process, where the COy is fully converted
to CO (e.g. by water—gas shift or electrolysis) followed by methanol synthesis from CO/Hy. The
pathway from CO/Hy will both have a more favorable equilibrium [15] and as water is not formed
from CO/H; the reaction will be free of water inhibition. Both of these factors could lead to improved
low-temperature performance, and some Cu-based catalysts are able to achieve considerable methanol
synthesis rates from CO/Hjy at lower temperatures [16, 17].

These considerations imply that it is of potential importance to elucidate the active sites and mech-
anism for CO hydrogenation on Cu-based catalysts. Additionally, the CO hydrogenation can offer
fundamental insights into support effects, as single crystal studies [15, 18] suggest that Cu itself has
little or no activity for CO hydrogenation, whereas supported Cu catalysts can exhibit catalytic ac-
tivity with a strong support effect [19]. Here we seek to elucidate the reaction mechanism and the
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support effect.

2 Methods

Here Cu/MgO (20 wt%), Cu/ZnO/Al;,03 (56 wt%), Cu/Al;03 (50 wt%), unsupported Cu and Cu/C
(15 wt%) were all prepared by precipitation methods (nominal Cu loading in parentheses). Cu-MOR
was prepared by ion-exchanging Cu into mordenite, and Cu/SiOs (20 wt%) and MgO/C were prepared
by incipient wetness impregnation. Raney Cu was acquired from Strem Chemicals. Catalytic tests
were conducted using two different high-pressure setups. One of these is described elsewhere [20] and
the other is described in detail in the supporting information. CO chemisorption, temperature pro-
grammed reactions (TPR) on model systems and Cu surface area measurements by NoO uptake with
the reactive frontal chromatography method [21] were performed with a Quantachrome Autosorb iQs
setup. Combined TPR and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was
conducted in a Harrick Scientific domed reaction chamber and Praying Mantis DRIFTS unit. This
was done with a Nicolet iS50 FTIR Spectrometer with a liquid-No cooled MCT detector. X-ray pho-
toelectron spectroscopy (XPS) analyses were performed with a monochromatic and micro-focused Al
K-Alpha source equipped with a 180° double focusing hemispherical analyzer with a Thermo Scientific
128-channel detector. Further experimental details are provided in the supporting information.

3 Results and Discussion

Figure 1 illustrates that in high pressure methanol synthesis the CO hydrogenation is around an order
of magnitude slower than CO4 hydrogenation for unsupported Cu, Raney Cu and Cu-rich Cu/Al;Os.
These samples are all expected to approximate the intrinsic properties of Cu. This is in good agreement
with the negligible CO hydrogenation rate observed in Cu single crystal studies performed at low
pressure [15, 18]. Ex situ XPS analyses on the fresh and spent unsupported Cu showed that the
surface only contained Cu (and O due to the ex situ analysis) and showed that no Ni or Fe deposition
from carbonyls occurred (see supplementary information).
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Fig. 1: The relative methanol production rates from CO/Hy (blue) and COy/Hy (white) over unsup-
ported Cu, Cu-rich (50 wt% Cu) Cu/Al;O3, Raney Cu as well as Cu/Zn0O/AlzO3 and Cu/MgO. The
methanol production in the most reactive atmosphere is assigned as 100 for each sample. Reaction
conditions: 5 MPa, HoCOy/inert = 68/3/29, and 523 K (498 K for unsupported Cu due to poor ther-
mal stability). Details on absolute productivity levels are provided in supporting information Figs.

53-87.

For Cu-catalyzed methanol synthesis by CO5 hydrogenation there is a strong support effect [22, 23],
but there is generally also a linear correlation between activity and metallic Cu surface area [24-26],
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which indicates that the reaction occurs on the metallic surface. However, this (Fig. S8 and other
studies [24, 27] observe no such correlation for CO hydrogenation in good agreement with the limited
ability of the metallic Cu surface to form methanol from CO (Fig. 1). Some theoretically hypothesized
mechanisms [28-30] suggest a faster pathway from CO compared to CO5 on Cu, but both high pressure
(Fig. 1) and low pressure [15, 18] studies contradict this view, and this emphasizes the continued
need for theoretical studies of methanol synthesis reactions. Figure 1 also illustrates the role of the
support in achieving CO hydrogenation activity. The industry-type catalyst Cu/ZnO/AlyO5 shows
the same preference for CO2 as Cu itself. However, the relative rates of the CO and COs pathways
are completely inverted for Cu on an MgO support. At the conditions of Fig. 1 the TOF (relative to
the number of Cu surface atoms) in COq/Hy is at a relatively similar level of 0.014 s=1 for Cu/MgO,
0.022 s~ for Cu/Al,O3 and 0.0078 s~! for Raney Cu. So it seems clear that the great preference for
the CO-pathway on Cu/MgO is due to a much faster CO-pathway rather than due to an inhibition
of the COz-pathway. Figure 2 shows that this CO hydrogenation activity in Cu/MgO emerges from
a Cu/oxide synergy. Co-precipitated Cu/MgO is of high activity for CO hydrogenation, and whereas
Cu/C and MgO/C are of negligible activity, MgO/Cu/C prepared by impregnating Mg(HCOO)s onto
the essentially inactive Cu/C catalyst shows a clear improvement in activity. This illustrates that the
activity emerging in the Cu/MgO combination is the result of a synergy between two components (Cu
and MgO) of low individual activity for CO hydrogenation.
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Fig. 2: Methanol synthesis rate in CO hydrogenation as a function of time on stream for various
supported Cu catalysts. Reaction conditions: T = 523 K, P = 5 MPa, flow = 300 NmL/min, 0.5 g
cat., Hy/CO = 67/33.

Previous studies [31-33] have established a correlation between Cut-type surface sites and methanol
synthesis activity from CO/Hy. On metallic Cu, CO desorbs at subambient temperatures, and stable
chemisorption at ambient temperature is only achieved on Cu™-type sites, where CO is more strongly
bound [34, 35]. CO chemisorption at 303 K and subsequent TPD shows that with the exception of
Cu/C all the catalysts investigated in Fig. 2 have Cu*-type sites ascribed to bridging “Cu®+-O-
support” sites at the metal/oxide interface (Table S1 and Fig. S9). The CO chemisorption capacities
of Cu/MgO (143pumol/g.,, ) and MgO/Cu/C (25pmol/g.,, ) suggest that a major reason for the
difference in activity between the two Cu-MgO systems (Fig. 2) is the number of these interfacial
Cu®t-O-Mg sites, which indicates that a key to making active CO hydrogenation catalysts is to
maximize the number of interfacial sites. However, a material such as Cu/SiO2 has a relatively high
Cu®*/CuO ratio in the surface (Table S1), but only a modest activity (Fig. S7), and an ion-exchanged
Cu-mordenite sample (Cu-MOR) prepared specifically as a Cu™ model system is completely without
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activity (Fig. 2) despite a large number of the CO adsorption sites attributable to Cu™ species (Table
S1 and Fig. S9). Consequently, Cu* sites are most likely not an exclusive requirement for activity.
It is therefore not only the extent of the metal/oxide interface that is important, but also the nature
of the interfacial sites. The importance of the sites at the metal/oxide interface most likely arises,
as it is here that the two elements of a bi-functional mechanism come together. The argument for
the existence of a bifunctional mechanism comes from the results in Fig. 3. Figure 3a shows that
Cu/MgO exposed to CO/Hy at 523 K exhibits infrared bands characteristic of formate (1340, 1625,
2847 and 2925 cm~1) [36] and methoxide (1086, 2600 and 2810 cm~!) [37] on the MgO. The formation
of formate (HCOO) by reaction of CO with basic OH species is a well established reaction on oxide
surfaces [38, 39], and the oxide can thereby activate CO as formate.
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Fig. 3: a FTIR spectra of Cu/MgO at 523 K and atmospheric pressure in flowing CO/H, (full line) or
CO2/CO/H; (dotted line) with indications of formate (F), methoxide (M) and carbonate/bicarbonate
(C). Conditions: CO/Hz/inert = 3/68/29, CO2/CO/Hy/inert = 1.5/1.5/68/29. b Methanol (m/z =
31) MS intensity as a function of temperature during TPH of the Cu/MgO catalyst after the exposure
to CO/Hy or CO3/CO/Hy at 523 K and atm. pressure (and cooling in this gas). Numbers indicate
the positions of the spectra in (d). Conditions: 2 K/min, 50 NmL/min Hy flow, 10 mg catalyst.
¢ Normalized methanol (m/z = 31) MS intensity as a function of temperature comparing CO/H,
treated Cu/MgO to Mg(HCOO)2-2H50 impregnated to 5 wt% Mg on pre-reduced and passivated 20
wt% Cu/SiOy. Ramp in both cases: 2 K/min, 50 NmL/min Hy and 10 mg catalyst for Cu/MgO, 30
NmL/min Hy and 0.5 g catalyst for Mg(HCOQ)5/Cu/SiO,. d FTIR spectra at points 1-4 along the
TPH experiments in (b). The arrows mark 1360 cm~! and 2834 cm~!.

We propose that the facile CO hydrogenation on materials such as Cu/MgO proceeds via formate
(HCOO) created from insertion of CO into a basic OH group from the oxide as illustrated in Fig. 4.
This mechanism will take place at the interface between metal and oxide.

There are several arguments for a mechanism via formate. Figure 3b shows that temperature pro-
grammed hydrogenation (TPH) of the surface species on Cu/MgO after exposure to CO/Hz leads
to methanol production in two peaks centered at 423 K and 523 K. Figure 3c shows that a model
system, where magnesium formate was impregnated onto pre-reduced (and passivated) Cu/SiO2 and
then subjected to TPH, produced methanol at the same two temperatures. This would be consistent
with the methanol-forming intermediates from CO/Hs being formate species. Figure 3b and d shows
that the 423 K methanol formation peak coincides with the disappearance of a species with IR bands
(1360 cm~! and 2834 cm™1!) typical [40, 41] of H-C and symmetric O—C-O stretches in bidentate
formate. This suggests that such a formate is the origin of the most facile methanol formation at
423 K. Efficient CO hydrogenation catalysts such as Cu/MgO (Fig. 2) and Cu/CeOs [16, 17] include
oxides that efficiently produce formate from CO+OH reactions (see Fig. 3a for MgO and Li et al. [42]
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for CeO3). A reliance on basic OH groups explains why the supports/promoters providing higher CO
hydrogenation activity, such as MgO and ZnO (Fig. 2), alkali oxides [43] and rare earth oxides [16, 17]
all are of a basic character [44, 45]. Additionally, previous C!¢0/C'80 isotope labeling studies [46]
with NagO-Pd/SiO5 have shown than in such systems combining a metal with a basic oxide the C-O
bond in methanol is scrambled compared to the CO reactant. This is consistent with a mechanism via
the two-oxygen formate intermediate, where either oxygen can end in the product molecule.
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Fig. 4: The proposed oxide assisted mechanism for methanol syn-thesis via formate and methoxide.
Here X can represent both Cu or Mg with X = Cu implying a bridging formate across the Cu/oxide
interface. The scheme also illustrates the deactivating effect of CO5. Although illustrated for MgO
other oxides with basic sites should perform similarly.

An alternative pathway via the mono-oxygenated inter-mediates formyl (HCO), formaldehyde (HoCO)
and meth-oxide (CH30) is the basis of several [4, 28-30] proposed mechanisms for CO hydrogenation.
For unsupported Cu such a mechanism seems like the only option, since there is no oxide support to
facilitate the creation of a two-oxygen species. That unsupported Cu does have a low, but non-zero
formation of methanol from CO (Fig. 1) suggests that such a direct mechanism exists. However, for an
efficient CO hydrogenation catalyst like Cu/MgO it is formate-type IR bands (assigned to interfacial
species) that correlate to methanol formation in Fig. 3d, whereas a characteristic IR band of formyl
(26602680 cm 1) [47] was absent in the methanol forming situations in Fig. 3d. While the present
results therefore offer support to the intermediate role of interfacial formate species there is nothing
to suggest an important role of formyl for an active catalyst such as Cu/MgO. The Cu/MgO catalyst
exposed to CO/Hs produces methanol in two peaks during TPH (Fig. 3b). Figure 3d suggests that
the 423 K methanol formation coincides with a species having IR bands characteristic of formate (1360
ecm~! and 2834 cm™!). These bands are different from those of formate entirely on MgO [36], but Fig.
3d shows that this species is formed from CO implying a role of surface OH from the oxide. Figure
3d also shows that this species is not formed from CO5/CO/Hs. This counts against it being formate
entirely on the metallic surface, where it is well established that formate is produced from CO; to
H, [48]. Consequently, the species forming methanol at 423 K, which does not appear to be entirely
on either metal or oxide, is attributed to formate at the metal/oxide interface, possibly a bridging
formate across the interface. This species is assigned as the primary reaction intermediate, as it can
form methanol at a relatively lower temperature. A pathway to methanol via interfacial formates is
supported by studies [49-51] of Cu on ZrO;. The higher temperature (523 K) methanol formation
coincides with the general disappearance of formates and methoxides entirely on the MgO (Figs. S10
and S11) and is thus assigned to the less facile conversion of such species entirely on the oxide.

Contrary to the behavior of Cu itself (Fig. 1) both this (Fig. S12) and other studies [19, 29, 52]
observe that catalysts with a high activity from CO/Ha, such as Cu/MgO, are strongly inhibited
by COs. The inhibition is largely reversible upon removal of COy (Fig. S6). Figure 3a shows that
when Cu/MgO is exposed to CO3/CO/Hy IR bands characteristic of carbonates and bicarbonates
appear. An experiment, where Cu/MgO was exposed to COq alone to produce carbonates (Fig. S13),
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clearly illustrates that carbonates contribute to the bands at 858, 1078, 1340 and 1630 cm ™! in good
agreement with the literature [53, 54]. The band at 1254 cm™! occurring in CO5/CO/Hy is most
likely carbonate in a particular configuration bridging two metal atoms/ions [54], but this species is
only formed by CO2/CO/Hs and not by COs alone (Fig. S13) — possibly because it is a bicarbonate
species. The Cu/MgO catalyst exposed to CO5/CO/Hz produces considerably less methanol in the
subsequent TPH, which suggests that inhibition is due to a blocking effect of the carbonates that
displaces the methanol forming intermediates. Most importantly, the absence of the 423 K methanol
formation (Fig. 3b) and the 1360 and 2834 cm™! IR bands (Fig. 3d) shows that the more reactive
species assigned as interfacial formates are completely displaced in conjunction with the carbonate
formation. This can explain the inhibiting effect of CO5. In the presence of COs the basic oxide sites
that are necessary for the bifunctional synergy are blocked as inactive carbonates (as indicated in Fig.
4), and the formation of the mechanistically important interfacial formates relying on basic OH groups
is prevented. The inhibiting effect of CO2 on a bifunctional pathway from CO might not be limited to
the highly basic oxide supports such as MgQO. It is possible that such a CO-pathway is also inhibited
on less basic oxides, when COs is present. It only appears to be the bifunctional pathway from CO
that is inhibited by COs. In the presence of CO5 the methanol formation rate suggests that Cu metal
surface produces methanol from the COz with its expected rate (Table S2).

Whereas formate species at the metal/oxide interface are assigned as the key intermediates in the CO
hydrogenation the formate and methoxide species entirely on the MgO are only expected to play a
limited role in the methanol synthesis, perhaps that of complete spectators. Firstly, these species are
only converted at higher temperatures during TPH (Figs. S10 and S11). Secondly, the IR bands of
formate on MgO are not strongly affected by the presence of COy (Fig. 3a), which affects productivity
significantly. The interfacial formates are more reactive, but also less stable and more easily displaced
by carbonates (Fig. 3d), whereas the majority of formates entirely on the MgO are more stable and less
reactive and therefore not displaced by carbonates (Fig. 3a.). Consequently, the methanol formation is
assigned to formate species specifically at the metal/oxide interface that are displaced by carbonates in
the presence of COs. It is thus likely that formate is both a spectator on the oxide surface further away
from the metal particles and an actual intermediate on interfacial sites. The IR bands of methoxide on
MgO drop significantly in the presence of CO2 (Fig. 3a.). This is most likely because water is produced
from the COs-containing gas. The removal of methoxide on an oxide by hydrolysis with water is far
more facile than hydrogenation [55]. The methoxide on MgO is most likely formed, when produced
methanol is re-adsorbed on the oxide, and the combination of the slower methanol production in the
presence of CO5 and the faster removal of methoxide by hydrolysis can explain the lower methoxide
coverage in the COs-containing gas. While it cannot be fully excluded that methoxide on the MgO
can play a mechanistically important role under some conditions its disappearance in the presence of
CO; may just result from the presence of water that hydrolyzes the methoxide species.

The present results clearly show that the CO hydrogenation to methanol relies on a metal/oxide synergy
and suggest that one pathway to methanol is the activation of CO as formate by the oxide followed
by a metal-assisted hydrogenation of formate into methanol. The presence of COs interrupts the
bifunctional synergy, as the necessary basic oxide sites are blocked as carbonates. Although developed
here with Cu/MgO the present mechanistic conclusions are expected to be valid also for other catalyst
systems. As an example another system with high activity from CO/Hy is Cu/CeOs [16, 17], where
the oxide is also able to activate CO as formate [42], and where the presence of CO5 also inhibits the
methanol synthesis and leads to carbonate formation [52, 56]. Similarly, Pd-based catalysts for CO
hydrogenation generally exhibit the same support and promoter effect where basic oxides are beneficial
(19, 46].

4 Conclusion

In conclusion, we propose that it is worth considering methanol synthesis from CO/Hs in the search
for methanol synthesis at milder conditions. The pathway from CO/H; has a more favorable equi-
librium and is free of co-produced water, which is strongly inhibiting to methanol synthesis at lower
temperatures. Both factors could be advantageous for low temperature operation. The present results
show that active CO hydrogenation catalysts such as Cu/MgO emerge from a synergy between metal
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and oxide, which is attributed to a bifunctional mechanism focused at the metal/support interface.
The mechanistic investigations are consistent with interfacial formates, produced by reaction of CO
with basic OH groups from the oxide surface, as the important reaction intermediates. Active CO
hydrogenation catalysts are strongly inhibited by COs and the results suggest that this occurs because
CO;, forms carbonates at the basic oxide and thereby blocks the oxide sites that enable the bifunctional
pathway. The results suggest that the key to making active CO hydrogenation catalysts is to engineer
system that maximize the number of interfacial sites, where Cu and basic oxide sites come together
while ensuring the absence of species such as COg that can block the oxide sites. The combination
of optimally engineered catalysts and the water free conditions of CO hydrogenation could lead to
improved low temperature performance in methanol synthesis and pave the way for remote and small
scale methanol-based energy storage facilities.
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Chapter 9

Conclusions

Sustainable alternatives to scarce fossil resources must be developed to mitigate climate change and
reduce pollution. Renewable generated energy can replace fossil fuels in the energy sector but feasible
substitution of fossil fuels in the transportation and chemical sectors and efficient storage of renewable
energy remain unsolved challenges. Liquid chemicals including methanol feature high energy den-
sities and long term stability with methanol also being a key chemical feedstock and applicable as
a transportation fuel. Cu/ZnO/Al;O3 synthesizes fossil-derived syngas (CO/COz/Hz) to industrial
methanol. An alternative route involves reacting Hs from water-splitting powered by renewable en-
ergy with industrially captured COs to synthesise sustainable methanol that conveniently stores excess
renewable energy. Realizing a methanol based society requires massive methanol capacity expansion
and this calls for upgraded methanol catalysts to minimize cost. Such optimization work necessitates
fundamental insight into the reaction, which is imperfectly understood. Cu constitutes the active
metal but the mechanism governing the profound support effect on activity, the reaction mechanism
and role of reaction conditions are subject to debate and constitute the primary areas of this thesis.
Establishing the reaction mechanism includes identifying the main carbon source to methanol among
the candidates CO and COs;. Comprehensive scientific evidence shows that COs is the main car-
bon source for Cu/ZnO-based catalysts but the dominant source over pure Cu is disputed. Syngas
switching experiments in CO/Hj, CO3/Hy and CO2/CO/Hz at working conditions (523 K, 50 bar) are
designed to determine the prevalent carbon source over pure Cu. Methanol synthesis over ZnO-free
Cu supported catalysts occurs primarily through COs though Cu interacting with special supports
such as the basic MgO can feature bifunctional metal-support synergy effects resulting in high CO
hydrogenation activity. Direct CO4 hydrogenation to methanol prevails at low conversion but an auto-
catalytic reaction promoted by methanol-assisted methyl-formate hydrogenation results in a net rate
gain that could explain the observed accelerated rate with higher conversion. This indirect mechanism
is especially pronounced for the conventional Cu/Zn0O/Al;O3 catalyst though Cu/SiOs also benefits
from an autocatalytic pathway but yielding orders of magnitude lower activity.

Concerning the direct CO4 route to methanol, the role of formate as a key reaction intermediate is
substantiated by methanol production during TPH of formate pre-covered catalysts dosed with formic
acid. The efficacy of the autocatalytic mechanism is also closely related to the formate population level
as the indirect route occurs by reacting methanol and formate to methyl formate that subsequently
hydrogenates to methanol.

Estimating the surface coverage of reaction intermediates is of high importance in calculating catalytic
rate expressions. Quantitative estimates of the surface coverage of the working (CO2/CO/Ha, 523
K, 50 bar) catalysts is for the first time obtainable by applying a newly developed and reproducible
method. At working conditions, the catalyst is rapidly quenched in the syngas and subsequently heated
(TPD) and the evolved CO4y at temperatures characteristic of Cu-HCOO desorption is integrated to
determine the formate population level. Quantitative estimates of adsorbate coverages can be compiled
to a bench-marking catalogue highly applicable for improving kinetic modelling studies.

Operating at different conversion regimes entails changes to the ideal COyx/Hs composition. Higher
CO; partial pressure promotes the methanol activity at low conversion while CO acts as a weak but
unambiguous surface inhibitor. Shifting to higher conversion regimes enhances the concentrations
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of methanol with potential for an autocatalytic pathway and strongly surface inhibiting water. CO
effectively scavenges water and acts beneficial and maintains high activity yielding ~ 10% COy and ~
90% CO as the optimal COy fraction at high conversion.

Supports provide structural support for dispersed Cu particles and facilitate high Cu surface area but
also profoundly impact the methanol TOF. Kinetic studies (CO2/CO/Hs, 523 K, 50 bar) of Cu sup-
ported catalysts show the following TOF order: Cu/SiOs < Cu/AlyO3 < Cu/ZnO-based catalysts in
agreement with literature studies. Numerous mechanisms have been proposed but they are insufficient
in describing a mechanism governing the support effect. Activity of Cu particles is generally size-
independent but decreases for particles below 5-8 nm, which conflicts with suggested active interfacial
metal-support sites whose concentrations rise with smaller particles. Interfacial Cu-Zn surface sites
promoted by Zn incorporating into the Cu surface facilitated by reducing atmosphere is proposed as
active centers. This mechanism is investigated by exposing mildly reduced Cu/Zn0O/Al;O3 to prevent
ZnO reduction to firstly a relative oxidizing (CO2/Hz) and secondly to a reducing (CO2/CO/H;) gas
composition. Addition of reducing CO is detrimental to the activity at both 1 and 20 bar and signifies
that Cu-Zn surface sites are not of high importance for the Cu/ZnO synergy effect. Unraveling the
mechanism of the support effect is critical to explain its order of magnitude regulation of the TOF and
can provide tools for developing highly active catalysts producing sustainable methanol even at mild
reaction conditions.

IR spectroscopy of chemisorbed CO, which is sensitive to the adsorbate site including its charge,
shows that vo.o is regulated by the support. Cu/SiOs features a vc.o corresponding to oxidized
Cu (Cu’*) with reduced electron concentration while vc.o on Cu/ZnO is low owing to electron-rich
Cu (Cu®"). Co-adsorption of electron-withdrawing formate on Cu/ZnO and Cu/SiO modifies the
CO spectra and indicates that electron-rich Cu can sustain a higher formate population level than
electron-deficient. Further insight into the implications of support-regulated Cu surface charging is
provided by IR spectra in inert gas after intermediate and harsh reductive treatment of ZnO-based
samples, which all feature IR transparency loss following the order: Cu/ZnO < Cu/Zn0O/Al,05 <
Zn0O. Hy desorption upon TPD of all harshly ZnO-based samples verifies the presence of trapped Hs
and its associated donated electrons in the ZnO-based samples. Photo-ionization of conducting band
electrons constitute a mechanism producing high IR absorbance for ZnO. Contact to Cu (Cu/ZnO)
promotes electron transfer to Cu to align the Fermi levels of Cu and ZnO resulting in low IR absorbance
for Cu/ZnO. Alumina (Cu/Zn0O/Al;O3) dispersion reduced the Cu-ZnO perimeter and impedes the
electron flow yielding medium absorbance level. Comparable studies on non-reducible and insulating
SiO5 show absence of trapped Hy and no absorbance loss in accordance with the ability of reducible
oxides to sustain electron that can transfer to a metal upon contact.

Comparing the IR results of supports yielding Cu®t and Cu’~ with the kinetic studies demonstrates
that high TOF is associated with Cu’~ and oppositely Cu®t yields low TOF. Support-regulated
formate coverage and formate conversion rate can potentially account for the support effect on activity.
Formate coverage estimates during industrially relevant methanol synthesis (CO5/CO/Hs, 523 K, 50
bar) of Cu/SiO2, Raney Cu and Cu/ZnO are based on the reproducible quantitative method. IR
spectroscopy is employed to specify the adsorbate desorption temperatures (especially Cu-HCOO)
during TPD on post reaction (methanol synthesis) and cooled catalysts. Applying the identified
desorption temperatures provides guidance to solely integrate desorbed COs related to Cu-HCOO
desorption. The formate coverages are 0.060 ML (Cu/SiO5), 0.071 ML (Raney Cu) and 0.267 ML
(Cu/ZnO) while the TOF values are 1.48-1073 s71 (Cu/SiOg), 6.22:1072 s~! (Raney Cu) and 3.61-102
s7! (Cu/Zn0O). On this basis, the ~ 4 fold TOF increase for Raney Cu compared to Cu/SiOs cannot
exclusively be explained by impeded formate coverage on Cu/SiOy. Instead TPH of formate-covered
Raney Cu and Cu/SiOy shows facile hydrogenation to methanol on Raney Cu but slow on Cu/SiO4
thus the detrimental effect of SiO5 is mainly attributed to impeded formate conversion. However,
supports may regulate the formate population level on Cu as evident for Cu/ZnO in comparison
to Raney Cu. Kinetic studies show that supports are able to regulate the formate conversion rate
(Cu/Si03) and the formate coverage (Cu/ZnO) with potential consequences for the activity.
Industrial methanol synthesis over Cu/ZnO/Al;O3 is based on COs hydrogenation and this path-
way permeates the dominate part of this work but Cu/MgO yields high CO hydrogenation activity.
Methanol synthesis from CO hydrogenation in absence of CO5 and inhibiting water is thermodynamic
favorable for decentralized methanol plants integrated with renewable energy production and operated
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at milder conditions. Cu dispersion on basic supports yields high CO/Hz activity (Cu/MgO) and
provides guidance for optimally designed low temperature methanol catalysts.

This thesis contributes with new insight into the strong support effect governing catalytic methanol
synthesis as current models are inadequate in accounting for the role of support. Comprehensive anal-
ysis of Cu supported catalysts showed that electron transfer regulated by the support can account
for the role of support. Acquired knowledge provides a framework for optimizing methanol catalysts,
which is paramount for instituting sustainable methanol synthesis on a global scale. High CO hydro-
genation rate over Cu/MgO owing to a bifunctional metal-support synergy effect made Cu/MgO an
intriguing candidate as a low temperature methanol catalyst. Such catalysts can facilitate a preva-
lence of methanol plants working in synergy with renewable energy production to conveniently store
renewable energy in the form of sustainable methanol.
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Chapter 10

Future work

Catalytic methanol synthesis over Cu/Zn0/Al;O3 based on fossil-derived syngas is a well-known in-
dustrial process. Yet, the catalytic active sites, the critical reaction mechanism(s) and the profound
influence of support on the activity are imperfectly understood.

Support-regulated electron transfer with supports modifying the catalytic properties through changes
to the Cu surface charge is proposed to account for the support effect. Substantial charging identified
by IR transparency loss on reduced ZnO disappeared upon contact to Cu and low vc.o on Cu/ZnO
indirectly shows that Cu is electron-enriched by ZnO. Observations of the Cu chemical state with
electron donating and withdrawing supports can provide further evidence for the suggested electron
transfer model. Surface sensitive in situ XPS and XAS can provide information on the surface charg-
ing state and potential dynamic chemical shifts of Cu associated with charge transfer imposed by
the support. In situ XPS experiments are usually restricted to ultra high vacuum or low pressure
conditions leaving a substantial pressure gap to the high-pressure conventional methanol synthesis
conditions. However, synchrotron capabilities offer high energy X-ray beams capable of penetrating
gaseous environments and enable ambient pressure in situ XPS experiments, which are critical to
study the suggested electron-donating properties of Hy on Cu occurring at ambient conditions. IR
spectroscopy of CO on Cu reveals that support regulates the charging state of Cu. Application of
synchrotron XPS allows studying chemical shifts of Cu on detrimental (e.g. SiO3) and beneficial (e.g.
Zn0) supports in reducing atmosphere (Hy and CO) in comparison to published work in this thesis
thus providing insight into charge transfer phenomena. This includes the possible support effect on the
binding strength of adsorbates on the Cu surface and the influence of electron-withdrawing (HCOO)
and donating (Hs) adsorbates on the Cu properties. Doping of semiconducting oxides with e.g. Al
Ga, In, Se to engineer the electronic enrichment of the oxides could be of high significance in prov-
ing/disproving the electron transfer mechanism. Moreover, the dynamics of the working catalyst in
syngas mixtures including chemical shifts of Cu induced by surface adsorbates can provide valuable
information about metal-support interactions. Measuring the charging state of supported metal parti-
cles and the influence of adsorbate species on the metallic surface could become a powerful technique
in characterizing and understanding metal-supported systems.

Cu/ZnO-based catalysts yield high methanol activity attributed to a Cu-ZnO synergy effect explained
by mechanisms including gas-dependent surface morphology, strain in Cu induced by the support,
ZnOy layer/species partly covering Cu metal sites or Zn atom incorporation into the Cu surface.
Recent studies have strongly advocated for a Cu-Zn surface alloy with highly active Cu-Zn surface
sites. Obtained results on mildly reduced Cu/Zn0O/Al;O3 to prevent ZnO reduction before exposing
it to reducing atmosphere (CO) to facilitate Cu-Zn site formation in accordance with the surface alloy
model proponents do not show activity enhancement upon contact with CO as predicted by the Cu-Zn
surface alloy model. Though CO should be able to at least partially reduce ZnO under the applied
conditions it would be instructive and informative to perform in situ analysis of the catalyst state
after mild reduction as well as during methanol synthesis in different feed gas compositions. X-ray
spectroscopy techniques including XPS and XAS applied in situ and/or ex situ especially if performed
using synchrotron facilities constitute promising techniques to perform such experiments.
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Cu/MgO exhibits high CO hydrogenation activity with great potential to become a highly active
methanol catalyst working at milder conditions in water-free atmosphere. Such conditions are favourable
due to higher methanol equilibrium in COs-free atmosphere, improved stability in absence of inhibit-
ing water and reduced costs by removing expensive compression steps. Such conditions would highly
benefit decentralized methanol production close to available carbon sources where feed gas impurities
including sulphur from alternative carbon sources (biomass, captured COs, geothermal etc.) could
pose a potential risk unless a sulphur/impurity tolerant synthesis route is established assisted by a
poison tolerant catalyst. Provided with captured CO5 and renewable generated Hy the RWGS reac-
tion including water distillation provides a method to produce the CO/H; feed gas. Cu/MgO features
promising properties and indicates that maximizing the number of metal-support interfacial sites is
key to achieving a high activity but the system is far from fully optimized. Activity improvements
could be achieved by optimizing the synthesis procedure (maximize the number of crucial Cu-MgO
interfacial sites), investigating the influence of promoters and exploring the optimal reaction conditions
including pressure, temperature, flow and CO to Hy ratio etc. Moreover, in situ experiments using
advanced synchrotron facilities to study the dynamics of the working catalytic surface could provide
mechanistic insight and guide optimization work.

The presented quantitative method to determine the surface coverage of adsorbate species has the
potential to be of high interest for other catalytic reactions under high-pressure working conditions
including guidance for kinetic modelling studies with experimentally determined kinetic parameters.
Additional experiments of the formate coverage on Cu-based catalysts at various pressures (ambient to
industrially relevant 50-100 bar) in different syngas mixtures provides knowledge about the influence
of pressure, support, gas mixture etc. on the formate coverage. Results from such an experimental
campaign could advantageously be applied in mechanistic modelling work to improve the mechanistic
understanding of the process and shed further light on the support effect.

Establishing the reaction mechanism for methanol synthesis is paramount for fundamentally under-
standing the process. Formate hydrogenation is reported to be the rate limiting step in COy hy-
drogenation to methanol over Cu/ZnO-based samples based on spectroscopy, kinetic and modelling
studies. Accordingly, the Langmuir-Hinselwoord (L-H) mechanism (one H atom reacts with formate)
describes well the formate hydrogenation process yielding a hydrogen reaction order of 1 in agreement
with mechanistic model predictions. Contrary, several experimental studies including single crystal
studies report higher hydrogen reaction order of 1.5 and above. This suggests a Eley-Rideal (E-R)
mechanism where undissociated Hs directly hydrogenates formate to methanol. Clarifying this dispute
may involve mechanistic Do /Hs experiments with HCOO pre-covered Cu/ZnO-based catalysts. Anal-
yses of desorbed gas species during TPH of HCOO pre-covered Cu/ZnO-based catalysts using Nuclear
Magnetic Resonance (NMR) allow quantification of the products CHsDO,, CH304 and CHD5O,. If
the L-H mechanism prevails all three product species are equally probable assuming the Do and Hs
dissociation steps are equally facile and that the formation rate of DH from D5 and Hs is relatively
low, which both must be clarified beforehand. However, if the E-R mechanism dominates then prod-
uct species with intact Dy or Hy on HCOO (CH30, and CHD50O,) dominate the NMR spectrum.
A complimentary mechanistic experiment involves integrating the evolved methanol during a TPH
performed in various Hy concentrations of HCOO pre-covered Cu/ZnO-based catalysts. The resulting
relationship between evolved methanol and Hy partial pressure shows the prevalent mechanism with
1 for an E-R mechanism and 1/2 for a L-H mechanism.

Despite decades of research in catalytic methanol synthesis many aspects regarding active centers,
reaction mechanism, role of promoters and support remain unsolved. Work presented in this thesis
contributes to the understanding of the support effect but future work is necessary to clarify this
effect in greater detail. The complex task of investigating the working state of the catalyst at realistic
conditions could be solved by technological improvements of in situ techniques including especially
electron microscopy with (sub)atomic resolution of the working catalyst configuration and X-ray ad-
sorption/emission spectroscopy ideally conducted at synchrotron facilities to achieve high brilliance
and allow in situ studies of specimens in greater detail in gaseous environments. In situ observations of
the reaction at realistic or semi-realistic conditions has a great potential in unravelling the challenging
scientific questions.

168



Appendices

169






Appendix A

Supplementary information for The
roles of CO and CO> in high

pressure methanol synthesis over
Cu-based catalysts in chapter 3

Authors: Niels D. Nielsen!, Anker D. Jensen'!, Jakob M. Christensen!

L Department of Chemical and Biochemical Engineering, Technical University of Denmark, Soltofts
Plads Building 229, 2800 Kgs. Lyngby, Denmark

*Correspondence to: jmc@kt.dtu.dk

DOI:
Not applicable

Journal specifications:
Journal of Catalysis

Status:
Submitted version has returned. Revised version is currently in progress and the latest revised
version is reprinted here.



Supplementary Material

S1 Supplementary Material

S1 Evaluation of possible ZnO reduction and determination of reduction
protocol for Cu/Al,O;

The onset of ZnO reduction for Cu/ZnO(/Al;O3) samples was evaluated by measurements of the Cu
area from the N5O uptake. Here the standard pre-reduction in 5% Hs with holding periods at 448 K
and 523 K was compared to a milder variant terminated after the holding period at 448 K or a harsher
variant where the normal pre-reduction was followed by exposure to 100% Hs at 523 K (until HoO
formation stops) after the normal pre-reduction program. Fig. Sla and b show the Cu areas based on
the N2O uptakes after the different pre-reductions for the ZnO-based catalysts. Within the known 6%
relative uncertainty, the Cu surface areas after 5% Hs reductions at 448 K and 523 K are identical,
but harsher reduction in 100% Hs most likely results in partial ZnO reduction as indicated by the
statistically significant increase in the apparent Cu surface area — similar to observations elsewhere [1-
3]. Fig. Slc shows the Cu surface areas after reducing in different atmospheres. Alumina is generally
regarded as an irreducible oxide [4, 5] and the increased Cu surface area from 448 K to 523 K in 5%
H, is assigned to incomplete Cu reduction at 448 K. Switching from 5% to 100% Hsy at 523 K does
within the uncertainty not change the Cu surface area. However to ensure complete Cu reduction the
reduction protocol for Cu/Al;Og3 includes reduction at 5% Hy (448 K and 523 K) and 100% Hs (523
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Fig. S1: Cu surface area determined by NoO-RFC after reduction at the indicated hydrogen pre-
treatments for a) Cu/Zn0O, b) Cu/Zn0O/Al;03, and ¢) Cu/Al;O3. Uncertainty bars correspond to +
one standard deviation as reported by Thrane et al. [6] when using the identical Autosorb iQs setup.
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S2 Methanol synthesis with and without CO over Cu/TiO, catalysts

Comparisons between the rates of methanol synthesis from CO or COy for the presently applied
catalyst samples have been reported by Nielsen et al. [7] and showed that the route from COs is
considerably faster than the route from CO. Such a comparison has not previously been made for
Cu/TiO,. For this reason Fig. S2 shows comparison of the TOF per Cu surface atom for Cu/TiOs in
methanol synthesis from COs or CO. The figure shows that the COq-route is favored on Cu/TiO3, as
it is also the case on all the other samples.
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Fig. S2: The turnover frequency for methanol formation (per Cu surface atom) for Cu/TiO2(20) during
methanol synthesis from CO or CO,. Reaction conditions: T = 523 K, P = 50 bar, feed flow = 280 +
4 Nml/min, X/Y/Hs = 3/29/68 with X being either CO or CO2 and Y being Ar or N, Cu/TiO2(20)
loading = 261.5 mg.

Fig. S3 shows the MS signal for methanol as a function of time on stream for Cu/TiO2(60) during
cycling between CO9/Ny/Ho and CO2/CO/Hy feeds. The periods without measurement are due to
bypass of the analyzer during measurements of the gas flow rate. Fig. S3 shows that the effect of CO
is reversible within a few minutes.
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Fig. S3: The MS signal for methanol (m/z = 31) as a function of time on stream during repeated
switching between CO3/Ny/Hs and CO2/CO/Hs feeds. Reaction conditions: T = 523 K, P = 50 bar,
feed flow = 280 + 4 Nml/min, CO5/X/Hy = 3/29/68 with X being CO or Ny, Cu/TiO2(60) loading
= 253.4 mg. Bypass of the MS when measuring the gas flow rate results in the gaps in the MS signal.
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S3 Equilibrium calculations for experiments at higher conversion

Fig. 5 in the main text evaluates the productivity as a function of the conversion level varied through
the space velocity both with and without CO in the feed. For experiments without CO in the feed it is
possible to determine the water concentration in the effluent from an oxygen balance and it is therefore
possible to determine the approach to equilibrium for both methanol synthesis and water-gas shift.
Table S1 summarizes the approach to equilibrium for these experiments and illustrates that WGS is
closer to equilibrium than methanol synthesis although none of the reactions are fully equilibrated at
these conditions.

Table S1: Experimental data for methanol synthesis (CO2/No/Hy = 3/29/68, 523 K, 50 bar) over
Cu/Al;03 and Cu/Zn0O/Al;O3 and the approach to equilibrium for WGS and methanol synthesis in
these experiments.

Inlet Product Approach
GHSV
Catalyst [Nml/geae /h] concentrations concentrations to equilibrium
yco, YH. yco | YcH;0H | YH,0 | WGS | MeOH synth
[%] [%] (%] [%] [%] [%] [7]
Cu/Al;O3 9.4-10* 0.03 0.68 0.255 0.299 0.555 | 6.10 3.71
Cu/Al;O3 3.7-10* 0.03 0.68 0.961 0.467 1.43 59.1 14.9
Cu/Al;O3 1.5-10% 0.03 0.68 0.870 0.623 1.49 55.9 20.8
Cu/Zn0/Al;03 1.5-108 0.03 0.68 0.078 0.120 0.198 | 0.664 0.533
Cu/Zn0/Al;03 1.5-108 0.03 0.68 0.058 0.138 0.196 | 0.490 0.607
Cu/Zn0/Al; 03 4.9-10° 0.03 0.68 0.29 0.385 0.675 | 8.43 5.79
Cu/Zn0/Al;03 2.4-10° 0.03 0.68 0.34 0.576 0.916 13.4 11.8

S4 Reaction conditions for literature studies

Fig. 7 in the main text summarizes the effect of the CO/CO ratio from a variety of studies in
the literature. Some of these studies provide results at various reaction conditions. Tables S1 and
S2 summarize the conditions, which are used to obtain the data in Fig. 7 and Table S4 shows the
calculated methanol concentrations based on the reported methanol productivities.

Table S2: Parameter specifications for methanol synthesis at differential industrially relevant reaction
conditions.

Catalyst Temperature [K] | Pressure [bar] | Hs conc. [%] Reference
Cu/Zn0/Al503 503 30 59 (inert: 27) Studt et al. [§]

Cu/ZnO 498 28.6 83 Chanchlani et al. [9]
Cu/Zn0O/Aly04 523 30 80 Lee et al. [10]

Table S3: Parameter specifications for methanol synthesis at industrially relevant reaction conditions

at high conversion.

Catalyst Temperature [K] | Pressure [bar] | Hs conc. [%] Reference
Cu/Zn0/Al503 513 50 75.5 Martin et al. [11]
Cu/Zn0/Al503 488 35-70 67 Barbier et al. [12]
Cu/Zn0/Al,03 523 50 80 Sahibzada et al. [13]
Cu/Zn0/Al504 523 30 80 Lee et al. [10]

Cu/Zn0O 508 75 70 Klier et al. [14]
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Table S4: Methanol concentration calculations based on studies in Fig. 7a and b in the main text.

MeOH Space COx Cu Feed gas MeOH conc.
Reference
Productivity velocity | conversion | dispersion composition [%]
300 umol MeOH/ | 1.82 N/ 0.370 Studt et al. [8]
Geat/min Geat/Min*
<1% H;/C0/CO, <0.3 Chanchlani et al. [9]
=70/23/7
4 le MeOH 1
0 mole MeOH/ | 108000 1/ 0.830 Lee et al. [10]
kgcat /h kgcat /h
-\ [ -
70 g MeOH/ 7.5 g gas/ 8.817 N, /H2/CO,/CO 3.30 Martin et al.
mol Cu/h Zeat/h mmol Cu/geat | = 28/63/7.6/1.4
28.5 1 MeOH .67 N1
8.5 mmol MeOH/ | 6.67 N1/ 9.58 Barbier et al. [12]
gcat/h gcat/h
I MeOH 1.6 1
70 mmol MeOH/ 67 mol/ 4.19 Sahibzada et al. [13]
gcat/h gcat/h
I MeOH 1 1
30 mol MeOH/ 8000 1/ 3.74 Lee et al. [10]
kgcat /h kgcat /h
H x
33.5% 2/C0 10.05 Klier et al. [14]
= 70/30

*Studt et al. [8] reported catalysts loadings of 50-60 mg thus 55 mg was used in the calculations.
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S1 Supplementary Material

Methods

In the present work a normal liter (NL) is a liter of gas at 1 atm and 273.15 K. The mass of catalyst
in presentation of productivity and Cu area is that of the oxide precursor. Cu/ZnO (3 & 20 wt% Cu),
Cu/Zn0O/Al;05 (Cu:Zn:Al = 60:30:10 & 55:27:18 molar basis) and Cu/Al;O3 (20 wt% Cu) samples
were prepared by co-precipitation from the nitrates (Cu(NO3)2-3Ho0 >99%, Zn(NOs3)2-6H2O >98%,
AI(NO3)3 - 9H,0 >98% from Sigma Aldrich) at 338 K and pH = 6.5 using NayCOg3 (Sigma Aldrich,
>99.8%) as the precipitation agent. The precipitation was followed by ageing for 1 h with unrestricted
pH, and then filtration and washing with deionized water. The precipitate was dried overnight at 313
K and then approximately 10 g was calcined at 603 K (1 K/min) in 1 L/min of flowing dry air. 20
wt% Cu/SiOs was prepared by incipient wetness impregnation of Saint Gobain SiOs (SS61138, 250
m?/g) with an aqueous solution of copper nitrate. The sample was then dried overnight at 313 K and
approximately 5 g was calcined at 583 K (1 K/min) in 1 L/min of flowing dry air. All samples were
crushed and sieved to a size range of 150-300 um. The Cu surface area of the samples was determined
from the NyO uptake (so-called reactive frontal chromatography) using a Quantachrome Autosorb iQs
setup. Here a catalyst sample in a quartz cell was heated in a 19 NmL/min flow of 5 mol% Hs in Ny
at 2 K/min to 523 K and kept at this temperature for 2 h, flushed 20 min in He and cooled to 333
K. Cu/AlyO3 was further reduced for 2 h in pure Hy at 523 K as this was found to be necessary for
complete reduction. After pre-reduction the reduced sites were then titrated by the reactive frontal
chromatography method [1] using a 19 NmL/min flow of 1 mol% N2O in He and the effluent gasses were
analyzed by a Hiden Analytical QGA mass spectrometer. The NoO uptake was obtained assuming full
conversion between the mid-points of the Ny front. An O:Cu = 1:2 stoichiometry and a Cu surface
site density of 1.47-10'° Cu atoms/m? was used [2]. Sample masses were varied to have at least several
minutes between the Ny /N5O fronts to lower uncertainty. The standard deviation on the NoO uptake
from 5 repeated measurements of Cu/SiOs was 6%. At higher hydrogen pressure over reduction can
distort the N3O measurement for Cu on reducible supports such as ZnO [2, 3]. With pre-reduction
in dilute Hy as applied here it was previously observed [2] that NoO RFC and Hy chemisorption
gave relatively similar Cu area estimates for Cu/ZnO-based samples, and based on that triangulation
with two methods a reasonable estimate of the Cu surface area is expected for the presently applied
reduction in dilute Hs.

The tests of catalytic activity in Figs. 1, 3a and S1-S4 were conducted using a setup described in
detail elsewhere [4]. A catalyst sample (varying mass) was installed in an 8 mm i.d. quartz reactor
tube between wads of quartz wool. No dilutant was added to the catalyst in order to avoid by-pass
effects. The catalyst was first pre-reduced by heating in a 108 NmL/min flow of 5 mol% Hs in Nj to
523 K (2 K/min) and held at this temperature for 1 h (holding time had no discernible effect between
1, 4 and 13 h). The reactor was then flushed and pressurized in No. A flow (from pure 99.999% Hy
and premixed 8.56 mol% COgz in CO all from AGA) of Hy/CO/CO2 = 67.6/29.6/2.8 (molar basis)
was then initiated and the composition of the reactor effluent was measured using a Hiden Analytical
QGA mass spectrometer and an Agilent 6890N GC-TCD/FID having one channel with a Porapak
N + 13X Molsieve column and one channel with a PoraplotQ column. The analysis equipment was
calibrated using either certified gas mixtures from AGA or using gas mixtures prepared by injecting a
known volume of a liquid component into a known volume of nitrogen in a Tedlar bag. For Cu/ZnO
based catalysts, which are deactivating systems, only the initial activities were used in Fig. 1 (see
Fig. Sla). For Cu/SiO2 and Cu/Al;O3, which are stable over time, the flow was varied and typically
two points for Fig. 1 were obtained using the same catalyst charge. Cu/AlyO3 also produces DME
from methanol dehydration, which is included as two methanol molecules in the reported methanol
productivity. The standard deviation from repeated measurements at differential conditions was 9%,
which represents a known uncertainty in the measurements. From the known uncertainties in NoO
uptake and productivity the known uncertainty in TOF calculations is therefore 11%. Error bars are
used to indicate this known uncertainty in Fig. 1. Bulk heat effects were ruled out by the absence of
measured temperature increase and the non-generality of the increasing rate with increasing conversion.
Significant temperature gradients (> 0.5 K) in the laminar boundary layer around the particles were
ruled out using the heat transfer coefficient (950 W/(m?.K)) calculated [5] from the Ranz-Marshall
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correlation [6]. Axial dispersion effects for the syngas reactants were ruled out using the Mears criterion
[7] (in the worst case bed length/particle size = 18 compared to a requirement of at least 9 from the
Mears criterion). Transport limitations were ruled out by comparison to the Mears [7] and Weisz-
Prater [8] criteria, by near identical results for Cu/ZnO in two different particle sizes (150-300 pm
and < 150pm), and by comparison to the particle size where diffusion limitations can be observed
experimentally [9].

For the experiment in Fig. 3a methanol (Sigma Aldrich, >99.9%) was added to the syngas feed using
a Gilson 305 HPLC pump and the dosed amounts were determined from a blank run without cata-
lyst. Feeding CH30OH/N2 over Cu/Zn0O/Al;03 at 523 K resulted in some decomposition of methanol
into CO/CO3/Hy (reverse reaction of methanol synthesis) — ca. 6% methanol conversion when feed-
ing 0.45 mol% CH3OH in Ny at the conditions of Fig. 3a. Since this is also likely to occur and
lower the apparent net methanol production during co-feeding of methanol with syngas, the increase
in net methanol production during the presented methanol co-feeding experiments may represent a
conservative estimate.

The experiment in Fig. S6 was performed in a high-pressure reactor described elsewhere [10] using
a U-tube reactor (SGE Analytical Science glass lined tubes 1/4” o.d., 4 mm i.d.). Product analysis
was made with a Thermo Fisher Trace 1300 GC fitted with one channel composed of a TG5 column
leading to an FID detector and one channel composed of an OV-1 column followed by a Shincarbon
column leading to a TCD detector. The fact that both Figs. 1 and S6 using two different reactors
show an increase in TOF with increasing conversion in CO/CQO3y/H, verifies that the conclusion is not
reactor-dependent.

The experimental setup used for investigating the impact of water and methanol addition (Figs. 2,
3b and S5) counsists of a gas delivery system, a U-shaped reactor and a calibrated quadrupole mass
spectrometer (Balzers GAM 445), as previously described by Kuld et al. [11]. Gases of high purity were
used: He (99.9999%), Hy (99.9999%), Hy/He (1% Ha, 99.9995%), CO2 (99.9995%) and CO (99.997%).
10 mg of Cu/Zn0O/Al;03 catalyst (Cu:Zn:Al = 60:30:10, 20 m? Cu/gcat.) in the sieve fraction 150-300
pm was mixed with sintered inert calcium aluminate in a 1:10 ratio on volume basis. The catalyst was
loaded into a glass lined U-shaped stainless steel reactor with an inner diameter of 4 mm resulting in
a bed height of 24-25 mm. The catalyst was initially activated in a flow of 1% Hs/He by raising the
temperature from room temperature to 448 K by 1 K/min. After 2 hours at 448 K the gas mixture was
changed to pure Hs and the temperature was raised from 448 K to 513 K for 30 min. At 513 K the gas
composition was changed to synthesis gas Ho/CO/COy = 67.6/29.6/2.8 mol% at a space velocity of
1.6:10° NL/kg/h and the reactor was pressurized to 41 bar and the temperature was increased to 523
K. Water in the range [0-1500 ppmv] and methanol in the range of [0-1.1 mol%)] was added to the gas
stream by bubbling the synthesis gas through water or methanol. The water/methanol concentration
was controlled by adjusting the temperature of the saturator by means of a water bath. The methanol
synthesis was measured at three different temperatures: 523 K, 508 K and 493 K before the experiment
was terminated. The catalyst sample was replaced between each experimental condition i.e. each water
or methanol addition. The known uncertainty for all co-feeding experiments was taken as the greatest
deviation from the average among two experimental series at identical conditions at 523 K and is
marked by the error bars.

The temperature programmed reactions in Figs. 4 and S7 were obtained using a Quantachrome
Autosorb iQs setup with the reactor effluent analyzed by a Hiden Analytical QGA mass spectrometer.
Here 0.5 g of Cu/Zn0O/Al,03 (Cu:Zn:Al = 60:30:10 molar ratio, 20 m? Cu/g) was pre-reduced as
described for the Cu area measurements, flushed with He, cooled to 303 K and covered with HCOO
by 1 h treatment in a 20 NmL/min flow of 2.3 mol% HCOOH /Ny produced by bubbling Ny through
HCOOH (>98% Sigma Aldrich). The HCOOH treated catalyst was flushed in He for 30 min and
then heated at a rate of 1 K/min in either a 19 NmL/min flow of 4.1 mol% CD30D/He (produced by
bubbling He through CD30D >99.8 %D Sigma Aldrich), a 40 NmL/min flow of 5.5 mol% CH3OH /He
or a 40 NmL/min flow of Hy. Identical blank runs were made without HCOOH treatment to verify
that observed products did arise from surface formate.
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Supporting Data

Fig. Sla illustrates that the general behavior of Cu/ZnO-based systems under syngas conditions. The
loss of activity is attributed to sintering and loss of Cu surface area [12, 13] rather than a loss of
TOF. For the experiment in Fig. Sla the peak activity level (8.18 gmeomn/geat./h), which occurs as
soon as the syngas has fully flushed through the system, is used together with the Cu area of the
freshly reduced catalyst (20 m? Cu/gcat.) to calculate the TOF. The productivity of this catalyst at
differential conditions is 2.45 gneon/Eeat./h (see Fig. Slc). For Cu on Al;O3 or SiO4 the rate reaches
a steady state, which is used together with the Cu area of the freshly reduced catalyst to calculate
the TOF value. Fig. S1b shows, for selected measurements, the TOF as a function of space velocity
(SV). The increase in TOF with decreasing SV is observed at different space velocities for different
catalysts depending on the absolute activity and is thus not a direct function of SV. Comparing
catalytic materials at a set of fixed conditions rather than at a fixed production level can therefore
lead to incorrect conclusions. A comparison at fixed conditions could result in the situation where the
samples of larger Cu area have entered the autocatalytic regime and appear relatively more active,
whereas samples of smaller Cu area are in the differential regime and appear less active. This would
for example occur if comparing Cu/Zn0O/Al;O3 (20 m2, /gcat.) and Cu/ZnO (9.1 m%,, /geat.) at an SV
of 4-105 NL/kg/h, where the higher area sample has reached its maximal autocatalytic acceleration,
whereas the lower area sample is still in the fully differential limit. Fig. Slc shows the results for
Cu/Zn0/Al,05 (Cu:Zn:Al = 6:3:1, 20 m%u/gcah ) from Fig. 1 in the main text in terms of methanol
productivity rather than as a turnover frequency. Fig. S1d shows the results from Fig. 1 in the main
text focusing only on Cu/Al;O3 and Cu/SiOs to better show the concentration-independent TOF of
CH/A1203.
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Fig. S1: (a) Methanol productivity as a function of time on stream for Cu/ZnO/Al2O3 (Cu:Zn:Al
= 6:3:1). For such deactivating systems the productivity is taken as the initial activity from which
productivity begins to decline. In this case the productivity is 8.18 gneomn/geat./h. Experimental
conditions: 50 bar, 523 K, Hy/CO/COs = 67.6/29.6/2.8 mol%, SV: 3.6-105 NL/kg/h (0.1 g cat. &
600 NmL/min). (b) Turnover frequency as a function of space velocity for selected measurements.
Experimental conditions: 50 bar, 523 K, Hy/CO/CO2 = 67.6/29.6/2.8 mol%. (c) The methanol
productivity for Cu/ZnO/Al,O3 (Cw:Zn:Al = 6:3:1, 20 m%, /geat.) as a function of the methanol
concentration in the reactor effluent. The highest productivity achieved was 8.52 gyeon/Ecat./h-
Experimental conditions: 50 bar, 523 K, Hy/CO/COs = 67.6/29.6/2.8 mol%. (d) The TOF as a
function of methanol effluent concentration for the two lower-activity samples Cu/Al;O5 and Cu/SiO4
illustrating the concentration-independent TOF of Cu/Al;Os5.
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Fig. S2 shows the efluent concentration of CO5 during the first hours on stream for the experiment in
Fig. Sla compared to the inlet concentration. The figure illustrates that essentially no change to the
COas-concentration occurs as a result of the reaction, and since these experimental conditions are close
to the optimal autocatalytic productivity in Fig. 1 in the main text we can fully exclude changes in
CO; concentration as the reason for the increased productivity at higher conversion levels. The fact
that the CO5 concentration remains constant is also a clear indication that the rate of the water-gas
shift reaction is far higher than the rate of CO4 hydrogenation into methanol.
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Fig. S2: The CO; effluent concentration measured by gas chromatography during the first 10 h on
stream for the experiment in Fig. Sla compared to the inlet concentration. The results illustrate that
the COy consumption by the reaction and the concentration increase from the volume contraction
balance out. Consequently, changes in CO5 concentration are unimportant for the strong activity
increase observed at these conditions.

Fig. S3 shows productivities either at the differential plateau-level or at the optimal finite conversion
levels as functions of the Cu surface area. Fig. S3 shows that an 8-fold increase in Cu area for
Cu/ZnO is associated with a corresponding increase in productivity under the finite conditions where
the autocatalytic pathway prevails.

The experiment with co-feeding of methanol was conducted at varying conditions as shown in Figs.
S4 and S5. Fig. S4 shows that as expected the relative increase in methanol productivity is higher
at a higher space velocity, where the intrinsic methanol production is lower. Fig S5 shows that the
effect of methanol co-feeding is relatively independent up to a feed concentration of ca. 0.5 mol%.
Above 508 K this remains so at higher concentrations, but at 493 K the net productivity goes down
at higher co-feeding concentrations. This decline at 493 K can have two reasons. At low temperatures
methanol could possibly cause inhibition due to competitive adsorption. Alternatively, the intrinsic
productivity is also lower at the lower temperature and any uncertainty due to decomposition of the
methanol co-fed with the syngas will have a bigger impact at a lower productivity level.

Fig. S6 shows the TOF as a function of effluent methanol concentration for Cu/Zn0O/Al;O3 in both
CO/CO2/Hy and CO2/H,. A rise in TOF does not occur in COy/Hy — most likely due to the greater
water concentration in the absence of CO. It should however be emphasized that the TOF is preserved
in CO5/Hy up to an effluent methanol concentration of 0.4 mol%. Under those conditions the effluent
water concentration due to methanol synthesis and reverse water gas shift was estimated to be 0.68
mol% from an oxygen balance. Fig. 2 in the main text illustrates that such water levels would have
caused major loss of activity, if the autocatalytic acceleration had not been there to compensate for
the water inhibition. The autocatalytic mechanism is thus strongly present for Cu/ZnO/Al;O3 in a
COy/H; feed, but the rise in TOF is prevented by the larger water production.
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Fig. S3: Dependence of methanol productivity on Cu surface area for differential (open points) and
optimal finite (filled points) conditions along with lines of constant TOF indicated. Experimental
conditions: 50 bar, 523 K, Hy/CO/COy = 67.6/29.6/2.8 mol%, SV: 3-103-4.3-107 NL/kg/h. See Fig.
S1 for a definition of the TOF and a comparison in terms of space velocity.
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Fig. S4: The relative net methanol production as a function of the methanol concentration in the
feed at two different space velocities. Conditions: 50 bar, 523 K, syngas before CH3OH-addition:
Hy/CO/CO5 = 67.6/29.6/2.8 mol%.

When surface formate is reacted with CH3OH to form methyl formate the resulting TPR peak has a
characteristic shape with a very sharp decline (Fig. 4a). Under these atmospheric pressure conditions
methanol decomposition is thermodynamically favored and a major onset of methanol decomposition
sets in once approximately half the surface formate layer has been converted (judging from the COq
peak due to formate decomposition). Fig. S7 shows that once the methanol decomposition sets in
(notice the sharp drop in the CD30D effluent concentration) the ester formation essentially stops and
this creates the steep decline in ester formation. Beyond this temperature any adsorbed methanol will
be more likely to decompose rather than react with formate to produce the ester and consequently the
ester formation cannot be monitored by the low-pressure TPR technique.
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Fig. S5: The relative net methanol production as a function of the methanol concentration in the feed
at three different temperatures. Note that both 508 K and 523 K show a continuously increasing trend
whereas a net decline in productivity is seen for larger feed concentrations at 493 K. Conditions: 50
bar, SV: 1.6-10° NL/kg/h, syngas before CH3OH-addition: Hy/CO/COy = 67.6/29.6/2.8 mol%.
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Fig. S6: The turnover frequency for methanol synthesis as a function of the effluent CH3OH concentra-
tion in both CO/COy/H, and N3/COs/H,. Conditions: 50 bar, 523 K SV: 2.4-10°-1.6-10° NL/kg/h,
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Fig. S7: Normalized MS signals for CD3OD and CD3OOCH when Cu/Zn0O/Al;O3 with pre-adsorbed
HCOO is subjected to TPR (1 K/min) at 1 atm in a 19 NmL/min flow of 4.1 mol% CD3OD in He,
0.5 g cat. Part of the data can be seen in Fig. 4a in the main text.

B-8



References

References

1]

G. C. Chinchen, C. M. Hay, H. D. Vandervell, and K. C. Waugh. The measurement of copper
surface areas by reactive frontal chromatography. Journal of Catalysis, 103(1):79-86, 1987. doi:
10.1016/0021-9517(87)90094-7.

R. Chatterjee, S. Kuld, R. V. D. Berg, A. Chen, and W. Shen. Mapping Support Interactions in
Copper Catalysts. Topics in Catalysis, 62(7-11):649-659, 2019. doi: 10.1007/s11244-019-01150-9.

S. Kuld, C. Conradsen, P. G. Moses, I. Chorkendorff, and J. Sehested. Quantification of zinc
atoms in a surface alloy on copper in an industrial-type methanol synthesis catalyst. Angewandte
Chemie - International Edition, 53(23):5941-5945, 2014. doi: 10.1002/anie.201311073.

J. M. Christensen, P. M. Mortensen, R. Trane, P. A. Jensen, and A. D. Jensen. Effects of HoS
and process conditions in the synthesis of mixed alcohols from syngas over alkali promoted cobalt-
molybdenum sulfide. Applied Catalysis A: General, 366(1):29-43, 2009. doi: 10.1016/j.apcata.
2009.06.034.

E. N. Lightfoot, W. E. Stewart, and R. B. Bird. Transport Phenomena. John Wiley & Sons,
USA, 2002. doi: 10.1115/1.1424298.

W. Ranz. Evaporation from drops. Chem. Eng. Prog., 48:141-146, 1952.

D. E. Mears. Tests for Transport Limitations in Experimental Catalytic Reactors. Industrial
and Engineering Chemistry Process Design and Development, 10(4):541-547, 1971. doi: 10.1021/
1260040a020.

P. B. Weisz and C. D. Prater. Interpretation of Measurements in Experimental Catalysis. Adv.
Catal. Related Subj., 6(C):143-196, 1954. doi: 10.1016/S0360-0564(08)60390-9.

W. Seyfert and G. Luft. Untersuchungen zur Methanol-Synthese im Mitteldruckbereich. Chem.
Ing. Tech, 57(5):482-483, 1985. doi: 10.1002/cite.330570526.

N. D. Nielsen, J. Thrane, A. D. Jensen, and J. M. Christensen. Bifunctional Synergy in CO
Hydrogenation to Methanol with Supported Cu. Catalysis Letters, 150:1427-1433, 2020. doi:
10.1007/s10562-019-03036-7.

S. Kuld, M. Thorhauge, H. Falsig, C. F. Elkjaer, S. Helveg, I. Chorkendorff, and J. Sehested.
Quantifying the promotion of Cu catalysts by ZnO for methanol synthesis. Science, 352(6288):
969-974, 2016. doi: 10.1126/science.aaf0718.

M. Kurtz, H. Wilmer, T. Genger, O. Hinrichsen, and M. Muhler. Deactivation of Supported
Copper Catalysts for Methanol Synthesis. Catalysis Letters, 86(1-3):77 — 80, 2003. doi: 10.1023/A.
1022663125977.

J. T. Sun, I. S. Metcalfe, and M. Sahibzada. Deactivation of Cu/ZnO/Al;O3 methanol synthesis
catalyst by sintering. Industrial and Engineering Chemistry Research, 38(10):3868-3872, 1999.
doi: 10.1021/ie990078s.

B-9



Appendix C

Supplementary information for
Quantification of Formate and
Ozxzygen Coverages on Cu Under

Industrial Methanol Synthesis
Conditions in chapter 5

Authors: Niels D. Nielsen!, Anker D. Jensen®, Jakob M. Christensen'

L Department of Chemical and Biochemical Engineering, Technical University of Denmark, Soltofts
Plads Building 229, 2800 Kgs. Lyngby, Denmark

*Correspondence to: jmc@kt.dtu.dk

DOTLI:
https://doi.org/10.1007/s10562-020-03162-7

Journal specifications:
Catalysis Letters, 2020, Volume 150, 2447-2456

Date Accepted/Published:
23 February 2020 / 6 March 2020

C-1



Supplementary Material

S1 Supplementary Material

Investigating the reproducibility of the quenching procedure

Additional tests (Test 2 and 3) with Raney Cu were performed to investigate the reproducibility of
the cooling profiles upon quenching and they are compared to data from test 1, which was shown in
the main article, in Fig. S1.

Cooling profiles during cooling

525 +
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400 -
375 -

Temperature [K]
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2 -1 o0 1 2 3 4 5 6 7 8

Time after cooling [s]

Fig. S1: Cooling of the catalyst with the ice water at the reaction conditions at t = 0 measured with
two thermocouples placed inside at the top and outside at the bottom of the catalyst bed. Graphs
from the inside thermocouple are shown as dashed profiles based on the outside thermocouple are
solid. Data are from the three tests with the ice water. Lower sampling frequency for test 3 caused a
less resolved cooling profile.
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Temperature Programmed Desorption after quenching
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Fig. S2: Gas desorption during temperature programmed desorption (2 K/min as heating ramp and
42.7 Nml/min of He) after quenching at reaction conditions (T = 523 K, 50 bars of pressure in
COy/CO/Hy = 3/29/68). Gas signals were offset on the linear y-axis for clarity. Data were from test
2 using ice water to cool.
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Fig. S3: Gas desorption during temperature programmed desorption (2 K/min as heating ramp and
42.8 Nml/min of He) after quenching at reaction conditions (T = 523 K, 50 bars of pressure in
CO2/CO/Hy = 3/29/68). Gas signals were offset on the linear y-axis for clarity. Data were from test
3 using ice water to cool.
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Fig. S4: Gas desorption during temperature programmed desorption (2 K/min as heating ramp and
42.2 Nml/min of He) after quenching at reaction conditions (T = 523 K, 50 bars of pressure in
CO2/CO/Hy = 3/29/68). Gas signals were offset on the linear y-axis for clarity. Data were from test
4 using boiling water to cool.
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Fig. S5: Gas desorption during temperature programmed desorption (2 K/min as heating ramp and
44.7 Nml/min of He) after quenching at reaction conditions (T = 523 K, 50 bars of pressure in
CO2/CO/Hy = 3/29/68). Gas signals were offset on the linear y-axis for clarity. Data were from the
test using liquid Ny to cool.
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Fig. S6: Gas desorption during temperature programmed desorption (2 K/min as heating ramp and
44.3 Nml/min of He) after quenching at reaction conditions (T = 523 K, 50 bars of pressure in
CO3/CO/Hy = 3/29/68). Gas signals were offset on the linear y-axis for clarity. Data were from the
test using static air to cool.
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Integration of desorbed CO,
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Fig. S7: Peak fitting to the measured black solid COs desorption line using three Gaussian peaks («,
B, and y), which sum up to dotted green profile. HCOO was quantified by the integrated area (orange)
under the CO5 B-peak. Heating ramp for the TPD on Raney Cu was 2 K/min. Data were from test
2 with ice water.
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Fig. S8: Peak fitting to the measured black solid COs desorption line using three Gaussian peaks («,
B, and y), which sum up to dotted green profile. HCOO was quantified by the integrated area (orange)
under the CO4 B-peak. Heating ramp for the TPD on Raney Cuwas 2 K/min. Data were from test 3
with ice water.
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Fig. S9: Peak fitting to the measured black solid CO2 desorption line using three Gaussian peaks («,
B, and y), which sum up to dotted green profile. HCOO was quantified by the integrated area (orange)
under the CO2 B-peak. Heating ramp for the TPD on Raney Cuwas 2 K/min. Data were from the
test with boiling water.
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Fig. S10: Peak fitting to the measured black solid CO, desorption line using three Gaussian peaks
(e, B, and y), which sum up to dotted green profile. HCOO was quantified by the integrated area
(orange) under the COs B-peak. Heating ramp for the TPD on Raney Cu was 2 K/min. Data were
from the test with liquid Ns.
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Fig. S11: Peak fitting to the measured black solid COs desorption line using three Gaussian peaks
(e, B, and y), which sum up to dotted green profile. HCOO was quantified by the integrated area
(orange) under the COy B-peak. Heating ramp for the TPD on Raney Cuwas 2 K/min. Data were
from the test with static air.
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High pressure syngas switching between CO,/CO/H; and CO,/N,/H, over
Raney Cu

Fig. S12 compares the methanol turnover frequencies (TOF) over Raney Cu in CO5/CO/H; (3/29/68)
and CO3/N2/Hy (3/29/68) after pre-reduction in 5 mol% Hs and pressurization in He. The similar
TOFs strongly indicate that CO does not contribute significantly to the methanol formation and that
COg; is the main carbon source for methanol synthesis at the investigated reaction conditions over
Raney Cu.
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Fig. S12: Methanol turnover frequency in CO2/CO/Hz (3/29/68) and CO3/N3/Hy (3/29/68) at 523
K, and 50 bar with a constant GHSV of 8.4 -10* Nml/g..;./h over Raney Cu with Cu surface area of
5.18 m?/geat..
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Temperature programmed hydrogenation of Cu nanopowder and blank ex-
periment

In a TPH experiment after quenching during operation in syngas Raney Cu exhibited a low temperature
(< 420 K) water formation (see Fig. 7 in the main text). To test if this water signal could be
attributed to oxygen species (O or OH) on the Cu surface 2 verification experiments were conducted
with unsupported Cu (from Sigma Aldrich CuO nanopowder). In one experimentunsupported Cu was
quenched (using ice water) during operation at reaction conditions (448 K, 50 bar, CO2/CO/Hy =
3/29/68) and then subjected to a TPH. In another experiment the unsupported Cu was pre-reduced,
cooled to ambient temperature in the reducing gas and then subjected to the TPH. Fig. S13 shows
the water evolution in the TPH for these two experiments and for a blank run with only the quartz
wool packing in the reactor. The figure shows that a similar water evolution occurs in the TPH for
both the quenched catalyst and for the freshly reduced catalyst. For the freshly reduced sample there
is no chance of oxygen deposition on the surface, and we therefore conclude that the water evolution
is not due to reduction of oxygen species on the surface but rather due to water impurities in the
Hy /N5 mixture used for the TPH. These water impurities adsorb on the Cu at ambient temperature
before the initiation of the TPH and then desorb during the initial stages of the TPH. Within the
uncertainty we therefore cannot detect any deposition of oxygen species on the Cu surface from the
syngas atmosphere at reaction conditions.

Unsup. Cu
quenched during
reaction

Unsup. Cu
freshly reduced

Blank run with no Cu

H,0O (m/z = 18) MS signal [a.u]

A
300 320 340 360 380
Temperature [K]

Fig. S13: Water evolution as a function of temperature during TPH (heat ramp is 2 K/min in 60
Nml/min 5% Hy/Ns2) for unsupported Cu quenched during reaction (448 K, 50 bar, CO3/CO/Hy =
3/29/68) [red] and for unsupported Cu directly after pre-reduction [blue]. In both cases the unsup-
ported Cu is obtained from Sigma-Aldrich CuO nanopowder. Also shown is a blank TPH for an empty
reactor containing only the quartz wool packing [black].
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X-ray photo-electron spectroscopy of Raney Cu and unsupported Cu

Surface area measurement on pre-reduced Raney Cu revealed a total BET surface area of 13.94 m?/g
of which 5.18 m?/g was assigned to surface Cu. The remaining surface was suggested to be AlOy as
the second most predominant metal component in Raney Cu was Al with 0.81 wt% according to the
manufacturer. Ex situ XPS analyses were applied to investigate the surface composition on Raney
Cu after drying in a fume hood (predried Raney Cu), dried and reduced Raney Cu (reduced Raney
Cu) and calcined but non-reduced unsupported CuO (fresh unsupported CuQO) as a reference sample
without Al species. Fig. S14 and Fig. S15 show the survey spectra collected for the Raney Cu samples
including a small insertion figure with focus on the Cu 2p;/, and Cu 2p3/, regions. All peaks were
accounted for and attributed to mainly Cu and O with minor C and Al concentrations. The detailed
analysis of the Cu2p regions revealed that reduction of Raney Cu diminished the shake-up satellites
attributed to CuO [1, 2] which verifies the reduction of the copper. In addition, the reduction of Raney
Cu could facilitate alumina segregation to the surface due to lower surface energy of alumina compared
to Cu [3, 4]. Fig. S16 and Fig. S17 displays the detailed spectra acquired in the characteristic energy
regions for Al but these regions contained overlapping Cu peaks making the analysis more complex.
Fig. S16 shows that the predried Raney Cu is very similar to CuO indicating that the dried sample is
in an oxidized form. Perhaps the binding energy is shifted slightly for predried Raney Cu compared
to CuO indicating a mixed CuyxAl,O, oxide phase. Fig. S16 shows that the pre-reduced Raney Cu
exhibits a Cu3p peak at approximately 78 eV and an Al2p peak at 75 eV, as also seen in previous
studies of Raney Cu [5], and the binding energy of the Al2p peak suggest that Al is in the oxidized
form [5-8]. Further evidence for the presence of AlOy in the surface of Raney Cu and the enhancement
of AlO4 upon reduction of Raney Cu was seen by the small but distinct shoulder peak attributed to
Al2s around 118 eV in accordance with [5, 8, 9] whereas the main peak corresponded to Cu3s at 122.4
eV [9]. In conclusion, XPS clearly showed presence of both metallic Cu and AlOy in the surface of
reduced Raney Cu.
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Fig. S14: Ex-situ survey XPS spectrum on predried Raney Cu with small insertion figure in the top
right corner for detailed analysis of the Cu2p peak region.
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Fig. S15: Ex-situ survey XPS spectrum on reduced Raney Cu with small insertion figure in the top
right corner for detailed analysis of the Cu2p peak region.
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Fig. S16: Ex-situ XPS spectra in the region

containing Al2p and Cu3p peaks.
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Fig. S17: Ex-situ XPS spectra in the region

containing Al2s and Cu3s peaks.
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In situ XRD analyses of Cu crystallite and verification of activation proce-
dure

Figs. S1 to S7 outline the recorded in situ XRD patterns applied to determine the Cu crystallite size.
Inserted annotation are based on the ICSD database with the collection code written in parentheses
with Cu (cc 64699), CuO (cc 87123), CuzO (cc 197686), SiO2 (cc 89276) ZnO (cc. 197687), TiOq-
anatase (cc 154604), and Al;O3 (cc 85137) collection codes for the ICSD data base. All collection code
data are obtained at ambient conditions.

A Cu
m Cu,0

® Cuo

After Activation
A

Intensity [a.u]

Before Activation

10 20 30 40 50 60 70 80 90
20 [degrees]

Fig. S1: In situ XRD at 298 K in 5% Hy /Ny of Cu/SiOs before and after activation in 5% Hs/No at
523 K.
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Fig. S2: In situ XRD at 298 K in 5% Hy/Ns of Raney Cu before and after activation in 5% Ha /No at
523 K.
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Fig. S3: In situ XRD at 298 K in 100% Hj of Cu/Al;O3 before and after activation in first 5% Ha /Ny
and then 100% Hs at 523 K.
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Fig. S4: In situ XRD at 298 K in 5% Ha /N3 of Cu/TiO; before and after activation in 5% Hs /Ny at

523 K.
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Fig. S5: In situ XRD at 298 K in 5% Hy/Ns of Cu/ZnO before and after activation in 5% Hs /Ny at

523 K.
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Fig. S7: a) In situ XRD at 298 K in reducing atmosphere of samples after activation with the high
intensity of Raney Cu multiplied by 0.1 to fit the common intensity scale. b) Focused view of the 111
diffraction peak with peak heights normalized to facilitate comparison.
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Additional tests for identification of IR bands

Fig. S8 shows the spectra in increasing concentrations of CO at 276 K for the Cu/Al;O3 sample that
has been pre-reduced and then re-oxidized.
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Fig. S8: IR spectra of pre-reduced and then re-oxidized (by 9% CO2/Ny at room temperature)
Cu/Al503 in 0.4 mbar to 100 mbar CO and subsequent He flush at constant 276 K.

Fig. S9 shows the spectra during He flush of pre-reduced Cu/SiOy after prior exposure to CO. The
collective drop in the bands makes it difficult to make clear conclusions about the stability of the
different CO adsorption sites represented by the three bands.
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Fig. S9: IR spectra of pre-reduced Cu/SiO4 during flushing in He at 276 K after prior exposure to 0.4

mbar CO.

Fig. S10 shows IR spectra of Cu/Zn0O/Al;03 in 0.4 mbar CO at 276 K after various stages of pre-
reduction. Initially a single band at 2100 cm ™! characteristic of the oxidized sample is present. After
treatment in 5% Hy at 448 K the spectrum characteristic of the reduced phase is established. Further
reductive treatment weakens and narrows the bands.
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Fig. S10: IR spectra of pre-reduced Cu/SiOy during flushing in He at 276 K after prior exposure to
0.4 mbar CO.

Fig. S11 shows IR spectra during He flush of pre-reduced Cu/ZnO (Fig. S11a) and harshly pre-reduced
Cu/Zn0O/Al,03 (Fig. S11b) after prior exposure to CO. The figure illustrates that the 2065-68 cm~*
band is eliminated more rapidly upon flushing than the 2093-2094 cm~' band. This is especially
evident in Fig. S11b where the low-frequency band is essentially eliminated when the high-frequency
band maintains half of the original intensity.
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Fig. S11: a) IR spectra of pre-reduced Cu/ZnO as a function of time in He after prior CO adsorption
(0.4 mbar) at 276 K. b) IR spectra of harshly pre-reduced (normal reduction and 9.5% CO at 573 K)
Cu/Zn0/Aly05 as a function of time in He after prior CO adsorption (0.4 mbar) at 276 K.
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HCOO and CO co-adsorption experiment with cycles of CO adsorption and
TPD for Cu/ZnO

Fig. S12 shows the IR spectrum of Cu/ZnO after exposure to COy/Ny/Hs (3/29/68) exposure at 373
K and atmospheric pressure in the absorbance units. The figure shows the C-H features > 2700 cm ™!
more clearly. The figure also shows the broad absorbance across the IR range indicative of free charge
carriers in the ZnO conduction band.
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Fig. S12: IR spectrum in absorbance units of Cu/ZnO in He at 276 K HCOO bands after CO3/Ny/H,
(3/29/68) exposure at 373 K, atmospheric pressure. Cu and ZnO related species are marked in blue
and black, respectively.

Figs. S13 and S14 display for Cu/ZnO the decline of the Cu-HCOO bands at 1352 cm™! and 1602
em~! during the TPD to remove pre-deposited formate synthesized from COs/Hs, while the bands
related to formate on ZnO (2882 cm ™! and 1580 cm™1) remain relatively undisturbed as expected from
their higher thermal stability compared to Cu-HCOO. Fig. S15 shows an overview of the TPD cycles
including gas signals measured by a mass spectrometer (MS) for Cu/ZnO. Fig. S16 shows the same
overview for Cu/SiOs. Figs. S15 and S16 show that COs desorbs during each TPD cycle indicating
further decomposition of Cu-HCOO.
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Fig. S13: Selected IR spectra of undiluted and pre-reduced Cu/ZnO during TPD to a) 393 K and b)
413 K in 45 Nml/min He with both 10 K/min to 323 K and then 2 K/min to a) 393 K and b) 413 K.
Note primarily the decline in the Cu-HCOO feature around 1350 cm™!. Spectra are linear offset for
clarity.

Fig. S13: Selected IR spectra of undiluted and pre-reduced Cu/ZnO during TPD to a) 393 K and b)
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413 K in 45 Nml/min He with both 10 K/min to 323 K and then 2 K/min to a) 393 K and b) 413 K.
Note primarily the decline in the Cu-HCOO feature around 1350 cm™!. Spectra are linear offset for
clarity.
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Fig. S14: Selected IR spectra of undiluted and pre-reduced Cu/ZnO during TPD to a) 393 K and b)
413 K in 45 Nml/min He with both 10 K/min to 323 K and then 2 K/min to a) 393 K and b) 413 K.
Note primarily the decline in the Cu-HCOO feature around 1620 cm~!. Spectra are linear offset for
clarity.

Fig. S14: Selected IR spectra of undiluted and pre-reduced Cu/ZnO during TPD to a) 393 K and b)
413 K in 45 Nml/min He with both 10 K/min to 323 K and then 2 K/min to a) 393 K and b) 413 K.
Note primarily the decline in the Cu-HCOO feature around 1620 cm~!. Spectra are linear offset for
clarity.
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Fig. S15: Overview of temperature and MS intensities of COs and Hy during the TPD sequences to
remove formate from Cu/ZnO with pre-adsorbed HCOO from exposure to CO3/No/Hs = 3/29/68,
373 K, 1 atm. In each period at 276 K a background spectrum is measured in He and then 0.4 mbar
CO is adsorbed while sample spectra are recorded. Note the coincident desorption of Hy and COs
related to Cu-HCOO desorption near the final TPD temperature of each sequence. The Hy profile
during the 393 K TPD is downscaled by a factor of 10 to fit the ”MS Intensity” scale.
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Fig. S16: Overview of temperature and MS intensities of CO5 and Hy during the TPD sequences to
remove formate from Cu/SiOs with pre-adsorbed HCOO from exposure to COs/No/Hy = 3/29/68,
373 K, 1 atm. In each period at 276 K a background spectrum is measured in He and then 0.4 mbar
CO is adsorbed while sample spectra are recorded. Note the coincident desorption of Hs and COq
related to Cu-HCOO desorption near the final TPD temperature of each sequence. The Hy profile
during the 393 K TPD is downscaled by a factor of 10 to fit the ”MS Intensity” scale.
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Further results from the formate decoration experiments

Fig. S17 shows the CO spectrum recorded on maximally covered Cu/ZnO directly after HCOO
decoration with a distinct band at 2127 cm ™! and a broader feature centered around 2098 cm~!. This
spectrum corresponds to the “Post CO2/Hy” spectrum in Fig. 11a in the main text.

2127 2098

0.003

0.002 +

0.001 +

Kubelka-Munk

0.000 +

-0.001 +—/—7—-+—7—"+—""+"+7—"7 14—
2200 2180 2160 2140 2120 2100 2080 2060 2040 2020 2000

Wavenumber [cm™]

Fig. S17: IR spectra of pre-reduced and maximum HCOO decorated Cu/ZnO in 0.4 mbar CO at 276
K before TPDs.

Fig. S18 shows the IR spectra during CO dosage on the partly formate covered Cu/SiO, sample after
TPD to 393 K. Fig. 11b in the main text shows that substantial formate still remains on the surface in
this situation (i.e. the CO band intensity is not fully restored). If van der Waal interactions between
CO and HCOO (i.e. CO---H-COO complexes) are important then modifications should be visible seen
in the formate regions (around Y0CO,sym = 1350 cm™1, Y0CO0,asym = 1600 cm~! and vog = 2700-3000
em 1) of the spectrum. However, Fig. S18 shows that for Cu/SiO, the CO band is the only observed
band on an essentially featureless baseline. This indicates that the formate is not strongly perturbed
and thus that such complexes between CO and HCOO are not the reason for the perturbation in the
C-0 frequency of adsorbed CO.

Fig. S19a shows the wider IR spectra for the CO adsorptions on partly HCOO decorated Cu/SiOs.
This is an extended version of Fig. 11b in the main text. It is evident that very little is seen in
the spectral ranges associated with formate. Figs. S19b and S19c show detailed view of the formate
ranges for the spectra recorded in CO after the TPD sequences. Figs. S19b and S19c¢ show that there
are no major frequency changes in the formate range even though the C-O frequency in chemisorbed
CO is changed significantly with increasing TPD temperature (i.e. decreasing Cu-HCOO coverage).
This invariance in the formate regions suggests that formation of CO--- H-COO complexes is not the
reason for the changing C-O frequency in the co-adsorbed CO.

Fig. S20a shows the entire IR spectrum during CO adsorption on the partially formate covered Cu/ZnO
sample after TPD to increasing temperatures. The figure thus illustrates the wider spectrum for the
data in Fig. 1la in the main text. The baseline contains small ripples in the formate regions. Figs.
S20b and S20c show closer views of these ripples in the formate regions. These figures illustrate that
there are no major frequency changes in these ripples in the baseline even though the C-O frequency in
chemisorbed CO is changed significantly with increasing TPD temperature (i.e. decreasing Cu-HCOO
coverage). This again suggests that formation of CO--- H-COO complexes is not the reason for the
changing C-O frequency in the co-adsorbed CO.
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Fig. S18: IR spectra of pre-reduced and partly HCOO decorated Cu/SiO2 after TPD to 393 K in 0.4

mbar CO at 276 K.
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Fig. S19: IR spectra of pre-reduced and partially covered Cu/SiO5 in 0.4 mbar CO at 276 K after
TPDs to specific temperatures (393 K to 453 K) shown in a) full frequency range, b) low frequency

range, and c) high frequency range. Spectra are offset for clarity.
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Evaluation of a connection between particle/crystallite size and C-O fre-
quency

Fig. S21 shows the Cu crystallite size and the Cu particle diameter determined from the Cu surface
area as functions of the C-O frequency for the band assigned as the primary contribution from CO on
the metallic surface for each sample. The results in Fig. S21 clearly shows that there is no correlation
between either of the size estimates and the C-O frequency. This is in good agreement with the fact
that the samples are generally expected to be in the size range without any effect of particle size.
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Fig. S21: Comparison between Cu diameter and crystallite size with the metallic C-O stretch across
the investigated samples.
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Methods

Flow specifications

Flows are reported according to the normal conditions marked with “N” referring to 273.15 K and 1
atmosphere of pressure. Measurements involving methanol synthesis from syngas is performed in a
previously described setup [1], which is modified for the DRIFTS dosage experiments by inserting a
membrane port between the carbonyl trap and the gas entrance to the DRIFTS cell.

Synthesis of catalysts

Raney Cu was purchased from Strem Chemicals (Chemical Analysis from producer: 98.9 wt% Cu,
0.81 wt% Al 0.1 wt% Fe, 0.05 wt% Ni) and received as an aqueous slurry, which was pre-dried
in a fume-hood at ambient conditions before use. Unsupported Cu for spectroscopy studies was
obtained from pure CuO (nanopowder < 50 nm, Sigma Aldrich), which was loaded without pre-
treatments. Supported Cu catalysts (Cu/SiO2, Cu/ZnO and Cu/Zn0O/Al;O3) were synthesized from
Cu(II) nitrate hemi(pentahydrate) (98.6%, Alfa Aesar) using co-precipitation (Cu/ZnO/Al;O3 with
56 wt% Cu, Cu/ZnO with 10 wt% Cu). Cu/SiO5 was synthesized by incipient wetness impregnation of
an aqueous nitrate (Cu(NO3)2-3H20 > 99% from Sigma Aldrich) solution onto pre-dried and crushed
(150-30011m) SiO (SS61138, 250 m? /g, from Saint Gobain) followed by drying overnight at 313 K. All
dried precursors for supported Cu catalysts were calcined in 1 NL/min air flow with a heating ramp of
2 K/min to 573 K, which was maintained for 3 hours. Experiments on the bare SiOy were conducted
on the crushed and sieve fractionated (150-300 pm) SiO5 sample. Before any use Raney Cu, SiOq,
Cu/SiO2 and ZnO-based samples were pre-reduced in a 60 Nml/min flow of 5% Hs /Ny with a heating
ramp of 1 K/min to 448 K and kept constant until water generation had terminated before heating
further (1 K/min) to 523 K with again hold until no more MS detectable water. For unsupported
Cu the pre-reduction terminated after the 2 h hold at 448 K, as this was found to be sufficient for
complete CuO reduction.

Surface area measurement

The Cu surface area of pre-reduced catalysts were performed by applying the NoO-Reactive Frontal
Chromatography (RFC) method [2] conducted at 333 K using a 1% N2O/He flow of 19 Nml/min.
Determinations of the Cu surface areas were based on the NoO uptake, a Cu:O stoichiometry [3] of
2:1 and an average Cu surface atom density of 1.47-10'° atoms/(m? Cu) [4]. The NyO-RFC experi-
ments were performed in a Quantachrome 1Qy setup with an attached Hiden Analytical QGA mass
spectrometer.

Catalytic activity measurements

The high pressure activity tests were conducted in a flow reactor setup described in detail elsewhere [1].
The reactors were glass lined U-tubes (1/4” o.d., 4 mm i.d. from SGE Analytical Science). Effluent
gas was analyzed by a Hiden HPR-20 EGA mass spectrometer and a Thermo Fisher Trace 1300 GC.
After pre-reduction the reactor was pressurized in He to 50 bar at 448 K for unsupported Cu and
498 K for Raney Cu before switching to the reaction mixture (CO2/N3/Hy = 3/29/68) with a total
flow of 270-282 Nml/min. Unsupported Cu was in the pressurized feed gas heated with 1 K/min to
498 K. Gas chromatography was applied to quantify the produced methanol yielding maximum 0.07
mole% methanol in the effluent gas stream corresponding to 4.35% approach to equilibrium based on
equilibrium calculations (T = 498 K, P = 50 bar, CO2/No/Hs = 3/29/68) using data from [5] with
the assumption of ideality of the gas.
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Quantification of formate coverage on Cu/SiO, at industrial reaction condi-
tions

The coverage of formate on the Cu surface of Raney Cu, Cu/ZnO and Cu/SiOs under representative
industrial methanol synthesis conditions was determined in the high pressure flow reactor (see section
2.3) using the method described in detail elsewhere [6]. After pre-reduction and pressurization in He
the Cu/SiO catalyst was exposed to reaction conditions (T = 523 K, CO5/CO/Hy = 3/29/68, P = 50
bar) using a syngas flow of 93-105 Nml/min, and the approach to steady state was followed using mass
spectrometry (MS). Poor methanol activity over Cu/SiOg restricted the flow to around 100 Nml/min
to improve the quantitative analyses of the methanol effluent. Pre-reduced Raney Cu and Cu/ZnO
were pressurized in He before exposed to reaction conditions (T = 523 K, CO2/CO/Hy = 3/29/68, P =
50 bar) using a syngas flow of 280-282 Nml/min. In these experiments the maximal methanol effluent
concentration was 0.22 mole% corresponding to 0.96% approach to equilibrium based on equilibrium
calculations (523 K, 50 bar, CO3/CO/Hy = 3/29/68) using data from [5] with the assumption of
ideality of the gas. Once steady state was reached the reaction was rapidly quenched (described in
detail elsewhere [6]) by submerging the U-tube reactor in liquid Na or ice water, and the formate
coverage was determined from integration of the CO5 MS signal in a subsequent TPD in He. The CO
MS signal was calibrated beforehand from a certified 500 ppm COs in He gas bottle from Air Liquide
Denmark.

DRIFTS experiments

Infrared measurements were performed in a domed reactor cell and Praying Mantis DRIFTS unit from
Harrick Scientific Products installed in a Nicolet iS50 FTIR, spectrometer equipped with a liquid Ny
cooled MCT detector. Details of the setup is shown elsewhere [1]. Reported spectra constituted an
average of 76 scans with a resolution of 4 cm™!. Undiluted catalysts were used. Prior to adsorption
experiments, the catalysts were activated according to the Hs pre-reduction procedure outlined in
section 2.1 and then thoroughly purged in He at 523 K.

Pre-reduced catalysts were flushed and cooled in He from 523 K (448 K for unsupported Cu) to 313
K, where a background spectrum in 310 Nml/min He was recorded. Acquisition of absorbance spectra
started at 313 K, where 1ul HCOOH (> 98% Sigma Aldrich) was injected with a syringe into the
310 Nml/min He stream through a sealed polymer membrane on the gas line immediately before the
DRIFTS cell. Continuous He flush was performed until the gas phase HCOOH signal (m/z = 46)
measured by the mass spectrometer was undetectable. The HCOOH covered surface was heated by 2
K/min in 50 Nml/min Hy (TPH) to 673 K with continuous recording of absorbance spectra based on
the background spectrum recorded at 313 K before HCOOH dosage.

Silica was treated using the normal pre-reduction (see section 2.1) before being exposed to a methanol-
water mixture inside the DRIFTS cell. After pre-reduction a background spectrum in He was measured
at 523 K after thorough flushing at this temperature. Using the same syringe injection method as for
the formic acid dosage, 1 pl of methanol-water (50/50 wt%) mixture was injected into the 310 Nml/min
He stream at 523 K and ambient pressure. In this way silica was exposed to CH3OH and HyO at 523
K, while spectra were continuously collected during dosage and subsequent cooling in 310 Nml/min He
to 313 K concurrent with gas analysis of the effluent stream using a MS. The methanol-water exposed
Cu/SiOq surface was subsequently heated (TPD) in 45 Nml/min He with 2 K/min from 313 K to 673
K.

Reduced Raney Cu was flushed with He at 523 K before cooling to 448 K, where 1l methanol was
injected into the 310 Nml/min He stream. Continuous He flow during subsequent cooling was applied
before raising the temperature (TPH) by 2 K/min in 50 Nml/min H,.

Cu/SiO; was pre-reduced (see section 2.1) and flushed with He at 523 K, where a background spectrum
was recorded in He before pressurizing in He to 10 bar at constant temperature. He was replaced by
CO2/CO/H;y (3/29/68) for 1 hour at 523 K before rapid cooling in the syngas mixture to room tem-
perature. After pressure release and thorough He purge at room temperature, a TPD in 45 Nml/min
He with 2 K/min as heating ramp was performed with continuous measurements of absorbance spectra
based on the background spectrum recorded at 523 K before syngas exposure. Both supports (SiOs,
ZnO0) and supported catalysts (Cu/SiO, Cu/ZnO, Cu/Zn0O/Al;03) were subjected to repeated cycles
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consisting of heating by 1 K/min in diluted or undiluted Hs to a final temperature before He flushing
for 15 min at the final temperature and then cooling to room temperature in He, where a spectrum was
recorded. This cycle was then repeated with medium and harsh reductive treatments. The samples
were subjected to mild (60 Nml/min of 5% Hs at 448 K for 1.5-4 h), medium (60 Nml/min of 5% Hy
at 523 K for 0.75-2.5 h) and harsh (50 Nml/min of 100% Hs at 523 K for 1-3.5 h) reductions prior
to spectrum acquisition. The spectrum recorded after mild reduction for each sample was used as the
background for the spectra acquired after medium and harsh reductions.

Raney Cu, Cu/ZnO and Cu/ZnO/Al;O3 was heated in 60 Nml/min of 5% Hs by 1 K/min to 448 K
with constant temperature for 3 h before further heating to 523 K and constant temperature for 2 h.
Next, the gas switched to 100% Hy for 1.5-2 h at 523 K before 15 min He flush at 523 K and cooling.
Finally, a TPD in 45 Nml/min He from room temperature to 673 K with 2 K/min as heating ramp
was performed. The equivalent blank experiment involved heating in 100% Hs to 523 K and 0.5 h
hold before 15 min He flush, cooling and then 2 K/min TPD in 45 Nml/min He.
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Extended Data Fig. 1| Raw single beam spectra collected in He at 313 K after H,
treatment. The spectra are collected after mild (448 K in 5% Hs), intermediate (523 K in 5% Ha)
and harsh (523 K in 100% Hs) reductions for a Cu/SiOz, b SiOs, ¢ Cu/Zn0O, d Cu/Zn0O/Al;03 and
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Extended Data Fig. 2| Evolution of gaseous species in temperature programmed desorp-
tion after H, pre-adsorption. MS signals for gaseous species desorbed during TPD with a Cu/ZnO,
b Cu/Zn0O/Al303, ¢ ZnO and d a blank cell in 45 Nml/min He with 2 K/min as heating ramp. MS
signals for the ZnO-based samples in a to ¢ are normalized to the ZnO content (gram) for comparison.
The blank experiment is not normalized. The results illustrate that the hydrogen desorption < 625
K occurs alone and is attributable to hydrogen desorbing from the ZnO structure. Above 625 K a
multitude of gaseous species are evolved and any Hs evolved at these temperatures is most likely the
result of decomposing HxC, O, species on the ZnO surface.
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Cu(111) | 523 | 135 73.6 2.06-1073 2221073 Nakamura et al. [16]

Extended Data Fig. 3| Comparison of Cu/SiO; to the intrinsic properties of Cu. a
The TOF for methanol synthesis by COs hydrogenation with Cu/SiOs samples from this work and
the literature corresponding to the entries in c. Here the present Cu/SiOy sample is investigated in
CO3 hydrogenation (CO2/No/Hs = 3/29/68, T = 498 K, P = 50 bar) and the literature values are
extrapolated to the same conditions using a linear dependency on the hydrogen pressure as commonly
[17] employed and an activation energy of 86.5 kJ/mole based on the average value from Karelovic et
al. [10]. The dashed line is the average of all 10 reported TOF's (see details in c¢). b Comparison of the
TOF for Cu/SiOs (both this work and the literature average) to unsupported Cu, Raney Cu and Cu
single crystal surfaces measured or extrapolated to the same conditions (see details in d). The results
verify that SiOs exerts a significant detrimental support effect corresponding to a factor of 3-4 on the
TOF-value compared to Cu intrinsically.
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FExtended Data

g
TOF 0
Catalyst [CH;0H molecules HEOO
a1 [ML]
(Cu surface atom)* s7!]

Cu/SiOq (1.4840.11) - 1073 0.0602+0.0389
Raney Cu (6.2241.04) - 1073 0.071£0.012
Cu/ZnO (3.612£0.54) - 102 0.267+0.087

Extended Data Fig. 4| Support dependence of the formate coverage on Cu during high
pressure methanol synthesis and the associated methanol TOF. a IR absorbance spectra
during TPD (2 K/min ramp in 45 Nml/min He) of Cu/SiOy after methanol synthesis (P = 10 bar,
CO2/CO/Hy = 3/29/68, T = 523 K). Background spectrum is collected on the pre-reduced Cu/SiOq
catalyst at 523 K in He before syngas exposure and IR spectra are offset for clarity. b Desorption of
surface adsorbates and COs during a TPD (identical experiment as in a) measured by their relative ab-
sorbance intensity progress with increased temperature. The surface adsorbates include Cu-HCOO at
1352 em ™! and 2852 em ™ [11, 18, 19], Si-CH30 at 2933 cm ™! and at 2852 cm ™! [20] and chemisorbed
CO3 at 2338 ecm ™! [21]. These desorption profiles provide guidance to deconvolution of the COy TPD
signal into its different contributions. The Cu-HCOO part of the deconvolution is used to estimate the
HCOO coverage on Cu. ¢ Desorbed COs during a TPD (2 K/min in 42.4 Nml/min He) of Cu/SiO4
(256.58 mg) after high pressure methanol synthesis (P = 50 bar, CO5/CO/Hy = 3/29/68, T = 523 K)
is disentangled into chemisorbed CO2 («), Cu-HCOO (f) and Si-CH30 (y) based on the procedure
outlined in b. Integration of 3 COs is applied to quantify the formate coverage on Cu. d IR absorbance
spectra during TPD (2 K/min in 45 Nml/min He) of Cu/ZnO after methanol synthesis (P = 10 bar,
CO2/CO/Hy = 3/29/68, T = 523 K). Background spectrum is collected on the pre-reduced Cu/ZnO
catalyst at 523 K in He before syngas exposure and IR spectra are offset for clarity. e Desorption of
Cu-HCOO (at 1349 em™* and 1610 ecm™? [19]) and CO5 during a TPD (identical experiment as in d)
measured by their relative absorbance intensity progress with increased temperature. f Desorbed CO,
during a TPD (2 K/min in 50.0 Nml/min He) of Cu/ZnO (104.36 mg) after high pressure methanol
synthesis (P = 50 bar, CO3/CO/Hy = 3/29/68, T = 523 K) is deconvoluted into chemisorbed CO4
(o) and Cu-HCOO () using the protocol presented in e. g Comparison of the formate coverage and
methanol TOFs for Cu/SiO5, Raney Cu and Cu/ZnO during methanol synthesis at high pressure (P
= 50 bar, CO3/CO/Hy = 3/29/68, T = 523 K). Desorbed CO4 disentanglement is based on [6] with
characteristic Cu-HCOO desorption around 410 K. Cu/SiO2 and Raney Cu yield relatively similar
formate coverages, which implies that coverage differences cannot explain the four fold TOF difference
between the catalysts.
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Extended Data Fig. 5| Roles of re-adsorption phenomena in temperature programmed
hydrogenation with 2 K/min in 50 Nml/min H,; on methanol or formate covered samples.
a Gas desorption of CO; and CH3OH normalized to the sample specific Cu surface area during TPH
of Raney Cu and of a 70 wt% Raney Cu/30 wt% SiO2 physical mixture after 1pl formate adsorption
at 313 K in 310 Nml/min He. Re-adsorption of methanol on SiOj is absent based on the similar COq
and CH30H profiles in presence (70 wt% Raney Cu and 30 wt% SiO3) and absence (Raney Cu) of
SiO2. b TPH of formate (1pnl at 313 K in 310 Nml/min) and methanol (1 pl at 448 K in 310 Nml/min
He) covered Raney Cu catalysts show that hydrogenation of formate to methanol initiates around
400 K but substantial re-adsorption on the catalyst surface delays the methanol signal towards higher

temperatures.
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Supplementary Material

S1 Supplementary Material

Water inhibition of methanol synthesis

A number of studies have shown the inhibiting effect of water upon the methanol synthesis [1-4].
Figs S1 and S2 are given to illustrate the major low-temperature inhibition and possible contribution
of competitive adsorption of water to the inhibition. Fig. S1 illustrates the inhibition by HsO at
lower temperatures by showing the relative methanol synthesis rate as a function of the HoO partial
pressure. Relative activities are calculated from the results of two studies [1, 2] investigating the
addition of water to a COz/Hs feed passed over a Cu/ZnO/Al;O5 catalyst. Fig. S1 shows that a
few kPa of water partial pressure is sufficient to cause major inhibition of Cu-based catalysts at lower
temperatures.
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Fig. S1: Relative methanol synthesis rate as a function of the partial pressure of water in the
CO2/H3/H30 feed passed over Cu/Zn0O/Al;O3 at atmospheric pressure [1, 2].

Equilibrium calculations using the equilibrium data from Graaf and Winkelman [5] shows that the
methanol concentrations at 443 K in fig. S1 are all below <10% of the equilibrium concentration,
so equilibrium effects cannot be the main explanation for the strong water inhibition, which must
instead be kinetic in nature. The water inhibition, which is reported to be reversible [2], is to be
expected for all Cu catalysts from blocking of the active sites, as can be illustrated with a simple
model based on water adsorption isotherm measurements by Stoczyiiski et al. [6, 7]. Fig. S2 shows the
water coverage calculated from their [6, 7] data (defined as water uptake relative to a maximal water
uptake of 270 pmol/g.,, for Cu/Zn0O/Al,O3 and 19.7 pmol/g,,, for unsupported Cu) as a function of
water partial pressure for Cu/Zn0O/Al;O3 and unsupported Cu. This simple model suggests that at
lower temperatures the water coverage and the resulting loss of free sites should become significant
for Cu-based catalysts already at a few kPa of water pressure. It is therefore also reasonable to
expect a significant loss of activity at such water pressures due to competitive adsorption of HoO or
its dissociation products.

The intrinsic properties of Cu

Unsupported Cu must be expected to represent the intrinsic properties of Cu, but a poor thermal
stability means that only a low metal area can be achieved with this type of material. Two other Cu
samples, namely Raney Cu and Cu/Al;O3 with a considerably higher Cu surface area, were therefore
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Fig. S2: Water coverage a function of HoO partial pressure for both Cu/Zn0O/Al;Ozand unsupported
Cu. Calculated coverages are based on adsorption isotherm measurements by Sloczyniski et al. [6, 7).
The water coverage is obtained as the water uptake at a given HoO partial pressure relative to a
maximal water uptake of 270 numol/g,,, for Cu/Zn0O/Al,O5 and 19.7 pmol/g.,, for unsupported Cu
[6, 7]. Dashed lines represent fitted Temkin isotherms.

also evaluated.

In assessing the behavior of unsupported Cu the low melting point of copper results in a poor thermal
stability, and results are therefore expected to become increasingly uncertain with increasing temper-
ature. When starting from 448 K and gradually raising the temperature, methanol formation from
COy/H; was detectable at all temperatures, but 498 K was the first temperature where any methanol
formation from CO/Hy could be unambiguously identified by GC measurements. For this reason the
assessment of unsupported Cu in fig. 1 in the main text was conducted at 498 K. Fig. S3 summarizes
this evaluation of unsupported Cu.
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Fig. S3: Methanol effluent concentration with unsupported Cu as a function of time on stream. The
feed is switched between CO5/Hy and CO/Hs at varying temperatures. Reaction conditions: P = 5
MPa, Hy/COy/inert = 68/3/29, 280 NmL/min, 578 mg CuO. The Cu surface area of the sample is
0.49 m?/gcat.

Ex situ XPS analyses (described in the last section of this supplement) of the spent sample from the
experiment in fig. S3 showed no signs of Ni or Fe, which indicates that results are without any influence
of metal deposition from carbonyls. Figs. S4 and S5 show comparisons of methanol formation from
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COy/Hy and CO/Hs with Cu/Al;O3 and Raney Cu, which were investigated at both 523 K and 498 K.
Repeated investigations have shown the effects of the gas atmosphere to be reversible and independent
of the order of the gas mixtures.

= 0.3 - COM, - CO,/H, ,  CO/MH, - 550
E ! ® o O |
(o) |
E 025 A | !

' —
S 0.2 - ! : | 505 =
5 ~ ° u o
& 0.15 - ! ° o o &
e | o
[ [} o
(o] | ]
o 0.1 1 ! ! - 500 £
: . L :
8 0.05 - ' ,
- | [ ] 4_‘
o I I o
= 04006 : Lo e 475

0 50 100 150 200 250 300 350
Time on stream (minutes)

Fig. S4: Methanol effluent concentration with 50 wt% Cu/Al;O3 as a function of time on stream. The
feed is switched between COs/Hy and CO/Hs at varying temperatures. Reaction conditions: P = 5
MPa, Hy/COy/inert = 68/3/29, 275 NmL/min, 148 mg catalyst. The Cu surface area of the sample
is 7.16 m? /gca;.

Unsupported Cu, Raney Cu and the Cu-rich Cu/Al;O3 are expected to represent the intrinsic prop-
erties of Cu and are all consistent in showing the reaction to be much faster from CO5. Fig. S6 shows
that the conclusion is completely inverted when cycling between CO/Hy and COz/Hs for Cu/MgO at
523 K. Fig. S6 also illustrates that the increase in reaction rate in CO/Hs is associated with a release
of COg2, which illustrates the inhibiting effect of CO5 discussed in the main text and attributed to
carbonate formation. Fig. S7 shows the results of a similar cycling experiment for the industry-type
Cu/Zn0O/Al, O3 catalyst.
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Fig. S5: Methanol effluent concentration with Raney Cu as a function of time on stream. The feed
is switched between CO3/Hy and CO/Hz at varying temperatures. Reaction conditions: P = 5 MPa,
Hy/COy/inert = 68/3/29, 273 NmL/min, 296 mg catalyst. The Cu surface area of the sample is 5.18
mz/gcat.
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Fig. S6: Methanol effluent concentration (blue stars) with Cu/MgO as a function of time on stream.
The feed is switched between CO5/Hy and CO/Hy at 523 K. Reaction conditions: P = 5 MPa, T =
523 K Hy/COy/inert = 68/3/29, 280 NmL/min, 96.6 mg catalyst. The MS signals illustrate that the
growth in methanol productivity is associated with a release of CO5. The gaps in the MS signals are

due to flow measurements where the flow is bypassing the MS. The Cu surface area of the sample is
6.00 m?/gcat.
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Fig. S7: Methanol effluent concentration (blue stars GC measurements, solid lines MS m/z = 31
signal) with Cu/ZnO/Al;O3 as a function of time on stream. The feed is switched between COy/H,
and CO/H, at 523 K. Reaction conditions: P = 5 MPa, T = 523 K Hy/COy/inert = 68/3/29, 280
NmL/min, 13.1 mg catalyst. The Cu surface area of the sample is 20.25 m? /geas.
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CO hydrogenation results

A range of supported catalysts were tested for high pressure CO hydrogenation. Fig. S8 shows that
the present results on CO hydrogenation indicate no clear correlation between methanol synthesis
rate and copper surface area for the present catalysts on varying supports. Previous studies [§],
[9] with varying Cu area on a fixed support material have similarly concluded that no correlation
exists between Cu surface area and CO hydrogenation activity. Fig. 2 in the main text illustrates the
methanol formation rates as a function of time on stream for the catalysts. Most catalysts are relatively
stable in the CO/Hy atmosphere. A clear exception is Cu/Zn0O/Al;Os, which undergoes a pronounced
gradual deactivation in the first hours on stream. This deactivation behavior of Cu/Zn0O/Al;O3 may
relate to further reduction of the catalyst, as COs is evolved during the period of deactivation. The
same deactivation of Cu/ZnO/Al;O3 in CO/Hj is also observed by others [3, 10, 11]. Fig. 2 shows that
both Cu/C and MgO/C (the latter from impregnation of Mg(HCOO)2 onto carbon) are inactive, but
the same impregnation of Mg(HCOO), onto the inactive Cu/C catalyst creates an active MgO/Cu/C
catalyst. The Mg(HCOO), will decompose during the pre-reduction at 523 K (fig. S11 shows that
formate decomposition is significant at 523 K), and additionally the integral methanol production of
the MgO/Cu/C catalyst in fig. 2 far exceeds the amount of added formate, so the methanol production
is due to a catalytic conversion of CO/Hy and not due to the added formate acting as a sacrificial
reactant. The activity of the Cu-MgO systems is thus due to a synergy of two materials with limited
activity on their own. The negligible methanol production of Cu exchanged mordenite (Cu-MOR)
is due to an absence of conversion, and no other products are observed (i.e. no DME or C;-Cj
hydrocarbons) - i.e. not due to further conversion of formed methanol on acidic zeolite sites.
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Fig. S8: Methanol synthesis rate in CO hydrogenation for a range of catalytic materials as a function
of the Cu surface area estimated from titration with NoO. Reaction conditions: T = 523 K, P = 5
MPa, flow = 300 NmL/min, Hy/CO = 67/33.

CO chemisorption and TPD

For the set of catalysts evaluated in figs. 2 and S8 the CO uptake was measured by pulse chemisorption
at 303 K. The uptakes of the catalysts are summarized in table S1. After chemisorption the catalysts
were subjected to a TPD and the results are summarized in S9. Fig. S9 shows that the catalysts
typically have a major desorption around 323-337 K. The activation energy for CO desorption was
estimated by a Redhead [12] analysis using eq. Eq. S1 [13].
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RT2 v
Eges = RT oy In | —222— Eq. S1
des n ( Eaosf3 > ( q )
Here T}yax is the temperature of maximal desorption rate, 3 is the heating rate of 2 K/min = 0.033 K/s
and v is the prefactor, assumed to be 10'3 s~!. This analysis gives an activation energy of desorption of
95-100 kJ/mol as summarized in table S1. This implies a binding strength too large to be on metallic

Cu surface sites and is more representative of CO adsorbed on Cu™ sites [14], [15].
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Fig. S9: The CO (m/z = 28) desorption rate as function of temperature during TPD after CO pulse
chemisorption at 303 K. The signals are normalized by the intensity of the strongest desorption peak
within each experiment. Heating rate: 2 K/min. Carbon supported samples are omitted due to major
desorption assigned to species released from the activated carbon.

The metallic Cu surface area (and thus the number of metallic Cu® surface sites) has also been
determined from titration with NoO. For a Cu/SiO2 catalyst, where only the 335 K CO desorption
peak is seen the number of Cu®*t species can be accurately determined from the CO chemisorption.
With the number of Cu® sites from NoO titration this gives a Cu®t/Cu® ratio of 0.46 for Cu/SiOq
illustrating that Cu®t-O-Si linkages are quite prevalent in Cu/SiO. For the other samples there is
also CO desorption at higher temperatures (attributable to e.g. formate species formed from the CO
on the oxide), which means that not necessarily all CO chemisorption can be assigned to Cu®* species.
This only allows us to conclude that the Cu®t/Cu’ is at least below 0.13 for Cu/Zn0O/Al,O3. The fact
that Cu®* sites are relatively plentiful for Cu/SiO5, which only shows a moderate CO hydrogenation
activity (see fig. S8), could indicate that it is not only Cu®* species that are important, but also the
nature of the oxide. This does not necessarily imply that existing [16-18] correlations between Cu®+
concentration and CO hydrogenation activity are invalid, but does imply that such correlation should
only be expected, when the oxide component is kept fixed or relatively similar oxides are compared.
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Table S1: CO chemisorption capacity, the primary CO desorption temperature and Redhead analysis
for fig. S9.

Catalyst Cu/SiO; | Cu/ZnO/Al,0;3 | Cu/MgO | Cu- Cu/C | MgO/Cu/C
MOR
CO adsorp- | 34 49 143 3612 | 6 25

tion at 303 K
(nmol/gcat. )

Cu area | 3.1 15.0 4.8 1P 1)
[mz/gcat.]

Cu®*/Cu’ 0.46 <0.13 2 <) 2
ratio

Tmax (K) 335 337 323 336 - -)
Edes 99 100 95 99 -©) -e)
(kJ /mol)d

2 If the Hy consumption during reduction is converted to a Cu* content assuming reduction from CuO
to CugO this corresponds to 365 umol Cu™ /ge,s in good agreement with the CO uptake.

b Significant uncertainty due to the low area.

¢ As fig. S9 suggests that the 323-337 K peak assigned to Cu®* species is not the major desorption for
MgO-based catalysts the number of Cu®? sites cannot be reliably determined from CO chemisorption.
4 Determined from a Redhead analysis assuming a prefactor of 103 s~1.

¢ A broad desorption attributed to species from the carbon prevents conclusive TPD analysis.

Mechanistic investigations

To further elucidate the methanol formation during TPH fig. S10 shows IR spectra of the Cu/MgO
catalyst during the TPH experiment (also partly shown in fig. 3 in the main text).

Fig. S10 shows that the methanol formation centered at 423 K is associated with the disappearance
of the IR bands at 1360 cm™! and 2834 cm™! marked by arrows. These bands are attributed to a
particular formate species, most likely a formate at the interface. Fig. S10 also shows that the higher
temperature methanol formation centered at 523 K occurs in conjunction with the disappearance of
formate on MgO (1625 cm~! drops significantly from the black to the green to the gold spectra) and
methoxide on MgO (1086 cm~! drops significantly from the black to the green to the gold spectra).
The 523 K methanol formation is therefore attributed to these species entirely on the oxide. Due to
their higher conversion temperature the formates and methoxides entirely on the oxide are not likely
to play a major role in the reaction — perhaps only that of complete spectators. These species on the
MgO are also to a significant extent decomposing to CO during the TPH. This is illustrated in fig.
S11, which shows the formation of methanol and CO during the TPH experiment.
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Fig. S10: a) The methanol formation during TPH of Cu/MgO previously exposed to CO/Hy with
colored markings indicating the location of the IR spectra. b) IR spectra taken during the TPH. The
arrows indicate the IR bands changing during the first methanol formation peak (red—blue—-black),
whereas the second methanol formation peak corresponds to a general decline in the formate (and
methoxide) bands (black—green—gold).
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Fig. S11: MS intensities as a function of temperature during temperature programmed hydrogenation
of the Cu/MgO catalyst after the exposure to CO/Hs/Ar = 3/68/29 at 523 K and atm pressure (and
cooling in this gas). Conditions: 2 K/min, 50 NmL/min Hy flow, 10 mg catalyst.
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CO3 deactivation of Cu/MgO

Fig. S12 shows the catalytic activity of Cu/MgO as a function of time on stream in either CO/Hy
or CO2/CO/Hsy. The figure illustrates that Cu/MgO contrary to the behavior of Cu itself is strongly
inhibited (a factor of about 20) by COx.
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Fig. S12: The rate of methanol synthesis over Cu/MgO as a function of time on stream in CO/Hs or
CO2/CO/H;y. Reaction conditions: T = 523 K, P = 5 MPa, flow = 300 NmL/min, H2/CO = 67/33,
Hy/CO/CO2 = 67/27/6. Cu surface area: 4.80 m?/g.

The turnover frequency (TOF: the rate relative to the total number of Cu surface atoms) of the
Cu/MgO catalyst operating in the presence of COs in fig. S12 is 9-1073 s~1. This estimate is based
on the data point after 1.50 h on stream in S12, where an approximate steady state has been reached.
Table S2 shows a comparison of this TOF to Cu single crystal results for the COs hydrogenation
to methanol extrapolated to the present conditions. Table S2 shows that within the uncertainty of
extrapolation the TOF on Cu expected from single crystal studies is in the range of 5-1073 — 2. 1072
s~1. Since the Cu/MgO catalyst operating in CO, is in this interval, there is no reason to expect that
the CO4 hydrogenation on the Cu metal surface is strongly modified /inhibited under these conditions.
The inhibition of Cu/MgO in the presence of CO4 thus appears to be purely of the bifunctional CO-
pathway, and the Cu metal surface continues to produce methanol from COs in the normal fashion.
Fig. S13 shows a comparison between FTIR spectra in CO5 (which should yield only carbonate bands)
and CO4/CO/Hs to identify major carbonate contributions. The figure illustrates that carbonate has
important contributions to the 858, 1078, 1340 and 1630 cm ™! bands. As discussed in the main text
the band at 1254 cm ™! is most likely also a carbonate band but only one that can be formed in the
atmosphere containing CO and Hs in addition to COs.
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Table S2: Comparison of the TOF for Cu/MgO operating in CO5 in fig. S11 to single crystal studies
in the literature. Notice that the TOF level of Cu/MgO corresponds reasonably to the expectation
from single crystal data.

TOF (s71) at Original Conditions | TOF (s7!) at 3.35
Catalyst . Ref.
org. conditions’ | T (K) | Py, (MPa) | MPa Hy and 523 K*
Cu/MgO 91073 523 3.35 91073 This work
Cu(111) 2.06:1073 523 1.35 5.11-1073
Polycryst. Cu | 2.98-1073 523 1.35 7.39-1073
Cu(100) 3.55-1073 523 1.35 8.81-1073 [19]
Cu(311) 5.23-1073 523 1.35 1.30-1072
Cu(110) 8.27-1073 523 1.35 2.05-1072
Cu(111) 8.42:1074 525 0.45 5.86-1073 [20]
Polycryst. Cu | 1.2:1073 510 0.46 1.36-1072 [21]

1 TOF at the reaction conditions of the original study.

* TOF extrapolated to the conditions of the current study. Rate expressions typically vary between
reaction orders in Hy from 0.5 to 2 and exhibit a lower order for other reactants [22-25], [26]. The
activation energy is in the order of 75 kJ/mol for all Cu surfaces [19, 21, 25]. For simplicity conversion
of reported TOFs to the presently used conditions is done using a linear extrapolation of the Hs
pressure and using an activation energy of 75 kJ/mol. Since most of the studies regarded here use
temperatures close to 523 K, the temperature correction will not lead to great uncertainty, but the
pressure correction is of significant impact.
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Fig. S13: FTIR spectra of Cu/MgO at 523 K and atmospheric pressure in flowing CO5 /Ny (full line)
or CO3/CO/H; (dotted line). Conditions: CO5/Ny = 9/81, CO2/CO/Hy /Ny = 1.5/1.5/68/29.
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Materials and methods

In all cases normal conditions, marked with an “N” on the flow refers to 273.15 K and 1 atm pressure
and flow units (for example NmL/min) gives the flow corresponding to these reference conditions.

Catalyst preparation

The Cu/MgO, Cu/Zn0O/Aly03, Cu/Al;O3, unsupported Cu and Cu/C were all prepared by pre-
cipitation methods using metal nitrates (Cu(NO3)2-3H20 >99%, Zn(NO3)-6H2O >98%, Al(NO3)3-
9H50 >98%, Mg(NO3)2-6H20 >98% from Sigma Aldrich or Alfa Aesar) and NayCO3 (Sigma Aldrich,
>99.8%). Conditions were typically taken from the optimal conditions found by Baltes et al. [27]. The
Cu/MgO synthesis was inspired by Zander et al. [28] although a higher calcination temperature was
selected to achieve a more complete decomposition of carbonates in order to avoid their disturbance of
characterization results. For the unsupported Cu the precipitation method targeted the Gerhardtite
structure observed by Behrens et al. [29] to precipitate around pH = 3-4. Table S3 gives an overview
of the precipitation conditions. All precipitates were filtered and washed thoroughly in demineralized
water and then dried at 313 K overnight before calcination. Samples were calcined in an alumina
crucible within a tubular furnace in an air flow of 1 NL/min by ramping the temperature to the final
temperature and holding this temperature for 3 hours. Details on the calcination are given in table
S3. Two batches of Cu/MgO were prepared by identical methods, hence the slight variation in Cu
area for Cu/MgO between figs. S6 and S8. Two batches of Cu/Zn0O/Al;O3 were prepared and batch
I (Cu area 20 m?/gcat.) was used in fig. 1 (and fig. S7) while batch II (Cu area 15 m?/gcat.) was
used in 2 (and fig. S8).

Table S3: Overview of conditions used in preparations.

Catalyst Nominal Temperature Ramp pH | Ageing® | Calcination
Cu content | (K) (K/min) temperature
[wt%] (K)

Cu/MgO 20 338 1 9 1h 723

Cu/ZnO/Al,03 - | 56" 338 1 65 | 1h 573

I

Cu/Zn0O/Al,03 - | 56" 338 1 6.5 | 1h 603

11

Cu/Al;O3 50 338 2 6.5 | 1h 573

Unsupported Cu 100 338 1 49 | 1h 603

Cu/CY 15 338 1 7 | 1h 583¢)

) All ageing done at 338 K with unrestricted pH.

b) Cu:Zn:Al molar ratio: 6:3:1.

©) Dilute HNO3 used to assist pH regulation.

4) Deposition precipitation on activated carbon (Norit Darco, 600 m?/g).
¢) Calcined in 1 NL/min flowing N instead of air.

Cu ion-exchanged into mordenite was prepared from NHy-MOR. (Zeolyst CBV21A, SiO5/Al,O3= 20)
by ion-exchanging the initial NH4-MOR twice in a 0.1 M NaNOj solution for 4 h at 353 K. The
intermediate Na-MOR was then ion-exchanged twice in a 0.1 M Cu(NOj)s2 solution (353 K, 4 h)
to obtain Cu-MOR. In between all ion-exchange steps the slurry was filtered and the solid washed
thoroughly with demineralized water. After drying overnight at 313 K it was calcined at 773 K (air,
1 NL/min, 1 K/min ramp) and kept at this temperature for 3 h. The hydrogen consumption during
reduction (365pmol Cut/ge.;) corresponds to 2.3 wt% Cu assuming reduction to Cu't only. This
agrees well with the number of Cut sites estimated from CO chemisorption. 20 wt% Cu on SiOs
was prepared by impregnating SiOz (Saint Gobain SS61138, 250 m?/g) with Cu(NO3)z. After drying
overnight at 313 K the sample was calcined at 583 K (air, 1 NL/min, 1 K/min ramp) and kept at
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this temperature for 3 h. MgO/Cu/C and MgO/C were prepared by impregnating either the calcined
Cu/C catalyst (i.e. in the oxide form) or pure Norit Darco carbon with Mg(HCOO), - 2H;O (Sigma
Aldrich, > 98%) to 5 wt% Mg and drying in stagnant air at 313 K. The samples were loaded in the
reactor, pre-reduced and tested without any calcination. All samples were pressed, crushed and sieved
to 150-300 pm. Raney Cu (98.9 % Cu) was purchased from Strem Chemicals. Raney Cu was delivered
as an aqueous slurry and was air-dried at room temperature in the fume hood to a substantially dried
state (some oxidation by air may have occurred during this step) before loading into the reactor.

High pressure CO hydrogenation

Two different high-pressure reactor setups were used for the experiments presented in this paper.
Conditions were chosen to give low conversions far from equilibrium. The highest CO conversion was
5% for Cu/MgO in fig. 2 and in all other cases conversion was considerably below this level. The
CO hydrogenation experiments in fig. 2 (also represented in fig. S8) and fig. S12 were conducted in
quartz reactor tubes in a high pressure flow reactor described in detail elsewhere [30] with the reactor
effluent quantified by an Agilent Technologies 6890N GC-FID/TCD detection system. The catalyst
was pre-reduced at atmospheric pressure by heating in a 100 NmL/min flow of 5 mol% Hs in No at
2 K/min to a temperature of 523 K and holding this temperature for 4 h. The CO hydrogenation
experiments in fig. 1 (also represented in figs. S3-S7) were conducted in a reactor setup described in
detail below. A diagram of the setup can be seen in fig. S14.
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33
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MS: Mass Spectrometer
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Fig. S14: PI diagram of the applied setup for high-pressure methanol synthesis experiments. Gasses
were fed from left and passed first a carbonyl trap before either entering a) the reactor oven for high
pressure experiments or b) the Nicolet FTIR for DRIFTS studies. For gas route a), the position of the
three way valve controlled, whether the gas flowed to the GC and MS instruments or to the flowmeter.
If gas was guided along route b), the effluent gas could similarly be analyzed by the GC and MS
instruments.

Gasses were fed from pressurized cylinders, dosed by Brooks SLA5850 mass flow controllers and passed
through a bed of activated carbon (Cabot Norit activated carbon with 1450 m?/g as surface area) at
ambient temperature, which acted as a carbonyl trap, before reaching the catalytic reactor. The reac-
tion temperature was controlled by an Entech tubular oven (3 individually controlled heating zones)
and monitored by two type-N thermocouples, one inside the reactor tube placed above the top quartz
wool packing and one on the outside wall of the reactor tube placed at the position corresponding
to the bottom of the catalyst bed. The reactor tubes were SGE Analytical Science glass lined tubes
(1/4 in o.d., 4 mm i.d.) bent by a professional glass blower to a U-tube and connected to the setup
by Swagelok fittings. The catalyst bed was placed in the reactor tube between wads of quartz wool
(Quantachrome) in the inlet leg of the U-tube and held in place by the thermocouple on top of the
quartz wool and a 28 mm quartz rod placed below the bottom quartz wool packing and resting on the
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bottom of the U-tube. Reactor pressure was controlled by Baumann 51000 series pressure reduction
valves and monitored by Yokogawa pressure transmitters measuring total pressure and reactor pres-
sure drop. The gas flow rate was measured with a soap film flow meter downstream of the pressure
reduction. Product analysis was made with a Thermo Fisher Trace 1300 GC fitted with one channel
composed of a TG5 column leading to an FID detector and one channel composed of an OV-1 column
followed by a Shincarbon column leading to a TCD detector. He was used as the carrier gas. A needle
valve on a by-pass line to the purge system was adjusted to ensure that all GC measurements were
made at the same pressure (identical to the pressure applied during gas calibration). Raney Cu was
pre-reduced in a 50 Nml/min flow of 5% Ha/Nj using a ramp of 1 K/min to first 448 K (holding for 2
hours) and secondly to 523 K (holding for 2 hours). For Cu/Al;O3 the same program was used, but
then followed by a third holding step at 523 K in 100% Hs (holding time 1 h) as previous NoO-titration
measurements had suggested that this step was required to reduce all Cu prior to syngas exposure.
After pressurizing in He at 523 K the reactant flow was initiated. Unsupported Cu was pre-reduced
in a 50 Nml/min flow of 5% Hs/Nj3 using a ramp of 1 K/min to 448 K (holding for 3 hours). The
system was then pressurized (at 448 K in He), and the unsupported Cu was tested with stepwise
increasing temperature. A TPR on unsupported Cu showed that complete reduction is achieved with
this reduction program. In all cases GC calibration was made with certified gas mixtures from AGA
for normally gaseous species (Ha, CO, CO2, DME, C;-C3 hydrocarbons) and by injecting a known
volume of liquid into a known volume of gas in a Tedlar bag for normally liquid species (CH3OH).

CO pulse chemisorption and CO-TPD

CO chemisorption and temperature programmed desorption (TPD) were conducted in a Quantachrome
Autosorb iQq setup with ~0.5 g of sample in a quartz cell. The flow was 30 NmL/min in all stages of
the experiments. After flushing with He for 25 min the sample was first pre-reduced in 5 mol% Hs in
Ny by heating at 2 K/min to 523 K and holding this temperature for 4 h. The sample was then kept
under vacuum for 2 h at 523 K to remove residual water. After cooling to 303 K the sample was at
atmospheric pressure exposed to 270 pl pulses of CO in a He flow until no further uptake was observed.
The CO uptake was quantified by the TCD detector in the Quantachrome Autosorb iQs setup. At
this stage the CO-TPD was conducted by heating the sample to 873 K at a rate of 2 K/min in He.
The CO desorption profile was monitored by a Hiden Analytical QGA mass spectrometer.

Temperature programmed hydrogenation (TPH) of a model system

A model system was prepared by pre-reducing 5 g of Cu/SiOy in a flow reactor described elsewhere
[30] and then passivating the sample by slowly letting air diffuse into the reactor tube. This sample
was then impregnated with an aqueous solution of Mg(HCOO)2-2H50 to obtain 5 wt% Mg(HCOO),
on Cu/SiOs and drying in air at 323 K. Then 0.5 g of this sample was subjected to temperature
programmed hydrogenation in a Quantachrome Autosorb iQs setup. The Hy flow was 30 NmL/min
and the sample was heated at 2 K/min to 873 K. During the test effluent gasses were analyzed by a
Hiden Analytical QGA mass spectrometer.

Cu area measurements by NoO Frontal chromatography

The copper surface areas of the samples were measured using the frontal chromatography [31] tech-
nique in a Quantachrome Autosorb iQo setup. The pre-reduction program was the same as in the
respective tests described under “high pressure CO hydrogenation” above. After reduction the system
was flushed in He at the final reduction temperature for at least 20 min, cooled to 333 K in He and
flushed for an additional 30 min. The reduced sites were then titrated with a 20 NmL/min flow of 1
mol% N,O in He, and the Cu area was calculated assuming NoO:Cu = 1:2 [31, 32] and 1.47-10'° Cu
sites/m? [33].
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DRIFTS measurements and associated TPH

In situ FTIR and subsequent TPH were conducted with a Harrick Scientific domed reaction chamber
and Praying Mantis diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) unit. This
was done with a Nicolet iS50 FTIR Spectrometer with a liquid-Ny cooled MCT detector using a 76
scan averaging and a 4 cm ™! resolution. Gas analysis was performed by a Hiden HPR-20 EGA mass
spectrometer. The gas was fed to the DRIFTS reactor via a carbonyl trap from the setup also used to
measure high pressure activity as illustrated in fig. S14. The catalyst samples (10 mg) were diluted
to 10 wt% in KBr (Sigma Aldrich, FTIR grade). The temperature was measured by a thermocouple
in the exhaust gas line of the Harrick reaction chamber directly below the metal screen supporting
the sample. The catalysts were reduced in a 50 Nml/min flow of 5% Hy/Ns using a heating ramp
of 1 K/min to 448 K with 1 h dwell time before further heating with 1 K/min to 523 K and a 1 h
dwell time, of which the last 30 min was in 100% Hs. Next, a 45 min He flush at 523 K was used
to remove hydrogen before collecting the background spectrum at 523 K in He. This background
was used for all subsequent spectra. At 523 K the He flow was replaced by a 200 Nml/min gas flow
(CO/Hgy/inert = 3/68/29 or CO2/CO/Hs/inert = 1.5/1.5/68/29 or CO2/Ny = 9/81) with a dura-
tion of 1 h before cooling in the same syngas to 283 K. At this temperature the CO and CO, flows
were removed, while the Hy flow was increased to 200 Nml/min to flush away remaining CO, COs
and CH3OH in the system (monitored by the MS). Around 30 minutes prior to the initiation of the
TPH the hydrogen flow was lowered from 200 Nml/min to 50 Nml/min, which was the flow applied
throughout the whole TPH. Using a 50 NmL/min flow of 100% Hs the TPH was then performed as
a 2 K/min ramping to 673 K with continuous collection of IR spectra and online gas analysis by the MS.

XPS measurements

X-ray photoelectron spectroscopy analyses on unsupported Cu were performed with a monochromatic
and micro-focused Al K-Alpha source (1486.6 eV) equipped with a 180° double focusing hemispherical
analyzer with a Thermo Scientific 128-channel detector and operating with an optimal base pressure
of 6-107? mbar. During experiment, the chamber pressure was 2-10~% mbar. The spectra were ana-
lyzed by the Avantage software and survey spectra were recorded on a fresh and spent catalyst post
methanol synthesis as shown in fig. S15. The details on the methanol synthesis experiment are given
in fig. S3. All peaks in the survey spectra were accounted for and assigned to expected Cu and O from
the catalyst itself or N and C (due to exposure to the environment). Detailed analysis of characteristic
regions for Fe and Ni showed no Fe or Ni associated XPS peaks, which substantiated the survey spectra
results showing no indication of Ni or Fe impurities. Potential Ni and Fe impurities were therefore
removed by the carbonyl trap (see fig. S16).

XPS measurement results

Fig. S3 shows survey spectra in the full energy range for both the fresh and spent unsupported Cu.
Fig. S16 shows the absence of Ni in both fresh and spent unsupported Cu. The XPS binding energy
range is chosen, because characteristic XPS Ni peaks would emerge here, if Ni were present. Therefore,
the absence of XPS peaks in these regions substantiates absence of Ni contamination.
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Fig. S15: Ex-situ XPS measurement of fresh and spent unsupported copper. Survey spectra after air
exposure during transport to the XPS apparatus for unsupported Cu in a freshly calcined state (left)
and after the reaction in fig. S3 (right).
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Fig. S16: XPS spectra of the Ni 2p region for the unsupported Cu sample before (left) and after (right)
reaction. The reaction test can be seen in fig. S3.
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Appendix G

Catalyst Preparation

The catalyst preparation procedures including incipient wetness impregnation (TWT),
co-precipitation (CP) and deposition precipitation (DP) applied for the synthesized catalysts are each
followed by a subsequent calcination step. Details of the synthesized catalysts are summarized in
this section. Copper(II) nitrate hemi(pentahydrate) (Cu(NOs)sz - 2.5 H2O, abbreviated CN) is the Cu
precursor for all the Cu supported catalysts. Metal nitrates are used as catalyst precursor materials
because the alternative, easily accessible metal salts contain catalyst poisons such as sulfur and chloride
[1]. Pure Cu catalysts include unsupported Cu either obtained by CP or bought as nanopowder from
Sigma Aldrich or referring to Raney Cu, which is composed of 98.87 wt% Cu, 0.81 wt% Al, 0.10 wt%
Al and 0.05 wt% Ni according to the analysis by the company (Strem Chemicals).

1 Incipient Wetness Impregnation

Catalyst preparation using the IWI method includes an aqueous impregnation solution, which is drawn
into a (highly) porous support structure by capillary forces [2].

The Cu supported catalyst type prepared by IWT is Cu/SiOs (silica). A complete description of the
procedure is shown in table S1. Crushed supports are fractionated to a sieve fraction of 150-300 pm
before drying for minimum 12 hours at 383 K.

Table S1: Experimental steps for the IWI procedure with CN = copper(II) nitrate hemi(pentahydrate).

Step Task Tools Specifications
1 Crushing Mortar, crucible Support is crushed
2 Fractionation 150 and 300 pm sieves Support is fractionated
3 Drying Oven T = 383 K overnight
4 WPV Water, 3 small sample WPV reached, when no support sticks
beakers to the beaker walls
5 Impregnation CN (Cu precursor), water, Add first CN, second water, third sup-
support, beaker, spatula port. Stir until the impregnated sample
is homogeneous.
6 Drying Oven T = 313 KC overnight

The water pore volume (WPYV) is expressed in equation Eq. S1 and designates the water content,
which the porous support structure can adsorb before reaching water saturation.

WPy = Twat (Eq. S1)

Msup

Impregnation of CN into the porous structure occurs by dissolving CN in water, whereby CN is drawn
into the porous support structure by capillary forces. WPV is applied to calculate the water content
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Incipient Wetness Impregnation

in the aqueous CN solution to ensure that all of the impregnation solution gets incorporated into the
porous structure. The average WPV of three measurements is used to prepare the CN impregnation
solution with experimental values shown in tables S2.

Table S2: Water pore volume estimation for Cu/SiOs type catalyst before impregnation.

Catalyst : Exp. no. Msup Mwat WPV = Mwat/Msup
(8] (8] [%]
Cu/SiOs : 1 0.16059  0.20533 1.27860
Cu/SiOs : 2 0.16517 0.18357 1.11140
Cu/SiOs : 3 0.16507 0.19787 1.19870
Average 1.1962

After impregnation, the catalyst is dried overnight to evaporate the water from the porous structure.
The variables for the IWI preparation method are shown below:

Copper weight percentage in final catalyst : Cuo (%]

Mass of dried silica support : mgy,p [g]

Mass of water : Myat [g]

Water pore volume : WPV [%)]

Mass of copper : mcy [g]

Molar amount of copper : ng, [mole]

Molar mass of copper : Mcy, = 63.55 gmole ™!

Molar mass of copper nitrate hemi(pentahydrate) : Mcx = 235.89 g mole ™!

with Mc, given by [3] and Mcn provided by the manufacture (Sigma Aldrich).

The total weight of dried catalysts equals the weight of dried support and Cu (mgup + mcy), which
is related to Cuyy as seen in equation Eq. S2. High Cuyy increases the risk of Cu particle sintering
whereas low Cuyiy reduces the area specific Cu surface area and the corresponding signal obtained
for the Cu specific surface area measured by e.g. NoO-RFC. Therefore 10-36 wt% Cu is employed.
Determination of the CN content in the CN solution is expressed together with the total catalyst
weight (myot) after impregnation and subsequent reduction in equation Eq. S2. Combining these
two equations yield an expression for mc, (see equation Eq. S3) that is used in equation Eq. S4 to
determine the molar amount of Cu. From a stoichiometric 1:1 ratio between Cu and CN, it follows,
that ncy = nen as evident from equation Eq. S4. Estimation of m. is based on equation Eq. S5.

mcu

Mtot = Msup + mcu , Cuwt% = @ (Eq 82)
Mtot
Cuwt‘7
u = > su Eq. S3
MO = T G (Eq. $3)
Mcu

u = = E . 4

ne Moy NCeN (Eq. S4)
Myat = Mgup WPV (Eq. S5)

Provided with specific parameters for Cuyy (selected) and mgy, (measured), the CN and water
amounts are determined based on the experimentally reported values shown in table S4. Following the
impregnation is drying at 313 K for minimum 12 hours for a mildly and homogeneously drying of the
catalyst, which is subsequently calcined.

A complete overview of the steps involved in the incipient wetness impregnation procedure is depicted
in figure S1.
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Co-Precipitation

Table S3: Catalyst preparation parameters for incipient wetness impregnation with CN = copper(II)
nitrate hemi(pentahydrate) - Cu(NO)3 - 2.5H20, (t) = theoretical value obtained from molar masses
of compounds, mgyp, WPV and Cuyty and (m) = measured values.

su WPV C wt% wa
Catalyst MMsup Hwt men MMwat

[g] [%] [wt %] [g] [g]
10Cu/Si04 17.4935 1.1962 10 7.2149(t 20.9263(t

7.2151(m) 20.9448(m)

) 1
v UUC’U

ocp Qoo Qs @ 2oop Q=P

1. i i
3. Weigh 4. Add water t hed
Crush + fractionate 2. WPV 9 CU(NVSZS*;;E% ©
(150-300 um) estimation .

Shake until no particles

6. Drying 7. Calcination 8. Post calcination

5. Stir the mixture T=40°C overnight T~300°C, 20% 02/N2

Fig. S1: Schematic for the IWI procedure shown with experimental parameters for catalyst preparation
of 10Cu/Si04 (see table S4).

Table S4: Catalyst preparation parameters for incipient wetness impregnation with CN = copper(II)
nitrate hemi(pentahydrate) - Cu(NO)s-2.5H50, (t) = theoretical value obtained from molar masses of
compounds, Mmgyp, WPV and Cuy,y and (m) = measured values. The WPV for 36Cu/SiO2 catalyst
is based on a single WPV determination, because the WPV of 1.233 was in good agreement with the
WPV for the (same) SiOg previously estimated to be 1.1962. The 35.7 wt% and not 36 wt% Cu are
due to an experimental error combined with limited amount of Cu nitrate solubility in water.

su WPV Cuywiy wa
Catalyst MMsup Uwt% MoN MMwat
[g] [%] [wt%)] (8] [g]
10Cu/Si04 17.4935 1.1962 10 7.2149(t 20.9263(t)
7.2151(m) 20.9448(m)
36Cu/SiOq 6.8507 1.233 35.7 14.1186(t 8.44988(t)
14.1250(m) 8.4350(m)

2 Co-Precipitation

The following general description about the co-precipitation (CP) method is based on [4] unless oth-
erwise stated and the synthesis parameters are based on the optimization work by Baltes et al. [5].

Heterogenous catalysts prepared by the CP method involve precipitation of one or more metals in
conjunction with the support or its precursor. During precipitation a range of chemical reactions take
place, which affects the dispersion, porous structure, particle size and shape etc. of the final catalyst,
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Co-Precipitation

hence good control of the preparation conditions are essential to obtain optimal catalyst properties.
Advantageously, CP allows high metal loading of up to 60% generally, whereas IWT typically is re-
stricted to maximum 30%. Moreover, CP prepared catalysts generally features high metal dispersion
thus high volume activity.

On the other hand, the CP process generates significant amounts of salts, which must be washed away,
and CP requires product separation obtained by typically filtration during catalyst preparation.

The major steps constituting the precipitation process are liquid mixing, nucleation and crystal growth
creating primary particles and aggregation of these primary particles.

Liquid mixing concerns mixing of the typical aqueous solutions of catalyst and support precursors,
which initiate a number of chemical reactions including nucleation. Before spontaneous (homogeneous)
crystallization occurs, a certain level of supersaturation, s (defined as the actual concentration divided
by the solubility for a specific compound) must be reached. The nucleation rate % is described in
equation Eq. S1 [6, 7].

dN

— = fexp { (Eq. S1)

—167wo3v?
dt

3(kgT)31n* s

with 8 a pre-exponential term, o as the solid/fluid interfacial energy, v as the solid molecular volume,
T the temperature, kg is Boltzmann’s constant, and s is the supersaturation. Clearly, the nucleation
rate depends strongly on 7' and s, and s must exceed a certain critical level to ensure simultaneous
supersaturation of the metal and support precursors resulting in highly dispersed co-precipitates.
Otherwise, precipitation of different components may undesirably take place at different times. Cooling
of the precipitation solution (see equation Eq. S1) together with ion reactions in aqueous media,
hydrolysis etc. constitute methods to facilitate supersaturation [4].

Crystal growth can be described by various mechanisms but a general expression for the crystal growth
rate (kg) is shown in equation Eq. S2 [6, 7].

kg = a(c — ceq)" (Eq. S2)

with a the growth rate constant, c¢ the concentration, c.q the equilibrium solubility concentration
(for hydroxides and carbonates typically close to zero) and the kinetic exponent n (between 1-2 and
normally close to 1).

Whereas the nucleation rate ( %—]X) depends exponentially on the supersaturation concentration (s),
the crystal growth rate (ky) depends more linearly on the concentration. Conclusively, high s favors
nucleation rather than crystal growth with the result of highly dispersed precipitated products.
Mixing order of reactants and reaction conditions (e.g. temperature and pH) are highly important
for the co-precipitated phases. Good process control is obtained by simultaneously and with good
control adding reactants (e.g. catalyst precursor(s) and precipitation agent) under continuous stirring
to ensure close to constant pH and minimum concentration gradients. Otherwise, mixed products with
different and maybe undesired phases may be formed.

Hydrolysis between metal nitrate precursors employed in this project and water yields an acidic en-
vironment thus NasCOg is added as a so-called precipitating agent to keep a constant pH around 6.5
for optimal catalyst precursor synthesis.

The parameters for preparing the catalyst precursor and precipitation agent solutions are shown be-
low (where the purity level of the catalyst precursors reported by the manufacture are taken into
consideration):

Molar mass of aluminium nitrate nonahydrate : Man = 379.30 gmokf1

Molar mass of zinc nitrate hexahydrate : Mzx = 302.61 g mole™*
Molar mass of sodium carbonate anhydrous : Mgc = 105.99 gmole*1
Target catalyst weight : m¢ cat = 15¢g

Volume precursor solution : Vprecur. = 0.51

Volume precipitating agent solution : Vjrecip. = 0.51



Co-Precipitation

with NasCOg3 as the precipitation agent. With a target catalyst amount of 15 g, the calcined and
reduced catalyst should e.g. contain 1.5 g Cu for Cu/ZnO (10 wt% Cu).

For binary catalysts (Cu/ZnO, Cu/Al;03), the amount of Cu, ZnO and Al,O3 precursor materials
are determined by the molar masses of Cu, ZnO and Aly;O3 and their specific molar ratio with each
precursor material. The molarity of the precipitation agent solution is 0.75 M, which is determined
based on the ”acidity” strength for Cu?*, Zn?* and AI** w.r.t. CO3~. A molarity of 0.75 M NayCO3
is sufficient to balance the acidity strength caused by the catalyst precursors thus 0.75 M precipitation
agent solution is used for all the CP catalysts.

The commercially type catalyst is prepared to yield a typical conventional catalyst molar ratio of
60:30:10 (Cw:Zn:Al) as discussed in section 4.

Table S1: Experimental steps for the co-precipitation procedure of Cu/Zn0O. SC = sodium carbonate,
cat. prec. sol = catalyst precursor solution, CN = copper(II) nitrate hemi(pentahydrate) and ZN =
zinc nitrate hexahydrate.

Step Task Tools Specifications
1 Heating 2 L beaker, 0.5 L water, ther- Water heated to 7' = 338 K under con-
mometer, magnet, heat plate tinuous stirring
2 Injection SC (precip. agent), cat. prec. Maintain pH =~ 6.5 with SC while
sol. (here CN + ZN), 2 burets adding cat. prec., stirring, 7' = 338 K
3 Aging Timer Stirring, T' = 338 K for 60 min.
Cooling Stirring T — 308 K
) Filtration Filter paper, funnel, 2.5 L, wa- Wash cat. with ~2.5 L. water
and washing  ter, pump, 1 L beaker, hose,
bung
6 Drying Funnel, oven, 1 L beaker Dry cat. (incl. funnel) overnight, T =
313 K
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Precipitating
agent solution

NazCO03

Precipitating
agent solution

Cp

Zn(NO3)2*6H20 ﬁ
o

Catalyst|| precursor
solution

Cu(NO3)2*2.5H20

1. Prepare solutions

Thermometer
T~35°C C,
W
6. Drying

T=40°C overnight

4. Cooling to T~35°C 5- Wash + filtrate cold and
aged solution using
~3 L demineralised water

pH meter
pH~6.5
T~65°C
Temp;ere;‘ture Temperature
controller controller

Catalyst precursor
solution

T~65°C

2. Dropwise add
precursor solution

3. Aging of added
solution
T~65°C

T~65°C
pH~6.5

7. Calcination 8. Post calcination

T~300 K, 20% 02/N2

Fig. S2: Schematic for the co-precipitation procedure shown here with experimental values for prepa-

ration of the Cu/ZnO catalyst (see table S2).
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Table S2 summarizes the parameters for the co-precipitation prepared catalysts synthesized in the
project.

Table S2: Catalyst preparation parameters for co-precipitation with CN = copper(II) nitrate
hemi(pentahydrate) - Cu(NOs3)s - 2.5 HoO, ZN = zinc nitrate hexahydrate - Zn(NOgz)s - 6 HoO, MN =
magnesium nitrate hexahydrate - Mg(NO3)2-6 HoO, AN = aluminium nitrate nonahydrate AI(NO3)3-9
H50, SC = sodium carbonate - NayCOs, (t) = theoretical value obtained from molar masses of com-
pounds, my car and Cuyy, and (m) = measured values. *Preparation of Cu/Zn0O/Al;O3 is based on
the metal molar ratio Cu:Zn:Al = 60:30:10 (equal to mass ratio: 56.4 wt% Cu, 36.1 wt% ZnO, 7.5
wt% Aly;O3). Target catalyst loading was 7.5 to 15 g.

Cuwiy mcN MzZN OF MMN MAN msc
Catalyst
[wt 7] [g] [g] [g] [g]
10Cu/Zn0 10 5.5679(t)  50.2002(t N.A. 40.1685(t)
5.5671(m)  50.2022(m) 40.1658(m)
67Cu/AlO5 67 97.8394(t)  N.A. 27.9008(t)  40.1685(t
27.8397(m) 27.9010(m)  40.1661(m)
56Cu/Zn0/Al, O3  60:30:10°  35.1251(t)  22.5301(t 0.4132(t)  40.1685(t
35.1249(m)  22.5308(m)  9.4137(m)  40.1699(m)
Zn0 N.A. 37.1854(t)  N.A. N.A. 26.0481(t)
37.1847(m) 20(m)
20Cu/MgO N.A. 5.568(t) 38.1705(t N.A. 45.700(t)
5.4924(m)  38.1610(m) 45.697(m)
20Cu/Al,O5 20 7.5948(m)  N.A. 58.8864(m)  33.3358(m)

*Molar ratio of 60:30:10 for Cu:Zn:Al.

The reactions occurring in the aqueous solution of metal precursors are listed in reactions R1, R2 and
R3 in absence of NayCOs:

AI(NO3)3 +9H,0 == AI(OH)3 + 3H" +3NO3~ + 6 H,0 {R1}
Cu(NO3)y +2H,0 == Cu(OH)y +2H" +2NO3~ {R2}
Zn(NO3)y + 2Ho0 == Zn(OH)y + 2H" +2NO3~ {R3}

which demonstrates an overall acidic nature as a result of the metal precursor hydrolysis. Addition of
NayCO3 produces hydroxyl ions (OH™) as seen in reaction R4, which reacts with HT causing a more
neutral environment.

HCO3™ + HyO == HyCOs + OH™ == H,0 + CO, + OH"~ (R4}

3 Deposition Precipitation

DP prepared catalysts can have higher metal loading compared to catalysts prepared by the TWI
method [8]. IWI prepared Cu/TiO in this project featured low Cu surface area thus DP was the
chosen method for synthesizing the Cu/TiO2 catalysts. DP of Cu/TiO2 catalysts containing 20 and
60 wt% Cu involved dissolving TiO5 (anatase) in the beaker containing demineralized water (see step
1 in table S1) before continuing the synthesis protocol outlined in table S1.
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Table S1: Catalyst preparation parameters for DP with CN = copper(II) nitrate hemi(pentahydrate)
- Cu(NOs3)2 - 2.5 H,0, SC = sodium carbonate - NaxCOs, (t) = theoretical value obtained from molar
masses of compounds, My cat is the target mass and Cuy,o, the obtained Cu wt% based on the measured
(m) values.

Catalyst Mt.cat Clwiy McN MTio, msc
[g] [wt%) [g] [g] [g]
20Cu/Ti0; 10 20 7.4238(t) 8.00(t) 6.6713(t)
7.4238(m)  8.0072 (m)  6.6747(m)
60Cu/TiOy 10 60 26.7258(t 4.800(t) 24.0166(t)
26.7240(m)  4.800 (m) 24.00(m)
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Appendix H

Flowreactor Calibrations

This chapter describes calibrations of the mass flow controllers (MFCs) and gas chromatograph (GC).

1 Mass Flow Controller Calibration

Harmful or toxic gasses including 100% Hs and 9% CO5/CO are calibrated using a 500 ml bubble flow
meter, while less harmful gasses including 5% Hs/He, 100% He and 1% N2O/He are calibrated using
a Sensidyne flow meter. For quantitative experiments including TOF estimating, formate coverage
quantification etc. the experiment specific flows are measured for improved quantitative accuracy.
Figure S1 shows the MFC calibration for the standard different gas flasks with good linearity across
the entire MFC set point range. Each data point is based on an average value of 5-10 measurements
at each setpoint with "N” referring to normal conditions at 273.15 K and 1 atmosphere of pressure.
Experiments involving CO adsorption using designated diluted CO in Ar, calibration tests with very
diluted COs in He, low temperature CO adsorption with Ny, COy/Hj switching experiments with 9%
CO3 /N3 and COg required changing the gas flasks followed by necessary gas flow calibration.

700

= FIC 101
e FIC 102
600 - A FIC 103
v FIC 104
500 + FIC 106
<
£ 4004
£
Z
= 300 -
5
(T
2004 P
0 4 T T T T T T T T 1
0 20 40 60 80 100

MFC Setpoint of Full Range [%]

Fig. S1: MFC calibration for the different MFC’s with the following configuration FIC 101 - He, FIC
102 - 1% N2O/He, FIC 103 - 100 % Hs, FIC 104 - 5% Hy/He, FIC 105 - Limited use and experiment
specific calibration, FIC 106 - 9%CO3/CO. The maximum flow range is different for the various MFC’s.



GC Calibration

2 GC Calibration

GC calibration performed using gas flasks except for methanol calibration. The parameters included
in the GC instrument method applied during calibration are optimized to detect and separate the
interesting gas molecules, which includes CO, COy (and N3) monitored by the (back) Thermal Con-
ductivity Detector (TCD), while DME, CH3OH and CHy4 are measured by the (front) Flame Ionization
Detector (FID).

The optimized method, which includes parameters for the auxiliary gas flows, oven temperatures etc.,
is also applied during methanol activity experiments to assign the detected gas molecules at specific
retention times to the calibrated gas molecules. Gas flasks with different gas molecule concentrations
for each specific gas molecule component are used to obtain linear calibration curves, which cover the
gas concentrations expected for each specific gas molecule during experiments.

In the case of methanol, various liquid amounts of methanol are injected through a septum into 10 L
tedlar sample bags, which after cleaning with ambient air are filled with 8 1 of He.

Methanol concentrations corresponding to 0.5, 1 and 3 mole % methanol in He are prepared, before
a membrane pump is applied together with an adjustable transformer to control the flow rate out of
the sample bag and into the gas stream flowing through the GC. A final calibration point is collected
using a gas flask with around 250 ppm methanol.

The GC calibrations for all the involved gas flasks are summarized in figs. S2 to S7, where the data
points marked by a red cross are omitted, because these first injection data points are usually slightly
distorted.

All calibrations exhibit linear behaviour except Hs, which as reported previously demonstrate non-
linear behaviour, because the thermal conductivity of Hs, which is the signal detected by a TCD,
varies with the molar concentration of Hy [1]. Consequently, the gas calibration curve for Hy is fitted
to yield the best fit based on the collected data points. At around 70 mole % Hs, which is the region
of interest for methanol synthesis in Hy/CO/CO2 with molar ratio of 68/29/3, the calibration curve
exhibits linear behaviour.
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