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Abstract

Electrochemical CO2 reduction (CO2R) driven by renewable energies has emerged as
a promising solution to mitigate greenhouse gas emissions and produce carbon–neutral
energy-dense chemicals. In recent years, developments in electrocatalysts for CO2R have
resulted in materials with enhanced selectivity toward hydrocarbons and alcohols. Nev-
ertheless, mass transport issues can limit the testing of these materials in traditional
electrolyzer configurations, which may be detrimental since parameters such as selectivity
and activity strongly depend on reaction rates and microenvironments. Therefore, oper-
ations at high current densities should be encouraged to increase production rates while
demonstrating their technical and economic feasibility.

Although intensive efforts are being made to increase the efficiency of CO2 electrolyzers
through catalyst development, process intensification, and system design, it is challeng-
ing to achieve high selectivity towards a specific product, reaction rates, and long-term
stability. This is primarily due to catalyst deactivation, salt precipitation, GDE flooding,
inadequate water management, and a lack of components designed specifically for CO2R
applications. To enhance performance, research has been undertaken to develop highly
efficient and stable CO2R electrocatalysts; however, other engineering factors must also
be considered, such as reactor configuration, electrode structure, reaction conditions (tem-
perature, pressure, pH), and electrolyte selection.

Throughout this thesis, I propose different strategies for addressing the most relevant
challenges of operating CO2 electrolyzers at industrially relevant conditions using gas-
fed reactors. I have attempted to improve catalytic activity, selectivity, and stability by
analyzing the effect of operating conditions (through the design and construction of a
reaction setup), electrolyzer components (e.g., ion-exchange membranes), and electrocat-
alysts. As a first step, I investigated the effects of different reaction components on the
overall performance of gas-fed reactors. My subsequent work focused on understanding
how the operating temperature affected catalyst activity, water management, and product
distribution over Cu-based GDEs using a zero-gap cell. This study aimed to investigate the
effect of temperature on the kinetics and transport of CO2R, demonstrating its potential to
enhance its catalytic performance and emphasizing the importance of appropriate heating
during these experiments.

Moreover, I focused on electrocatalysts using tandem catalysts following a two-step elec-
trolysis procedure. This work compared the sputtering with nanoparticulate approaches,
the effects of metal loading, and electrode composition ratios during electrode preparation.
Additionally, a ”CO-selective” catalyst layer was added to examine how it affects the
selectivity of C2+ products. This electrode type showed promising results evaluated
during its testing, characterization, and product quantification using a simple preparation
method.

Further, I investigated the role of the anion-exchange membrane by testing a new gen-



eration of membranes designed explicitly for CO2 electrolysis. In this study, RG-AEM
membranes were synthesized with different functionalized head groups. The relationship
between their mechanical properties and CO2R performance has been examined through
properties like the ion exchange capacity, water uptake, and thickness. Results showed that
AEMs with heterocyclic groups exhibited competitive mechanical, thermal, and chemical
properties compared to current commercial membranes and provided stable long-term
CO2R operation under industrial conditions.

Finally, I investigated various other strategies, including adding recycling lines to boost
the CO2 conversion, manipulating the backpressure to control CO2 surface coverage, or
adding ionomers to the catalyst layer to enhance gas and ionic transport, some of which
have shown promising results in CO2R applications. Ultimately, the described alternatives
were combined, demonstrating their benefits for a stable and selective long-term operation
(>200 hours). Through this research, I have proposed alternatives to address existing
CO2R challenges, proposing potential solutions that can be easily scaled up in the industry
and showing additional research opportunities in this field.



Resumé

Elektrokemisk CO2 reduktion drevet af grøn energi har udviklet sig til et lovende alternativ
i kampen mod udledning af drivhusgas og til at producere karbon-neutrale kemikalier.
Nylige fremskridt inden for elektrokatalyse har ledt til materialer med bedre selektivitet
mod kulstofforbindelser – herunder alkoholer. Desværre er test af disse materialer i
traditionelle elektrolyse konfigurationer begrænset af lav strøm grundet masseoverførsels
begrænsninger, hvilket har store konsekvenser for den målte selektivitet og aktivitet. Ved
at teste ved højere strømtæthed kan produktionshastigheden forbedres, samtidig med at
katalysatorerne kan testes ved betingelser, der er relevante for industrien. Introduktio-
nen af GDE’s har ledt til udviklingen af nye reaktordesign, hvilket har forbedret den
overordnede ydeevne og energieffektivitet. På trods af den omfattende indsats for at
opskalere og udvikle katalysatorer, reaktordesign og overordnede systemer, så er der
stadig mange begrænsninger forbundet med CO2 elektrolyse. Den ønskede selektivitet,
produktionshastighed og stabilitet kan endnu ikke opnås, og det skyldes især nedbrydning
er selve katalysatoren, uønskede sidereaktioner, og et fænomen kaldes ”flooding”, hvor
vand trænger ind i GDE’en. Det er desuden svært at finde elektrolyse komponenter
specifikt designet til at håndtere CO2 reduktion.

Meget forskning går ind i at udvikle effektive and stabile elektrokatalysatorer for CO2

reduktion. Det er dog lige så vigtigt at undersøge de andre faktorer, som spiller ind
på ydeevnen af CO2 elektrolyse. Eksempler på dette er reaktor konfiguration, struktur af
elektroden, reaktionsbetingelser som temperatur, tryk, pH og lign., samt valg af elektrolyt.
Alle disse faktorer har indflydelse på kinetik og masseoverførsels begrænsninger. I denne
afhandling kommer jeg med forskellige forslag til hvordan man kan takle de mest relevante
udfordringer forbundet med CO2 elektrolyse under industri-relevante forhold. Jeg har
forsøgt at forbedre selektivitet, aktivitet og stabilitet af reaktionen ved at undersøge
effekten af førnævnte reaktionsbetingelser (tryk, temperatur og pH), samt komponenter af
designet såsom membranen og katalysatoren. Til at starte med undersøgte jeg hvordan de
forskellige komponenter af elektrolysedesignet havde indflydelse på ydeevnen af en gas-fed
reaktor. Derefter undersøgte jeg indflydelsen af temperatur på aktivitet, vandforvaltning
og produktdistribution på en Cu-baseret GDE i en zero-gap reaktor. Og til sidst lavede jeg
et systematisk studie af temperaturens indflydelse på reaktionskinetik og massetransport,
hvilke viste vigtigheden af opvarmning under disse eksperimenter.

Udover overstående, så havde jeg stort fokus på elektrokatalyse ved brug af et tandem
katalyse system, hvor der indgår 2 katalysatorer og 2 elektrokemiske steps. I dette arbejde
bliver ydeevnen af tynde film sammenlignet med ydeevnen af nanopartikler. Her har
kompositionen af katalysatoren og elektroden stor betydning. Tilførsel af den ”CO -
selektive” katalysator viste lovende resultater i forhold til de analyserede produkter, især
C2+ produkter, og kunne forberedes ved en simpel teknik.

Herudover testede jeg en ny generation af anion exchange membranes, der er specifik



designet til CO2 reduktion. De forskellige RG-AEM membraner var syntetiseret med
forskellige iongrupper. Forholdet mellem deres mekaniske egenskaber og deres ydeevne
for CO2 reduktion blev undersøgt på baggrund af deres ionbytningsevne, vandkapacitet
og tykkelse. Resultatet var at AEM’s med heterocykliske grupper viste bedre mekaniske,
termiske og kemiske egenskaber i forhold til de membraner vi har på markedet nu. De nye
membraner gav mulighed for længere test med mere stabil CO2 reduktion.

Til sidst afprøvede jeg en mængde af andre strategier såsom at implementerer CO2 genan-
vendelse for at forbedre konverteringen af CO2 gas. Jeg prøvede derudover af kontrollere
hvor meget CO2 vi kunne gå til at sidde på katalysator overfladen ved af manipulerer
gastrykket, samt tilføje iongrupper til katalysatoren for at forbedre gas og ion transport.
Sidstnævnte har tidligere vist lovende resultater. De mange alternativer og forbedringer
til CO2 elektrolyse blev kombineret og deres effekt blev demonstreret i et >200 timer
langt eksperiment. Gennem min forskning er jeg derfor kommet med alternativer, som
adresserer de eksisterende udfordringer CO2 elektrolyse har, og de løsninger jeg er kommet
med kan både videreudvikles på et forskning niveau eller skaleres op til mere industrielt
relevante størrelser.
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Chapter 1

Introduction
1.1 Motivation

The escalating effects of global warming are causing concern in today’s world.
Anthropogenic activities, such as fossil fuel combustion, deforestation, and indus-
trialization, have contributed significantly to this issue by releasing high levels of
greenhouse gases (GHGs) into the atmosphere. In the last decade, around 37 Gton
of carbon dioxide (CO2) has been released from using fossil fuels [1], leading to a
rise in average temperatures of 1.1°C since pre-industrial times (Figure 1.1). In the
absence of immediate actions to reduce GHGs, another 1.5°C increase by 2100 is
anticipated, with catastrophic effects on the environment and ecosystems[2]. The
Paris Climate Accord was thus established in December 2015 with the participation
of 195 countries and the UNFCCC aiming to keep global temperatures by achieving
net zero emissions by 2050 through decarbonization, or carbon sequestration [3, 4].

Figure 1.1: CO2 emissions from fossil fuel combustion and industrial production over the
last few decades (a; black dots); and projected emissions for future years (red dots), based
on historical CO2 emissions data. Image reprinted from Reference [5].

Combining these strategies with carbon capture and recycling systems could provide
sustainable carbon sources, store renewable energy, and turn CO2 into added-value
products [6]. Thus, there are several ways to convert CO2, including biological,
thermochemical, photochemical, and electrochemical [7]. Each approach for CO2

conversion has its economic benefits and must be considered in the portfolio of
solutions for reducing atmospheric CO2 concentrations and reaching climate change
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1.2. ELECTROCHEMICAL CO2 REDUCTION (CO2R)

goals. Furthermore, these CO2 utilization technologies have a very ambitious goal:
to disrupt a 5 trillion dollar market by supplying fuels and chemicals at lower prices
than petrochemical production can offer while ensuring a low environmental impact
operation [8]. Although this might sound ambitious, a sustainable economy that
utilizes carbon is becoming more apparent as governments’ support for carbon pric-
ing mechanisms increases and new technologies become available to convert carbon
into energy. Therefore, beginning with less conservative markets and developing
technology/infrastructure faster is imperative.

The electrochemical conversion of CO2 into commodities and fuels can be scaled
up under milder conditions with high selectivity. Due to their similarity to com-
mercial hydrogen electrolyzers, their operation, and logistics can leverage existing
infrastructure, accelerating their implementation and adapting this technology into
this application [9]. Through increased research and development, CO2 electrolysis
using renewable power could be a cost-effective and sustainable way to produce
stable chemical products and store energy, thereby reducing GHGs and closing the
carbon cycle [10].

1.2 Electrochemical CO2 reduction (CO2R)

As mentioned before, CO2R driven by renewable energies is an alternative to miti-
gate CO2 emissions by converting them into added-value products and decarbonizing
the chemical industry. In addition, the electrochemical CO2 reduction offers several
advantages, including combining water splitting with an analogous electrocatalytic
process, the ability to synthesize products that are difficult to prepare using con-
ventional thermal processes, and the operation at ambient conditions [11].

A CO2 electrolyzer is a device that uses electricity to convert CO2 into reduced
carbon-containing products. An externally applied voltage with a sufficient potential
(E) is required to transfer electrons from the anode to the cathode, which reduces
CO2 (Eq. 1.2.1) into hydrocarbons and oxygenates, and ions (OH− or protons,
depending on reaction environment). Through the electrolyte, ions are transported
across an ion-exchange membrane (IEM) to the anode, where they are consumed
through water oxidation, where oxygen evolution reaction (OER) and electron gen-
eration occur (Eq. 1.2.2), resulting in a redox reaction (reduction-oxidation).

CO2 Reduction Reaction (CO2RR):

xCO2 + yH2O+ ze− −−→ product+ zOH− (1.2.1)

Oxygen Evolution Reaction (OER):

4OH− −−→ O2 + 2H2O+ 4 e− (1.2.2)
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The CO2RR can proceed through a proton-coupled electron transfer reaction path-
way to produce various C1 products such as carbon monoxide, methane, and formate,
C2 products as ethylene, ethanol, and acetate, or even C3 products such as n-
propanol (Table 1.1). In addition, other compounds as traces have been reported,
including glyoxal, hydroxyacetone, ethylene glycol, acetaldehyde, propionaldehyde,
methanol, or acetone, accounting for around 16 different products coming from this
mechanism [12]. Additionally, if electrochemical CO2 reduction is carried out in an
aqueous solution, the hydrogen evolution reaction (HER) may occur as a competitive
reaction. Table 1.1 exhibits the most common half-reactions and the thermodynamic
potentials for multiple CO2RR under alkaline conditions.

Table 1.1: Common cathodic CO2R and hydrogen evolution reaction (HER), products in
aqueous and alkaline solution, their standard potentials using reversible hydrogen electrode
(V vs. RHE) at 1 atm and 298 K. Data Adapted from Reference [11].

Cathodic Reactions E0 (V vs. RHE) z
CO2 (g) + 2H2O (l) + 2e−→CO(g) + 2OH− -0.10 2

CO2 (g) + 5H2O (l) + 6e−→CH3OH (l) + 6OH− 0.03 6
CO2 (g) + 2H2O (l) + 2e−→HCOO−(aq) + 2OH− -0.12 2
CO2 (g) + 6H2O (l) + 8e−→CH4 (g) + 8OH− 0.17 8

CO2 (g) + 5H2O (l) + 8e−→CH3OO−(aq) + 7OH− 0.11 8
CO2 (g) + 9H2O (l) + 12e−→C2H5OH (l) + 12OH− 0.09 12
CO2 (g) + 8H2O (l) + 12e−→C2H4(g) + 12OH− 0.08 12

CO2 (g) + 13H2O (l) + 18e−→C3H7OH (g) + 18OH− 0.10 18
2H2O (l) + 2e−→H2 (g) + 2OH− 0.0 2

1.3 Fundamentals and relevant metrics for CO2R

The role of potential
The work described in this thesis is conducted through electrochemical reactions
(excluding unwanted carbonate reactions, as discussed in Chapter 2), where elec-
tricity is used as a driving force to overcome the activation energy required to
achieve the desired reaction. During the standard operation, the thermodynamic
potential indicates at which applied redox potential should ideally occur. However,
the potential to initiate a reaction is typically higher due to inefficiencies in the
reactor design, reaction mechanisms, and activation barriers (cell potential) [11].
Therefore, the thermodynamic potential (E0) determines the minimum driving force
and the total amount of charge transferred during the reaction. The cell potential is
related to the Gibbs free energy of the system (ΔG) since it measures the difference
in the chemical potential.

�G0−−−z · F · E0 (1.3.1)
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At thermodynamic potential, the reaction is reversible, where both forward and
reverse reactions occur at the same reaction rate. By applying a potential, the
electron energy levels change accordingly. A reduction reaction occurs if the elec-
tron’s energy level at the electrode is higher than the unoccupied molecular orbital
in the reactant. Alternatively, electrons can be transferred to the electrode from
molecules whose electron energy level is lower than the occupied molecular orbital,
resulting in an oxidation reaction. Therefore, the applied potential determines what
reactions can take place. For most reactions, kinetic limitations require increasing
the driving force to reach measurable reaction rates (overpotentials). A catalyst will
lower this overpotential by catalyzing the electrochemical reaction at the surface of
the electrode with a considerable reaction rate. Nevertheless, overpotentials are
not solely caused by kinetic limitations, as high reaction rates can result in the
depletion of reactants, causing mass transport limitations (e.g., low diffusion). As
both mechanisms affect the reaction mechanism and performance, it is vital to
consider their effects when operating CO2R at high current densities.

Metrics for CO2R

Recent advances have been made in developing nanostructured metals, and metal
oxide electrocatalysts for converting CO2 into fuels and feedstocks [13, 14, 15]. The
catalytic performance of such materials is evaluated using the most relevant metrics
for CO2R catalysts, such as Faradaic Efficiency (FE), overpotentials (η), partial
current density (ji), and Energy Efficiency (EE).

Faradaic Efficiency (FE): the FE correlates the selectivity towards a specific
product during the CO2R process and is expressed as the ratio between the charge
needed to generate the concerned product (QA) and the total charge (Q).

FEi−−
QA

Q
−−
z · n · F

Q (1.3.2)

Overpotential (η): it is defined as the difference between the overall thermo-
dynamic potential (E0) and the applied potential for the reaction (E). During
electrolysis, the CO2R and OER show significant cathodic overpotential (ηc) and
anodic overpotential (ηa), respectively. The sum of such overpotentials may, how-
ever, be less than the overall overpotential (η) due to several resistances associated
with resistance losses in the device, namely the ohmic losses resulting from ion
conductivity in the electrolyte, the membrane, and other resistances associated with
electrical resistances in cells and between reaction components [16].

η = E − E0 (1.3.3)

η = ηc + ηa + ηM + ηR + ηO (1.3.4)
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Partial current density (ji): it measures the activity towards a particular reac-
tion, serving as a crucial indicator for the reaction rate on a specific electrocatalyst
towards a product. While it can be normalized to different areas (geometric area,
electrochemically active surface area (ECSA), or specific surface area), I only show
ji normalized to the geometric area in this thesis.

ji =
I

A
· FEi (1.3.5)

Energy efficiency (EE): is the ratio of the energy used to produce a specific
product to the net energy input (Ecell), and has been implemented to correlate the
net energy consumption of a specific product. Generally, studies do not use this
metric measurement, as they do not consider the anodic potential or the effects of
the electrolyzer components/design.

EEi =
E0 · FEi

E0 + Ecell

(1.3.6)

Tafel Slope: a calculation of the Tafel slope (derived from the Butler-Volmer
equation) provides information about the change in reaction mechanisms caused
by catalyst surface morphology or reaction conditions. Through this method, it is
possible to identify the rate-determining steps and elementary steps of the reaction
mechanism [17].

1.4 Electrocatalysts for CO2R

Nanostructured metallic electrocatalysis has become a viable option for CO2R [11].
These materials offer the possibility of stabilizing reaction intermediates and im-
proving the catalysis by increasing the active surface area, modifying the surface
morphology, or altering electronic structure [18, 19]. Moreover, they are relatively
low-cost and environmentally friendly. This has led to increased research into how
these materials can be utilized as effective catalysts for CO2RR.

Dabbling this field, in 1985, Hori and co-workers presented a study that evaluates
multiple polycrystalline metal electrodes for CO2R. During this series of experi-
ments, electrolysis was conducted at constant current density (5 mA·cm−2) on CO2-
saturated 0.5 M KHCO3, followed by the gaseous and liquid product measurements
[20]. This resulted in a major classification of metal catalysis (divided into four main
groups), which has been extended in recent research based on its selectivity towards
a major product (Figure 1.2).

In accordance, metals such as Hg, Pb, Bi, Sn, or In prefer to bind the *OCHO
intermediate, producing formic acid/formate. In contrast, metals such as Au, Ag,
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1.4. ELECTROCATALYSTS FOR CO2R

Figure 1.2: Major product classification groups of metal catalysts for CO2 electroreduction
based on Hori’s experiments, represented in a cropped periodic table with colors and major
product Faradaic Efficiency (selectivity towards H2 (red), HCOO− (yellow), CO (blue),
and beyond CO* (cyan)). Image reprinted from reference [21].

Zn, and Ga strongly bind *CO intermediate and favor CO production. Even though
research has been carried out extensively on new catalysts, most of the work has
focused on using Cu as an electrocatalyst for CO2R. This is because it is the only
monometallic with negative adsorption energy for CO and positive adsorption energy
for H, reducing CO2 into low-chain hydrocarbons and alcohols [22]. Finally, Pt, Ni,
Fe, or Ti produces H2, favoring the H* binding over CO2 intermediates, tuning the
HER selectivity over CO2RR [21, 11].

In this thesis, I focused on CO-selective catalysts and Cu-based electrocatalysts. A
more detailed description of these metals will follow:

CO-selective catalysts: Ag nanoparticles have proven to be an effective metal
for selective CO production. Currently, the use of alternative Ag morphologies
(corals or spheres) and different reaction conditions have enhanced its activity at
high current densities by stabilizing the rate-determining intermediate (e.g., >90%
at 1 A·cm−2) [23]. In my thesis, I used Ag to study the effects of the membrane’s
chemistry and the introduction of a recycling line due to its simplicity compared to
Cu-based electrodes. Additionally, Au nanoparticles (<10 nm) have also been used
in fundamental studies, as they provided high electrochemical surface areas even
at low loadings [24]. In the high current density regime, they also proved stable
selectivity, achieving jCO=540 mA·cm−2 with FECO=92% [25, 26]. In contrast to
monometallic catalysts, single-metal-site catalysts and molecular complexes have
demonstrated their competitiveness at neutral pH, providing lower onset potential
versus SHE. by using Fe3+ dispersed in pyrrolic-N sites [27] Ni single sites embedded
in MOFs, or as Ni–N–Cs [28]. Molecular Co phthalocyanine and Fe porphyrin have
also shown similar onset potentials, making them promising electrocatalysts despite
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1.5. PROPOSED REACTION MECHANISM FOR CO2R

not reaching the required high current densities for CO2R [29]. Furthermore, Zn has
also proven selective towards CO and alcohols when combined with Cu due to the
synergy between the two metals [30].

Cu-electrocatalyst: As mentioned before, Cu is the only monometallic that can
reduce CO2 into C2+ products. Nanostructured-based Cu electrocatalysts have
displayed better catalytic performance than bulk materials/flat faces materials [11].
However, large overpotentials in Cu electrocatalysts result in unsatisfactory effi-
ciency and limited product selectivity.

Recently, researchers have proposed various strategies to address this issue through
the formation of grain boundaries [31], vacancy steering [32], dopant modification
[33], alloying with other metals (tuning the d-band position) [34], improvements in
the surface morphology to expose the preferred crystalline facets (e.g, nanowires,
nanocubes, etc.) [35], the manipulation of the oxidation state [36], or the electrolyte
design [37]. In terms of crystalline facets, theoretical studies suggest that Cu(100)
surfaces are more active than Cu(111) and Cu(211) surfaces in terms of CO dimer-
ization [38]. Cu(100) has achieved the lowest reported overpotential for pure Cu
catalyst, reaching a jC2H4 of 391 mA·cm−2 and a Faradaic Efficiency of 67% at
-0.72V vs. RHE [39]. At higher current densities, there is little difference in the
performance of catalysts based on Cu(100) surface and Cu thin films or nanoporous
morphologies of Cu. This implies that other strategies for catalyst modifications are
needed to boost the intrinsic activity of Cu at industrially relevant conditions [40].
Further state-of-the-art will be discussed in Section 1.10.

1.5 Proposed reaction mechanism for CO2R

While the electrochemical pathway for CO2 reduction towards specific C2+ is still
being debated, there is a general consensus about the adsorption, catalytic, and
desorption steps for CO2R. As a first step, CO2 is mass transferred from the gas
phase to the bulk electrolyte (1), then transported to the cathode/electrolyte in-
terface (2), where the CO2 is absorbed in the cathode surface (3). Then, through
electron transfer reactions, adsorbed CO2 species are dissociated into intermediates
like COOH*, CO*, CHO*, and COH*, which then are converted into carbon-derived
products, and further desorbed from the electrode surface (6) [11, 16].

Thermodynamics and kinetics models, along with DFT calculations, are widely used
to predict the reaction mechanisms for CO2R, including the rate-determining step
(RDS) and intermediate precursors for specific products over Cu surfaces. The
DTU Cattheory group and SelectCO2 members have proposed a common predicted
mechanism that agrees with experiments in the experimental DTU CO2 group
(Figure 1.3) [41]. From electrochemical CO2 reduction to CO, the adsorbed CO
(*CO) has been detected as a common intermediate before the final rate-limiting
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step towards multicarbon products or methane. Through simulations of activation
energies via the nudged elastic band (NEB) method under constant potential at
alkaline conditions, it has been found *CO dimerization (C-C coupling) is the most
likely RDS [11, 42], as the initial CO protonation is unfavored. Another possible
explanation for CO2 activity towards C2+ products results from the polarization of
*OCCO intermediates [43].

Figure 1.3: Scheme of the reaction mechanisms towards C2-products after CO formation
(assuming CO-CO coupling the RDS). The Green arrows represent common steps towards
all products. Yellow arrows symbolize the determining step (SDS) between ethylene,
acetate, acetaldehyde, and ethanol. Arrows colored differently represent the path to the
product of the respective color. Courtesy image from DTU CatTheory and reprinted from
SelectCO2 Deliverable D7.5 [41].

Two significant pathways toward C2+ products have been identified as a function
of the applied potential. When overpotentials are low, the ketene (H2CCO) in-
termediate dominates, leading to higher selectivity toward oxygenated products
(e.g., ethanol). In contrast, the HCCOH pathway prevails at higher overpotentials,
switching selectivity towards ethylene due to a high barrier, preventing the central
carbon protonation, and creating the thermodynamically most stable *OHCCH
intermediate [41]. A detailed study has shown that ethanol and acetaldehyde are
produced via desorption rather than protonation of adsorbed *OCHCH3. Hence, its
selectivity is enhanced by low overpotentials and improved mass transport. Ethylene
is favored at higher overpotentials due to the stronger stabilization of the oxygen
protonation of *HCCO intermediate. The acetate pathway relies on the nucleophilic
attacks on desorbed *H2CCO, promoted at low overpotentials, roughness, and high
pH [41, 11]. These findings have been supported by experimental estimation of
Butler-Volmer transfer coefficients or isotope studies for multiple reaction mecha-
nisms [17, 44].

1.6 Reaction conditions

Electrolyte effects: an essential requirement of inert electrolytes commonly used
in CO2R processes is that they dissociate rapidly into cations and anions and are

8



1.6. REACTION CONDITIONS

highly conductive. However, the effect of the electrolyte ions on CO2R is far more
complex than a simple charge carrier relationship, as it influences the local reaction
environment, CO2 mass transport, and acid/base equilibria [45].

-Cation effects: metal cations are essential in steering reaction activity and product
distribution. Koper’s group has demonstrated that CO2R cannot occur without
metal cations [46]. It is known that electrostatic interactions between adsorbed
species with dipole moments and cations placed in the outer Helmholtz plane (OHP)
enhance CO2R through an electric field effect. Further, cation hydration and sta-
bilization of the negatively charged intermediate can affect the reaction mechanism
selectivity [47, 48]. The identity of the metal cation also influences the performance,
as Murata and Hori observed a higher selectivity for C2+ products with larger
cations using a series of electrolytes with ionic size increasing, following the trend:
Cs+>K+>Na+>Li+ [49].

-Anion effects: anionic species in the electrolyte can also influence CO2R due to
their buffering effects and specific adsorption at the cathode surface. Bell’s group
proved that the composition and concentration of anions have no significant effects
on the formation of hydrocarbons and alcohols but rather a significant influence on
the formation of CH4 and HER, which are pH dependent [50].

-pH effects: CO2 phase stability in aqueous solutions is influenced significantly by
pH, as demonstrated by the Pourbaix diagram. As for selectivity, low pH shifts to
the competing hydrogen evolution reaction (HER) [43], as pH affects protons’ avail-
ability, enhancing HER over CO2RR (since specific pathways are pH-independent).
At alkaline conditions, HER’s equilibrium potential shifts to a more negative value,
reducing its activity, favoring C2+ products [11]. However, operating at high pH
may promote the formation of carbonates, which deplete local CO2 concentrations
and thereby limit the CO2 mass transport.

Operation conditions

- Pressure effects: an increase in CO2 partial pressure has shown to enhance the
CO2R total current and mass transfer to electrode surfaces due to the CO2-solvent
solubility relationship (Henry’s law) [51]. In addition, pressure can directly modulate
the surface coverage of the CO2, and key intermediates at the surface [52]. However,
an increase in the operating pressure elevates the complexity and construction costs
of the electrolyzer, so optimizing the pressure must consider during the CO2R
[53]. On the other hand, high-pressure CO2R operation also requires balancing
the pressure in the anode and cathode chambers. A pressure imbalance can deform
the membrane and alter water management, resulting in electrode flooding [54] and
limiting its application. A study of this parameter’s effects on CO2 electrolysis is
presented in Chapter 7.
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-Temperature effects: increasing the operation temperature alters CO2E in various
ways, affecting multiple operational parameters. There are currently few studies
focusing on understanding its effect on CO2R, despite the necessity of operating
it under such conditions due to resistive heating and its benefits for increasing
activity at lower overpotentials at industrially relevant conditions. Nevertheless,
the task is not straightforward, as temperature affects kinetics, mass transport,
and hydrodynamic properties, including mass transfer (solubility, diffusion rate),
reaction pathways, viscosity, electrical conductivity, and membrane conductivity
[55]. As part of my Ph.D, I conducted a systematic investigation to understand its
influence, and I described these effects exhaustively in Chapter 4.

1.7 Component integration and electrolyzer design

CO2 electrolyzers consist of a cathode, anode, and an ion exchange membrane (IEM).
Gas diffusion electrodes (GDEs) are commonly used for CO2 cathodes for high
current densities (GDE: a gas diffusion layer and a catalyst layer). The gas diffusion
layer (GDL) consists of a macroporous layer (MPS) and a microporous layer (MPL,
usually carbon-based coated with hydrophobic PTFE), allowing CO2 diffusion to
the surface and controlling the mass transfer of species to and from the catalyst
layer (CL) [56]. The CL consists of heterogeneous metals, molecular complexes,
or single-metal atom-doped carbons coated on the GDL. For the anode, IrOx on
GDEs, Ni, NiFe, or Platanized-Ti are highly effective and preferred materials for
oxidation at low overpotentials under different reaction conditions [57]. In between
the electrodes, there is an ion-exchange membrane (IEM) made of a polymer sheet
that transfers ions and inhibits the product crossover. Membranes for CO2R can be
categorized into three category types on their ionic permeability: cation-exchange
membranes (CEM), anion-exchange membranes (AEM), and bipolar membranes
(BPM).

The configuration of the electrolyzer considerably influences the overall efficiency of
the CO2R process [16]. Electrochemical reactors for CO2 can be classified as batch
or semi-batch cells (H-cell) and continuous flow cells (Figure 1.4). The primary
difference between these architectures is a roughly 3-order magnitude reduction in
the CO2 diffusion pathway to the catalyst’s surface: from 50 µm in H-cell to nm
scale using GDLs [58].

H-cells are often used in laboratory CO2R studies due to their low cost and simplic-
ity; however, they are not suitable for treating large volumes of gas and scaling-up
operation due to the low solubility of CO2 in aqueous media (33 mM), limiting their
operation at low current densities regime (<35 mA·cm−2) [59]. Gas-fed reactors
can facilitate this transition by providing an interface between the inbound CO2

and the reaction environment, reaching operation at high current densities.
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Figure 1.4: Schematic illustration of the basic configuration of an electrochemical cell for
CO2 reduction experiments. a). three-electrode H-type batch cell, and b). Gas-diffusion-
electrode-based flow cell.

Flow cells for this application are inspired by water-splitting electrolyzers. There are
three types of electrochemical flow cells that apply to CO2R: gas, solid (SOEC), and
liquid phase. Gas-fed electrolyzers or membrane electrode assemblies (MEA) operate
efficiently due to their zero-gap design with gas-diffusion electrodes (GDEs) [60].
The cathodic compartment receives humidified CO2, while the anodic compartment
is filled with a flowing electrolyte (usually carbonate-based salt), which provides the
necessary conductivity and cations for electrolysis. Electrical contact in MEAs can
be established using a conducting plate, and flow fields, featuring either circular or
serpentine designs can achieve effective reactant transport within the system [61].
Several studies have demonstrated improved partial current density, higher stability,
and enhanced selectivity for C1-C3 products using this cell configuration [62, 63, 64,
65].

Liquid phase electrolyzers are widely employed in CO2R. It features a liquid elec-
trolyte between the GDL and IEM. As opposed to the gas phase electrolyzer,
this type of reactor allows for the flow of catholyte, the placement of reference
electrodes (RE), the absence of humidified CO2, or the possibility of operating at
high pressures [59, 62]. Depending on the desired outcome, both electrolyzer designs
have multiple benefits, such as lower cell resistances in MEAs or easier liquid product
collection/detection in liquid-phase electrolyzers (catholyte flow cells). However,
each design has its drawbacks, including product crossover, water management
problems, contamination sensitivity, carbonate salt precipitation, and GDE flooding
[40, 66]. Chapter 2 will address the current limitations of CO2 electrolysis in more
detail and some proposed strategies to overcome them.
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1.8 The prospects for CO2R commercialization

The commercialization of CO2 electrolysis has been studied through techno-economic
studies in recent years. The Jiao group evaluated the economic feasibility of var-
ious carbon dioxide (CO2) reduction products for large-scale chemical production,
assessing a current density between 200 and 400 mA·cm−2 as the threshold for
its operation [67]. Gaseous products like CO and formic acid are more profitable
but have smaller market potential and higher storage/transport costs. In contrast,
liquids such as ethanol and n-propanol may generate greater future profits than
light hydrocarbons, based on the existing energy market, but require higher overpo-
tentials. Furthermore, electricity and separation costs must be reduced for higher-
order alcohols to become economically viable [68]. Through further research on
electrocatalysts, C2-C3 alcohols produced from CO2R could enable renewable energy
sources to penetrate the transportation sector while reducing GHG emissions.

Figure 1.5: Scheme of the commercialization prospect for CO2 electroreduction. Image
reprinted from reference [69].

1.9 Why must electrochemical CO2 reduction be assessed at
commercially relevant conditions?

For its commercialization, future devices must demonstrate stable long-term oper-
ation (> 20000 hours) at substantial current densities (> 200 mA·cm−2) [58, 70].
Currently, studies are primarily conducted on the fundamental scale, which aims to
find the optimal catalyst; however, it is unknown how representative these results
are when examining at industrially relevant conditions, and ordinarily, such trends
do not translate in a reciprocal manner [16, 69].
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Various experiments, transport phenomena, and DFT modeling have demonstrated
how local reactions may vary with the current density. This significantly impacts
a catalyst’s surface reactions when applied to industrial conditions since its ac-
tivity depends on its surrounding environment as much as its physical inherent
catalyst properties [11]. For example, when operating at low current densities, CO2

is rapidly depleted by a combination of diffusion restrictions and buffer capacity
imposed by the bulk electrolyte, favoring HER over CO2R [40]. Conversely, at
higher current densities (>100 mA·cm−2), the local pH (lower buffer capacity) will
increase rapidly, enhancing the activity of CO2R and reducing the overpotential
for C2+ products. However, it is essential to consider that performing at such
conditions could affect mass transport and decrease local CO2 concentration due to
side reactions associated with CO2 acid-base equilibrium [58].

1.10 Current-state-of-the art for CO2 electrolysis

The field of CO2 electrolysis has advanced significantly over the past decade. CO
selectivity has been enhanced using Ag NPs, which have a high intrinsic selectivity
(FECO typically >90%) and are relatively inexpensive compared with Au NPs or
single-atom catalysts. The current state-of-the-art was achieved by introducing
GDEs in the MEA approach, which reached a jCO of 1 A·cm−2 (90% FECO) at
1 bar CO2 and 65°C in 0.1 M CsOH [23]. Similarly, substantial improvements in
formic acid production have been achieved over the past decade through Sn or Pb
catalysts attaining current densities up to 450 mA·cm−2 (selectivities around 97%
over Pb [71], and 90% with Sn [72]).

Figure 1.6: Metrics and progress in partial current densities for various electrochemical
CO2 reduction products over years. Image reprinted from reference [40].
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Ethylene production has been improved through reactor and catalyst engineering.
Currently, partial current densities are above 1A·cm−2, and selectivity is above 60%
at ambient conditions over Cu, exceeding the threshold for techno-economic analysis
to consider the system profitable [63]. Similarly, present-day ethanol production can
reach 337mA·cm−2 at 24% FEEtOH when using Cu nanoparticles in the presence of
a Nafion binder [63]. Nevertheless, acetic acid and n-propanol have not witnessed the
same improvements and continue to be produced with low selectivity, with partial
current densities below 100 mA·cm−2 for acetic acid [73] and around 30 mA·cm−2

for n-propanol [74].

1.11 Overview and perspectives on CO2 electrolysis

There is great potential for CO2E to address current energy and climate problems
while closing the carbon cycle. Using renewable electricity to drive single-step
production processes, various liquid and gaseous fuels can be created from CO2 in a
decentralized system. Research has made impressive advances in developing efficient
electrocatalysts for CO2 conversion. However, further developments are needed from
reactor components and process design perspectives to meet the performance goals
for commercializing the CO2 electrolyzer. Regarding the reactor, flow cell types for
CO2 electrolysis provide a promising alternative for practical applications.

Achieving efficient CO2R should overcome limitations with design factors and cat-
alyst materials, focusing on reducing cell potentials, boosting selectivity, and pro-
duction rates. Similarly, it is crucial to examine operational parameters such as pH,
temperature, pressure, and gas/liquid flow rates and to understand the structure–
property relationship of electrode/electrolyte or membranes for CO2R to tune the
CO2 conversion towards a desirable product.

Lastly, future developments should address complications specific to large-scale
applications, such as excessive resistive heating from high amperage, integrating
renewable power sources, or operating with low-purity and large quantities of CO2

feed. Energy efficiency still needs to be improved for industrial operations to reduce
operational costs and reach economic feasibility [67].

1.12 Thesis outline

In this thesis, I proposed multiple strategies to overcome some challenges in CO2

electrolysis operating at industrially relevant conditions, improving the selectivity,
activity (partial current density), and stability towards C2+ products.

In Chapter 2, I will summarize the current challenges in CO2 electrolysis and suggest
some strategies to address them. Chapter 3 outlines the experimental setup and
methods used in this thesis project, including some preliminary results from the
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selection of reaction components. Chapter 4 examines the effects of temperature
on CO2 electrolysis using zero-gap cells, including its impact on cathode activity,
mass transport, product distribution, and the influence of the heating method.
Detailed results of Chapter 4 and further studies on this topic can be found in
the attached manuscript in the Appendix. Chapter 5 focuses on implementing
tandem electrocatalysts prepared layer-by-layer in GDEs to improve C2+ selectivity,
exploring the composition ratio, mass loading in the catalyst layer, and the role of
the CO-selective layer in the overall performance.

Chapter 6 describes the synthesis, characterization, and testing of a new generation
of AEMs for CO2 electrolysis and investigates the membrane properties’ influence on
overall performance. Results from Chapter 6 have been published in a paper found
in the Appendix of this work. Chapter 7 outlines additional strategies to enhance
system stability, such as using a recycling loop, manipulating the back-pressure, and
the effects of using ionomers for CO2 electrolysis. Finally, Chapter 8 presents the
general discussions and overall conclusions. This thesis also includes, at the end
of each chapter (Chapters 4-8), a stability test, as it is one of the metrics I used
to determine the viability of the strategy and also includes a small section where I
describe my contribution to the chapter, together with the others from colleagues
and partners.
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Chapter 2

Challenges and strategies in CO2

electrolysis at high current densi-
ties
2.1 Chapter Overview

As described in Chapter 1, CO2 electrolysis is a feasible option to produce valuable
chemicals and fuels, close the carbon cycle, and create a decentralized system. How-
ever, the process requires high current densities for scalability and high production
rates, as well as a robust system for reducing operational and separation costs.
Consequently, gas-fed CO2 reactors are the most popular design for high current
density operations because of their ability to overcome mass transfer limitations.
Figure 2.1 shows a schematic of a gas-fed CO2 electrolyzer with its components.

Figure 2.1: Scheme of a gas-fed CO2R electrolyzer with all main components.
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2.2. CURRENT CHALLENGES IN CO2 ELECTROLYSIS

A comprehensive understanding of the role and effect of each reactor element is
crucial to ensure reliable system operation since the performance of these systems
is not entirely determined by the catalyst itself, but rather by several other factors
that affect catalysis and are influenced by the electrolyzer components [75]. The
aim of this section is to provide an overview of the major challenges of gas-fed
CO2 electrolyzers at industrially relevant conditions regarding the catalyst and the
reactor components.

2.2 Current challenges in CO2 electrolysis

Can GDLs and IEM from water electrolysis be translated to electrochem-
ical CO2 reduction applications?

a. Gas diffusion layers (GDLs): GDLs are widely used in the fuel cell, water elec-
trolyzers, and chlor-alkali industries, providing a viable foundation for their use in
CO2 electrolysis [76]. However, GDLs designed for this application are not currently
marketed, and those currently available may not be optimized for this purpose [77].
Additionally, there has been little evidence of long-term GDL performance without
degradation or activity loss for carbon-based GDLs, nor have the effects of GDL
properties on CO2E (thickness, porosity, gas permeability, and hydrophobicity) been
studied or modeled [40].

b. Anion exchange membranes and water management: the properties of commer-
cially available and experimental AEMs have been reported in the context of fuel-cell
and water electrolyzer conditions, but no well-defined metrics are currently estab-
lished for CO2R [78]. State-of-the-art in this field commonly use imidazolium groups
or QA that tend to degrade at high-temperature operations and alkaline conditions,
resulting in IEC losses and low durability [79]. Moreover, CO2E operation has
been restricted by a lack of ion-selective membranes with optimal mechanical and
chemical properties, product crossover, and high interfacial and ohmic losses [80].

Low selectivity and catalyst poisoning
Rapid advances have been made in the electrochemical reduction of CO2 over the
past few decades. However, low selectivity and efficiency towards C2+ species remain
challenging, owing to undesired H2O reduction or high C-C coupling activation
barriers [11, 75]. In the current CO2R scenario, electrochemical systems have low
activity, selectivity for desirable products, and insufficient durability due to poison-
ing by intermediates, byproducts, or impurities (experiments in this field have only
been reported in hours-scale time) [81, 82]. Developing practical systems requires
a significant increase in conversion rates and efficiency, which can be achieved
by discovering and designing robust electrocatalysts, electrolytes and optimizing
electrochemical reactors.
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2.2. CURRENT CHALLENGES IN CO2 ELECTROLYSIS

GDE Flooding
In CO2 electrolysis, GDL failure due to flooding is a common problem caused by
excessive water transport and cation migration to the cathode GDE, increasing
its wettability and thus favoring HER [83]. Flooding may also be accelerated by
pressure imbalance, enhanced loss of GDL hydrophobicity, or MPS degradation.
Figure 2.2 shows an example of an operation in which my GDE flooded, and some
pictures illustrate this mechanism.

Figure 2.2: Example of a flooded experiment during my Ph.D., and schematic
representation of flooded operation and salt precipitation in the flow field. Illustration
of the flooding mechanism is adapted from Reference [84].

Carbonate salt formation
The formation of carbonate salts (from the electrolyte) is a problem that affects the
CO2E long-term durability and industrial applicability. CO2 reacts with hydroxide
ions, which leads to a high local concentration of carbonate and is further exacer-
bated by cationic species crossing from the anolyte (Eq. 2.1.2 and 2.2.2). This leads
to the precipitation of carbonate salts throughout the gas diffusion electrode (GDE)
and flow fields, reducing its activity and thus impeding the CO2 diffusion through
the substrate (mass-transport limitations) [85]. In a work related to this topic,
I worked with my colleagues Dr.Asger Moss and Dr.Sahil Garg, investigating the
phenomenon using in-operando techniques in CO2 electrolysis at MEA configuration
[86].

CO2 +OH− −−→ HCO3
− (pKa = 7.8) (2.2.1)

HCO3
− +OH− −−→ CO3

2− + H2O (pKa = 10.3) (2.2.2)

Low stability and lack of long-term measurements
Most studies on CO2R have mainly focused on enhancing the catalyst activity and
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2.2. CURRENT CHALLENGES IN CO2 ELECTROLYSIS

selectivity. Nonetheless, research on stability has not been given adequate attention,
an essential requirement for the commercial application of CO2RR devices [87].
State-of-the-art is around 4000 h from CO2R to CO, far from the most optimistic
predictions for CO2R commercialization [88].

Product crossover
Product crossover through the AEM is more evident at high current densities (>100
mA·cm−2). In MEAs, for example, ethanol may be transported across the mem-
brane due to electroosmotic drag and diffusion, leading up to 75% of the ethanol pro-
duced at the cathode passing through the AEM, which is then further oxidized at the
anode, limiting the recoverable yield [89]. In general, negatively charged products
(e.g., HCOO− or acetate) can cross the AEM, while the oxygenated products (e.g.,
acetone, ethanol, and n-propanol) may evaporate through the GDE into CO2R off-
gas, due to their volatility [90]. Multiple crossover mechanisms, especially in MEA
systems, make liquid product quantification difficult and will increase separation
costs when scaling up [91].

High cell overpotentials
Low energy efficiency is currently a major issue in CO2 zero-gap electrolysis. The
overpotential gap between cathodic and anodic reactions, and ohmic resistances
make it difficult to achieve high current densities at low cell potentials [92]. The
operational cell potential is a key performance indicator, as it will directly affect the
CO2R efficiency. Commercial units must be able to maintain current densities (>
200 mA·cm−2) while operating at Ecell of -3.0 V or less [77]. Unfortunately, most
experiments at ambient conditions haven’t fully met such requirements.

Low CO2R utilization and single-pass conversion
Despite the high selectivity towards CO2R-derived products, the operation is limited
by a low CO2R utilization and one-pass conversion, usually not exceeding 10% [93].
Additionally, when carbonate is the dominant charge carrier through the AEM,
CO2R conversion efficiency is limited to 50%. This low efficiency requires energy-
demanding gas separation for CO2R retrieval, making the operation too expensive
(Jeng and Jiao estimated that 23% of the total operating cost would correspond
to separate the mixture of gases from CO2RR, assuming just 10% conversion [94]).
Moving beyond this conversion limit is critical to progress in this area. Different
strategies exist to overcome the low CO2R conversion in current cell devices [95].
For example, the Stinton group proposed using a permeable CO2R regeneration
layer (PCRL), which provides an alkaline environment at the catalyst surface and
enables local CO2R regeneration. The approach has been shown to be efficient with
85% single pass conversion, a lower CO2 crossover, and comparable cell potentials
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compared to those obtained with MEAs [96]. In our group, we have proposed the
creation of a recycling line after the electrochemical cell, following similar approaches
used in industrial processes like biodiesel and some light-hydrocarbon production.

2.3 Strategies for CO2R electrolysis at industrially relevant
conditions

Various solutions could be implemented to overcome the abovementioned challenges,
including optimizing operating parameters, developing selective electrocatalysts, and
designing new reaction systems. In the following section, I propose strategies for
addressing each current challenge in the reaction system.

Current Challenge: Low current density and high-cell overpotentials

Strategy I: Selecting the proper cell configuration, anode, GDL, and electrolyte
Among the different types of continuous CO2 electrolyzers under development,
vapor-fed electrolyzers are the most promising for large-scale CO2R processes since
this configuration feeds humidified CO2 directly into the electrolyzer. Thus, I
chose the MEA configuration because it also offered reduced interfacial and ohmic
losses at lower cell potentials (except when I studied tandem catalysts, for which I
implemented flow cells due to their advantages in liquid collections). Alternatively,
studying the anode catalyst for CO2R is also crucial since current materials are
expensive, unstable, and affect the overall cell potential [92]. Despite not being a
primary goal of my thesis, I have conducted preliminary experiments to examine
how different anodes, GDLs, electrolyte concentrations, and CO2 feeding rate affect
the CO2E. The results of such studies will be primarily used to guide the selection
of the different reaction elements to be used in this thesis rather than for optimizing
them (Appendix A.1.3).

Current Challenge: Low selectivity and activity toward C2+ products

Strategy II: Use of Tandem Catalysts
Using a tandem approach in CO2R can help break linear scaling relationships (LSR),
since Cu’s overpotential and selectivity for the formation of C2+ products are limited
by a trade-off between high CO production rates and high CO-CO coupling rates,
which are determined by the LSR between the activation energy and intermediate
binding energies. [97]. As described in Chapter 1, dimerization of adsorbed CO
or coupling with its hydrogenated derivatives (e.g., *CHO) constitute critical steps
toward C2+ products, so optimization of all key intermediates’ binding strength
over a single reactive site is challenging. Combining Cu with another CO-selective
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(e.g., Zn, Ag, or Au) co-catalyst provides more segregated active sites, increases the
CO coverage (key intermediate), and decreases CO2RR overpotential by decoupling
individual steps with a multi-component catalyst design [98].

The working principle of such a tandem catalyst consists of conducting the CO2R on
two different segregated active sites: CO2 electroreduction is first converted to CO
on CO-selective sites, followed by cascade dimerization and hydrogenation of CO
on C2+ products on Cu-selective sites [99]. As reported in the literature, tandem
catalysts, such as CuAg, CuZnO, Ag-Cu nanodimers, and mixed Cu nanoparticles
with CO-selective catalysts (Au, Ag, ZnO, and Ni-N-C), show greater partial current
density and Faradaic Efficiency (1-4 times greater) than bare Cu electrodes or alloys
[100]. Wang et al. reported improved ethylene formation on CuOx deposited on
single-atom Ni-N-doped carbon, varying the CO concentration with different CO and
CO2R mixtures as reactants [101]. The Jaramillo group reported the formation of
oxygenates at low overpotentials (enhancement of ethanol and n-propanol formation)
on Au clusters deposited on Cu, and its modeling suggested the increase of the CO
flux near-by the Cu surface [102].

A more straightforward approach for tandem catalysts involves preparing electrodes
with two independent layers coated in the CL to improve local CO concentration
and mass transfer. She et al. synthesized catalysts with two distinct layers (Ag,
Au, or Ni-N-C with Cu), achieving a higher C2+ Faradaic Efficiency of 85% at 250
mA·cm−2 in tandem Cu0.6Ag0.4 compared to bare-Cu [98]. Other studies using ZnO
as a CO-selective layer has proven an enhanced CO utilization, leading to Faradaic
Efficiency and partial current density by 1.2-3.4 times compared to Cu electrodes
and 1.3-1.8 times higher than mixed electrodes in the same catalyst layer [97].

Figure 2.3: Strategy to enhance the selectivity towards C2+ products from CO2RE. a).
Two step multistack electrolyzer (CO2R to CO) and (CO to C2+ products) in series.
b). Synthesis of tandem catalysts by layer-by-layer approach following the multi-stack
configuration.

To properly fabricated such tandem catalysis, the CO-selective site must be adjacent
to the Cu active site, which requires deliberate synthesis of tandem catalysts to
control CO2/CO diffusion and CO* surface coverage. Using ”layer-by-layer” tandem
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electrodes with two CLs over GDL provides two-sequential pathways, controlling the
gas transport and acting as an analog to two reactor systems in cascade [98]. In
this method, the top layer acts as a CO-supplier, where CO2R is reduced to CO.
In contrast, the bottom layer serves as a C2+ active site, where CO intermediates
diffuse and are further reduced to form C2+ products since the value of CO self-
diffusion coefficient in porous electrodes is higher than in aqueous electrolytes [100].

In Chapter 5, I explored the tandem catalysts through the layer-by-layer approach
(using Ag, Au, or Zn as co-catalysts) to maximize the CO utilization and partial cur-
rent densities of C2+ products compared to Cu-bare catalysts. A preliminary study
examined fabrication methods, mass loading, and catalyst layers. Moreover, tandem
electrodes were synthesized by varying their composition ratios and mass loading
to understand the principle of tandem electrodes and the role of the CO-selective
catalyst. I synthesized my electrodes using this method, as it involves the simple
fabrication of two distinct catalyst layers coated on a substrate without requiring
a complex chemical synthesis, making them easier to fabricate and manufacture at
an industrial scale. Additionally, this tandem approach makes it easier to decouple
the co-catalyst effect, owing to the increased CO local flux and independent active
sites for the different CO2RR [97].

Current Challenge: Limited stability, high overpotentials, and product
crossover

Strategy III: Tuning the reaction conditions through temperature and pressure

Temperature
Although temperature plays a significant role in the catalytic environment and
performance, most studies of CO2R have been conducted at room temperature.
In large-scale systems, operating CO2R electrolyzers at room temperature may
prove counterproductive since higher temperatures might be needed to overcome
the overpotentials and resistance losses or handling high-temperature CO2 emis-
sions that can result from industrial operations (e.g., thermocatalytic processes).
Temperature studies can also provide information about electrochemical steps in
CO2R and identify the optimal conditions for enhancing activity and selectivity.

Even though temperature affects the intrinsic behavior of CO2R (higher activity at
low cell potentials), few researchers have focused on performing experiments under
elevated temperatures due to the complex interactions between different factors
and temperature, which have, thus far, prevented any distinct trends for CO2R.
Initially, temperature affects CO2R solubility, and diffusion coefficients, influencing
mass transport [16]. Furthermore, it alters the reaction environment, equilibrium
potentials, and intermediate adsorption equilibria, varying charge transfer, and
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Figure 2.4: Transport and kinetics factor’s temperature dependency on CO2RR (CO2R
solubility, CO2R diffusion, salt solubility, and Henry’s constant).

homogeneous reaction rates [103]. Moreover, it enhances ionic and membrane
conductivity by lowering ohmic and mass-transport overpotentials and modifying
water transport or product crossover by enhancing evaporation and electroosmotic
drag mechanisms [104]. Figure 2.4 shows the influence of temperature in some
transport parameters for CO2R, proving its trade-off during the operation.

In Chapter 4, I presented the study of the effect of temperature on CO2 elec-
trolysis in Cu-based GDEs in MEA-cells. According to the experimental results,
operating at elevated temperatures improved activity and selectivity towards CO2-
derived products, lowered product crossover, and enhanced stability by suppressing
hydrogen evolution (HER). Moreover, I discussed the importance of stable-AEMs
for this operation and the role of the heating methods in defining different selectivity
trends. As part of this investigation, a robust system for monitoring and controlling
all system components has been developed, in addition to guidelines for reproducible
electrocatalytic temperature measurements.

Pressure
The operating pressure plays a unique role in CO2R as its effects are threefold:
the capillary effect on electrode flooding, improved contact between the electrolyzer
components, and an increase in the CO2 concentration at the gas phase (CO2 surface
coverage) [11]. I evaluated the pressure effects in Chapter 7 by manipulating the
electrolyzer’s back pressure. The back pressure was varied from 0-1000 mbar to
control CO2R coverage on the electrode surface, minimize flooding, and control
product selectivity. Further, I integrated the effects of partial pressure and tem-
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perature, as those two could enhance CO2R transport to the surface and enhance
electrode stability.

Current Challenge: Insufficient water management in CO2 electrolysis

Strategy IV: Design of anion-exchange membranes suitable for CO2 electrolyzers
The choice of IEM dictates the reaction environments and defines the ion-driven
force across the system [80]. Based on the charge and distribution of fixed ionic
groups, membranes can be classified as cation exchange membranes (CEMs), anion
exchange membranes (AEMs), or bipolar membranes (BPMs). The primary charge
carrier for CEMs are H+ or alkali cations, while AEMs predominantly conducts OH−

or carbonate ions (HCO3
− and CO3

2−). BPMs combine an anion exchange layer
(AEL) and cation exchange layers (CEL), jointed to an interfacial catalyst layer
(CL). They can operate in reverse and forward bias, depending on the membrane
orientation. Under reverse bias operation, the CEL faces the cathode, and ions
are formed via water dissociation, driving the H+ transport to the cathode and the
OH− to the anode. In forward bias, the AEL faces the cathode, and the ions are
transported toward the recombination interface [105] (Figure 2.5).

In CO2E, the membrane might affect the catalytic selectivity if the catalyst is
directly in contact with it (MEA configuration), as membranes play a unique role in
ion/water transport, modifying the local environment, especially in terms of water
management, which affects pH and mass transfer properties on CO2R. [92]. The
water net flux across the membrane is governed mainly by diffusion, hydraulic
permeation (or back-convection), and electroosmotic drag [106]. These mechanisms
are influenced by the cathode’s water consumption and anionic species’ hydration
shells, so membranes for CO2R applications should be optimized for proper water
management [80].

Parameters like the water uptake (WU) or the hydration number (λ) are linked
to water transport and can modulate product crossover, water content, and ion
mobility [107]. The ion exchange capacity (IEC) is a valuable metric for assessing
membrane performance and correlates with ionic conductivity. Although a higher
value is preferable, too many cationic groups in the polymeric backbone can increase
the WU, causing swelling and decreasing charge carriers’ concentration, thereby
reducing overall conductivity [108]. Generally, AEMs for CO2R reduction should
have a high IEC, ionic conductivity, moderate WU, high mechanical strength, low
gas permeability, and good stability in alkaline media[78]. A growing interest has
been oriented on membranes with stable backbones and functionalized groups to
improve their transport properties and stability for CO2 electrolyzers.

The mechanical and chemical properties of AEMs are known to be influenced by
ionomer chemistry (cationic groups and polymeric backbone). Using stable polymer
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Figure 2.5: Schematic of a typical (a) zero-gap for CO2 electrolysis, including all the water
and ionic transport mechanisms in an anion-exchange membrane (AEM). Image adapted
from our published paper: [80].

backbones (e.g., aromatic groups), the AEM’s stability is dictated by its cationic
group, meaning that different ionic groups will affect the chemical stability and
ionic conductivity [79]. For example, membranes functionalized with trimethylamine
(TMA) groups have shown improved thermo-chemical stability for water and CO2R
electrolyzers, partly due to the absence of longer subgroups, which might suppress
the degradation through the Hoffmann mechanism [108]. Conversely, AEMs based
on imidazolium-functional groups have high OH− conductivity, and IEC [109]. In
addition, cycloaliphatic QAs (e.g., N-methylpiperidinium) have been identified as
alkali-stable, attributed to the minimum ring strain and conformation restrictions
imposed by the cyclic structure [110].

Developing new AEMs should overcome current operational challenges and match
the requirements for CO2R electrolyzers under industrially-relevant conditions. Such
fabrication should focus on decreasing the AEM ohmic losses and improving chemical
and mechanical stability. The ratio of carbonate/hydroxyl transfer and cation
permeation to the cathode are also functions of the AEM structure, so optimizing
the membrane design can also favor the hydroxyl transfer and mitigate cationic
build-up, and salt precipitation at the cathode [78]. In a collaboration with the
University of Surrey, we have proposed a new generation of radiation-grafted AEMs
with heterocyclic QA-headgroups that may be suitable for CO2R due to their unique
ionomeric structure, enhanced transport, and mechanical properties [111].

Chapters 3 and 6 describe in detail the fabrication and testing of these AEMs
for CO2R applications by co-grafting vinylbenzyl chloride (VBC) monomer onto
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electron-beam activated ethylene-co-tetrafluoroethylene (ETFE) polymer films and
amination with triethylamine (TMA), N-methylpyrrolidine (MPY), or N-methyl
piperidine (MPIP). These covalently-bonded VBC-grafted films with tailored cationic
groups are expected to provide improved chemical stability, ionic transport, high
ion-exchange capacities, moderate water uptake, high ionic conductivity, reduced
product crossover, and stability in alkaline conditions.

Current Challenge: Poor gas transport and accelerated flooding

Strategy V: Use of ionomers for CO2R electrolysis
The use of ionomers in CO2R has been proposed to immobilize the catalyst and
control the reaction microenvironment. As these ionomers are confined to the
catalyst layer, interfacial interactions between these species and the electrocatalysts
are expected [112]. The primary objective of ionomers for CO2R is to provide
a structure with different hydrophobic/hydrophilic domains to enhance the gas
and ion transport over the catalyst surface [63]. The presence of hydrophobic
functionalities is expected to enhance gas transport, while the hydrophilic domains
should improve ionic conductivity, chemical stability, and water transport within
the system, preventing excessive water permeation in the GDE [113].

Figure 2.6: Schematic Representation of the effect of adding ionomers in the CL for
CO2R electrolysis and all the different chemistries used in this thesis work following such
approach. Image adapted from Reference [63].

The role of ionomers in CO2R has typically been empirical and contradictory [110].
Therefore, it is crucial to systematically understand how adding ionomer layers
on the electrocatalyst impacts the selectivity and activity of CO2R. The effect
of ionomer chemistry on structure-property relationships will be revealed by un-
derstanding its role in gas and ion transport at the electrode-electrolyte interface
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and tailoring the reaction microenvironment. The Bell and Stinton groups have
taken advantage of the effects of ionomers on local microenvironments to enhance
C2+ product selectivity and CO2R activity, setting the state-of-the-art on this field
through this approach [113, 63].

As part of Chapter 7, investigations of CO2R over Cu-GDEs coated with different
ionomers are presented with an assessment of the structure-property relationship of
the ionomer films. I investigated how different anion-exchange ionomers (AEIs)
and cationic-exchange ionomers (CEIs) might influence the overall performance
through effects on loading, product distribution, and modifying the local reaction
environment, leading to a stable CO2R operation (>50 hours).

Current Challenge: Low CO2R utilization and single-pass conversion

Strategy VI: Introduction of recycling line
As mentioned before, using a recycling line in the reaction system could improve the
CO2R conversion rate compared to one-pass operation by the selective consumption
of unreacted CO2. Modeling this scenario showed that the loop’s inclusion in the
CO2R conversion process outperformed the single-pass operation. The recycling
loop is expected to operate at lower overpotentials, thereby recycling the produced
CO and other products, which can then be further reduced towards ethanol, thereby
overcoming possible overpotential limitations CO2R towards C2+ products. How-
ever, the experimental implementation of the recycling line might be limited by
GDEs flooding, catalyst deactivation, and selectivity towards in-side reactions such
as HER or carbonate formation.

The results of the recycling loop are discussed in Chapter 7, including single-pass
studies, the influence of the reflux ratio, and the effects of recycling on product
selectivity. The CO2 conversion in the experiments can generally be expressed as
follows:

XCO2 =
nCO2,in − nCO2,out

nCO2,in

(2.3.1)

Where n(CO2,in) is the molar flow of the inlet CO2, n(CO2,out) is the outlet flow
of the unreacted CO2, n(COout) is the molar flow rate of CO in the gas effluent
measured by the flowmeter and GC, and XCO2 is the CO2 conversion. To estimate
CO2 conversion more accurately, this equation should include all generated products
and account for carbonate species during neutralization reactions.
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2.4 Aim of this thesis

In this thesis, I explore strategies for addressing common challenges in CO2 elec-
trolysis at industrially relevant conditions, especially those related to the cathode
and AEMs. The data reported in this study follow established metrics in this field
and are presented in terms of Faradaic Efficiency, cell potential, current density,
and stability. At the end of the thesis, I will briefly describe the energy efficiency
parameter and compare it to recent studies since it was not the goal of my work to
break the current state of the art regarding activity and selectivity.

For all experimental details, I have included the chemical purity, the synthesis
methods, pretreatment and preconditioning procedures, and electrochemical oper-
ating conditions as they influence the catalyst’s performance. In addition, by using
commercial MEA cells for zero-gap experiments, I could have consistency between
experiments and comparability across different laboratories (especially working on
an EU project), which could benefit the translation of knowledge gained.

With commercial CO2R electrolyzers requiring a high lifespan to be economically
viable, it is tough to determine whether my suggested approaches are genuinely
stable by operating short-term. Thus, I conducted multiple stability tests for at
least 10 hours (or more, if possible) to detect any issues that may arise during the
operation of the device and to gain a better understanding of its stability, including
either one strategy (Chapter 4-7) or multiple strategies (Chapter 7-8).
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Chapter 3

Experimental Methods
3.1 Chapter Overview

This chapter describes sample preparation, experimental setups, electrochemical
methods, characterization techniques, and data analysis methods used in this thesis.
Some of these methods are standard and have been previously described in more
detail in the literature. Therefore, I will provide an overview of such techniques
and describe the reason for performing such measurements and the information I
obtained from each method.

3.2 Electrochemical Cells

As stated in Chapter 2, most of the experimental results for this thesis were con-
ducted in zero-gap MEA CO2 electrolyzers (Chapters 4- 7). However, a catholyte
flow cell was also used in some experiments in Chapter 5. In the following section,
I will explain the basis of two- and three-compartment cells.

3.2.1 Electrochemical two-electrode cells (zero-gap MEA)

Electrochemistry is a branch that studies chemical reactions involving electron and
charge transfer. Its application requires at least an electrochemical cell with two
electrodes: a cathode (where the reduction reactions take place) and an anode
(where the oxidation occurs) connected to a power source (potentiostat). The
electrons move through an external circuit that connects both electrodes, and the
ions are conducted through the electrolyte. The electrode on which the reaction
of interest occurs is the working electrode (WE), while the other electrode is the
counter electrode (CE).

Zero-gap CO2 electrolyzers are standard two-electrode cells consisting of both anodic
and cathodic compartments, including flow plates, current collectors, gaskets, and
electrodes (as shown in Chapter 2). The cathode is fixed directly with the membrane,
forming the membrane-electrode assembly structure (MEA). This approach im-
proved the operation at higher current densities with low cell resistances. However,
it can only control the WE electrode potential due to the absence of RE, measuring
just the cell potentials [114].

For this configuration, I have implemented two different designs (but with the same
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Figure 3.1: Illustration of the common MEA-type cells used in this thesis work a).
Commercial MEA-electrolyzer and b). Modified CO2 electrolyzer in MEA redesigned
here at DTU.

operation principle). The first is a standardized commercial cell reactor, inspired
by the Dioxide Materials zero-gap electrochemical cell, with minor modifications
in the flow fields (Figure 3.1a). The work presented in this thesis used this type of
commercial MEA cell (unless otherwise specified). Nevertheless, preliminary studies
of the recycling loop were conducted using a second type of MEA cell inspired by
the liquid-gas fuel cell from Scribner Associates. This electrolyzer is equipped with
copper current collectors, titanium and graphite flow fields for the anode and the
cathode (Figure 3.1b).

Figure 3.2: Images of the assembled cell and all the required cell components

Cell assembly
The assembly of MEA cells for my experiments consisted of loading a fresh mem-
brane (area: 7.4 cm2) inserted between a cathode (area: 2.25 cm2) and anode (area:
4 cm2). PTFE gaskets further sandwiched the MEA device, which helped prevent
electrolyte leakage and also prevented potential short-circuiting. The system was
mechanically pressed, using cell bolts fastened with a torque of 3 N·m to guarantee
sufficient compression. Furthermore, CO2 feed in the cathode compartment must
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be humidified to avoid AEM dehydration. Also, electrodes were prepared as GDEs,
as it facilitates the CO2 transport to the CL with low mass-transfer resistances.

3.2.2 Electrochemical three-electrode setup (catholyte flow-cells)

In a three-electrode setup, it is possible to quantify the WE’s potential using a
reference electrode (RE) to measure the potential between both electrodes. A
reference electrode (RE) is an electrode where a well-known electrochemical occurs at
a stable potential and is used to compare the WE potential. At this configuration,
the potential is measured between the WE and RE, while the current is drawn
between the WE and the CE. For my experiments, Ag/AgCl was used as RE (making
the further conversion to the RHE scale). Figure 3.3 shows a scheme of two-and
three cell compartments.

Figure 3.3: Scheme of electrochemical cells with a).two-electrode, and b). three-electrode
configuration. Image adapted from Reference [115]

My experiments using CO2 electrolyzers in flow cells approach were conducted using
different electrochemical cells. First, the described in Figure 3.1a was adapted by
adding a catholyte flow channel between the flow field and the IEM. I designed and
adopted the flow channel with the help of Dr.Asger Moss and Dr.Erdem Irtem from
TU Delft, optimizing the liquid/gas transport in the system, avoiding excessive
liquid penetration through the GDE and gas percolation through the catholyte.
The other implemented cell is referred as the “Teflon flow cell,” a design adopted
from the Burdyny/Smith group at TU Delft (partners from my EU project) and
slightly modified by Dr. Ming Ma at DTU (Figure 3.4) [116]. This cell design was
implemented in some Chapter 5 experiments, benefiting from the facilitated liquid
product collection.

Comparison between different cells and approaches has been previously conducted to
evaluate those effects in the CO2E performance (Appendix A.3). It isn’t my intention
with those experiments to establish which configuration is better, as both possess
different advantages and disadvantages, but rather to show the trends obtained
regarding cell potential, stability, and product selectivity.
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Figure 3.4: Illustration of the flow cell with catholyte. a). Side profile, and b). schematic
representation of all individual cell components. Image adapted from Reference [116]

3.3 Electrode Preparation

3.3.1 Preparation of Cu-GDEs

I considered two approaches for electrode synthesis: a 2D-thin film and a 3D-
nanoparticulate layer. Appendix A describes the materials and chemicals needed
for electrode and membrane preparation.

Metal sputtering in commercial GDLs
2D structures (prepared by physical vapor deposition (PVD) methods like sputter-
ing) improve the activity and selectivity by maintaining a uniform local reaction
environment because the catalyst grows on the substrate, as opposed to coating
commercial nanoparticles. [60]. Cu, Zn (as ZnO), Ag, and Au electrodes were
prepared using this method. Those GDEs were prepared by sputtering a 100-
300 nm layer of the specific metal onto different commercial GDLs in a vacuum
environment (10−6 torr) at a deposition rate of 1 Å·s−1 under 10 sccm Ar, the
total pressure of 2 mTorr and RT. The commercial GDL Sigracet 39BB from the
company SGL was used in all the experiments as it is the most common substrate
used in CO2 electrolysis studies and facilitates comparison with other experiments.
Other experiments, where I sputtered Cu into different commercial GDLs, were
conducted to select the best substrate for this thesis based on the physical and
mechanical properties of the GDLs (Appendix A.1.3).

• Metal co-sputtering in commercial GDLs: The tandem Cu/[M] (M: Ag, Au,
ZnO) were prepared using the same settings on single-metal but sputtered si-
multaneously, controlling the metal compositions but keeping the CL thickness
the same value.
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• Sputtering of independent layers into commercial GDLs: As part of the tandem
catalyst studies (Chapter 5), two independent layers were sputtered using the
layer-by-layer deposition, modifying the thickness of each different layer but
keeping the total catalyst layer thickness constant.

Coating nanoparticles (NPs) in commercial GDLs
The bare electrodes using this approach were prepared using drop-casting and spray
coating (airbrush) techniques. Catalysts ink consisted of a mixed solution of the
Cu, Ag, ZnO, or Au nanoparticles (20 mg of the powder), Nafion ionomer solution
as a binder (80 µL), and the defined water:isopropanol solution solvent (1-3 mL),
and then sonicated for 1 hour. Next, the catalyst was airbrushed or drop-casted
onto the substrate uniformly until the desired loading was reached and finally dried
at 80-105°C for 24 hours.

Figure 3.5: Schematic representation of the electrode synthesis with NPs through air-
brushing of tandem catalyst following layer-by-layer approach)

On the other hand, the tandem catalysts using this synthesis approach were fabri-
cated by sequentially spraying Cu and Ag (ZnO or Au) nanoparticles on the carbon
paper using the same ink suspension method described previously, and the amount of
catalyst of the respective ink-controlled the loading. Two types of tandem electrodes
were prepared, where the first consisted of keeping the total mass loading at 1
mg·cm−2 and varying the Cu, Ag, and Au loadings from 0.1-0.9 mg·cm−2 using
the layer-by-layer deposition. An alternate method uses a mixed solution to deposit
both metals in one layer by controlling the mass loading of each metal using the
electrode’s weight and area. A comparison of these different methods is described
in more detail in Chapter 5, where I evaluated the effect of the preparation method
and the metal loading on the CO2E performance.

Cu-electrodes for ATR-SEIRAS experiments
Experiments for ATR-SEIRAS (Chapter 4) required a different preparation method
through a preliminary chemical deposition of Au thin film (60 nm) in a silicon wafer
and further sputtering a 100 nm Cu layer. Dr. Wanyu Deng did the synthesis of
these electrodes here at DTU.

Au film electrodes were deposited directly on a Si prism used in situ for ATR-
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SEIRAS, following the proposed methodology by Miyake et al [117]. Initially, the
Si substrate was polished using a polishing machine (YUZHOU PG-2B, 650 r/min)
with 0.05 m Al2O3 polishing powder for 10 minutes and further immersed in Piranha
solution (3:1 volume ratio H2SO4:H2O2) for 1 hour to clean the organic contaminants
before deposition. Then, to improve the adhesion of Au film, the film was immersed
in the reflecting plane of the crystal in 40% NH4F solution for approximately two
minutes to remove the oxide layer and generate a hydrogen-terminated surface. The
reflecting plane of Si crystal was then immersed in a mixture of 1 mL of 2% HF and
3 mL of Au plating solution containing 0.1050 g NaOH, 0.2276 g HAuCl4, 0.1337 g
NH4Cl, 0.9845 g Na2SO3, and 0.6205 g Na2SO3·5H2O at a constant volume of 100
mL for 4 minutes at 50°C. Finally, the Si crystal was cleaned with pure water before
the Cu deposition.

3.3.2 Ag-electrocatalyst

Experiments from Chapter 6 (AEMs testing) and Chapter 7 (introduction of the
recycling line) were conducted using a commercial Ag-porous membrane. The
commercial Ag porous membrane with a nominal pore size of 1.2 µm (purity 99.97%)
was purchased from Sterlitech Inc.

3.3.3 Electrodes prepared with ionomer layer

Different types of AEIs (MPIP, MPY, TMA, TMIMID from the University of Sur-
rey), Sustainion XI-9 (Dioxide Materials, alkaline ionomer 5% in ethanol), and CEIs
(perfluorinated ion-exchange resin and PTFE) were used to cast onto Cu-GDEs. To
prepare stock solutions for casting onto the substrate, the ionomer solutions were
diluted with isopropyl alcohol (Sigma-Aldrich, 99.9%) and a water mixture. The
stock solutions were then drop-cast onto the electrode at concentrations at 5-50
µgionomer·cm−2 before being dried at room temperature for 1 hour.

3.4 AEM synthesis

The synthesis of the AEMs was conducted by Dr. Terry Wilson from the University
of Surrey, a partner from SelectCO2 under the supervision of Prof. John Varcoe. A
detailed description of the synthesis method with all the intermediate steps is found
in the paper attached to this manuscript [79].

The RG-AEMs were synthesized via the radiation-grafting peroxidation method.
ETFE was selected as a substrate rather than LDPE and HDPE, as quick screening
CO2E cell tests showed that ETFE-based RG-AEMs avoid to a major extent, the
H2 generation. The VBC was grafted onto electron-beamed ETFE films (40 kGy
total doses, 4.5 MeV electron beam) by immersing them in N2 purged (O2 free)
aqueous dispersion of VBC (5 %vol) in 1-octyl-2-pyrrolidone (1 %vol) and heating
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at 70°C for 24 h. After thorough washing in toluene/acetone and drying, batches of
RG-membrane [designated ETFE-g-p(VBC)] were obtained with a degree of grafting
(dog) = 79 % for the variant made from 25 µm thick ETFE and a dog = 68 % for the
variant made from 50 µm thick ETFE. ETFE-g-p(VBC) samples were then aminated
separately with either the aqueous trimethylamine (45 %mass, room temperature,
24 h), N-methylpyrrolidine (50 %vol, 60°C, 18 h), or N-methylpiperidine (15 %vol,
60°C, 18 h), yielding the desired RG-AEMs.

Figure 3.6: An outline of the synthesis of the RG-AEMs supplied with the three different
amination agents. The Cl� anions can be easily exchanged for any other anion desired
(e.g., CO3

2−-, HCO3
−) by multiple (at least 3 ×) submersions in aqueous salt solutions

(1.0 M). Image adapted from my Manuscript found in Reference [79]

After the amination, the RG-AEMs were washed multiple times in UPW and soaked
in aqueous NaCl (1 M) solutions for 1 h (with at least three solution changes during
this period) to ensure the pure Cl− anion form. After thoroughly washing with
UPW for at least 1 h (with multiple changes in UPW) to remove all excess co- and
counter-ions, they were stored in UPW until use. The Cl− form RG-AEMs can be
converted into the predominant HCO3

− form (with trace amounts of CO3
2− anions)

by immersion in aqueous KHCO3 (1 M) for 1 h followed by thorough washing with
UPW (to remove excess co- and counter-ions).

Further AEMs were developed by tuning their mechanical properties by modifying
their chemistry. Those membranes were developed from RG-MPIP with various ion-
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exchange capacities (IEC): MPIP-1.7 and MPIP-2.2, alongside a batch of MPIP-
based RG-AEM made with a standard amination process (using an excess of N-
methylpiperidine) and a new amination process (with controlled 1.1 %mol excess).
Cross-linked versions by introducing N,N,N’,N’-tetramethylhexane-1,6–diamine at 5
and 10 mol% content (TMHDA) were also manufactured.

3.5 Electrochemical setup

Experiments at RT
My electrochemical system consisted of mass flow controllers, the cell electrolyzer,
two electrolyte storage tanks, a pumping system, a water trap for the CO2 off-gas,
the in-situ gas chromatography (GC), and an ex-situ HPLC system. At MEA, I
could avoid using a catholyte, but in principle, the system is versatile to be adapted
for flow cells (by adding another catholyte pump). A volumetric flow controller
sets the CO2 feeding rate in the cathode with a defined flow rate (20-50 mL·min−1,
MKS, or Red-y from Voegtlin). The catholyte and/or the anolyte were fed with 0.1-1
M electrolyte (KHCO3 or CsHCO3 and recirculated continuously at an approximated
40 mL·min−1 rate using a diaphragm pump (KFL-pump).

Figure 3.7: Scheme of the reaction setup used in this thesis work (backpressure regulators
or MFM aren’t shown in the figure but placed after the E-cell and the GC).

Next to the cathode compartment, a water trap was installed on the outlet line
from the cathodic gas to avoid water, obstructing the liquid products from going
into the GC line and collecting liquid samples. The CO2-electrolyzer was connected
to an external potentiostat as an external power source (Bio-Logic VSP 300 with
booster up to 4A) to control the current densities. Reference conditions for the gas
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flows were defined as 293.15 K and 1 bar. For experiments using the recycling line,
an additional diaphragm pump (KFL pump) was added at the outlet line of the
cathode compartment (Appendix A.1.7).

Experiments at elevated temperature
For the controlled-temperature experiments with an MEA setup, CO2 (AGA, purity
4.5) was supplied to the cathode flow fields with a flow rate of 40 mL·min−1 using a
volumetric flow controller (Red-y from Voegtlin) and further humidified by sparging
into a container filled with Millipore water. 0.1 M electrolyte reservoir was fed to the
anode and recirculated continuously using a diaphragm pump (KNF) with a flow
rate of approximately 10 mL·min−1. Gas products on the anolyte were measured
by purging Ar (at 30 mL·min−1), allowing gaseous anolyte products to be carried
along for further analysis. The cell and all the reaction components were placed
in a heating oven with a PSU/box interfaced coupled to Raspberry Pi as a PID
controller, which my colleague Dr. Asger Moss made at DTU (Figure 3.8)

Figure 3.8: Image of the self-made heating box used for elevated temperatures

A 230 heater (GPIO pin) was connected to thermocouples for temperature measure-
ment, and a homemade Python program was developed to control and regulate the
reaction system’s temperature. Thermocouples were placed in the electrochemical
cell (cathode and anode flow fields), the humidifier, inlet, and outlet streams, the
heating plates, and the electrolyte reservoirs. The experiments using different
heating methods were achieved by preheating the anolyte with a heating plate
coupled with a self-made temperature controller or heating rods attached directly to
the electrolyzer and controlled with a homemade temperature controller, simulating
the effect of the commercial heating tape.
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Experiments using ATR-SEIRAS technique
For ATR-SEIRAS experiments, 0.1 M KHCO3 aqueous solution was CO-saturated
and preheated to the desired temperatures (20-80°C) to be further filled in the
catholyte and anolyte chambers. A mixture of CO/Ar (MKS flow controller) was
fed to the cathode compartment at rates between 5-10 mL·min−1 depending on the
operational temperature, varying the partial pressure to keep the CO concentration
in the catholyte chamber constant. The electrochemical cell was connected to a
Bruker spectrometer equipped with an MCT detector, and a Pike Technologies
VeeMAX III ATR accessory was employed for the electrochemical ATR-SEIRAS.
All spectra were collected with a 4 cm−1 resolution and 16 scans. The reference
spectrum was measured at -0.9 V vs. Ag/AgCl in Ar-saturated KHCO3. In addition,
experiments were conducted using chronoamperometry (CA) between -0.9 to -1.5 V
vs.Ag/AgCl using a Bio-Logic VSP 200 potentiostat at different temperatures, and
the CO peak in the IR spectra was detected at approximately 2050 cm−1.

3.6 Electrochemical techniques

Multiple standard electrochemical methods were implemented throughout this the-
sis. This section will briefly describe the principle of these techniques and the
information I can extract from them.

-Cyclic Voltammetry (CV): a powerful and popular electrochemical technique com-
monly employed to investigate the molecular species’ reduction/oxidation processes
and electron transfer-initiated chemical reactions. CV varies the potential linearly
at a specific rate (scan rate) compared to RE, and current response is recorded
and linked to adsorption and reaction processes at the electrode surface [118]. CV
changes can be correlated to the Nernst equation, as it predicts how the system will
respond to a change of species concentration or charge at the electrode potential
(Eq.3.6.1).

E = E0 +
RT

nF
· lncO

cR
(3.6.1)

In this work, CVs were used to reveal the oxidation and reduction processes of
a monolayer of a specific metal. For example, bulk copper electrodes in alkaline
solutions revealed the different steps of Cu oxidation (formation of Cu2O and CuOx)
and its further reduction to metallic Cu0 at backward scan.

-Linear Sweep voltammetry (LSV): LSV is an electrochemical technique used to
measure the current response of a reduction/oxidation electroactive species to a
linear potential sweep (the potential is scanned from a lower limit to an upper
limit) using a specified scanning rate (v). In principle, the LSV operates like CV,
but the potential is not back-scanned to the starting point [119]. For my study, I
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implemented LSV to correlate the changes in the cathode activity (current density)
at different scanned potentials by the modification of the electrode surface (ionomer
addition) or the effect of the operating condition (temperature).

- Chronopotentiometry (CP) and Chronoamperiometry (CA): CP is a galvanostatic
method in which the current at the working electrode is held constant for a given
time while recording the resulting potential (in MEA experiments, it corresponds to
Ecell). CP is used to investigate the time-dependence of the CO2R mechanism and
was the technique used for all my experiments presented in this thesis (Figure 3.9
presents an example measurement of a CP plot) at ranges between 50-300 mA·cm−2

in intervals of 50 mA·cm−2. I mostly conducted CO2R through this technique,
where the charged passed (Q) is used to calculate the Faradaic Efficiency, partial
current density, and Energy Efficiency. As explained in Chapter 1, I linked those
metrics to the selectivity or activity toward a desired product.

Figure 3.9: Example data of a CP plot. The black line corresponded to the cell potential
(left y-axis). Red line is the total current density (right x-axis). I selected this experiment
as the potential fluctuations due to flooding/salt precipitate formation are visible.

Oppositely, in chronoamperometry (CA), the potential is set, and the current is
recorded over a time range. Without the presence of a RE (as there isn’t an ionic
contact), it isn’t viable to do CA, as it isn’t possible to control the WE potential.
There are, however, some limitations to performing CP experiments. In the first
place, electrochemical reactions depend on the potentials applied, so controlling the
potential makes sense. Moreover, the logarithmic dependence between the current
density and the overpotential might make it difficult to detect minimal variations in
the onset potentials and overpotentials with such techniques. In our research group,
we have proposed using a RE in the anode compartment or a new cell design with
apertures in both cathode and anode flow fields to place the RE or thermocouples
to overcome such limitations.
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Capacitance cycling: this is a method used to estimate the electrochemically active
surface area (ECSA) or measure the electrode-electrolyte interface’s double-layer
capacitance (DLC). For this thesis, I didn’t measure the ECSA. I instead used the
DLC capacitance measurements to correlate the GDE-electrowetting (an essential
parameter in GDEs since it determines the amount of catalyst in contact with the
electrolyte) and the performance, serving as an indicator of the electrode flooding.

Figure 3.10: Example of CV screening in the non-faradaic region at different reaction
times to measure the capacitance of Cu-GDE at 20 mV·s−1.

DLC can be measured by conducting CVs at potentials where non-faradaic processes
occur (typically 100 mV window from OCV) and using different scanning rates. At
these potentials, any measured current can be directly correlated to the charge of the
electrochemical double layer and can be estimated as the ratio between the charging
current (ic) and the scan rate (v) [22].

CDLC =
ic
v

(3.6.2)

Electrochemical Impedance Spectroscopy (EIS): EIS is a powerful method of char-
acterizing the electrical properties of materials. It works by measuring the impedance
of a material as a function of the frequency, applying an alternating current (AC) sig-
nal to the material, and measuring the resulting voltage. The impedance consists of
a real part (Zr) linked to the resistance and an imaginary part (Zim). The impedance
variation with the frequency is displayed using the Nyquist plot, displaying Zim vs.
Zr at different angular frequencies (w).

The theory behind the impedance methodology is to find analogies between the
E-cell, networks of resistors, inductors, and capacitors that behave like the studied
electrochemical cell. The Randles circuit is typically used to describe the elec-
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trochemical process and consists of a circuit with a resistor (Rs) associated with
the solution resistance and connected in series with the double-layer capacitor and
impedance of faradaic reactions (Zf ). Such impedance consists of a charge transfer
resistor and the Warburg impedance associated with mass transfer resistances [120].

Figure 3.11: Schematic representation of EIS experiment a). Randles circuit, and b).
Corresponding Nyquist plot.

The values of different resistors and capacitors can be obtained from the Nyquist
plot. The solution resistance, the only real term, is obtained from the interception
with the x-axis, CDL corresponding to the middle of the half circle. The second
interception is the sum of the solution and charge-transfer resistances. I used the
EIS technique mainly to assess the effect of temperature on ionic conductivity and
solution resistance at different temperatures by checking the first cross-section with
the axis. Hence, galvanostatic EIS (GEIS) was used at different frequencies (1
Hz−1 MHz) to measure the solution resistances (0.1-10 Ω) depending on the cell
configuration or electrolyte concentration.

Current Interrupt (CI): CI method can be used to estimate the uncompensated
resistance (Ru) in a setup. This technique involves measuring at OCV and applying
a current step at certain times, and calculating the ohmic resistances by taking the
ratio of measured voltage and current (Ohm’s Law). The potentiostat (Bio-Logic
VSP 300 with booster unit) can compensate for 85% of the ohmic drop (”known
as compensated resistances RC”), The remaining should be compensated manually.
In this work, the reported potentials are not IR compensated and just reported as
obtained by the EC-Lab software (Emeasured). However, the correction can be done
using the following equation:

Ecell = Emeasured − I·R (3.6.3)

3.7 Product quantification

Quantification of all the derived products from CO2R is crucial to have an overview
of the catalyst selectivity and the overall performance. In this section, I will
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describe the two methods used for product analysis, gas chromatography (GC)
for gas products and high-performance liquid chromatography (HPLC) for liquid
products.

3.7.1 Gas Chromatography (GC)

A gas chromatograph (GC) is an instrument that separates and analyzes volatile
compounds. A gas sample is transported through a heated column filled with an
inert material, like silica, by an inert carrier gas. As the sample passes through
the column, the compounds are separated based on their properties and interaction
with the column. The compounds then pass through a detector which measures
the amount and identity of the compound [121]. The separation process in a GC
is based on the interaction between the sample and the column, which depends
on the polarity or van der Waals interaction. Compounds with weak-interaction
strength reach the detector first, and so on. The detector produces an electrical
signal converted into a peak on the chromatogram. The position and height of each
peak at a specific time (retention time) indicate the amount and identity of the
compounds in the sample.

Cathodic gas products were analyzed with a gas chromatograph (PerkinElmer Clarus
590) coupled with a thermal conductivity detector (TCD), equipped with the Molec-
ular Sieve 13x, and HayeSep Q packed column using Argon (Linde 5N) as the carrier
gas. The GC was also used for analyzing CO2 gas products at the cathode and O2

and CO2 at the anode size using a switching valve to measure products at both
compartments. My GC system consisted of the following components:

• Thermal conductivity detector (TCD): the TCD utilizes differences in thermal
conductivity to generate the peak signal at the chromatograph. It usually
consists of two gas channels, one for a gas sample and the other for the reference
gas. A filament burns in each channel, and a signal is created whenever
there is a change in thermal conductivity compared to the reference. All gas
compounds (CO2, CO, H2, C2H4, C2H6, C3H8, and C3H6) can be detected
using a TCD, however, the sensitivity can vary significantly, especially for
longer-chain hydrocarbons. To avoid this, GCs might have a flame ionization
detector with a hydrogen flame to ionize organic compounds (CH-species).
Therefore, FID can only detect oxidizable organic compounds but with high
sensitivity (depending on the oxidation states and number of carbon atoms in
the molecule).

• Carrier gas: Ar was selected as carrier gas (regulated with a Swagelok BPR),
since it is inert and has high thermal conductivity (26.5 mW·m−1·K−1 com-
pared to 271 mW·m−1·K−1 at 500 K), helping to increase the sensitivity
towards H2, and other gases. The standard carrier gas flow for my experiments
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was 10 mL·min−1.

• Temperature: The column temperature influences product retention. Increas-
ing the temperature might decrease the retention time of a specific product.
While it is an effective method to accelerate the gas measurement, it might
compromise how well separated the gases are. For all my measurements,
a heating ramp method was used to facilitate the separation without com-
promising the detection (initial temperature was 60˚C and kept for 3 min.
Subsequently, it was increased to 80˚C at 10˚C·min−1 and kept for the rest
of the measurement).

Figure 3.12: Picture of the Clarus 590 GC used in this thesis and scheme of the different
GC components. Images adapted from References [122], [123].

3.7.2 High-performance liquid chromatography (HPLC)

The HPLC process is analogous to a GC since it involves passing a mixture of
compounds through a packed column containing a stationary phase such as C18

bonded silica. As the sample passes through the column, the compounds separate
based on their chemical and physical properties. The separation process in an HPLC
is based on the different diffusion rates of the compounds in the mixture across the
column [124].

The HPLC unit is comprised of several components, such as a pumping unit to flow
the mobile phase at a specific rate; a degassing unit to remove dissolved air and gas
bubbles, which may interfere with proper operation by introducing fluctuations in
the flow rate or baseline noise/drift; a sample injector designed to introduce either
standard solutions or samples into the system through a needle; columns that are
placed within column ovens for temperature control during separation processes; and
detector units used in conjunction with workstations for quantifying and processing
chromatograms so that products can be identified and measured.

In my measurements, the liquid products are quantified using an ex-situ HPLC unit
from both reaction compartments after CO2 electrolysis (cathode and anode). The
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cathode products are collected from a water trap filled with water (20 mL), while the
anode products are collected from the anolyte (60 mL from the reservoir). Collecting
products in both compartments is necessary as liquid products tend to cross the
membrane (via electro-osmotic drag, diffusion, or electromigration) or across the
GDE (evaporation). Throughout this thesis, I described the liquid products of
cathode and anode as a whole, except when I was interested in evaluating product
crossover, in which case I differentiated those from cathode and anode. Just with the
HPLC, I could quantify all the liquid-phase products precisely, and I have designed
a closed system for collecting our liquid samples, preventing some evaporation of
volatile products.

For my measurements, 2 mL of solutions are prepared, placed in HPLC-designed
vials, and used for further quantification. The HPLC unit was the Agilent 1260
Infinity II which consists of an autosampler, quaternary pump (up to 400 bar), a
column (Aminex HPX-87H packed column with a cross-linked resin in hydrogen
form), and two detectors (RID: refractive index detector and DAD: diode array
detector). I used 5 mM H2SO4 as mobile phase (polar solvent with an apolar
column), and preliminary calibrations were done to estimate the concentration in
the samples and were done by preparing different dilutions (1:10-1:100000 for each of
the liquid CO2-derived products, e.g., ethanol, formate, acetate, n-propanol). The
analysis method is around 1 hour per sample, and the reason behind it is the number
of different products and the necessity of having a self-contained chromatograph
with a well-defined peak for each compound. Although one detector is slightly
more sensitive to a compound, both detectors provide the same results once the
compound is measured. Normally, DAD detectors have higher sensitivity towards
organic molecules with πbonds, while RID has higher to alcohols and carboxylic
acids.

The concentration and the Faradaic Efficiency can be measured by quantifying the
peak area for each detected product (this applies to GC and HPLC):

Ci =
A

CFi

(3.7.1)

FEi =
z · ci · Vr · F

Q
(3.7.2)

Where Ai is the peak area, CFi is the calibration factor for each compound, z
corresponds to the number of transferred electrons, ci is the concentration (measured
with the chromatograph plot), Vr is the reservoir volume (cathode or anode), F is
the Faraday’s constant (96485 C·eq−1), and Q is the transferred charge. In general,
the liquid products range between 20-30% of the total products. The calibration
factor and retention time of these methods are found in Appendix A.1.3. To obtain
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these values, I previously plotted the peak area at a specific concentration value and
got the slope through a linear fitting.

3.8 Measurement of the RG-AEM properties (membrane
characterization)

A comprehensive characterization of the synthesized membranes’ associated me-
chanical, thermal, and chemical properties was required to establish a correlation
between those properties and performance.

Raman Spectroscopy: Raman spectra were recorded on dry samples of the ETFE-
g-p(VBC) and final RG-AEMs using a Renishaw InVia Reflex Raman Microscope
equipped with a 785 nm IR laser and a 20× (NA = 0.40) objective. All Raman data
was collected, and the baseline was corrected using Renishaw WiRE Software (Ren-
ishaw PLC, UK), with normalization and integration of band intensities conducted
using Spectragryph (Spectroscopy Ninja, Germany).

Ion-exchange capacities (IEC): The IECs were determined using potentiometric AgCl
precipitation titrations. For each RG-AEM in the Cl− form, a dehydrated known
dry mass (mdry) sample was immersed in 25 mL aqueous NaNO3 solution (1.2 M)
and continuously stirred for 16 h. Subsequently, the solution (still containing the
RG-AEM sample) was acidified with aqueous 2 mL HNO3 (2 M) and titrated
against aqueous AgNO3 standard solution (0.02000 ± 0.00006 M). A Metrohm
848 Titrino Plus autotitrator equipped with an Ag/AgCl Titrode was used for the
dynamic equivalence point titrations (DET). The endpoint was calculated as the
peak maxima in the first differential plot of potential vs. titrant volume data.

IEC =
Ep · Cs

mdry

(3.8.1)

where Ep represents the endpoint volume, Cs is the AgNO3 standard concentration
solution, and mdry is the mass of the dry RG-AEM(Cl−) sample under analysis.
This procedure was undertaken on n = 3 samples of each RG-AEM.

Water uptake (WU) and through-plane swelling (TPS): A RG-AEM(Cl−) sample was
removed from UPW storage, and the excess surface water was removed by blotting
with a filter paper. The hydrated mass (mhyd) and thickness (Thyd) were recorded
immediately. Masses were recorded on a 4 decimal place (0.1 mg) analytical balance,
and thicknesses were recorded using an outside digital micrometer (precision of ± 2
µm). The RG-AEM(Cl−) sample was dried under reduced pressure at 50 °C (vacuum
oven) for 18 h before the dehydrated mass (mhyd) and thickness (Thyd) were recorded.
All measurements were conducted on n = 3 samples of each RG-AEM(Cl−). The
gravimetric water uptake, through-plane swelling (TPS), and hydration number (λ)
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are calculated as follows:

WU =
(mhyd −mdry)

mdry

(3.8.2)

TPS =
(Thyd − Tdry)

Tdry

(3.8.3)

λ =
WU

IEC ·Mw

(3.8.4)

where Mw corresponds to the molecular mass of water. The area of swelling values
was calculated the same way as TPS values but using the hydrated and dry areas
measured simultaneously as the thicknesses.

Ionic conductivity: the in-plane and Cl− and HCO3
− anion conductivities of fully hy-

drated RG-AEM samples between room temperature and 80 °C were measured using
a Solartron 1260/1287 combination controlled by ZPlot/ZView software (Scribner
Associates, USA). Impedance spectra were collected over a frequency range of 1.0 –
106 Hz (10 mV a.c. amplitude) with the samples mounted in a 4-probe BekkTech
BT-112 test cell (Alvatek, UK). Test cells containing samples of the Cl− and HCO3

−

RG-AEM forms were then submerged in UPW. The ionic resistance values, taken
as low-frequency x-(real)-axis intercepts in the collected Nyquist plots, were used to
calculate the conductivity.

σ =
L

R · w · T
(3.8.5)

where L corresponds to the working electrode distances (0.425 cm), and w and T
are the width and thickness of the RG-AEM samples, respectively.

3.9 Electrode characterization

3.9.1 X-ray photoelectron spectroscopy (XPS)

XPS is a valuable technique used to observe the elemental composition and chemical
state of materials on the surface of a sample, apart from H and He [125]. The XPS
relies on the photoelectric effect, as it utilizes X-ray radiation to excite electrons
from the sample surface, which are then detected and analyzed for their kinetic
energy. With the relation between the incoming X-ray (h·v), the binding energy
of the electron at the sample surface, and the work function of the electron energy
analyzer, the resulting kinetic energy can be calculated:

Ek = h · v − Eb − ϕ (3.9.1)
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The binding energy is the energy of the electrons attracted to the nucleus (Eb),
the photon energy is the energy of the X-ray photons used by the spectrometer
(h·v), and the kinetic energy is the energy of the ejected electrons from the sample.
The work function is a correction factor for the instrument and correlates to the
minimum energy required to eject an electron from an atom (Φ). The work function
and photon energy are known, and the detector measures the kinetic energy, leaving
the binding energy as the only unknown [126]. When the binding energy is lower
for higher orbitals since less energy is required to eject electrons from further away
from the nucleus. Furthermore, the binding energy can vary from atom to atom,
depending on their environment and the bonds they partake in, allowing XPS to
measure a material’s chemical shifts. Figure 3.13 shows an example of an XPS
survey spectrum for a Cu-based electrocatalyst.

As a surface-sensitive technique, it can only examine the top 1-10 nm from the
sample surface. I used this technique mainly to detect foreign impurities on the
cathode after electrolysis, corroborate the presence of different metallic species (co-
sputtering approach), or after coating with binder/ionomer agents.

Figure 3.13: Example of the XPS survey spectrum for Cu-GDE prepared by PVD method.

3.9.2 Scanning electron microscope (SEM)

SEM is an electron microscope that produces images of a sample surface by scanning
it with a focused beam of electrons. The electrons interact with the sample to
produce a variety of signals, including visible light and secondary electrons, which
are detected and used to produce a high-resolution image of the sample surface
[127]. SEMs are powerful tools for investigating samples’ microscopic structure and
chemical composition since their images can be magnified up to 100000 times and
can image samples in three dimensions, allowing for a deeper understanding of a
sample morphology. Additionally, the SEM can provide quantitative information
with cathodoluminescence and backscattered electron imaging, which can measure
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sample properties such as electrical, optical, and magnetic parameters.

SEM is used to image and analyze the surface properties of a wide range of samples,
providing information on topography, composition, and structure [128]. For my
thesis work, I used the SEM technique to study the morphology of the catalyst
layer for Cu-based electrodes (Figure 3.14 showed examples of different sputtered
Cu layers in different substrates) and cross-sectional SEM imagining to observe the
GDE structure and identify the different layers coated through the tandem catalyst
approach.

Figure 3.14: An example of SEM images of Cu-GDE using different commercial GDLs
(DN909, H14C9, and 39BB). a) GDL, b). Cu catalyst before the electrochemical reaction,
c). Post-reaction GDEs after experiments at 200 mA·cm−2.

3.9.3 Electron-Diffraction X-ray spectroscopy (EDX)

EDX is an analytical technique used to identify the composition of a material by
measuring the diffraction of a beam of electrons as they interact with the material.
This method works by firing a beam of electrons at the material, then measuring the
degree of diffraction as they interact with the material’s structure. The material’s
atomic structure can be determined through diffraction, which can then be used
to identify its composition [129]. In general, the EDX method is a powerful and
flexible technique that has been used extensively, as it is a non-destructive method
that does not require sample preparation and can be used to analyze a wide range of
materials, including metals, ceramics, polymers, and semiconductors. In addition,
the EDX method is ideal for analyzing materials on the nanoscale since it can be
used to determine the composition of a material in extremely small surface areas.
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I combined this technique with cross-sectional SEM to differentiate the Cu and
tandem electrodes’ different layers and components for my thesis.

3.10 Selection of operating parameters and conditions for
this thesis

This section sets the standard operating parameters for testing electrochemical CO2

reduction catalysts, gas diffusion electrodes, and membranes used in this thesis
work. This aims to provide consistency between different studies conducted during
my Ph.D. and a straightforward comparison of the effectiveness of each suggested
strategy and the current state of the art.

• The standard electrolyte concentration will be 0.1M KHCO3 (the effect of
electrolyte concentration has been presented in this chapter’s Appendix A.1.3).

• The CV scan rate will be 20 mV·s−1. For DLC, scan rates will be between
10-60 mV·s−1.

• The standard catalyst loading for nanoparticles will be 1 mg·cm−2 (selected
after the studies on the effect of loading conducted in Chapter 5), and CL
through sputtering will be between 100-150 nm.

• The used gas diffusion layer will be commercial Sigracet 39BB (see Results
of GDL comparison for CO2 electrolysis attached in Appendix A.1.3r). I used
Sustainion X37-50 Grade RT and RG-MPIP AEM for experiments where anion
exchange membranes are needed. Preliminary studies comparing different
membranes are also found in Appendix A.1.3.

• The standard anode was the commercial IrO2 on carbon paper from Dioxide
Materials. Other anodes have been tested for this thesis work (commercial
DN300 and Ni foam). An anode comparison is included in Appendix A.1.3.

• The standard geometric surface area of the cathode will be 2.25 cm2, the anode
will be 4 cm2, and the AEM will be 7.4 cm2.

• The operating conditions will be ambient conditions (except for studies focus-
ing on understanding temperature and pressure effects).

• The standard zero-gap CO2 electrolyzer reactor will be those described in
Section 3.2, and flow cells will be the Teflon-based cell (Figure 3.4).

• To measure the flow at the outlet, I used a bleed line (such as N2) as an internal
standard or a volumetric flow meter (Defender 530).

• Inlet CO2 feeding rate will be set at 30 mL·min−1. However, different flow
rates are expected to be used throughout the project, potentially leading to a
new standard (see results of the effect of CO2 feeding rates in Appendix A.1.3).
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• The relative humidity of the inlet CO2 will be 100% unless specifically stated
otherwise.

• The standard test duration will either be 1 hr, 2hr, 4hr, 10 hr, 24hr, 100 hr, or
200 hr. The testing duration should differ for different catalysts, gas diffusion
layers, and membranes since some materials will be more stable than others
(also depending on the strategy).

• Operating cell potentials, current densities, and product selectivity will be
recorded for all experiments. When multiple current densities are tested on
the same catalyst, it is also suggested to sweep the current density between 50-
300 mA·cm−2 at intervals of 50 mA·cm−2 to study the mass transfer limits
for CO2 electrolysis.
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Chapter 4

Insights into the temperature effects
on CO2 electrolysis
Contribution
I performed ATR-SEIRAS experiments with Dr. Wanyu Deng, while Dr.Asger
Moss built the heating oven used in the study (Figure 3.8). I conducted all the
experiments, and this study resulted in a manuscript attached to the Appendix.

4.1 Chapter Overview

Temperature is expected to play a role in CO2R kinetics and mass transport, as
discussed in Chapter 2. Additionally, the operation of CO2 electrolyzers at elevated
temperatures should be entailed due to the produced resistive heat from activation
overpotential and ohmic losses at industrially relevant conditions. Few systematic
researches have been conducted to investigate the temperature effects on CO2E
despite studies incorporating temperature-dependent experiments or computational
models [130]. Thus, in this chapter, I presented a holistic and systematic study
of temperature effects on CO2E on Cu-based electrocatalysts. I conducted elec-
trochemical measurements, partial pressure experiments, and in-situ ATR-SEIRAS
studies to evaluate how diffusion, solubility, kinetics, and mass transport vary
with temperature and influence performance. In addition, I assessed the effects
of different heating methods, together with a long-term experiment at elevated
temperatures.

4.2 Temperature effects on the cathode activity

First, I evaluated the effects of temperature on cathode activity using LSV tech-
niques (scanning rate 20 mV·s−1). The polarization curves at different operating
conditions show that temperature significantly affects the cathodic activity, with
the total current density increasing approximately 3.0-fold at 80°C compared to
ambient conditions (RT). While the scanning time of the polarization curves is too
short to detect CO2 products, longer-term tests at similar temperatures and even
slightly elevated current densities show that CO2R mechanism dominates over HER,
at least initially, before GDE degradation occurs (the linear sweeps can be used as
a proxy for CO2 reduction activity). Furthermore, higher temperatures can affect
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the primary CO2RR, reducing the activation overpotentials required to drive them
and lowering the thermodynamic cell potentials (E0

i). Nevertheless, a calculation of
the thermodynamic potentials at different temperatures showed that temperature
effects are minor (e.g., 20 mV for CO2R to CO and 37 mV for major C2H4 from
20°C to 80°C), indicating that overpotentials have a more significant influence on
temperature than thermodynamic potentials [131]. (Table A3 from Appendix A.1.4).

Figure 4.1: Temperature effects on the current density and cell potential at different
operating temperatures for CO2R using LSV measurements.

Chronopotentiometry experiments at different current densities and temperatures
showed that operating at higher temperatures decrease both cell potential and
ohmic resistance in CO2E (Figure 4.2a). During my experiments, I observed a
decrease in Ecell as the temperature increased (e.g., 500 mV voltage drop from RT
to 80°C at 200 mA·cm−2). The ohmic resistances also decreased similarly (e.g.,
720 mΩ at RT to 400 mΩ at 200 mA·cm−2). The changes in these parameters
at elevated temperatures may be attributed to improved CO2RR kinetics (Butler-
Volmer equation) or enhanced gas diffusivity and ion conductivity, resulting in
lower overpotentials attributed to effects on the GDE (decrease in diffusion layer
thickness), AEM (conductance), and electrolyte.

A decrease in the ohmic resistance and cell potential may also result from an increase
in the ionic conductivity. Nevertheless, measurements of the ohmic resistances
(through GE impedance spectroscopy) and the analysis of the high-frequency re-
sistance (HFR) showed a value of less than 600 mΩ·cm2 when the temperature
was elevated, resulting in only 120 mV overpotential reduction (Figure 4.2b). As a
result, the overall cell potential change might be attributed to a higher extent to an
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increase in the CO2R reaction rates rather than ionic conductivity changes in the
system [132].

Figure 4.2: a). Cell potential profiles as a function of the total current density and b).
Galvano-electro impedance spectroscopy (GEIS) for CO2 electrolysis at 200 mA·cm−2 for
different operating temperatures. (High-frequency region indicates potential variations of
the ionic conductivity).

4.3 Effect of temperature on product distribution

This section investigated the effect of temperature on product selectivity by testing
fresh Cu-GDEs at different temperatures and current densities. As shown in Figure
4.3, Faradaic Efficiencies of CO and C2+ products did not differ significantly at
temperatures below 40°C from RT (e.g., 15% and 43% at room temperature versus
17% and 47%, respectively, at 40°C). However, when the temperature was raised
to 60°C, the CO selectivity increased dramatically, with Faradaic Efficiencies above
40% at all current densities. While this section presents the results of just four
different temperatures, I have also measured 30, 50, and 70°C, identifying the
threshold temperature for visible effects between 40 and 50°C (details of all screened
temperatures are included in the manuscript attached to this thesis).

A shift toward CO at elevated temperatures can be explained by temperature-
dependent CO2R kinetics and a preference for faster desorption from the surface
over CO-CO coupling to C2+ products (further corroborated in the ATR-SEIRAS
experiments). On the other hand, when CO selectivity increases, ethylene selectivity
decreases disproportionately compared with other liquid C2+ compounds. It seemed
the ethylene selectivity decreased at high temperatures when the CO coverage is
expected to be low, suggesting that *CO coverage may not be a dominant factor
for ethylene production over these conditions [52] (similar effects were observed
varying *CO surface coverage through backpressure experiments). Moreover, CH4

was shown to be suppressed at higher temperatures, in agreement with previous
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Figure 4.3: Temperature effects on the product distribution for CO2R over Cu-based
electrocatalysts at different temperatures and current densities.

studies in the field, most likely due to the adverse effects of temperature on proton
shuttling and the stabilization of its intermediates [103].

Further selectivity trends are observed as a function of temperature for CO and C2+

products by plotting the C2+/CO ratio (Figure 4.4a). It is known that CO dominates
over C2+ products at low overpotentials in CO2E. When the overpotential is high,
CO binds strongly to the surface, facilitating the CO-CO coupling, explaining
why the C2+/CO ratio increases with total current density [133]. Increasing the
temperature also changed the C2+/CO ratio, reaching its maximum at 40°C and
decreasing at 80°C. A decrease in the C2+/CO ratio above 40°C may be attributed
to the desorption of CO at these temperature ranges. Because CO appears to
be relatively well bound to Cu at 40°C, the increase of C2+/CO ratio is likely a
consequence of an enhancement of the CO-CO coupling, since CO-CO coupling is
an electrochemical reaction, so the temperature should influence its rate.

On the other hand, H2 exhibits an exciting trend. Moreover, as discussed in Chapter
2, there might be abrupt shifts towards HER at industrially relevant conditions,
attributed to GDE flooding and salt precipitation, thus significantly distorting CO2R
selectivity [86]. In my experiments, HER selectivity dominates at low operating
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Figure 4.4: a). C2+/CO Faradaic Efficiency ratio, b). CO2-derived products/H2 Faradaic
Efficiency ratio as a function of the temperature and total current densities.

temperatures, as expected. The excessive H2 usually indicates cathode flooding
and concomitant mass transfer issues, clearly indicating limited CO2 mass trans-
port [84]. However, by operating at temperatures higher than 50°C, the HER
selectivity surprisingly declined even while operating at jtotal>200 mA·cm−2 and
longer-experimental time (FEHER<20% for all the tested conditions). The decrease
of the CO2R/HER ratio by raising the temperature using MEA-cells (Figure 4.4b)
indicates that HER might not be primarily determined by CO2 mass transport
limitations but rather by water management.

Studying the water management and electrode flooding in CO2 electrolysis devices is
complex, as they depend on several factors, including the membrane. AEMs do not
directly affect catalytic activity in MEAs, but they can affect the local reaction
environment and water transport, influencing the product selectivity, especially
when CO2-reduced products vs. H2 [107]. Although water transport in MEAs
is difficult to predict due to its transient nature and reliance on AEM properties,
there are water-transport mechanisms that are temperature-dependent.

Generally, a temperature rise will increase electroosmotic drag and diffusion-driven
fluxes, accelerating the ion transport and water uptake across the membrane. As a
result, water penetration into the cathode-GDE might decrease [80]. Furthermore,
the ionomers’ water content is intrinsically affected by temperature, which can alter
AEM hydration and favor hydraulic permeation to the anode [134]. Nevertheless,
it is possible that such variations could cause a water imbalance in the system,
dragging water towards the cathode, since the increase in water consumption (from
electrochemical reactions) favored at elevated temperatures could also facilitate
back-diffusion. As I did not observe flooding in my high-temperature experiments
(supported with capacitance measurements), I may assume that diffusion, hydraulic
permeation, and electroosmotic drag fluxes are greater than back diffusion flux.
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Further simulations and modeling of MEA overall water transport mechanisms are
needed before such conclusions can be drawn.

Moreover, operating at elevated temperatures with fully humidified cathodes (RH)
results in higher water content in the humidified instreams (e.g., for 100% RH cath-
ode inlets, H2O content at 25 °C is 3% by mol, whereas at 80 °C is 43%). Therefore,
the concentration of water and CO2 is expected to be affected by temperature
in humidified inlet flow. In contrast, preliminary experiments indicated negligible
differences at different relative humidities, as I just observed a slight increase in HER
selectivity at high temperatures and low relative humidity (results of this study are
included in the Appendix section of the attached manuscript).

Another factor that could affect H2 selectivity is salt solubility. A well-known fact
is that carbonate formation from the acid/base CO2 equilibria results in salt precip-
itation of KHCO3. Salt deposition blocks flow fields and thus causes primary water
to drag across the AEM to reach the cathode-GDE, favoring hydrogen selectivity
[85]. Therefore, as the salt solubility increases with temperature, higher operating
CO2 electrolysis should have fewer issues with salt deposition and concomitantly
less HER. To enhance the stability of CO2E, strategies such as operating at low
electrolyte concentrations or switching from K-based salts to Cs should be coupled
with an elevated operating temperature.

4.4 Effects of temperature on product’s crossover

Product crossover is a significant issue in CO2E, as 40% of liquid products can cross
the AEMs due to diffusion and electromigration [90]. Figure 4.5 shows the effects
on ethanol selectivity as a function of temperature and trends in the crossover of
this compound. I focused on ethanol, a volatile compound, and the major liquid
C2+ generated from CO2R.

At different temperatures, no major variations were observed in the ethanol selec-
tivity (Figure 4.5a). It was initially expected that increasing the temperature would
increase ethanol selectivity due to their lower reaction order and higher transfer
coefficient than other CO2R-derived products. Nonetheless, this did not occur since
selectivity trends in MEA are also influenced by surface coverage concentrations
(faster CO desorption) and mass transport mechanisms, which may have stronger
influences than these kinetics effects.

The temperature effects on ethanol have been observed in a substantial way through
the product crossover since temperature increases result in lower crossover through
the AEM, resulting in higher cathode concentrations. Figure 4.5b shows a linear
relationship between temperature rise and decrease in crossover ratio, indicating
that ethanol evaporation through the GDE is favored at higher temperatures over
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diffusion and electroosmotic drag through the anode.

Figure 4.5: a). Effect of temperature in the ethanol selectivity at different total current
densities b). Ethanol crossover ratio as a function of the operating temperature and the
current density, and c). The evaporation rate of ethanol across the cathode-GDE is a
function of the temperature.

During this study, I observed a decreased ethanol crossover rate across the AEM
(28% at RT vs. 54% at 60 °C of the ethanol found in the liquid trap at the cathode).
Similar results were reported by the Stinton group, with crossover rates increasing
at high temperatures, but Faradaic Efficiency did not change significantly [91].
Furthermore, negatively charged compounds (e.g., HCOO− or acetate) do not alter
their crossover rate, as they are affected by electromigration across AEM and don’t
have a vapor pressure. The selectivity of formate and acetate slightly decreased
at temperatures higher than 60 °C, as oxidation of those compounds at the anode
might be favorable under these conditions.
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4.5 Temperature effect on CO2 utilization and mass trans-
port

Higher temperatures contribute to faster CO2 mass transport in the system due to
increased CO2 diffusion and a decrease in the electrolyte viscosity; however, this is
counterbalanced by reduced CO2 solubility (Figure 2.4 in Chapter 2). I conducted
partial pressure experiments to determine which effect was more significant during
the operation. I varied the CO2 partial pressure (pCO2) using Ar at different current
densities and temperatures, keeping constant the CO2 concentration. Using Henry’s
law to calculate the concentration of CO2 at 80 °C and 1 bar as standard, I adjusted
the CO2/Ar ratio for all experiments at the measured temperatures to match the
same concentration during all experiments. The results of the variation in partial
pressure in major gas product distribution are shown in Figure 4.6.

Figure 4.6: Temperature effects in CO2 availability and mass transport at different partial
pressures.

I found increased selectivity towards carbon-derived products and lower HER at
pCO2 and temperatures above 0.5 bar and 60°C, suggesting that a decreased CO2

concentration at the surface may not be a limiting factor for CO2R. Furthermore,
the temperature did not significantly influence HER selectivity when pCO2 was below
0.5 bar, as CO2 was depleted from the catalyst surface. If anything, there is a slight
decrease in HER selectivity at higher temperatures. Regarding product selectivity,
ethylene decreased by reducing the pCO2 (FEC2H4=26% at pCO2=1bar vs.FEC2H4

=4% at pCO2=0.2 bar), as previously reported in the literature [135]. Interestingly,
while the C2+/CO ratio varied quite substantially with temperature transitioning
between 40 to 60°C, the partial pressure actually has minimal effect on the C2+/CO
ratio.

To examine the effect of temperature on CO2 mass transport, I simplified the thin
film flooded agglomeration model using Faraday’s law and Fick’s law to estimate
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the limiting current density (jMAX,CO2) [55]. In CO2-depleted conditions (with CO2

at the center of the agglomerate dropping to zero), HER will dominate the limiting
current density (Eq.4.1).

jMAX,CO2 =
DCO2

r
· cCO2 · F · z (4.5.1)

DCO2 corresponds to the CO2 diffusion (m2·s−1), cCO2 the aqueous CO2 concen-
tration, r the agglomerate radius, F the Faraday’s constant, and z the number of
electrons of the charge transfer reaction. The CO2 solubility and diffusion calculation
are taken from empirical equations described by Arquer et al. [63]. The porosity and
tortuosity of the agglomerate were setting it up following Weng et al. As diffusion
and charge transfer reactions happen simultaneously, the estimation of the limiting
current density is only an approximation [134].

A temperature increase from RT to 80°C increased the limiting current density from
240 to 320 mA·cm−2 (Table 4.1). Notably, CO2 solubility and diffusivity can be
correlated with the limiting current density. From 20°C to 40°C, jCO2,MAX only
slightly changed, possibly because CO2 solubility overrode diffusion enhancement.
Furthermore, when the temperature exceeds 50°C, there is a significant increase
in the limiting current as the CO2 diffusion is greater than its solubility decrease
(Figure 4.7), supporting the observation of enhanced CO2 mass transport at high
temperatures. Finally, the results of this calculation were combined with product
selectivity (Figure 4.3), showing that even at higher current densities, the system
would not be operating in limiting current density regimes at elevated temperatures
(the dominant HER (60%) at room temperature dropped to 15% at 80°C under 300
mA·cm−2).

Table 4.1: CO2 concentration in aqueous solution and diffusion as a function of operating
temperature

Temperature (°C) jMAX,CO2 (mA·cm−2)
20 240
30 239
40 243
50 254
60 270
70 292
80 320
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Figure 4.7: Contour plot of the effect of temperature on the CO2 solubility and diffusion.
Data obtained from equations A2.1 and A2.2 in Appendix A.1.2).

4.6 Fundamental studies using ATR-SEIRAS

The protocol and setting for performing ATR-SEIRAS are described in Chapter 3.
Because it is well-known that CO2 electrolysis involves an intermediate CO product
on Cu electrocatalyst, this approach was used to analyze CO adsorption on Cu as the
effect of temperature. Figure 4.8 shows in-situ ATR-SEIRA spectra for CO signal at
different working potentials (vs. RHE) and temperatures. According to the results,
the CO peak intensity and position decreased with increasing cathodic potentials,
regardless of the operational temperature, due to chemical changes caused by bond-
ing changes between the adsorbed CO and the surface, or the Stark effect, which
occurs when the dipoles interact with the electric field [136]. However, those effects
appeared to be enhanced when the temperature was raised, as both the intensity
area and stretching frequency of the CO peak decreased at all measured potentials.

Although CO coverage was not quantified, ATR-SEIRAS spectra can estimate CO
concentration. No significant differences exist between ambient conditions and
40°C at less reductive potentials (-0.5 V vs. RHE), as peaks do not decrease in
intensity, suggesting saturated CO concentrations. The peak intensity was noto-
riously reduced at very reductive potentials (>-0.9 V vs. RHE), but this may be
on the verge of further reduction towards C2+. Additionally, experiments at 60°C
showed a significant decline in peak intensity due to the weakening of CO binding
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strength, enhanced CO desorption, and decreased CO concentration. In agreement
with previous findings, CO-CO coupled selectivity (i.e., C2+ products) is favored at
lower temperatures, while CO selectivity is enhanced at higher temperatures.

Figure 4.8: ATR-SEIRAS CO adsorption peak for COR at different potentials and
temperatures.

4.7 Effect of the heating method on CO2 electrolysis

The lack of a standardized protocol and method for determining proper electrolyzer
heating in CO2E makes comparing studies at high temperatures challenging [11]. I
conducted a study to analyze the impact of cell heating methods on results. For
this, I implemented two additional heating methods. The first involved heating only
the anolyte reservoir (60 mL) with a heating plate to the desired temperature while
the other elements of the reaction system remained at room temperature. The idea
behind this was that the anolyte, with its high heat capacity, would be able to keep
the electrolyzer at a uniform temperature. The second method involved connecting
heating rods to the cathode and anode’s flow fields and inserting a thermocouple
into the reactor, simulating the effect of commercial heating tape. This enabled the
reactor to operate at the given temperature.

The experiments were run at temperatures >60°C, as variations in product selec-
tivity were more noticeable at higher temperatures. Results from Figure 4.9 showed
a few notable differences in the product distribution between the three heating
methods. While only slight differences can be seen between the direct cell heating
method and the use of the heating box (i.e., results from Figure 4.3, which was
the heating method used for the experiments), significant variations are found when
comparing those obtained from electrolyte heating, especially with regards to C2+

and increased H2 selectivity. Furthermore, when measuring the cell temperature
during these experiments, I found that the experiment with the anolyte heated to
60°C had a cell temperature of 28°C, the 70°C anolyte had a cell temperature of 32°C,
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Figure 4.9: Effect of the cell heating in the product distribution using two different methods
at different operating temperatures.

and the 80°C anolyte had a cell temperature of 35°C, showing how insufficient this
method is for cell heating. These results remarked the importance of proper heating
as an inconsistent method might mislead some conclusions on the temperature effects
in mass transport and product distribution.

As previously mentioned, CO2 electrolysis could generate heat from the charge
transfer or electrical resistances (resistive heating). Corral et al. established that
alterations in temperature inside the electrolyzer affect the CO2 concentration at
the gas-liquid interface, thus limiting CO2 mass transport [137]. They reported
a temperature increase of 7°C to 24°C between 300 to 500 mA·cm−2 for CO2R,
which they attributed to the heat released from exothermic reactions at the sur-
face. Bearing this in mind, a customized MEA cell was used to precisely measure
the temperature near the GDE (with multiple holes for placing thermocouples in
different cell sections). In my experiments at 300 mA·cm−2 and Ecell= -3.58 V,
the estimated thermoneutral potential close to 1.5V and the electrode area of 2.25
cm2, generated an ohmic heat production of 1.4 W. This led to a temperature rise
of 3 °C at the cathode (changes of temperature and the released heated are found
in the Appendix A.1.4). Given the insignificant change in the reactor, it is evident
that any temperature fluctuations caused by resistive heating will be insignificant.
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In industrial scale-up, this phenomenon remains relevant since resistive heating is
dominant at elevated temperatures at larger-size electrolyzers.

4.8 Long-term stability of CO2R at elevated temperatures

By carrying out experiments over a long period of time (50 hours) at elevated
temperatures, I monitored product distribution and stability. Figure 4.10 displays
electrolysis’s cell potential and product distribution at 60°C and 150 mA·cm−2.
The Faraday efficiency of the gas products was determined by taking the average of
the simultaneous injections in the GC, while the liquid products were determined by
regularly collecting samples from the anolyte and cathode. To avoid any potential
evaporation of the anolyte, a larger reservoir (400 mL) was used compared to
the standard 60 mL used in all other experiments, and continuous operation was
maintained to increase GDE durability.

Figure 4.10: Long-term stability test at 60°C and 150 mA·cm−2 using Cu-electrocatalyst.

The device’s operating potential stayed constant during the entire operation, with
an initial potential of -2.8 V and a slight increase of 100 mV after 50 hours. Initially,
CO was the primary product at 39%, but this decreased over the 50-hour test to 25%.
The ethylene selectivity fluctuated between 10-20% throughout the experiment.
Initially, ethanol was relatively high at nearly 20%, though this decayed quickly
to 10%, at which time it remained relatively stable; this might be attributed to
crossover and further oxidation at the anode. HER increased from 15% to 38% at
the end of the experiment, suggesting that flooding might occur even by operating
at higher temperatures for a longer experimental time.

The CO2 electrolyzer ran for 55 hours before a sudden rise in potential led to the
short-circuiting of the cell. Such phenomena were determined to be caused by low
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membrane hydration, which contributed to the chemical degradation rather than
limited CO2 mass transport. Even though this study showed that temperature might
be a powerful strategy for overcoming CO2 mass transport limitations, maintaining
CO2R at MEA for extended periods still remains challenging.

4.9 Summary

By performing a systematic study, I examined the effects of temperature on zero-gap
CO2 electrolysis and summarized the most interesting findings of this study:

• Operating at elevated temperatures increased CO2R activity and decreased the
cell potential (3-fold in total current density from RT to 80 °C with 500 mV
potential drop).

• At temperatures >50°C, a selectivity shift towards CO (FECO>40%) was
observed at industrially relevant conditions due to the weakening of the CO
binding strength to the surface. ATR-SEIRAS measurements support the
trend of faster CO desorption at elevated temperatures.

• Operating at higher temperatures (>50°C) suppresses significantly HER (e.g.,
15.0% at 300 mA·cm−2 at 80°C) and delays the GDE flooding (low capac-
itance), increasing the CO2R durability. These effects are associated with
enhanced CO2 mass transport, water management, AEM stability, and higher
salt solubility at these conditions.

• Higher temperatures enhanced the mass transport of CO2, resulting in a higher
limiting current density and demonstrating that enhanced diffusion effects
might overcome those from reduced CO2 solubility during the performance.

• Temperature also seemed beneficial in reducing product crossover, inhibiting
the volatile compounds crossover by favoring its evaporation through the GDE.

• Heating methods heavily influence catalytic performance in these experiments,
and incorrect heating might lead to a misinterpretation of temperature effects
in CO2E.

• Although resistive heating might not cause significant temperature rises in
small electrochemical cells, it does at industrial scales.

• This study highlights the benefits of operating CO2R at elevated temperatures
under industrially relevant conditions to reduce energy consumption and im-
prove stability (50 hours experiment). Furthermore, these findings provide
strategies for combining these benefits with designing and optimizing selective
electrocatalysts, GDEs, and AEMs to address current limitations in this field.
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Chapter 5

Tandem catalyst approach for CO2

electrolysis
Contribution
Ph.D. candidate Clara Brunn helped me through the XPS characterization (found
in the Appendix from this Chapter). As for the rest, I performed all the synthesis,
characterization, and testing of the experiments presented here.

5.1 Chapter Overview

CO2R is a multi-electron transfer mechanism that produces various hydrocarbons
and oxygenated products on Cu electrocatalysts. However, Cu still suffers from
narrow selectivity, and production rates for C2+ products at high current densities
[40]. Several strategies have been used to control the selectivity using Cu electrodes,
including surface modification, morphology control, use of single atoms, or bimetallic
catalysts to tune the d-band position [11]. While the CO2R activity has been
improved with these methods, the selectivity for specific C2+ products (e.g., ethanol)
has not significantly improved compared to commercial Cu nanoparticles. Designing
new catalysts and electrodes is key to simultaneously achieving selectivity, yield, and
energy efficiency of a specific product at the industrial scale.

An exciting approach for tuning the selectivity towards C2+ products is combining
Cu with a CO-producing catalyst, known as tandem catalysis, which increases CO
local concentration and can reduce overpotentials [100]. The coupling of Cu with Ni–
N–C, Ag, Zn, or Au at the catalyst layer maximizes the CO-CO coupling reaction
rate by increasing CO flux at the surface, thereby improving the selectivity and
production rate of C2+ compounds. However, the metal loading and the spatial
arrangement of the catalyst layers determine the optimal catalyst preparation. Con-
sequently, controlling these parameters during synthesis is necessary to achieve the
atomically optimum location of active sites and CO2E performance.

This chapter studies the rational design of tandem catalysts by coating two inde-
pendent layers of commercial nanoparticles or sputtering them through the layer-
by-layer electrode preparation technique (using Ag, ZnO, and Au as co-catalysts).
Initial studies were conducted to determine the effect of fabrication methods, mass
loading, and composition ratios in tandem catalysts. Cross-section SEM character-
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ization help to verify the design principle of tandem catalysts after the electrode
preparation. Electrochemical tests assess the benefits of adding a CO-selective layer
through gas mass transfer (CO utilization), product selectivity, and branching ratio
between C2+ products.

5.2 Effect of the synthesis method and electrolyzer config-
uration for tandem-based electrodes

5.2.1 Comparison of the preparation method

I considered two techniques for electrode synthesis: a two-dimensional (2D) thin
film and a 3D nanoparticulate layer. Detailed information for the fabrication can be
found in Chapter 3, Section 3.3. In principle, the 2D structures (sputtering) enhance
the activity and selectivity, maintaining a uniform local reaction environment since
the catalyst grows on the substrate, as opposed to coating commercial nanoparticles-
electrodes. A preliminary study conducted by Li et al. reported high selectivity of
Cu/Ag thin films towards ethanol (41% with Cu0.86/Ag0.14 at 250 mA·cm−2), which
makes this synthesis method attractive for tandem applications [138]. Furthermore,
I also prepared 3D nanoparticle-based electrodes, as it is one of the most widely used
methods to coat the electrocatalysts (with thick active layers of 1-10 µm) and might
offer insight into the performance of my electrodes in comparison to the current
state of the art.

Before evaluating the effect of the different methods in our prepared-tandem elec-
trodes, it was necessary to perform benchmark experiments of Cu-GDE synthesized
by sputtering or deposited by spray-coating to see if there are significant effects
between the preparation method and decouple from those expected from the tandem
catalysts. A comparison between the electrode preparation using these two different
preparation methods can be found in Figure 5.1.

For this experiment, the Cu thickness and the Cu-mass loading were maintained at
100 nm and 1 mg·cm−2, respectively. Effects on the CL thickness and mass loading
were evaluated in a further section of this chapter. However, a preliminary compar-
ison of the effects of these methods on the product distribution at different current
densities showed that there were no significant differences between both methods at
lower current densities 50-200 mA·cm−2 (FEC2H4 =34% for the sputtered sample,
whereas 36% for the NP sample at 200 mA·cm−2). At higher current densities
(>200 mA·cm−2), higher selectivity towards HER was observed in the samples
prepared with NPs compared to the sputtered sample. I tentatively attributed
the high HER to an insistent particle distribution during the spray-coating and
low surface active sites for CO2R. Since there was no significant difference between
those synthesis methods at low-current density regime (applied conditions for further
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Figure 5.1: Product distribution of Cu-based electrodes on Sigracet 39BB prepared by
different methods a) Sputtering (CL: 100 nm) and b) by spray-coating (1 mg·cm−2).

experiments as I ensured a stable performance without compromising the threshold
of industrial relevant conditions), I selected coating commercial nanoparticles to
prepare my electrodes, as it is simpler to become industrially scalable method than
the sputtered counterpart.

Nevertheless, since the sputtered GDE was closely comparable to the nanopartic-
ulate GDE, I did a quick survey testing the potential for preparing our tandem
catalyst through different methods. As shown in Figure 5.2, I considered alterna-
tives for electrode preparation and measured partial current densities for different
products at 150 mA·cm−2 for two hours each. Bare Cu (from sputtering and
nanoparticles) showed slight differences compared to the results shown in Figure
5.1 (those conducted at shorter reaction time), but there were used as benchmark
samples. Initially, I considered using Ag as a co-catalyst through different electrode
approaches, including the layer-by-layer, co-sputtering, or deposition of the co-
catalyst in the MPL, keeping the Cu/Ag 50:50 ratio. Loadings and thickness for
both approaches were the same as those used in Figure 5.1. Catalyst screening
between the different electrodes (product distribution and cell potential) is found in
Figure 5.2.

From these results, I could see some exciting trends between samples. I want to
point out that measurements from Figure 5.2 represent a preliminary evaluation
of the potential application of tandem catalysts in my reaction system, meaning
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Figure 5.2: Preliminary studies and catalysts screening in terms of the partial current
density of main products and cell potential of the different approaches for electrode
preparation.

no synthesis parameter has been fully optimized. The layer-by-layer approach
(Cu/Ag) seemed the best method for preparing the tandem catalyst compared to
co-sputtering or deposition of one layer at the MPS and the other in the MPS
of the GDL (jC2+=77 mA·cm−2 compared to 40 mA·cm−2 from co-sputtering).
From these results, I did not observe any synergistic effect with the simultaneous
co-sputtering of Cu and Ag, showing that they might have independent effects. In
addition, it seemed that the nanoparticulate approach was better than the sputtered
one in the layer-by-layer approach, as partial current density for C2+ is higher in
this case (jC2+=77 mA·cm−2 vs. jC2+=64 mA·cm−2), supporting my selection on
using commercial NPs.

5.2.2 Comparison of the effect of the 3D nanostructured layer fabrica-
tion method

As previously explained, the efficiency of the tandem catalysts depends primarily on
the spatial arrangement and distribution of the catalyst layer on the carbon support,
so the preparation method should maximize homogeneity [139]. Two methods of
applying NPs coating have been used, air-brushing with a spray gun and drop-
casting. While these methods worked well for thick layers, making thinner ones
is challenging. Additionally, the catalyst layer was applied manually to the GDL,
which does not always ensure the same uniformity. Different studies have reported
these synthesis methods for their electrode preparation, so these two fabrication
methods are selected in this study to compare their effect on the catalytic perfor-
mance [140]. The drop-casting was carried out in different sections of the GDL,
trying to cover all the geometric area with the CL, while the spray coating with
the airbrush was dispersed throughout all the electrode area, providing a more
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homogeneous distribution onto the GDE (details about the methodology are found
in synthesis section of Chapter 3) [141]. Figure 5.3 presents the result of the gas-
product distribution of the other bare electrodes (total loading of 1.0 mg·cm−2)
prepared for both methods at different current densities.

Figure 5.3: HER and CO2RR selectivity of bare Cu-NPs electrodes on SG39BB prepared
by drop-casting and spray-coating.

The results indicate a significant difference between the two preparation methods
based on their trends in selectivity. In contrast to spray-coating at the same
current density, drop-casting only resulted in 28% selectivity for CO2R products
when compared with 65% selectivity achieved by spray-coating. This might be
explained by better catalyst uniformity with the second method. Additionally,
samples prepared by drop casting displayed accelerated HER at all tested current
densities (almost twice the ratio as samples prepared by spray coating). Many
attempts have been made to optimize the electrode preparation method, including
alternate studies using spray coating and conditions that ensure distribution on
the electrode. However, reproducibility issues might limit this synthesis method,
as the same loading cannot guarantee the same CL thickness. In contrast, the
isopropanol (IPA):H2O ratio in the ink during suspension preparation and the drying
temperature might have effects during the electrode synthesis[142]. The IPA:H2O
depends on the hydrophobicity/porosity of the substrate, so I used a higher ratio
(95:5 IPA:H2O) for porous substrates and 50:50 for less-porous GDLs.
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5.2.3 Mass transport on tandem electrodes: comparison of different
tandem approaches

I investigated the mass transport of CO2 and CO across the different CLs to
determine the optimal thickness and distribution of the catalyst layers. An analysis
through CO2 transport modeling has been conducted within the GDE. Based on
a total loading of 1 mg·cm−2 (corresponding to a thickness of around 2 µm), it
was estimated that 60-80% of the initial CO2 concentration could pass through the
thick catalyst layer between 0.1 and 0.5 A [98]. Hence, the system will not be mass
transport limited since there is still enough CO2 left to transport to the top Ag
catalyst layer for reduction into CO during electrolysis.

GDEs prepared with Ag, or Au layers on top of the Cu catalyst layer simulate
simultaneous conversion between CL/electrolyte and CL/GDL interfaces (layer-by-
layer). In these electrodes, electrochemical CO2 to CO reduction occurs in the CO
selective layer, and the produced CO molecules are subsequently fed into the Cu
layer for further conversion to C2+. This approach is based on the assumption that
CO self-diffusion in porous electrodes (1.93 x 10−5 m2·s−1) is much greater than
its diffusion coefficient in water (2.13 x 10−9 m2·s−1) [98], meaning that CO gas
molecules generated on the CO-selective layer diffuse backward much faster into
the Cu catalyst layer than they diffuse forward into the liquid electrolyte, thus
providing a basis for efficient CO utilization. I used the terms Cu/Ag to refer to
tandem catalysts prepared by the layer-by-layer method, where Cu represents the
metal at the bottom, and Ag represents the metal at the top.

Figure 5.4: Comparison of different performances of Two-layer GDE with Cu on top, Ag
on top, and nanoparticle mixture of Cu-Ag electrodes. a) C2+ partial current density,
HER partial current density, and c) Branching ratio between ethylene and ethanol.

Tandem catalysts with different spatial arrangements were prepared to understand
the role of coupling two layers in the selectivity of major C2+ products. Those
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included two-layer electrodes Cu0.5/Ag0.5, Ag0.5/Cu0.5 and mixed Cu and Ag, com-
posed by a unique catalyst layer of mixed nanoparticles physically and randomly dis-
perse with the same mass composition and loading (co-deposition). The Ag0.5/Cu0.5

is prepared with a reverse structure comprising the bottom Ag catalyst layer and
top Cu catalyst layer, where it is expected that most of the supplementary CO gas
molecules diffuse backward through the MPL instead of forward to the top Cu cata-
lyst layer, resulting in low utilization efficiency of supplementary CO (inverse layer).
Figure 5.4 shows the catalyst screening results and the gas product distribution at
different tandem catalysts from three different approaches at 200 mA·cm−2, where
the respective loadings for Cu and Ag catalysts were kept the same for the three
samples.

Cu0.5/Ag0.5 tandem electrode exhibits higher jC2+ value than those fabricated by
reverse structure and CuAg mixture. With the Ag-layer on top of the catalyst layer,
C2+ selectivity was slightly improved compared to bare Cu nanoparticles (Figure
5.1), however, it is evident that these electrodes had low CO utilization since the CO
Faradaic Efficiency for tandem catalysts was around 25-35% at 150 mA·cm−2. The
electrode with the Cu-layer on top (Ag0.5/Cu0.5) exhibited the lowest jC2+ among all
three electrodes. Based on these results, the proposed tandem electrode structure
layer-by-layer with Ag on top and Cu on the bottom appeared to have the ideal
CO2/CO mass transport behavior to improve gas transport across the electrode and
maximize its utilization. The branching ratios between ethylene and ethanol in the
attempt to synthesize a selective catalyst did not differ significantly between the
three electrodes, demonstrating ethylene as the major C2+ product.

These results raise interesting questions about using tandem catalysts to improve
C2+ rates. Did I fabricate tandem catalysts with optimal loadings? What is the
proper molar composition of metals? Finally, am I using the proper CO-selective
catalyst to maximize the Cu synergy with the co-catalyst? In the following sections,
I will discuss a series of experiments to address these questions and optimize the
tandem approach.

5.2.4 Effect of mass loading and catalyst thickness

The mass loading of the catalyst in the substrate determines the number of active
sites and the CL thickness of the layer, which significantly impacts the kinetic
reaction and mass transport [93]. Before optimizing the tandem catalyst loading,
I would like to ensure that the electrode loadings for which I am preparing them
are appropriate. As a result, I studied the effect of mass loading on bare copper
electrodes. Since the loading measurement is an approximated estimation (relation
weight of the GDE before and after the coating of each layer and the geometric
area), I prepared electrodes with loadings that were not close in magnitude to see a
more general impact of this factor on the catalysis.
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Figure 5.5: Effect of the catalyst layer thickness and mass loading in product selectivity
of electrodes prepared by sputtering and nanoparticulate approaches.

The influence of catalyst loading on selectivity for major products on Cu-electrodes
was examined by sputtering (40-300 nm) and coating NPs (0.4-4 mg·cm−2) at 150
mA·cm−2 (Figure 5.5). The selectivity of sputtered samples did not differ with
different CL thicknesses. An explanation for such consistency between the samples
can be found in the homogeneous deposition of Cu at the CL and the presence
of a thin layer to ensure proper diffusion of CO2 through the GDE. In contrast,
commercial nanoparticle loading showed an interesting pattern. Catalyst mass
loading greater than 2.0 mg·cm−2 decreased selectivity towards carbon products
(below 26%), favoring the HER (40%). Therefore, I expected that higher mass
loading would result in limited CO2R performance, as the CO2 mass transport in
the CL is insufficient (this loading represents a thicker layer equivalent to 3-5 µm).
Furthermore, low loadings showed higher CO selectivity, presumably due to fewer
active sites for C2+ products (CO-CO coupling depends on the proximity between
active sites). An optimal value for the total mass loading of the catalysis layer was
found at 1.0 mg·cm−2, which agrees with values as total loadings reported in the
literature for tandem electrodes [100].

5.3 Electrode Characterization

The characterization of the tandem electrodes was conducted with planar and the
cross-sectional scanning electron microscope (SEM), energy-dispersive X-ray spec-
troscopy (EDX) elemental mapping, and XPS. Figure 5.6 shows the planar images of
the CL and cross-sectional SEM and EDS mapping images of a representative Cu/Ag
tandem electrode with Cu and Ag loadings of 0.5 and 0.5 mg·cm−2, respectively.
The Ag and Cu layers, the Nafion, and the MPL diffusion layer are well-defined EDS
mapping. Post-reaction characterization of these samples didn’t present any major
effect on the cross-sectional imaging but some more pronounced effects on the CL
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morphology due to microenvironment effects during electrolysis. At the same time,
any interfacial alloying or particle agglomeration wasn’t observed between phases,
as expected, due to the thermodynamically favored separation between Cu and Ag
layers [143].

Figure 5.6: SEM cross-sectional images of tandem electrodes a) Cross-sectional SEM image
of Cu/Ag catalyst b) EDS Mapping of a Cu/Ag tandem electrode with two catalyst layers
c) Morphology of the cathode GDE at different reaction stages.

XPS was conducted to check impurities at the surface. Therefore, an XPS scan
was conducted on a bare Cu electrode, which revealed the presence of adventitious
copper, carbon, and oxygen and high-intensity peaks that indicated fluorine, pos-
sibly due to the Nafion layer used as a binder (Appendix A.1.5). Nonetheless, no
impurities or other metals that might interfere with the CO2R were observed within
the limit of detection of the XPS analysis. The XPS angle-resolved use could be
limited by the depth of XPS being < 10 nm, depending upon the material and the
kinetic energy of the electron being measured, making difficult the measurement
of composition and thickness of the different layers or using this technique for the
tandem catalysts. For this reason, SEM cross-section was the implemented technique
to characterize the composition of such layers.

5.4 Performance of Tandem Electrodes with Cu and CO-
Selective catalyst layers

As mentioned in the previous section, the CO2R is an adsorption and reaction
process that occurs on the active sites of a catalyst surface. Varying the composition
might improve its performance for C2+ products in gas-phase electrolyzers. While
it has been extensively studied in Ag and Cu-based catalysts, research into non-Cu-
based, bimetallic, or tandem catalysts is limited, calling for further research in the
optimization of catalysts [141, 75]. This section presented results concerning Cu/Ag
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tandem catalysts prepared layer-by-layer, focusing on the effect of loading and the
effect of the CO-selective catalyst.

5.4.1 Catalyst Screening Tandem Electrodes and the effect of the Ag-
loading on the C2+ production

Compared to the bare Cu electrode at the same loading and active area, the increase
in local CO flux generated by the tandem Ag layer may reduce the potential for
C2+ formation since the CO formed on the top layer should be further reduced on
Cu, balancing the CO productivity and consumption. The CO in the Ag-catalyst
layer was added to the generated CO by the Cu layer itself, increasing the local
concentration of CO near the Cu sites and the CO utilization range, given the
enhanced mass transport behavior.

Some Cu/Ag tandem electrodes were fabricated utilizing this principle, setting the
total mass loading of 1.0 mg·cm−2 and varying the Cu and Ag loadings (0.1-
0.9 mg·cm−2) proportionately. Samples are labeled as Cua/Agb (where a and
b are the metal composition). Figure 5.7a illustrates the Faradaic Efficiency for
multiple tandem catalysts with different molar compositions under the same testing
conditions. Figure 5.7b illustrates HER, CO, and C2+ partial current densities as
a function of the Ag-loading. Figure 5.7c illustrates the ratio between ethanol and
ethylene branching as a function of cell potential for the main tandem catalysts.

Under the same operating conditions, tandem electrodes incorporating commercial
Cu and Ag nanoparticles achieved an increased C2+ Faradaic Efficiencies compared
to bare Cu (nanoparticulate and sputtered samples). Among all of the prepared
samples, Cu0.8/Ag0.2 showed the highest C2+ selectivity (ethanol and ethylene as
main products) at 150 mA·cm−2 at 67% and EWE = -3.6 V (although Cu0.6/Ag0.4
also showed a similar selectivity with 59%, still higher than the 46% with bare Cu
electrodes). It is possible to correlate the poor performance of tandem Cu0.4/Ag0.6
and Cu0.2/Ag0.8 with an HER enhancement due to the ineffective use of the surface
area on these structures and its location far from the interface, as well as the
presence of thicker Ag-layers (Figure 5.7b). These results suggest that low Ag-
loading might lead to insufficient CO supply (despite not being observed in my
results), whereas an increase in the Ag-loading reduces Cu-active sites and C2+

selectivity. In the same manner, partial current densities (jC2+) increased when
the Cu/Ag ratio varies between 1-4, where Cu0.8/Ag0.2 had a maximum value of
approximately 95 mA·cm−2.

In this study, the optimal values obtained agreed with those reported by Shen et al.,
who showed the same tendency in the variation of CO-selective layers in ethylene
selectivity [98]. Alternatively, differences between samples with low loadings could
be seen by operating at a constant cell potential (Figure 5.7c). For this approach,
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Figure 5.7: Catalyst screening of different Cu/Ag-tandem catalysts varying the Ag loading
prepared by layer-by-layer approach a). The product distribution of gas-and liquid
products at different electrodes b) Effect of the Ag loading in the partial current density
for different products. c). Branching ratio between ethylene and ethanol at different cell
potentials.

I switched from the Teflon flow cell to the MEA cell (to take advantage of the
reduced cell resistance and evaluate reproducibility in another cell configuration).
Even though no major differences were observed (similar product distribution trends
were seen between different cell configurations with similar ethanol/ethylene ratios),
low Ag-loading appeared to favor the formation of oxygenate over ethylene at cell
potentials below -3.1 V. While there were some variations in C2+ oxygenate species,
no significant improvements were observed because the tandem catalysts are made
using Cu, and Ag nanoparticles that seem to favor C2+ gas products over liquid
products (ethylene), as reported in literature [98, 99].

5.4.2 Role of different CO-selective catalysts in product selectivity for
tandem electrodes

I extended the design of tandem electrodes to involve more active CO generation
catalysts, such as ZnO and Au to demonstrate the effect of the ”CO-selective layer”
on product distribution. Figure 5.8 illustrates the results of testing a series of tandem
electrodes at different current densities (Cu loading of 0.8 mg·cm−2 and ZnO, Au
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or Ag loading of 0.2 mg·cm−2).

Figure 5.8: Product distribution through the synthesis of different tandem catalysts
varying the ”CO-selective” catalysts, keeping its loading at 0.2 mg·cm−2 as a function of
current density.

Compared to Cu0.8/Ag0.2, Cu0.8/Au0.2 and Cu0.8/ZnO0.2 tandem electrodes exhibited
a reduced selectivity toward C2+ products (e.g., 64% for Cu0.8/Ag0.2, compared to
52% for Cu0.8/Zn0.2 and 53% for Cu0.8/Au0.2) at 150 mA·cm−2. Au, as a co-catalyst,
was found to have higher selectivity toward CO at all the tested current densities,
which may be due to the strong CO binding at the surface compared to the other
metals. Moreover, interesting trends in product distribution were observed with the
different catalysts, with Ag-layers favoring C2H4 (35% at 150 mA·cm−2), Zn-layers
favoring ethanol formation (23% at 150 mA·cm−2), and Au-layers favoring acetate
formation (12% at 150 mA·cm−2). The effect of the co-catalyst on the branching
ratio between C2+ products is still not fully understood in these approaches, but it
demonstrates how metal synergies are crucial to the mechanisms and distribution
of C2+ selected tandem catalysts, opening new research directions.

5.5 Studies over Cu/ZnO tandem catalyst in MEA-type cell

Due to recent interest in tuning the selectivity of oxygenates (ethanol) over ethylene,
I focused on studying more in detail the effect of ZnO loading in layer-by-layer tan-
dem electrodes. I performed these experiments in MEA to verify the reproducibility
between configurations again, but primarily to couple this approach with the effects
of temperature, as studied in Chapter 4 with the configuration. Figure 5.9 shows the
partial current density and branching ratios between ethanol/ethylene at different
cell potentials.
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Figure 5.9: Comparison of performance of Cu/ZnO tandem catalysts varying the metal
loading. a). Effect of the ZnO loading in the partial current density of C2+ products and
b) Branching ratio between ethylene and ethanol at different cell potentials as a function
of the ZnO loading.

Modifying Cu/ZnO tandem electrodes’ molar composition enhanced their activity
and selectivity towards C2+ products. Optimal compositions of such electrodes were
found at Cu0.9/ZnO0.1 with a selectivity of 25% for ethanol at -3.1 V and a jC2+

of 1.4 times greater than bare Cu (Figure 5.9a). Increasing Zn composition led to
a shift from ethanol to CO in all potential ranges, which was explained by more
Zn-active sites present. Additionally, as shown in Figure 5.8, using Zn as a co-
catalyst improved the ethanol/ethylene ratio (Figure 5.9b). At lower cell potentials,
Cu0.9/ZnO0.1 and Cu0.8/ZnO0.2 had ratios of 1.3 and 1.4, indicating ethanol was
more selective than ethylene, which was consistent with literature trends explaining
that ethanol is favored at low potentials and ethylene at higher potentials (decline
of the branching ratio to 1.03 and 0.95) [138, 144]. Still, Cu0.9/ZnO0.1 seemed to be
the most promising composition as it showed a higher selectivity for ethanol than
ethylene while maintaining a high C2+ activity.

5.6 Long-Term Stability of Tandem Electrodes

For practical applications, stability is just as relevant as activity and selectivity.
The stability of tandem electrodes has been examined using Cu/ZnO (Cu0.9/ZnO0.1)
electrocatalysts at 200 mA·cm−2, incorporating temperature and the MEA config-
uration.

Over the course of the experiment, the tandem electrode maintained stable operation
(-2.8 V) with only minor changes in selectivity for main products (and presumably
activity). A maximum ethanol selectivity of 25% was achieved within the first two
hours and then decreased to 20% after 10 hours. CO remains the main product,
and I do not attribute it directly to the tandem approach but instead to the effects
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Figure 5.10: Long term experiment of Cu0.9/ZnO0.1 at elevated temperatures (60°C) at
200 mA·cm−2.

of temperature (as described in Chapter 4). A longer-term performance evaluation
of the tandem catalyst is required to determine its stability over time. Nevertheless,
the results in Figure 5.10 indicate that tandem catalysts can produce highly C2+-
selective products (even ethanol over ethylene) for extended periods.

5.7 Summary

Using tandem catalysts improved the selectivity of C2+ compared to bare Cu elec-
trodes, although they did not surpass the current state-of-the-art selectivity (for
example, the Cu/Ag electrode with 85% tandem catalyst in literature [98] compared
to 67% from my experiments towards C2+ at 150 mA·cm−2). My studies with
tandem catalyst provided some exciting trends and results that I will summarize as
follow:

• Preparation of electrodes through sputtering and commercial nanoparticles
gave similar performances while working at current densities below 200 mA·cm−2.
However, when preparing a tandem catalyst, the use of nanoparticles seemed to
improve the selectivity towards C2+ compared to the preparation of a tandem
catalyst through sputtering.

• Coating the NPs into commercial GDL using spray-coating seemed to be better
than drop-casting as it provides a more homogeneous distribution of the NPs
in the CL.

• The synthesis of tandem catalysts with the selective CO-layer on top, creating
two-independent layers in a GDE seemed to maximize the CO utilization by
increasing the CO local concentration and improving the gas transport across
the different layers.

• The catalyst layer thickness seemed not to have a big effect on sputtered
samples at the prepared thickness compared to the commercial NPs loading
through an ink suspension. Optimal values for the latest were found at 1.0

78



5.7. SUMMARY

mg·cm−2.

• SEM-cross-sectional coupled with EDX showed well-separated layers of both
metals. XPS characterization technique is limited for this application, as XPS
angle-resolve depth can reach just 10 nm.

• SEM Loading of the CO-selective layer seemed to have an effect on the product
distribution. High loading enhanced the HER selectivity due to the presence
of thicker Ag CL or inefficient use of active sites, while a low loading might
lead to insufficient CO supply. The optimal loading of tandem catalyst in my
experiments was found at Cu0.8/Ag0.2 with FEC2+=67% at 150 mA·cm−2.

• Results between different cell configurations are comparable and reproducible,
obtained similar trends by switching from a flow cell with a catholyte layer to
an MEA.

• The use of different metals as CO-selective layers showed interesting trends in
product distribution. The use of Ag seemed to favor selectivity towards C2H4

(35% at 150 mA·cm−2), ZnO to ethanol (23% at 150 mA·cm−2), and Au to
acetate (12% at 150 mA·cm−2). Still, Cu/Ag-tandem catalyst exhibited the
highest selectivity towards C2+ of those samples.

• Using ZnO as a co-catalyst helped to favor ethanol production over ethylene
with branching ratios higher than 1.0 (using Cu0.9/ZnO0.1).

• Long-term test coupling the tandem approach with operation at elevated tem-
perature improved the selectivity towards ethanol while ensuring a stable
operation for 10h.
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Chapter 6

Developing anion exchange mem-
branes for CO2 electrolysis
Contribution
Dr. Terry Wilson and Prof. John Varcoe at the University of Surrey conducted AEM
synthesis and characterization. Bjørt Óladóttir conducted preliminary experiments
on these membranes and confirmed potential application for CO2 electrolysis using
other designs of MEA-electrolyzer. Asger Moss built the reaction heating oven
to evaluate the membrane’s stability at elevated temperatures. As for the rest, I
conducted all the studies and measurements.

6.1 Chapter overview

Recent studies have focused on improving catalytic activity and selectivity for CO2

reduction and the concomitant anodic reaction. Yet, even though the membrane
plays an important role in cell potential and electrolyzer performance, less attention
has been paid to it. Understanding how the ionomeric components in the membrane
affect the water/ion transport mechanisms will enable improvements in the operation
of CO2Es, providing new tools for further research and development [80].

This chapter evaluates the effectiveness of QA-based AEMs with zero-gap (MEA)
electrolysis and industrially relevant current densities for CO2 reduction. These
membranes were prepared using a radiation-grafting technique, where vinylbenzyl
chloride (VBC) monomer was co-grafted onto electron-beam activated ethylene-co-
tetrafluoroethylene (ETFE) films, followed by amination with either trimethylamine
(TMA), N-methyl-pyrrolidine (MPY), or N-methylpiperidine (MPIP) groups [79].
To improve membrane properties, further strategies were considered, such as altering
the IEC by varying the chemistry, the proportion of hydrophobic units, functional-
ization level, or reinforcement and cross-linking. [145, 146].

In the first section, I discussed the synthesis and characterization of the RG-AEMs
and correlated their physical properties to their expected performance. Afterward,
I investigated the effect of different headgroup chemistries on CO2E using various
electrocatalysts and operation conditions. By comparing these ETFE-AEMs and
commercial membranes, I highlighted the advantages of these RG-AEMs, which
are chemically stable and provide adequate ionic/water transport. Additionally, I
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carried out long-term experiments to demonstrate the stability of CO2 electrolyzer
operation using RG-AEMs. Last, I examine membranes with modified properties
(adding cross-linking agents or varying the concentration of the amine group during
the amination process) and the effects on CO2E performance.

6.2 Membrane characterization

6.2.1 Raman Spectroscopy

The ETFE-g-p(VBC) intermediate membrane was subjected to Raman spectra at 30
random sites on ETFE-g-p(VBC) intermediate membranes (laser spot size ca. 2 µm,
while penetrating a few µm into the sample), and the integrated area ratios (areas of
the 1612 cm−1 bands normalized to the 835 cm−1 bands) were calculated to measure
grafting homogeneity. The spectra presented in Figure 6.1 confirm grafting (79%
dog) of pre-aminated intermediate with characteristic bands at 835 and 1444 cm−1

(due to the ETFE substrate’s –CF2– and –CH2– groups), a poly(VBC)-derived band
at 1612 cm−1 (aromatic ring quadrant mode), and a band at 1267 cm−1 (due to the
–CH2Cl groups in the grafted poly(VBC) chains). In addition, the Raman spectra
of all RG-AEMs confirm successful amination, based on the disappearance of the
poly(VBC)-(–CH2Cl)-derived band at 1267 cm−1, and the appearance of diagnostic
bands for each of the QA groups (756 and 976 cm−1 for TMA, 899 cm−1 for MPY,
and 704 and 1273 cm−1 for MPIP).

Figure 6.1: Raman spectra of the 25 µm thick ETFE substrate film (black filled) and the
resulting ETFE-g-p(VBC) intermediate grafted membrane (gray filled, an average of n
= 30 spectra taken at random spots across both surfaces), and the final aminated RG-
AEMs with line spectra (average of n = 10 spectra taken at random spots across both
surfaces) stacked higher in the order TMA-AEM (teal), MPY-AEM (orange), and MPIP-
AEM (purple). Laser wavelength = 785 nm. * Spectra normalized to the intensity of the
ETFE-derived band at 835 cm−1 to aid visual comparison.

81



6.2. MEMBRANE CHARACTERIZATION

6.2.2 Mechanical and transport properties for synthesized RG-AEMs

RG-AEMs have been characterized in the Cl− form to confirm their ex-situ behavior,
and Table 6.1 summarizes a few of their common physical properties as obtained
from 25 µm ETFE films with three different amine groups.

These results show that adding different QA groups to polymer backbones results
in a significant change in water content (and swelling) and a less significant change
in electrochemical conductivity and ionic conductivity (in-plane measurements with
the RG-AEM samples immersed in water at 25 °C). MPIP- and MPY-AEMs ex-
hibit greater WU than TMA-AEMs, due to their hydrophilic nature, as reported
previously. Heterocyclic-QAs are expected to form ionic clusters segregated into
hydrophilic and hydrophobic phases, leading to enhanced WU values. While higher
water content variants might be beneficial, they tend to swell more [147]. Gener-
ally, higher IECs and moderate WU AEMs lead to better performance (lower cell
potentials and optimized water transport) in CO2E.

Table 6.1: Key Properties for the Synthetized RG-AEMs Made from 25 µm ETFE Films
at Room Temperature in the Cl− Form

Properties TMA-AEM MPY-AEM MPIP-AEM
IEC (mmol·g−1) 2.20 ± 0.02 2.07 ± 0.05 2.09 ± 0.07

Fully hydrated thickness (µm) 56 ± 2 72 ± 2 69 ± 3
σCl− at room temperature (mS·cm−1) 18 ± 1 23 ± 2 18 ± 1

Area swelling on hydration (%) 19 ± 3 32 ± 10 47 ± 18
Gravimetric WU (% wt.) 33 ± 1 82 ± 13 85 ± 19

λ(H2O molecules per exchange site) 8 ± 1 22 ± 4 23± 5

6.2.3 Measurements of the ionic-conductivity

The in-plane Cl− and HCO3
− anion conductivities of fully hydrated RG-AEM

samples between room temperature and 80 °C were measured. Values are reported
in Cl− form RG-AEMs before any alkaline reagent exposure that risks trace degra-
dations and changes in nano/micro-morphology. However, I also quantified the ionic
conductivity in values for HCO3

−, as it is one of the main ion carriers in CO2E.

Results for the different synthesized membranes and comparison with commercial
Sustainion X37-50 RT are presented in Figure 6.2. For the 25 µm ETFE RG-AEMs,
a comparison of the measured HCO3

− conductivities above 80 °C showed that the
MPIP-AEM had slightly lower values than the TMA- and MPY-AEMs. RG-AEMs
display higher conductivities than Sustainion due to ion mobility and diffusivity
differences between ions and the AEM microchannel structure. In addition, it
is expected that Sustainion degrades at elevated temperatures, resulting in low
membrane conductivity [92].
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Figure 6.2: In-plane HCO3
− conductivities (in water) for MPIP, TMA, and MPY-AEMs

(made from 25 µm ETFE) and Sustainion X37-50 RT at different temperatures.

6.3 Electrochemical testing

Results of CO2 electrolysis with different AEMs over Ag-electrocatalysts are shown
in Figure 6.3. The experiments were carried out in galvanostatic mode at different
current densities ranging from 100 to 300 mA·cm−2, with CO and H2 being the
primary products. The total Faradaic Efficiencies were less than 100% due to
unaccounted formate (HCOO−) being transported to the anolyte (ca. 20%) [64].

Both MPY-AEM and MPIP-AEM showed similar product selectivities, with the
MPIP-AEM reaching a maximum CO production rate of 5.6 mmol·h−1·cm−2 at
200 mA·cm−2 (Ecell=-3.1 V). With these two RG-AEMs, the selectivity towards
CO was favored at total current densities < 250 mA·cm−2 (FECO = 70–87%),
but less so at 300 mA·cm−2 (FECO < 60%), where HER dominate due to either
cathode flooding or localized mass transfer issues. MPY-AEM exhibits noticeably
lower FECO values than MPIP-AEM at >200 mA·cm−2. In comparison, lower WU
TMA-AEM exhibits smaller CO selectivities compared to MPY- and MPIP-AEM
with FECO < 50% at > 200 mA·cm−2 (along with 250 mV additional overpotential).

Water management can be affected by the nature of the AEM (e.g., QA chemistry)
and the water content. To assess the effects of each RG-AEM, I used the metrics
water uptake (WU) and the hydration number (λ). It is critical to emphasize
that these are average bulk properties, which cannot provide information regard-
ing the nano/micro-distribution of water-containing channels within hydrophilic-
hydrophobic phase-separated AEMs, but they provide insights into the net water
transport within CO2E cells. Generally, water crosses the AEM by electro-osmotic
drag (cathode to anode) and by diffusion or hydraulic permeation (anode to cath-
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6.4. EVALUATING THE THICKNESS EFFECT ON WATER TRANSPORT AND
CO2 ELECTROLYSIS PERFORMANCE

Figure 6.3: Product distribution and cell potentials at room temperature for CO2E with
the different RG-AEMs (made from 25 µm ETFE) as a function of the total current density
using Ag electrocatalysts and 0.1 M HCO3

−: TMA-, MPY-, and MPIP-AEM.

ode). For our low WU TMA-AEM (λ= 8), we observed a faster cathode flooding at
jtotal > 200 mA·cm−2 compared to the higher WU MPY- and MPIP-AEMs (λ> 22),
potentially caused by a rise in the water flux to the cathode or a possible decrease
in the electroosmotic drag coefficient.

MPIP-AEM and MPY-AEM exhibit a counter-intuitive phenomenon when switch-
ing between 250 mA·cm−2 and 300 mA·cm−2, as the cell potential drops at
higher current densities. A similar phenomenon was observed when the device
was starved for CO2, resulting in an inability to form carbonate anions and a
switch to predominate OH− anion formation. AEMs are most conductible when
in their OH− form, so an increase in their OH− ion concentration reduces the cell
potential [80]. However, this starving of CO2 also entails CO2 electrolysis becoming
less selective in favor of HER. Moreover, incorporating heterocyclic-QA groups
may provide a phase-separated morphology with a more efficient ion transport
framework with the electrostatic repulsion of self-aggregated QA groups within
hydrophilic domains, resulting in preferential OH− transport of the type of Grotthuss
(weakening OH binding to the cationic sites) [148]. The evaluation of the anodic
CO2/O2 discharge ratios in RG-AEMs showed a decline in the ratio at higher current
densities, confirming the switch to OH− (Appendix A.1.6).

6.4 Evaluating the thickness effect on water transport and
CO2 electrolysis performance

On the other hand, significant differences between RG-AEMs were observed from
different ETFE substrate thicknesses (25 µm vs. 50 µm). Those fabricated from
thicker 50 µm ETFE had a lower degree of grafting (68% compared to 79% for 25
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µm ETFE). Figure 6.4a showed the results of the jCO for RG-AEMs with different
functionalized groups and thicknesses.

Figure 6.4: a). Effect of thickness on the CO partial current density for the RG-AEMs
made from 25 and 50 µm ETFE substrate films, and b). Hydraulic water permeation as
a function of pressure gradient for different AEMs.

These results showed that reducing RG-AEM thicknesses increased selectivity and
activity independently of the headgroup. Moreover, thicker membranes (50 µm
ETFE) appeared to enhance electrode flooding as opposed to thinner membranes
(25 µm ETFE), due to increased water accumulation at the cathode. For those
membranes, a rise in cell potential to compensate for the higher ohmic resistance
may accelerate the loss of the GDE hydrophilicity. In addition, the higher IECs
for the thinner RG-AEMs led to higher water contents and Cl− conductivities (at
25 °C) compared to thicker analogs, and the lower water contents of the thicker
versions led to lower CO2E performances

Similarly, the thickness of the membrane can also influence overall water trans-
port at high current densities since it can influence the hydraulic permeation flux
(JHP ) across the AEM (Figure 6.4b) [107]. I recognize that accurately measur-
ing hydraulic water permeation across the membrane in this MEA is difficult.
In gas-fed CO2 electrolysis, it is necessary to consider the impact of other water
transport(electroosmotic drag and diffusion fluxes) and vapor (from the humidified
gas and liquid phases) mechanisms. To do this, it would be necessary to conduct
independent studies of the hydraulic permeation between phases, depending on the
operating conditions, as it wouldn’t be possible to decouple the effect of each indi-
vidual mechanism just by studying one mechanism [149]. Nevertheless, I conducted
additional ex-situ measurements of water permeation for our various membranes
by using a reservoir below the electrochemical cell (assembled just with AEM and
gaskets in between to prevent any potential GDE effects) and a water reservoir
above the cell with a pressure controller that applied Ar-gas pressure.

Membranes with low water content and uptake (such as TMA) appear to have
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lower water permeability since they have hydrophilic channels with smaller and
less segregated channels. Membranes with higher water content are expected to
provide expanded and interconnected water channels, enhancing water permeability,
as observed for membranes with cyclic QA (MPIP or MPY), Sustainion X37-50
RT, and PiperION. In addition, membranes with water content might improve ion
mobility, favoring the Grotthuss mechanism (structural diffusion by cleavage of
hydrogen bonds with neighboring hydration shells) and vehicular processes (surface-
site hopping) as water molecules interact with the functional groups in the polymer,
which could also enhance permeability [80].

In terms of thickness, there is a direct correlation between thickness and water
permeation. The water permeability results showed that increasing membrane
thickness increases the hydraulic water permeation flux. PiperION (the thinnest
measured membrane) exhibited the highest value, while E50-TMA was the lowest.
It is expected that thinner AEMs provide better performance towards CO2R as they
tend to favor the water back-convective flux from the cathode to the anode, resulting
in more even through-plane water distribution and increasing the hydration in the
membrane locally [107].

6.5 Comparison of RG-AEMs with commercial membranes

6.5.1 Studies in terms of cell potentials and product selectivity

I conducted comparative studies with other commercial AEMs (Figure 6.5) to demon-
strate the potential benefits and applicability of this newly developed generation of
ETFE-based RG-AEMs for CO2E.

Figure 6.5: Product distribution and cell potentials for CO2E cells operating at jtotal =
150 mA·cm−2 at RT with different AEMs.
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Based on the results, MPIP-AEM is comparable to the best commercial membranes,
with MPY-AEM only slightly behind. However, under the same experimental
conditions at room temperature, FAA-3-50, Selemion AMV, and TMA-AEM appear
less competitive regarding cell potential and selectivity. MPIP-AEM had high FECO

values with low cell potentials, similar to Sustainion® X37-50 RT and PiperION.
TMA-AEM and Fumasep FAA-3, however, showed higher cell potentials (270 mV
and 500 mV higher than MPIP-AEM, respectively). Compared to all the AEMs
tested, which had different chemistries, cation transfer numbers, and thickness, it
isn’t easy to compare their performance directly [23]. However, it can be discerned
that the AEMs with lower WUs (Fumasep® FAA-3-50, TMA-AEM, and Selemion®
AMV) showed higher potentials and lower CO selectivities, consistent with argu-
ments made vide supra (on the effect of the hydrophobic nature of the headgroups)
[111].

6.5.2 Chemical and thermal stability of AEMs

As mentioned in Chapter 4, any potential commercial CO2 electrolyzer would require
operating at temperatures significantly above ambient temperatures due to its gen-
erated resistive heat. In addition, temperature influences the water management and
ionic conductivity across the AEM (Figure 6.2). However, excessive temperatures
may compromise the stability of AEMs due to alkali-derived degradation of the QA
groups (or polymer backbones). Therefore, I conducted experiments at different
operating temperatures to assess the thermal stability of MPIP-AEM compared to
Sustainion® X37-50 RT (Figure 6.6).

Figure 6.6: Effect of the operating temperature on the cell potential and Faradaic
Efficiency for both AEMs E25-MPIP and Sustainion X37-50 RT.
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At lower temperatures (< 40 °C), the MPIP-AEM resulted in slightly higher oper-
ating potentials and similar H2 selectivity compared to Sustainion® X37-50 RT. In
contrast, MPIP membranes exhibited a consistent trend at 60°C in terms of CO2-
reduced products vs. HER, compared to Sustainion® as it exhibited an increase
in H2 selectivity. The cell potential with Sustainion® also declined more rapidly at
this temperature [150]. While a decrease in potential is generally favorable, this may
indicate that the AEM has stability issues (degradation of functional groups and/or
mechanical modifications), leading to the electrode flooding. Figure 6.2 also hints
Sustainion® AEM degradation above 60 °C as the conductivity starts to decrease
above this temperature. The MPIP-AEM was stable even at higher temperatures, as
I could even perform experiments at 90 °C, still with stable performance (Appendix
A.1.6).

6.5.3 Product crossover

A final feature was investigating the product crossover across the AEM. This exper-
iment compared the MPIP-AEM developed in this work with different commercial
membranes. A switch to sputtered Cu catalyst led to a range of C1 and C2+

products, allowing a better understanding of the crossover properties of the various
AEMs (Figure 6.7).

Figure 6.7: a) Product distribution and cell potentials obtained with a CO2E cell
containing a Cu catalyst and various AEMs, when operating at 150 mA·cm−2 at RT
b) Product distributions detected at the anode. The right-hand axis relates the anodic
ethanol Faradaic Efficiency as a function of the total ethanol FE.

It was reassuring to observe that all AEMs showed similar selectivity for experiments
with similar potentials. The only notable exception was HER selectivity, which was
expected to be primarily related to in-situ water management. FAA-3-50 gave the
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highest HER selectivity, with MPIP-AEM giving the lowest. In contrast, the liquid
crossover was similar across all the AEMs tested. Using an MEA approach, any
volatile liquid product (e.g., ethanol, allyl alcohol, and propanol) can evaporate from
the GDE. Despite minor differences, MPIP-AEM had the lowest ethanol crossover
compared to the commercial membranes, demonstrating some potential benefits of
the RG-AEM morphology and chemistry in regulating neutral product crossover.
In contrast, there were no notable differences in (negatively charged) acetate and
formate crossover among the different AEMs.

6.6 Long-term experiment for RG-MPIP AEM

As I intend to test the efficacy of these newly developed membranes under industri-
ally relevant conditions, I chose the RG-MPIP membrane for long-term experiments
due to its versatility in terms of conductivity and water management. The down-
selected MPIP-AEM was tested at RT for 200 hours (Figure 6.8). The results showed
only minor oscillations in the cell potential (ca. 100 mV) and stable CO selectivity
(FECO = 80–85%).

Figure 6.8: 200 h long-term stability test of a room-temperature CO2E cell operating
at 150 mA·cm−2 and containing the MPIP-AEM (Ag-based electrocatalyst and 0.1 M
KHCO3 anolyte).

A similar experiment with Sustainion® X37-50 RT showed less stability, with HER
increasing over 100 hours (Appendix A.1.6). While my results do not show the
stable operation with Sustainion® reported in the literature, the experiment was
replicated multiple times, yielding the same trend. It should be noted that RG-
AEMs are substantially easier to handle (more flexible and mechanically robust,
without the addition of extrinsic plasticizers) compared to the Sustainion® X37-50
RT, which may contribute to the unsuccessful durability tests with this membrane.
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6.7 Modifying AEM properties

Adding N-methylpiperidinium (MPIP) functionalized QA group has demonstrated
a positive effect in the CO2E. Therefore, further improvements to this AEM are
considered to optimize its mechanical and chemical properties. This section corre-
lates CO2E trends with the membrane microstructure by understanding the effect of
IEC in membranes with the same functionalized group, the benefits of introducing
covalent crosslinking agents into RG-AEMs and evaluating the effect of amine
abundance on final amination effects. Results in this section are just a baseline of
possible strategies for first batches with modified features. These provided insight
into optimizing them and have led to further research on the topic.

Figure 6.9: Different strategies to improve the MPIP-AEM performance through the
addition of crosslinking agents, varying the amination composition ratio and the IEC.

Firstly, based on the amination method, I will address the effects on performance.
CP results showed a higher operating potential for the sample with the stoichiometric
amount (MPIP 1.1) than MPIP(EX). The phenomenon might result from limited
ion transport across the membrane (electrowetting and intramolecular interactions
between functionalized groups. MPIP(EX) measurements exhibited higher selec-
tivities for CO2 products (maximum FECO= 82% ). At the same time, an abrupt
shift to HER is visible in the sample MPIP(1.1) at current densities above 100
mA·cm−2. Those differences could be explained by the membranes’ different IEC
and ion conductivity. As expected, low amination content has a negative effect on
CO2E.

By contrast, I observed differences in the performance when TMHDA was added
as a crosslinking agent. Adding 10% mol THMDA to the membrane decreased
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CO selectivity by 20-40%, compared with adding 5%, which failed to exhibit any
benefit in CO2E. As a result, adding a covalent crosslinking agent might have a
limited effect on this application. However, the MPIP-AEM crosslinking method
has not been optimized, so further studies are needed to determine its effect. Finally,
two different membranes with IEC were tested (low IEC=1.7 mmol·g−1 and high
IEC=2.3 mmol·g−1). Results showed a minor difference in cell potentials, while
AEM with higher IEC exhibit slightly higher CO selectivity above 100 mA·cm−2.
However, even though the membrane with higher IEC showed similar results to
MPIP(EX), the higher IEC can cause excessive swelling, diluting the charge carrier
concentration and reducing conductivity and mechanical robustness.

6.8 Summary

In this Chapter, I presented a new AEM generation for CO2E. Through characteri-
zation and electrochemical testing, the following conclusion could be drawn:

• QA groups (TMA, MPIP, and MPY) in ETFE substate have exhibited desired
transport, chemical, and mechanical properties, including high IEC (above
2 mmol·g−1 ), ionic conductivities, moderate water uptake, and low ohmic
resistances (< 0.6 Ω·cm2).

• Tailored properties of these membranes make them suitable for CO2E in MEA
configurations. Their mechanical flexibility and robustness make them easily
handled during cell assembly, whereas they provide comparable performance
to commercial membranes.

• Operation using thinner membranes with MPIP-headgroup yielded the highest
CO selectivity (>80%) over Ag-electrocatalysts at higher current densities
(Ecell=-2.9-3.3 V), owing to improved water and ionic transport within the
system.

• The use of cycloaliphatic headgroups in RG-AEMs proved thermal and chem-
ical stability under different reaction conditions (e.g., operation temperatures,
electrolyte) and, to some extent, reduced the product crossover.

• RG-MPIP achieved stable operation for 200 h at 150 mA·cm−2 with high CO
selectivity (80-85%) at RT conditions.

• Different strategies for improving the mechanical and chemical properties of
RG-MPIP AEMs did not exhibit the expected results. The addition of crosslink-
ing agents or the control of amine composition increased the cell potential and
enhanced HER. However, IEC variations did not show significant differences
between the membranes (as those values were higher enough).
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Chapter 7

Other strategies to improve the CO2E
performance
Contribution
Dr. Asger Moss designed the control system to adjust the reflux ratio and measure
the streams across the reaction system. Dr- Terry Wilson and Prof. John Varcoe
synthesized and characterized the ionomers powders at the University of Surrey.

7.1 Chapter Overview

Current low CO2 conversion rates and limited performance at long operational
times contribute to the inability of CO2E to be commercialized and implemented
on an industrial scale. Therefore, I proposed additional alternatives besides those in
Chapters 4-6 to address the limitations regarding stability and conversion. By in-
corporating both ionic functionalities (hydrophobic and hydrophilic units), ionomers
might help increase gas transport and improve reaction microenvironments in CO2E.
As part of this study, I evaluated different CEIs and AEIs (same ionomer units
used in AEM synthesis). I coated them onto Cu-GDEs to quantify their effects
on gas transport, product distribution, and stability. Another strategy involves
the addition of a recycling line after the cell to enhance CO2 conversion, similar
to most current industrial processes. A recycling loop increases CO2 conversion to
more highly reduced species than a single-pass operation by selectively consuming
unreacted CO2 and operating at lower overpotentials [151]. Therefore, part of this
chapter will evaluate the effect of implementing a recycling line and study the
operational viability regarding CO2 conversion and stability. Lastly, I evaluated
the effect of pressure on CO2 coverage and water management in MEA systems.

7.2 Use of ionomers for CO2E

This section describes the effects of AEIs (anion exchange ionomers that contain QA
and imidazolium-based groups) and CEIs (cation exchange ionomers composed of
perflourosulfonic acid groups) on a catalyst layer to gain insight into the interactions
at the ionomer-catalyst interface and their subsequent effect on CO2E. To achieve
this, I prepared Cu-based catalysts coated with an ionomer layer. Their surface
morphology, product distribution, and measurements of activity and capacitance
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during the operation were evaluated by characterization and electrochemical testing.
These coatings can facilitate gas transport, activity, and GDE durability by creating
an optimal microenvironment, thereby reducing electrode flooding and improving
mass transport rates and kinetic performance. The approach described here can be
a general guideline for improving gas-fed electrolysis operations.

7.2.1 Properties and characterization of the ionomers

Nafion was used as CEI, while the tested AEIs corresponded to commercial vinyl-
benzyl methylimidazolium (Sustainion XA-9) in suspension, PTFE, and synthe-
sized trimethylammonium (TMA), benzyl-N-methylpyrrolidinium (MPY), benzyl-
N-methylpiperidinum (MPIP). These ionomers were synthesized via radiation graft-
ing (the same way AEMs were prepared) and aminated with TMA, MPY, and MPIP.
Table 7.1 summarizes some physical properties of the RG-AEIs. The lower IECs are
attributed to the increased molecular masses of the larger quaternary ammonium
head groups. In addition, the contact angle measurements are presented for the
prepared AEI (other values were taken from the literature for comparison a:[152],
b:[88], c:[153]; P.S stands for particle size).

Table 7.1: Key properties of ionomers used in this study

Properties TMA MPY MPIP Nafiona XI-9b PTFEc

IEC mmol·g−1 2.09 ± 0.1 2.00 ± 0.1 1.85 ± 0.1 0.93 1.2 N.S
P.S (µm) 1.96 ± 0.2 1.11 ± 0.1 1.18 ± 0.1 N.S N.S 2.0

C.Angle (°) 98 ± 5 107± 6 103 ± 2 120 ± 5 >90 135

As expected, the results of the measured IEC were similar to those found in Table 6.1.
As evidenced by contact angle measurements, all ionomers conferred a hydrophobic
nature on the GDE due to their polymeric structure, as indicated by the fact that
all samples had water contact angles greater than 90°. XPS characterization of the
ionomers revealed the presence of principal ionic groups, which can be used to verify
the coating in the CL and determine if contaminants are present at the surface after
the coating (e.g., Nafion has fluorine groups, whereas RG-AEIs have Cl− features
due to their -CH2Cl groups). Finally, some cross-sectional SEM coupled with EDX
was performed on the GDE, consisting of interwoven MPS (carbon fibers) with an
MPL and CL, to verify the presence of the top layer of the ionomer.

7.2.2 Effects of the coated-ionomer and mass loading

Ionomers serve various functions in the CL, including immobilization of the catalyst
particles on the GDL surface (binder), modulation of wettability, formation of
porous structures to improve mass transfers, and improvement in ionic conductivity.
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To evaluate the role of ionomers, commercial GDLs were sprayed with homoge-
nized catalyst inks containing Cu nanoparticles, IEI (ionic-exchange ionomer), and
IPA:water to form catalyst layers (maintaining a total loading of 1 mg·cm−2).

At first, I investigated how ionomer-coated Cu affects CO2R by performing linear
sweep voltammetry (LSV) at different potentials to compare the activity of bare
Cu with various Cu/ionomer catalysts (Figure 7.1a). According to polarization
curves, all catalysts containing ionomers significantly enhanced the CO2R current
(2-fold increase in total current). I found that adding ionomers increased the activity
by two-fold for Cu/PTFE, 2.8-fold for Cu/Nafion, and three-fold for Cu/MPIP
compared with Cu-GDE.

Figure 7.1: Catalyst screening through polarization curve a). Effect of different CEI and
AEIs in Cu-GDE b). Effect of the ionomer loading in the catalyst activity.

While LSV scan time is short of conducting product analysis, in further sections, I
could corroborate that even at 200 mA·cm−2, samples with HER remained below
10%, compared to bare Cu, which increases up to 60%. I attributed the activity
enhancement to hydrophobicity, transport enhancement, and electric field effects
from adding ionomers. Although I did not study the reason behind this increase in
current density, literature reports have shown that PFSA or QA ions promote CO2R
through specific non-covalent interactions with CO2 intermediates (*CO stabiliza-
tion). The effect of gas availability on gas transport has been confirmed by Garcia
de Arquer et al. [63] and Møller et al.[93] through different reaction mechanisms
(COR or ORR), showing such effect and reduced ionic resistance.

By tuning the Cu/ionomer loading, I can assess the effect of the ionomer layer
thickness. For that, I used Cu/Nafion for this study, as it has been a well-studied
ionomer for CO2R. The dramatic impact of ionomer loading on the synthesized
electrodes was found to be independent of the ionomer´s chemistry (Figure 7.1b).
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By increasing the loading by 10 /textmu m·cm−2, the current density increases
to 250 mA·cm−2 at -3 V. Loadings above 20 textmu m·cm−2 result in lower
performance, likely due to increased diffusion resistance, as increasing quantities of
ionomer in the catalytic layer represent a barrier to the mass transport of reactive
species.

7.2.3 Effect of the ionomer layer in product distribution

A preliminary indicator of the effect on CO2 availability is product quantification.
I performed CP experiments at cell 200 mA·cm−2 for two hours for each sample.
I chose this condition, as in my research group, we have found it as a threshold
for GDE-flooding. According to Figure 7.2, slight differences were observed in the
selectivity of C1 and C2+ for electrodes with the ionomer compared to bare Cu-
GDE. The use of TMA and MPY ionomers seemed to enhance the HER, related to
their high WU and IEC (FEHER=>35%). MPIP, PTFE, and Nafion showed higher
selectivity towards carbon products than bare-Cu.

Figure 7.2: Product Distribution of CO2 with Cu-based electrodes coated with different
ionomers at 200 mA·cm−2.

Interestingly, minor differences have been seen between using CEIs or AEIs, as prod-
uct distribution towards Cu-MPIP and Cu-Nafion didn’t show any major difference
in selectivity and cell potential. In theory, the chemistry effect of different ionomers
should promote different effects, as reported in literature [113]. AEI should increase
the local ratio of CO2/H2O, while CEI prevents carbonate species from entering the
catalyst’s microenvironment. Nevertheless, the enhanced selectivity of C2+ products
using MPIP and Nafion ionomers can be explained by Donnan exclusion at the
interface between Cu and the ionomer. The difference between these ionomers is
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the background charge, which is positive for MPIP and negative for Nafion. Despite
MPIP’s affinity for anions, its hydrophobicity features and heterocyclic QA groups
(moderate WU) regulate the water penetration into its GDE, which means it could
delay flooding. Nafion is expected to exclude anions from the surface, resulting in a
higher local pH due to accumulated CO2R-generated OH− at the Cu surface, which
favors the C2+ selectivity [63].

7.2.4 Effects of the ionomers on double layer capacitance

I can correlate the CO2 mass transport, electrowetting, and electrode flooding by
double-layer capacitance (DLC) measurements. My experiments here were divided
into two groups, one with just Cu-GDE and testing at different current densities,
and another with varying NP/ionomer compositions (10-50% wt.) and studying
how they affected the capacitance by varying MPIP loadings.

Figure 7.3: Tracking the electrode flooding by DLC measurements as a function of the
ionomer content and current density.

The degree of wetting is an essential parameter in GDE because it determines the
amount of catalyst that comes into contact with the electrolyte. As a result, I
measured DLC after electrolysis at each current density to determine how adding
an ionomer affects electrode flooding. When not using ionomers, I found a direct
correlation between current density, capacitance, and flooding, similar to the ob-
servations reported by Leonard et al.[84]. A rise in capacitance at current densities
above 200 mA·cm−2 using bare Cu can be attributed to high electrowetting and
GDE flooding (spikes in capacitance corresponded to an increase in HER, based on
product quantification). However, the capacitance of the electrode decreases when
the ionomer is added. The ionomer might reduce the water/electrolyte viscosity and
surface tension at the surface, allowing less water penetration through the catalyst
layer. Furthermore, samples containing more than 20% wt. resulted in an increase
in DLC, which could be explained as higher ionomer loading might block the pores
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and active sites in the CL. Comparison of bare Cu with Cu/MPIP 10% wt. (2.87
mF·cm−2vs. 1.17 mF·cm−2) showed more than 2.5 fold increase in the capacitance.
The low capacitance at such loading may be caused by hydrophobic backbones
orienting themselves toward the copper surface on its surface beforehand, decreasing
the overall charge on its surface. Variations at higher MPIP loadings (>20 wt%.)
may be caused by the orientation of hydrophobic and hydrophilic functionalities in
the ionomers, making hydrochannels accessible, promoting water penetration and
enhanced charging in the DLC.

7.2.5 Long-term experiment

The stability of tandem electrodes has been examined using Cu/MPIP(10%) -GDE
at 200 mA·cm−2, incorporating temperature, at the same conditions as the other
long-term experiment done for the tandem catalyst in section 5.6.

Figure 7.4: Long-term experiment of Cu-GDE with 10% wt. MPIP coupled operated at
elevated temperatures (60°C) at 200 mA·cm−2 and 0.1 M CsHCO3.

Over the 50 hours, the tandem electrode maintained stable operation (-2.76 V)
with only minor changes in selectivity for main products. Due to the ionomer and
operating at elevated temperatures, the HER was kept below 20%. The maximum
ethanol selectivity was achieved in the first six hours and then decreased to 18%
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after 50 hours, while ethylene selectivity kept stable (22%) over the experiment.
Like the stability test results in Figure 5.10, CO remains the main product, and
I attribute it to temperature rather than the ionomer itself. A failure in the GC
equipment ended the experiment after 50 h, rather than an electrochemical effect,
which encouraged its use of this strategy for further stability testing (as I coupled
in an experiment in Chapter 8).

7.3 Introducing a recycling line in CO2E

Throughout this section, I examined the effects of recycling lines under varying
operating conditions, including reflux ratios (between the inlet and outlet flow lines),
CO2 feeding rates, and current densities. The experiments have been conducted
using MEA-type cells and Ag electrodes since they primarily produce CO, simpli-
fying the analysis of other possible products formed by side reactions. At first,
I conducted CO2 single-pass experiments to understand better the mechanism’s
nature, including its relationship with feeding rate and partial current density.
Further experiments focused on implementing a closed-loop system, using a pumping
system and valves to ensure some control of the flow fed directly back into the cell.
Finally, optimal conditions were implemented to evaluate the effect of recycling in
long-term experiments.

7.3.1 CO2 single-pass conversion studies

CO22 single-pass conversion experiments were conducted to demonstrate the effect
of feeding rates and current density. Figure 7.5a shows the Faradaic efficiency of
CO at different current densities and flow rates, and Figure 7.5b is the fraction of
CO2 converted to CO. The compositions of the gaseous products were taken from
the last three measurements.

Results of these measurements indicate a proportional relationship between the
CO2 feeding rate and the conversion of CO2 to CO. This is consistent with the
findings of Jeng and Jiao [94]. As observed in Figure 7.5b, operations at lower
current densities (<50 mA·cm−2) provided similar CO partial current densities
(jCO) regardless of the CO2 inlet feeding rates as the CO2E is controlled by kinetics
and ohmic resistances in this region. At higher current densities, jCO depend on the
feed rate, showing a clear dependence on CO2 mass transport, as operation beyond
150 mA·cm−2, jCO decrease significantly, likely due to mass transfer limitations
[86].

By integrating electrochemical and homogeneous reactions, it is possible that for
each CO2 converted to CO, another one is consumed by carbonate formation in
parallel. This phenomenon happens under the assumption that all produced hy-
droxyl groups combine with CO2 to form carbonates, setting a practical, theoretical
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Figure 7.5: CO2R at different CO2 feeding rates and current density: (a) CO partial
current density and (b) CO2 single-pass conversion to CO.

limit of 50% CO2 conversion to CO as it was also described by Jeng and Jiao, using
Ag-electrocatalyst [94]. The experimental results support the previous statement,
where the maximum achieved value was 23% at 5 mL·min−1 and 150 mA·cm−2.
However, the CO2 conversion for my experiments is lower than those reported in the
literature, likely to differences in the cell’s configuration and reaction conditions.

7.3.2 Effect of the Reflux Ratio

Using a recycling line is expected to improve the conversion of the unreacted CO2

of the single-pass, thus overcoming the limitations of the CO2R. Initially, the outlet
flow introduced back into the inlet CO2 flow is controlled by the reflux ratio (RR),
defined as R=F7/F5 (see Appendix A.1.7 for general balance). These experiments
were repeated twice using a new anode, cathode, and AEM to verify reproducibility
and isolate inherent errors. For each run, the inlet CO2 flow was 50 mL·min−1,
operating in galvanostatic mode at 100 mA·cm−2 for two hours. A comparison of
Faradaic Efficiency at five different reflux ratios is shown in Figure 7.6.

Performance presented similar selectivities for all RR, with CO being 70% to 80%
and H2 being 10-15% (the remaining Faradaic Efficiency is likely to be formate).
These results indicate that the reflux ratio (and regeneration line) had a negligible
effect on the selectivity and the production rate, compared to the experiments
of the single-pass at the defined conditions (maximum CO production rate of 3.5
mmol·h−1·cm−2 with the recycling loop (RR=1.5) vs. 3.2 mmol·h−1·cm−2 with-
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Figure 7.6: Effect of the reflux ratio in CO2 selectivity to CO at 150 mA·cm−2

out at 100 mA·cm−2).

Such small variations could be correlated to the coverage of the adsorbed CO2 at the
surface. Such parameter can be expressed asΘCO2 =Θ*·[CO2]·exp(−ECO2/R·T),
where Θ* is the coverage of available sites, [CO2] is the CO2 local concentration,
ECO2 is the CO2 adsorption energy and T is the temperature [44]. Adding the
recycling loop could increase the coverage of *CO2 on the catalyst surface and CO
formation at the beginning. However, if the saturation coverage is reached, it is
possible that the flux reaching the catalyst layer (CL) could be sufficient to get to
the active sites, meaning that the unreacted CO2 cannot be adsorbed in the surface,
and it cannot react before being desorbed [136]. Further studies on the recycling line
will focus on its effect on operating at high current densities and different feeding
rates.

7.3.3 Effect of adding the recycling line

Function of current densities
The following section focused on studying the influence of the current density at three
different conditions (no reflux and RR=1.5 and 3.0). These experiments consisted
of catalytic screening at different current densities (50-300 mA·cm−2) for two hours
for each run (Figure 7.7)

Studies on the effect of current density on CO formation showed that the loop line
increased selectivity for CO in the range of 50-100 mA·cm−2 over the CO2 single-
pass experiments. Nevertheless, at current densities of 200 mA·cm−2, the recycling
loop increases HER selectivity, as reintroducing unreacted CO2 and CO into the
cell at high pH conditions might accelerate the carbonation rate rather than CO2R.
On the other hand, I performed additional experiments at different feeding rates
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Figure 7.7: Comparing the performance between single-pass experiments and adding the
recycling line at different reflux ratios and current densities.

(adjusting the RR) and current densities to support the trend. The conversions
towards CO are reported without crossover effects (CO2 to carbonate formation,
but can easily be divided by two), and flows reported do not correspond to the
initial feeding rate but rather the flow in the system after including the recycling
line (feeding rate plus this value multiplied by the reflux ratio).

As shown in Figure 7.8, up to 38% CO2 was converted to CO (76% without crossover
effects) when an inlet flow of 5 mL·min−1 was applied at 200 mA·cm−2. This
increased CO selectivity is likely due to improved gas diffusivity and CO2 availability
from the recycling loop at such conditions. In contrast, when the current density is
higher than 200 mA·cm−2, there is an increase in H2 output due to a CO2 mass
transport-limitation regime. Decreasing the CO selectivity at such conditions using
the recycling loop could be explained since the unreacted CO2 and the produced CO
from the recycling loop would have fewer active sites (pore blockage, H-adsorption,
or water management) to adsorb on. Consequently, the unreacted CO2 will interact
with the OH− due to the current-induced build-up of alkalinity near the electrode
surface, enhancing the carbonate formation. While it is evident that the recycling
loop affects the conversion of CO2 to CO, it also promotes the formation of carbon-
ates, which resulted in an operation being limited to salt precipitation.

7.3.4 CO2R performance with the recycling loop at the low CO2 feeding
rates

As observed in Figure 7.8, operations adding the recycling loop are limited below
200 mA·cm−2. Initially, I conducted CP between 50-200 mA·cm−2 using the
same feeding rate (e.g., 10 mL·min−1 just with the feeding rate vs. 10 mL·min−1

with the addition of the recycling loop, Figure 7.9a). This experiment aimed to
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Figure 7.8: Study of the CO2 conversion as a function of CO2 feeding rate and current
density towards a).CO and b).carbonates.

determine if reducing feeding rates and extending residence times might improve
CO2 conversion. Three different CO2 feeding rates (5-15 mL·min−1) were tested,
and the experiment time for each of these measurements was approximately 4 hours,
where error bars represent an average of the last three GC injections (Figure 7.9b).

Results from Figure 7.9 showed that the maximum conversion of CO2 to CO is
around 27% at 100 mA·cm−2 versus 15% for single-pass experiments. Adding a
recycling loop improved CO conversion and Faradaic Efficiency. However, comparing
results between both different approaches exhibits surprisingly different trends. For
example, between 100 and 150 mA·cm−2, a positive effect is visible using a recycling
loop, where CO selectivity increases. This can be explained by increased local CO2

concentrations resulting from improved transport and a reduced pH gradient at the
interface. Likewise, it is interesting that at 50 mA·cm−2, the loop has no significant
effect on CO selectivity, although there are no significant engineering limitations
(i.e., mass transfer) under those conditions. Further measurements (capacitance
and capillary pressure) can clarify why it is advantageous to use a recycling line
under these conditions.

Several challenges were encountered in translating these results from porous Ag
membranes to carbon paper-based GDLs. The performance of recycling loops with
GDLs was limited by the instability of the GDE (GDE flooding and electrowetting)
after short operating times, as previously reported in the literature but apparently
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Figure 7.9: Electrochemical CO2 reduction at low CO2 feeding rate a) Product distribution
at different current densities and comparison between single-pass and recycling line
configurations at 5 mL·min−1 b). Faradaic Efficiency and conversion at different feeding
rates.

less evident in single-pass experiments. The cause of the limited performance is
unclear, but it may be related to GDE’s inherent characteristics (e.g., porosity),
which limit recycling loop implementation. Yet, in porous substrates (Ag-GDL), it
seemed that the recycling loop might have some benefit in improving CO2 conversion
to some extent.

7.3.5 Long-term experiment

Having defined all the optimal operating conditions, a ”stability test” was performed,
where a constant current density was applied, and products were quantified every
ca.20 minutes for 6-10 hours. During the first three hours, CO production gradually
increased before reaching a maximum value of 31%, remaining stable for 1 hour.
Afterward, the decay continued until another plateau was reached at 24-27% and
remained there for the rest of the experiment.

Even though FECO=31% was achieved with 100 mA·cm−2 using the recycling loop,
this value is below the theoretical limit, meaning that I have low CO2 utilization or
the carbonate formation still has a significant effect on the loop on CO2 consump-
tion in neutral and alkaline media. Further studies on a detailed carbon balance
and crossover will provide more insight into the above statement and provide new
alternatives to overcome the current limitations of the recycling loop line. While
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Figure 7.10: CO2 conversion profile at longer-time experiment at 100 mA·cm−2

it was possible to estimate how much carbonate is produced, it is still necessary to
make more precise measurements to determine to what extent the recycling loop
contributes to carbonate formation. Furthermore, modifications to the substrate,
such as improving hydrophobicity or gas-ion transport, may help overcome these
limitations in the CO2 conversion process in single-pass experiments or implement
the recycling line to enhance the selectivity for C2+.

7.4 Manipulating the backpressure

It has been shown that the partial pressure of CO2 directly influences the rate of
CO2 mass transfer to the electrode surface due to the relationship between CO2

solubility and solvent solubility[16]. Nevertheless, operating CO2 electrolyzers at
high pressure requires balancing the pressure between the cathode and anode to
prevent damage to the AEM and maintain reliable operation. Pressure imbalances
can be caused by gas products formed at the cathode or anode, even at ambient
pressure, or by backpressure from the attached in-situ gas chromatograph, affecting
water transport and mechanical AEM robustness [54].

The possibility of using thicker membranes to reduce pressure gradients has been
suggested [107]. However, I demonstrated that thicker AEMs increase the resistance
losses and cause water imbalances, accelerating flooding, due to higher hydraulic
permeation gradients (see Chapter 6 for a detailed description of such phenomena).
Therefore, manipulating the backpressure across both channels of the electrolyzer
has been implemented to manipulate *CO2 coverage at the electrode surface (by
increasing CO2 feed concentration) and mitigate flooding effects. Thus, I conducted
a study in which I varied the backpressure (0-1000 mbar in both channels) to control
water drag and enhance GDE stability.
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7.4.1 Experimental Setup

A description of the reaction setup can be found in Chapter 3, which was the
same one used for this set of experiments. It is necessary, however, to make some
modifications, including adding two backpressure regulators at the gas outlet streams
of the electrolyzer.

Backpressure regulators: A set of Equilibar LF Series Precision dome-loaded back-
pressure regulators from the Dutch company Pressure Solutions were mounted in
the system. They do not measure the pressure directly in the gas stream but
instead regulate the flow using a diaphragm. The diaphragm is opened only when
the pressure of the regulated gas is greater than the externally controlled pilot
pressure. The regulators, which can be used for gases and liquids, were constructed
with diaphragm material PGL4.2 and mounted after the cell. To control the pilot
pressure, a dual valve pressure controller model PCS-DRP70 was utilized, and
the electronics have been replaced with a more robust system from Widgetlords
Electronics.

Application of cell’s backpressure: Pressure sensors were used to monitor the cell
pressure, and the applied backpressure to the system is defined by the difference
between the cathode (pcat) and anode (pan). In the first set of experiments, the
pressure difference was varied between 0-1000 mbar, and electrolysis was performed
at 200 mA·cm−2. Such experiments allowed me to see the threshold pressure at
which pressure would cause water to penetrate the GDE and evaluate whether there
was any visible effect on the mechanical strength of the membrane. Further studies
focused on varying the pressure difference in the different reaction channels, the
feeding rate, and operation long-term to evaluate the effects on product selectivity
and stability (linked to the switch towards HER).

7.4.2 Screening of different cell backpressure in MEA systems

First of all, I examined the effects of backpressure on local CO2 concentration and
CO2R activity. In Figure 7.11, the Faradaic Efficiency of gas products is depicted
as a function of cell overpressure (backpressure). Specifically, I study the selectivity
of three products: H2, which I link to GDE failure and low CO2R activity, CO (as
the primary intermediate towards C2+), and C2H4 (an indicator of C2+ selectivity).
Each measurement at different was conducted at 200 mA·cm−2 for two hours.

At overpressure below 500 mbar, the HER selectivity is suppressed by less than
20%, whereas in the base case (no overpressure), the HER was already around 35%
in just two hours, and becoming dominant over time. A cell overpressure threshold
of 600 mbar defined the maximum point in my system where I observed HER shifts
(from 11% at 100 mbar to 25% at 600 mbar, even to 46% at 1 bar overpressure).
The selectivity towards CO with 28% was found at 200 mbar, while the selectivity
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Figure 7.11: Product distribution and cell potential by applying different cell overpressure
through regulation.

towards C2H4 did not change significantly due to the effect of backpressure (20-25%
from 200 mbar).

Generally, there are two main reasons for variations in product selectivity due to
the effect of backpressure. The first effect is on the local CO2 concentration, where
a rise in partial pressure will enhance *CO2 coverage, and the HER (site-blocking
effects) will be suppressed, leading to a preference for carbon-based products [46].
Another possibility might be that the backpressure keeps a high capillary pressure
(linked to GDE electrowetting), minimizing electrode flooding.

On the other hand, I observed a switch from C2H4 to CO selectivity between 100
and 200 mbar. Although this variation has not been fully explained, it supports
the observation (from temperature effect studies) that *CO coverage may not be
the dominant factor for C2H4 formation. Instead, in agreement with previous
literature reports, CO selectivity increased at higher pressures, which I attribute to
a low residence time for CO2 at the electrode surface and the adsorbate-adsorbate
repulsion at the electrode surface [135, 52].

7.4.3 Effect of the applied backpressure in MEA systems

After discovering an optimal cell overpressure for my reaction system (100-200
mbar), I wanted to determine if it affected the channel where I applied backpressure.
Therefore, I conducted an experiment in which I applied a 200 mbar difference
and altered the range in which channel the higher backpressure was implemented
(cathode vs. anode channel). Product distribution at 300 mA·cm−2 is shown in
Figure 7.12, where the pressure varies in each channel, but the difference is kept
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constant.

Figure 7.12: Comparison of the effect of the applied backpressure by implementing: a)
Higher cathode overpressure and b) Higher anode overpressure, keeping the same pressure
difference at the cell.

Results with higher cathode overpressure showed stable selectivity towards gas
products (FEH2<10%, FECO=�20-25%, and FEC2H4=�22-27%) after four hours of
operation. Alternatively, experiments with higher anodic overpressure showed lim-
ited stability due to an accelerated loss of CO2R activity (after 20 minutes, I already
observed dominant HER with less than 20% FE of carbon products, followed by
dominance exceeding 80% after 1 hour). The differences in hydrodynamic pressures
in the system may explain the differences in trends between these experiments.
In MEAs, sufficient water flux must be provided at the cathode side to maintain
CO2R, while excess water must be removed to avoid GDE flooding. I use the HER
enhancement as indicator for water drag and flooding across the system. Increasing
the pressure on the anode chamber can result in a substantial amount of water
being dragged to the cathode, which may result in a loss of GDE-hydrophilicity
(water penetration), as experiments applied to the anode showed a higher HER
than experiments performed on the cathode.

Furthermore, the experiments with larger anode overpressures also showed higher
potential. This phenomenon can be attributed to a higher bubble formation rate
(caused by the OER and the inlet pressurization), which increases ohmic losses and
alters the cell potential measurement (Ecell=-3.3 V vs. Ecell=-3.9 V at 100 min
between the different experiments) [54]. Overall, the shifts observed here illustrate
the effect of backpressure on capillary pressure and water transport, as well as the
importance of increasing the overpressure in the cathode channel to improve the
stability and selectivity of the system[104].
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7.4.4 Combined effects of backpressure and CO2 utilization by decreas-
ing the inlet flow rate

As previously shown, backpressure favors CO over C2H4. To evaluate the coupled
effects between changes in CO2 concentration and backpressure, I operated at low
CO2 feed flow rate and longer-time to determine if a longer residence time and
optimum surface coverage for C2+ could be achieved. For example, by reducing the
inlet flow rate from 50 mL·min−1 to 10 mL·min−1, the bulk CO2 gas concentration
was reduced from 81.9 to 33.3 mol%, respectively. Therefore, having low CO2

concentrations at the surface, I could evaluate if the applied backpressure could
switch the selectivity towards C2+.

Figure 7.13: Effect of the applied and low CO2 feeding rate in product distribution and
cell potentials.

The FECO decreased from 24% to 10% when the CO2 flow rate was reduced from 40
mL·min−1 to 10 mL·min−1, as shown in Figures 7.12 and 7.13. Interestingly, a drop
in selectivity towards CO seemed to be accelerated under combined backpressure
and low flow rates (from 15% to 7% after 2 hours). Backpressure enhances CO
production at higher flow rates, whereas it appears to have a contrary effect at lower
flow rates. This suggests that the surface coverage at combined and low flow rates
offers an environment where *CO does not desorb but further reacts towards C2+

products [136]. Additionally, when low flow rates and backpressure were combined,
FEC2H4 increased from 23% to 28%. There was a slight increase in HER after
4 hours in the experiment with a higher flow rate (21% versus 10%), but it was
still significantly lower than those without using backpressure. These observations
suggest that HER could be suppressed when there is a high CO2 local concentration
at the surface.
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7.4.5 Long-term experiment

To evaluate the effect of backpressure in long-term, I conducted electrolysis for 10
hours at 200 mA·cm−2 to evaluate whether backpressure maintains its effects on
CO2 coverage and flooding. According to Figure 7.14, stable CO2R activity was
observed for 300 min before shifts towards HER were observed. The results suggest
that backpressure is primarily responsible for increasing local CO2 concentration
instead of reducing electrode flooding, as limited CO2 mass transport and salt
precipitates were observed after disassembly. Therefore, applying pressure in the
system can be considered an alternative when scaling up the operation. Still, it
shouldn’t be the only one and should be used with other strategies.

Figure 7.14: Long-term experiment to evaluate effects of backpressure in the CO2

electrolysis stability.

7.5 Summary

Throughout this chapter, I studied different strategies to improve the electrode’s
stability and CO2 conversion. Based on the results, the following conclusions for
each alternative were drawn:

• Adding ionomers into the Cu-GDE enhances the catalyst activity (an increase
of at least 2-fold), independent of the ionomer’s chemistry.

• The ionomer loading plays a crucial role in this approach, where minor changes
(e.g., 10 to 20 µm·cm−2) significantly influence performance, DLC, and selec-
tivity. In addition, some reproducibility issues might be faced when there isn’t
a standardized method for the electrode synthesis for this approach.
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• The ionomers slightly affect product selectivity (TMA and MPIP enhanced
HER compared to MPIP, PFTE, and PFSA). Interestingly, I didn’t observe
different effects by using CEI vs. AEI, as both seemed to positively stabilize
CO-intermediates, decrease water penetration, or avoid carbonate formation.

• Coupling ionomers with a performance at elevated temperatures ensured a sta-
ble operation of 50 h with Cu-GDEs with selectivity towards carbon-products
higher than 80% at 200 mA·cm−2.

• Decreasing the CO2 feeding rate improved the CO2 without bordering on mass
transfer limitations. The magnitude of the reflux ratio didn’t influence the
product selectivity and the cell potential.

• The addition of the recycling loop seemed to improve the CO2 conversion at
current densities below 200 mA·cm−2. However, its implementation is limited
due to GDE flooding, catalyst deactivation, and possible enhancement of side
reactions (HER or carbonate formation).

• The application of the recycling loop was limited by changing the catalyst
substrate to commercial GDLs, independent of the operation conditions.

• Further measurements of capacitance and capillarity pressure are necessary
to determine the actual effect of the recycling line on water transport and
electrowetting.

• Manipulating the backpressure (below 600 mbar) mitigates the HER, favoring
the selectivity towards carbon products.

• A shift between CO to ethylene was observed from 100 to 200 mbar, suggesting
the *CO coverage might not be a determining factor.

• It is important to ensure that slight overpressure at the cathode is applied to
tune the water management and capillary pressure on the system.
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Chapter 8

Conclusions and general discussion
When I started this Ph.D. project, I faced a lot of uncertainty and limitations
while operating my electrochemical reactor. Regardless of the electrocatalyst, the
operation was limited (less than two hours), as I usually observed HER spike, GDE
flooding, or salt precipitation in my MEA or catholyte flow cells (e.g., Figure 2.2).
Regardless of cathode, anode, or membrane, this problem kept escalating, and
although sometimes I achieved high selectivity (e.g., 50% towards C2H4 in MEA
at 150 mA·cm−2), I could not maintain that performance for long-term. As a
result, I examined the influence of multiple parameters and proposed strategies for
the current challenges. These strategies must, of course, have an effect that is visible
during operation. But most importantly, they must be easy to scale and implement
since CO2 electrolysis is expected to become commercially viable in the near future.

Consequently, operational conditions and engineering factors were studied in re-
lation to performance. Initially, I evaluated the effect of different parameters,
including selecting the appropriate GDE, anode, electrolyzer configuration, AEM,
or electrolyte, on product distribution, cell potential, and current density towards
CO2R. While I have stated in this thesis that I didn’t optimize these parameters,
I could observe that each element of the electrolyzer contributes to the overall cell
potential (which is directly linked to energy consumption). Therefore, I used the
materials with the highest benefits during operation (commercial-carbon-based GDL
with low through-out pressure, AEM with high IEC and moderate WU, stable
electrocatalyst/materials at high current densities and alkaline conditions). In
this way, I can analyze multiple strategies more systematically and simultaneously
guarantee reproducibility across experiments and in comparison with the literature.

However, choosing the appropriate reaction components is insufficient to resolve
all problems encountered during electrolysis. Therefore, I took some of the most
relevant challenges in the field (based on the current state-of-the-art) and explored
some alternatives, including operation at elevated temperatures, the use of Cu-based
tandem catalysts, synthesis of AEM suitable for CO2 reduction, implementation of
ionomers, manipulating the cell’s back pressure or adding a recycling line to the
reaction system. Initially, I was driven to investigate these strategies as they had
not been widely discussed, which gave me the opportunity to examine their effects on
CO2E. In addition, they provide potential alternatives in terms of improving CO2R
kinetics and mass transport, selectivity, water management, or CO2 conversion under
industrially relevant conditions.
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In Chapter 4, I conducted a systematic study to analyze the effects of temperature
on zero-gap CO2 electrolysis, focusing on selectivity, activity, and overall perfor-
mance. I found that elevating the temperature increased the activity towards CO2R
while lowering the cell potential and ohmic resistances. Interestingly, operation
at temperatures above 50°C resulted in high selectivity toward CO (>40%), likely
caused by a weakening of the binding strength of CO to the surface, which favored
desorption, and was further corroborated by ATR-SEIRAS measurements. I found
that in MEA systems, elevated temperature suppressed the HER (15% at 80°C
compared to 60% at RT at 300 mA·cm−2) and delayed GDE flooding, attributed
to a combination of effects coming from the AEM, CO2 diffusion, and electrowetting.
Using this approach, I achieved long-term operation with minor changes in selectivity
or cell potential (<-3 V) while having an energy efficiency (EE) of 28% compared to
the usual 15-20% at RT. However, there are still challenges with selectivity towards
C2+, which require combining this strategy with selective electrocatalysts, operating
conditions, and AEMs to overcome current limitations.

To enhance the selectivity towards C2+, I implemented tandem catalysts prepared
by coating two independent layers in the CL, which is expected to increase the local
CO concentration and gas transport. In Chapter 5, preliminary studies set up the
optimal loading, fabrication method, and spatial arrangement showed the benefits
by implementing this layer. Using CO-selective catalysts at the top layer improved
the C2+ products (67%) compared to bare Cu (generally between 50-55% by using
Ag with an optimal loading of 0.2 mg·cm−2). In addition, using different metals
in the CL influenced the product distribution, with ZnO being the catalyst that
favors ethanol over ethylene. Finally, the long-term experiment showed a stable C2+

selectivity, highlighting the approach’s benefits.

As I was operating in MEA, the AEM played a significant role in the reaction envi-
ronment and water management. Therefore, in Chapter 6, I presented the study of a
new generation of AEMs for CO2E applications. The use of QA (TMA, MPIP, and
MPY) as headgroups in ETFE substrates exhibited desired transport, chemical, and
mechanical properties, including high IEC (above 2 mmol·g−1), ionic conductivities,
moderate water uptake, and low ohmic resistances (< 0.6 Ω·cm2), achieving stable
operations (>200 h) with stable selectivity towards carbon-products (>80% at 150
mA·cm−2) and comparable performance to commercial ones. Heterocyclic groups
(MPIP) provide membranes with thermal and chemical stability, allowing operation
at elevated temperatures without signs of degradation, a significant issue in current
AEMs. Despite the superior performance of this membrane, we (in collaboration
with the University of Surrey) proposed methods to tune the mechanical properties,
such as cross-linking or optimizing the amine compositions. These modifications
didn’t produce the expected stability and water transport results, but they provided
insight into which strategies should be explored further in this field.
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Finally, in Chapter 7, I study additional strategies to improve stability and CO2

conversion. I employed ionomers since they have been reported in the literature
to enhance catalytic activity (establishing the current state of the art). Using
different IEIs, I showed improvement in the current density for CO2R (at least
2-fold compared to bare Cu) and the ability to improve CO2 availability by adding
the ionomer next to the electrode surface without compromising product selectivity
or stability. Using a recycling line seemed interesting, as it could maximize CO
utilization in the system. However, minor differences were observed by applying
this line compared to single-pass experiments. Furthermore, such an approach was
limited to operation below 100 mA·cm−2 and porous substrates, as the changes
in these factors showed accelerated electrode flooding, GDE degradation, and HER
selectivity. In addition, I studied the effect of manipulating the backpressure on se-
lectivity and water management, showing that a slight overpressure might overcome
current selectivity and GDE stability issues for long-term operation, favoring water
management and CO2 local concentration.

As each proposed strategy showed benefits during its implementation, the next
logical step is to pair these strategies in a single long-term experiment to evaluate
how they improve stability and CO2E performance. In the experiment presented in
Figure 8.1, I coupled the following strategies: performance at elevated temperature
(60ºC), use of MPIP-AEM, 100 mbar overpressure, the use of MPIP (10%wt.)
ionomer coated in the GDE and using 0.1 M CsHCO3 as electrolyte.

Figure 8.1: Long-term test coupling multiple strategies: Operation at 60°C, sputtered
Cu-GDE, MPIP-AEM, MPIP-ionomer, 0.1 M CsHCO3, and 100 mbar at 200 mA·cm−2.
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The results showed a stable operation for around 200 h towards CO2R at industrially
relevant conditions. My stability goals have been exceeded compared to when I
began this Ph.D. This operation is among the most stable at industrially relevant
conditions (based on Wakerley et al. [40]). Even so, this experiment demonstrated
CO2E’s current limitations and challenges. In my experiment, which lasted for
almost 300 hours, I observed a slight shift in product distribution from CO2-derived
products to HER after 190 hours, with HER dominating after 205 hours. In other
words, even if all these strategies lead to improved long-term performance, they are
not sufficient to guarantee prolonged operation. Inadequacies in GDE substrates,
anode materials, AEM degradation, and other factors might contribute to this
shift and should be studied extensively (e.g., using PTFE as a substrate). As
expected, CO was the primary product throughout the operation, with selectivity
exceeding 30% due to the temperature’s effect on weakening CO from the surface
and its desorption. While CO is a product of CO2R, other technologies, such as
SOFC present prolonged stability with even higher selectivity than this approach.
Therefore, it is necessary to find a catalyst capable of accelerating CO-CO coupling
under these conditions. On the other hand, tandem catalysts can enhance C2+, but
they may not be a suitable approach under these conditions since their principle
focuses on increasing local CO and has not shown any benefits when combined with
other strategies. Fundamental studies might be an excellent alternative to finding
the right electrocatalyst and remark on the necessity for both research lines to ensure
operability at industrially relevant conditions of CO2E.

Outlook and prospect for future research
The zero-gap electrolysis of CO2 opens a pathway for carbon capture, renewable
energy storage, and the production of chemicals and fuels. To make it cost-effective,
electrolysis must occur at a rate that offsets capital costs while minimizing electrical
energy lost as heat and internal resistances. However, more research is necessary
to discover practical electrochemical configurations that operate at high current
densities (>100 mA·cm−2, ideally >1 A·cm−2) for the long term. Temperature
experiments with thermal and chemically stable materials should be conducted to
evaluate heating resistance and its effect on CO2/CO electrolysis. Additionally,
ionomers should be explored further through bilayer films, or new alternatives to
CO2 conversion should be explored, such as using permeable regeneration layers
to increase single-pass conversion efficiency. Moreover, Faradaic Efficiency should
not be the only factor in determining the practical use of CO2 electrolyzers for
industrial applications. Energy Efficiency, stability, and logistical challenges should
also be considered, along with rational electrode design, electrolyzer engineering,
and optimal operating conditions to achieve scalability.
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Appendix A

Appendix A
Appendix A.2: Appendant to Chapter 2

Equations for estimating the effect of temperature in transport properties involved
in CO2E (taken from [63]):

CO2 solubility
cCO2 = HCO2 · cCO2,gas (A.0.1)

HCO2(mM · atm−1

) = 93.4517 · 100

T [K]
− 60.2409 + (23.3585 · T [K]

100
) (A.0.2)

CO2 diffusion

DCO2 = 2.17 · 10−4 · e
−2345

1
T [K]

+ 1
Tref (A.0.3)

Overall Water balance (take from [80]):

JW = Jdiff − JEOD ± JHP − JW,CO2 − JW,eff (A.0.4)

Where Jdiff is the diffusion flux, JEOD is the electroosmotic drag flux, JHP the
hydraulic permeation flux, JW,CO2 is the flux associated with water production/con-
sumption from charge transfer and neutralization equations and JW,eff overall inlet
and outlet of water in the system

Appendix A.3: Appendant to Chapter 3

Materials
ETFE polymer films (ethylene-tetrafluoroethylene, 25 µm thickness) were supplied
by Nowofol Kunststoffprodukte GmbH (Germany). VBC (97% purity, a mixture of
3- and 4-ionomers, 700–1100 ppm nitromethane or 50–100 ppm tert-butylcatechol
inhibitors) was purchased from Sigma Aldrich and used as supplied without any
inhibitor removal prior to use in the grafting mixtures. In addition, 1-octyl-2-
pyrrolidone dispersant, N-methylpiperidine (99% purity), trimethylamine (99%), N-
methylpyrrolidine (88%), and acetone were purchased from Sigma-Aldrich (Merck).
AgNO3 titration standard analytical solutions (.02000 ± 0.00006 M) were purchased
from Honeywell-Fluka. The ultra-pure water (UPW) used throughout this study was
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generated using a Purity water purification system (resistivity = 18.2 M·).

Commercial AEMs Selemion® AMV, Fumasep® FAA-3-50, and PiperION) were
purchased from FuelCellStore, while Sustainion® X37-50 RT was purchased from
Dioxide Materials. KHCO3 or CsHCO3 (Sigma-Aldrich 99.995% trace metal basis)
and KOH (Sigma-Aldrich 99.95% trace metal basis) were used as an electrolyte for
cell testing or membrane activation solutions. For ATR-SEIRAS, HAuCl4 (98.0%),
NH4Cl (99.0%), Na2SO3 Na2S2O3·5H2O (98%), and NaOH from Alfa Aesar (China)
Chemical Co., Ltd, AR to prepare the Au-films.

Experiments selecting the electrode substrate

Fig. A.1: Screening of different Commercial GDLs

Although this section focuses on the study of ethanol, initial studies using the
zero-gap configuration are conducted to study the effect of compression, thickness,
cell potential, and product selectivity on the four different GDEs Sigracet 39BB,
Freudenberg H23C2 and H14C9 and DeNora DN908), despite the limitation of the
liquid quantification using this approach.

The Figure shows the partial current densities as a function of the applied current
density (A-C), and the cell voltage profile (D).
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Comparison between cell configurations in terms of product selectivity
and stability

Figure A.2: Comparison of cell configuration MEA vs. Catholyte flow cell

AEM screening for CO2E

Figure A.3: Screening of different AEM and effect on jCO
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Anode screening for CO2E

Figure A.4: Screening of different anodes and effects in selectivity and cell potentials

Effect of the CO2 Feeding Rate

Figure A.5: Effect of the CO2 Feeding Rate
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Table A.1: Calibration Data for HPLC (DAD Detector)

Compound RT (min) Calibration Factor (uV.s/mol%)
Glyoxal 19.451 0.0031176

Glycoaldehyde 23.438 0.0022864
Formate 26.567 0.26605
Acetate 28.74 0.21086

Ethylene Glycol 30.82 0.004831
Hydroxyacetone 32.533 0.96651
Acetaldehyde 34.962 0.030397
Methanol 36.124 1.06196

Allyl Alcohol 41.204 1.20
Acetone 41.966 1.198

Propionaldehyde 43.109 4.83E-03

Electrolyte concentration

Figure A.6: Effect of the electrolyte concentration
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Table A.2: Calibration Data for HPLC (RID Detector)

Compound RT (min) Calibration Factor (uV.s/mol%)
Glyoxal 19.744 23.079

Glycoaldehyde 23.729 65.129
Formaldehyde 26.17 2.732

Formate 26.86 17.089
Acetate 29.033 25.785

Ethylene Glycol 20.082 48.781
Hydroxyacetone 32.574 47.525
Acetaldehyde 34.962 12.969
Methanol 36.684 3.5469

Allyl Alcohol 41.497 41.57
Ethanol 41.546 21.923
Acetone 42.261 22.568

Propionaldehyde 43.39 19.155
Propanol 51.069 29.671

Effect of the different electrolyzers

Figure A.7: Effect of the electrolyzer type used in this thesis
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Appendix A.4: Appendant to Chapter 4

Table A.3: Effect of temperature in the standard potentials for different CO2R products

T(°C) E° CO (V) E° C2H4 (V) E° EtOH (V) E° PrOH (V) E° CH4 (V)
20 -0.104 0.081 0.080 0.096 0.171
30 -0.108 0.075 0.074 0.090 0.165
40 -0.112 0.069 0.068 0.083 0.160
50 -0.116 0.062 0.062 0.077 0.155
60 -0.120 0.056 0.056 0.070 0.150
70 -0.123 0.050 0.049 0.063 0.144
80 -0.127 0.044 0.043 0.057 0.139

Figure A.8: Effect of the relative humidity (different humidity in CO2 feeding rate) in the
product distribution of gas-products for CO2 electrolysis as a function of the temperature.
A) 100%, b) 50%, c) 70%, and d) Dry
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Figure A.9: Cell potential as function of jtotal and power for CO2E

Figure A.10: XPS survey spectrum for tandem catalysts through co-sputtering
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Appendix A.6: Appendant to Chapter 6

Figure A.11: CO2/O2 ratio evolved over the anode as a function of total current density
for different AEMs

Figure A.12: Effect of temperature CO2-electrolysis performance for AEMs at 90°C
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Figure A.13: 200h-stability test using Sutainion X37-50 RT

Appendix A.7: Appendant to Chapter 7

Figure A.14: XPS survey spectrum for Cu-GDEs for the ionomers
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Figure A.15: Scheme of the reaction setup with the recycling loop

General balance equations
F1 + F7 = F8 (A.0.5)

Reflux Ratio
RR = F7/F5 (A.0.6)
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Influence of Headgroups in Ethylene-Tetrafluoroethylene-Based
Radiation-Grafted Anion Exchange Membranes for CO2 Electrolysis
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Daniel K. Whelligan, Brian Seger,* John R. Varcoe,* and Terry R. Willson
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ABSTRACT: The performance of zero-gap CO2 electrolysis (CO2E)
is significantly influenced by the membrane’s chemical structure and
physical properties due to its effects on the local reaction environment
and water/ion transport. Radiation-grafted anion-exchange membranes
(RG-AEM) have demonstrated high ionic conductivity and durability,
making them a promising alternative for CO2E. These membranes
were fabricated using two different thicknesses of ethylene-tetrafluoro-
ethylene polymer substrates (25 and 50 μm) and three different
headgroup chemistries: benzyl-trimethylammonium, benzyl-N-methyl-
pyrrolidinium, and benzyl-N-methylpiperidinium (MPIP). Our mem-
brane characterization and testing in zero-gap cells over Ag
electrocatalysts under commercially relevant conditions showed
correlations between the water uptake, ionic conductivity, hydration, and cationic-head groups with the CO2E efficiency. The
thinner 25 μm-based AEM with the MPIP-headgroup (ion-exchange capacities of 2.1 ± 0.1 mmol g−1) provided balanced in situ test
characteristics with lower cell potentials, high CO selectivity, reduced liquid product crossover, and enhanced water management
while maintaining stable operation compared to the commercial AEMs. The CO2 electrolyzer with an MPIP-AEM operated for over
200 h at 150 mA cm−2 with CO selectivities up to 80% and low cell potentials (around 3.1 V) while also demonstrating high
conductivities and chemical stability during performance at elevated temperatures (above 60 °C).
KEYWORDS: electrochemical CO2 reduction, anion exchange membrane (AEM), cationic functional group, ion transport,
zero-gap approach, ion exchange capacity

■ INTRODUCTION
Driven by renewable sources, CO2 electrolysis (CO2E) is a
promising approach to convert greenhouse gases into chemical
feedstocks, providing a decentralized alternative to help close
the carbon cycle.1−4 However, intensifying the operation at an
industrial scale requires high current densities (>100 mA
cm−2) and a long-term stable system to ensure low capital costs
and techno-economic viability.5−7 The use of gas-diffusion
electrodes (GDEs) in membrane electrode assemblies (MEAs)
or flow-cell configurations has proven to perform effectively
under commercially relevant conditions, overcoming the CO2
transport limitations inherent to fundamental H-cell research
studies.5,8−10

While recent studies have focused on improving catalytic
activity and selectivity of CO2 reduction,

11−14 durability, and
anode activity,15−17 lesser attention has been given to the
membrane, yet this contributes substantially to the overall cell
voltage and electrolyzer performance.18−20 Understanding how
the ionomeric components affect water/ion transport mecha-
nisms will enable improvements in stable CO2E operation,
providing new tools for future research and development.

Ion exchange membranes (IEMs) typically have charged
functional groups branching off a polymeric backbone.21 Anion
exchange membranes (AEMs) have positively charged func-
tional groups, allowing negatively charged ions to conduct,
whereas cation exchange membranes (CEMs) have negatively
charged functional groups, allowing cations to conduct. In
terms of CO2E, if the catalyst is not in direct contact with the
ionomeric components (e.g., flow cells with a catholyte layer),
they do not affect catalytic selectivity.22 However, having an
electrolyte between the catalyst and membrane will add a
substantial overpotential, and thus, it is more efficient to have
an intimate catalyst/membrane interaction (e.g., an MEA
configuration). CEMs are well known to promote mainly
hydrogen evolution reaction (HER), whereas AEMs allow high
selectivity to CO2 reduction products. Conversely, AEMs have
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the issue where they primarily conduct CO2-derived HCO3
−/

CO3
2− anions (rather than OH− anions) during CO2

electrolysis, leading to an anodic product gas comprising a
mixture of CO2 and O2, effectively mitigating the environ-
mental benefit from developing CO2E technologies.23 It is
generally believed that solving this problem is more
straightforward than improving the poor selectivities obtained
with CEMs; thus, AEM-based cells currently appear most
promising for CO2 electrolysis. The state-of-the-art CO2E cells
with AEMs have reached high selectivities toward carbon-
derived products (>95% for CO and 80% for C2+ products)

23

and low cell potentials (<3.0 V) at high current densities
(>100 mA cm−2), but they exhibit limited stability.24

The AEMs in this study were fabricated using another
approach known as radiation grafting. This method involves
the exposure of commercial substrate films to high-energy
radiation to generate active sites (peroxide groups) that co-
polymerize functional vinyl monomers to produce radiation-
grafted copolymers (RG).25 The advantages of the radiation-
grafting method include the preparation of IEMs without the
need for a film formation step, the ability to compare different
headgroup chemistries by post-graft functionalization of a
single batch of RG membranes (with a single degree of
grafting), yielding RG-IEMs with comparable ion-exchange
capacities (IECs),26 and the ability to modify substrate films of
the same type/chemistry (e.g., polyethylene) but with different
intrinsic morphologies (crystallinities), resulting in IEMs with
tailored water uptakes (WU) and transport properties.27

The mechanical and electrochemical properties of AEMs are
known to be influenced by the cationic headgroups and the
nature of the polymeric backbone.28−30 The development of
hydrated ionic domains in IEMs governs the ionic and water
transport during CO2E

31−33 and will affect water management
in the system. Optimizing such attributes will prevent electrode
flooding, maintain adequate conductivity, and minimize the
levels of salt precipitation at the cathode.34,35

Parameters like the WU and the hydration number (λ, the
number of water molecules per ion-exchange site) are linked to
water transport and can influence product crossover and ion
mobility.20,36 The IEC (defined as the amount of charged
groups bound to the polymer normalized to the mass of the
dehydrated membrane in a specific anion form) is a
fundamental characterization metric for IEM performance,
which can often be correlated with ionic conductivity or water
transport properties. Even though higher IECs are often
desired, excessive amounts of cationic groups can dispropor-
tionally increase the WU, causing excessive swelling, which will
dilute the charge carrier concentration and reduce conductivity
and mechanical robustness.37 In general, AEMs for CO2
electrolysis should have a high enough IEC to yield high
ionic conductivity with moderate water uptakes to ensure
restrained degrees of swelling and acceptable mechanical
properties, along with good stability in high pH environments,
and low permeabilities to gases, CO2 reduction products, and
electrolysis intermediates.19

With stable polymer backbones (generally without heter-
oatom links, such as ether groups), an AEM’s stability toward
nucleophilic OH− anions (especially at elevated temperatures)
is dictated by the cationic group and its hydration, where
different headgroups will affect the ionic conductivity,
hydration levels, and chemical stability.26,28,30,38 For example,
AEMs functionalized with trimethylammonium groups have
yielded promising thermo-chemical stabilities in both water

and CO2 electrolyzers.37 AEMs based on imidazolium-
functional groups also have high OH− conductivities and
long-term operando performances;39 hence, they are becoming
the benchmark AEM for CO2E, despite stability limitations at
temperatures higher than 60 °C. In addition, cycloaliphatic
quaternary ammonium (QA) chemistries (e.g., N-methylpiper-
idinium) have been identified as alkali-stable when hy-
drated.40,41 In a recent study, Ponce-Gonzaĺez et al. showed
that such chemistries could be introduced into RG-AEMs,
yielding promising fuel cell performances.42

Herein, we use the radiation-grafting synthetic platform to
conduct a screening of AEM headgroup chemistry for potential
CO2E applications. RG-AEMs were fabricated by co-grafting
vinylbenzyl chloride (VBC) monomers onto electron-beam-
activated ethylene-co-tetrafluoroethylene (ETFE) polymer
films, followed by amination with either trimethylamine, N-
methylpyrrolidine, or N-methylpiperidine, to yield benzyltri-
methylammonium (TMA), benzyl-N-methylpyrrolidinium
(MPY), and benzyl-N-methylpiperidinium (MPIP) RG-
AEMs, respectively.26,42 This study investigates the effective-
ness of such RG-AEMs for CO2 electrolyzers, using the zero-
gap (MEA) approach at current densities >100 mA cm−2. A
scheme of the synthesis method via is shown in Figure 1, while
a detailed description of the synthesis and characterization
methods is found in the Supporting Information (SI).

■ RESULTS AND DISCUSSION
Electrode Characterization. Commercially porous Ag

membranes with a nominal pore size diameter of 1.2 μm and a
thickness of 50 μm and sputtered Cu-GDEs (150 nm) were
characterized by XPS and SEM. During the survey scan, carbon
and oxygen were detected in the Ag membranes, along with
minor peaks indicating chlorine, perhaps related to the
formation of AgCl during the electrode preparation. In

Figure 1. Synthesis of the RG-AEMs with TMA-, MPY-, and MPIP-
functionalized groups in the Cl− form. The Cl− anions can be easily
exchanged for any other anion desired (HCO3

2−/CO3
2−) via multiple

(at least 3×) submersions in aqueous solutions (≥1 M).
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contrast, as expected, Cu-GDEs showed copper, carbon, and
oxygen features (Figure S4). In such measurements, no
metallic impurities were observed within the limits of XPS
sensitivity that would interfere with the CO2E. The SEM
images of Cu-GDEs exhibited a spherical morphology (Figure
S5), with some roughness variations between the fresh and the
postreaction samples.
Raman Characterization. The spectra for the pre-

aminated ETFE-g-p(VBC) intermediate membrane (degree
of grafting 79%) made using the 25 μm ETFE substrate
confirms grafting (Figure 2) with characteristic features
including bands at 835 and 1444 cm−1 (due to the presence
of −CF2− and −CH2− groups in the ETFE substrate,
respectively), a grafted poly(VBC)-derived band at 1612
cm−1 (aromatic ring quadrant mode), and a band at 1267 cm−1

(due to the −CH2Cl groups in the grafted poly(VBC)
chains).26 Raman spectra were collected at 30 random surface
sites across both surfaces of the ETFE-g-p(VBC) intermediate
membrane (laser spot size ca. 2 μm, while penetrating a few
μm into the sample), and the integrated area ratios (areas of
the 1612 cm−1 bands normalized to the areas of the 835 cm−1

bands) were calculated to gauge grafting homogeneity. The
band area ratio was recorded as 1.30 ± 0.13, which yields a
relative standard deviation = 10%, a quasi-measure of a small
but acceptable amount of grafting inhomogeneity (Figure S2).
In addition, the Raman spectra of all RG-AEMs confirm
successful amination with each amine (Figure 2), based on the
disappearance of the poly(VBC)-(−CH2Cl)-derived band at
1267 cm−1 and the appearance of diagnostic bands for each of
the QA groups (756 and 976 cm−1 for TMA, 899 cm−1 for
MPY, and 704 and 1273 cm−1 for MPIP).

Physical Properties of RG-AEMs. The RG-AEMs were
characterized for key properties in the Cl− forms to confirm
that the ex situ behaviors were as expected. The fundamental
physical properties of the ETFE-based RG-AEMs made from
25 μm ETFE films and the three different amines (the
equivalent data for the RG-AEMs made from the 50 μm ETFE
can be found in Table S3) are summarized. Our results show
that incorporating different QA groups onto polymer back-
bones has a significant effect on the water contents (and
swelling) and a lesser effect on the IEC and ionic conductivity
(in-plane measurements with the RG-AEM samples sub-
merged in water at 25 °C). MPIP- and MPY-AEMs exhibit
higher WU than TMA-AEMs, due to their hydrophilic nature,
as reported previously.42 In accordance with these results,
Koronka et al. reported that AEMs with heterocyclic-QAs
would form ionic clusters with more segregated hydrophilic/
hydrophobic phases and better channels to transport water,
leading to enhanced WU values.43 The higher water content
variants also tend to swell more (Table 1). For CO2E
applications, higher IECs and WU AEMs generally lead to
higher in situ performances.44

For the RG-AEMs made from 25 μm ETFE, a comparison of
the measured Cl− conductivities above 80 °C showed that the
MPIP-AEM (Figure 3A) had slightly lower values than the
TMA- and MPY-AEMs. We always initially report that values
for Cl− form RG-AEMs before any alkaline reagent exposure
that risks trace degradations and changes in the nano/micro-
morphology. The conductivities of the RG-AEMs in the
predominant HCO3

− were all comparable and slightly lower
compared to the Cl− forms (A), owing to differences in ion
mobility and diffusivity between ions with different charge
densities and hydrated radius.42,45

Figure 2. Raman spectra of the 25 μm thick ETFE substrate film (black filled) and the resulting ETFE-g-p(VBC) intermediate grafted membrane
(gray filled, average of n = 30 spectra taken at random spots across both surfaces), and the final aminated RG-AEMs with line spectra (average of n
= 10 spectra taken at random spots across both surfaces) stacked higher in the order TMA-AEM (teal), MPY-AEM (orange), and MPIP-AEM
(purple). Laser wavelength = 785 nm. * Spectra normalized to the intensity of the ETFE-derived band at 835 cm−1 to aid visual comparison. A
description of this characterization method can be found in the SI.

Table 1. Key Properties for the Synthetized RG-AEMs Made from 25 μm ETFE Films at Room Temperature (Cl− Form)a,b

head group IEC (mmol g−1) σCl
− (mS cm−1) Thyd (μm) WU (%) TPS (%) λ area swelling (%)

TMA-AEM 2.20 ± 0.02 18 ± 1 56 ± 2 33 ± 1 8 ± 4 8 ± 1 19 ± 3
MPY-AEM 2.07 ± 0.05 23 ± 2 72 ± 2 82 ± 13 46 ± 5 22 ± 4 32 ± 10
MPIP-AEM 2.09 ± 0.07 18 ± 1 69 ± 3 85 ± 19 41 ± 14 23 ± 5 47 ± 18

aThe in-plane ionic conductivities (σCl
−) in water were measured at 25 °C bErrors in λ values were calculated from errors in IEC and WU using

standard error propagation rules.
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On the other hand, significant differences were observed
between these RG-AEMs and those fabricated from thicker 50
μm ETFE (Table S3). The ETFE-g-p(VBC) intermediate
membrane made with 50 μm ETFE had a lower degree of
grafting (68% compared to 79% with the version made with 25
μm ETFE). The quantitative Raman analysis (Figure S2) also
confirmed the lower DOG (degree of grafting) for the thicker
ETFE-g-p(VBC) membrane. The higher IECs for the thinner
RG-AEMs lead to higher water contents and Cl− conductivities
(at 25 °C) compared to thicker analogues. The lower water
contents of the thicker versions led to lower CO2E perform-
ances (B). Hence, all subsequent testing was performed with
the thinner RG-AEMs made from the 25 μm thick ETFE.
Electrochemical Performance. Figure 3(C−E) also

shows the results of CO2E over Ag electrocatalysts with
different RG-AEMs. The experiments were carried out in
galvanostatic mode at different current densities ranging from
100 to 300 mA cm−2, with CO and H2 observed to be the
primary products. The total FE was less than 100% due to
unaccounted formate (HCOO−) being transported to the
anolyte (Table S5 and Figure S6). Electro-generated formate is
difficult to quantify because of its negative charge, making it
susceptible to cross-over through the AEM by covalently
bound positive charges and further oxidized to CO2 at the

anode. In a detailed study of AEM cross-over using the same
setup and Ag-electrocatalyst, Larrazab́al et al. reported that the
FEs toward HCOO− are ca. 20% at higher current densities,
which matches the unaccounted-for product FE in this work.46

While it is not believed that AEMs themselves directly affect
catalytic activity, they do modify the local environment around
the cathode catalysts for zero-gap MEA-type cells, particularly
in terms of water management, which affects both pH and the
mass transfer rates of the CO2 at the catalyst’s surface.

47 Thus,
indirectly, AEMs can substantially affect product selectivity,
especially related to CO2-reduced product(s) vs H2. Both
MPY-AEM (Figure 3D) and MPIP-AEM (Figure 3E) showed
similar product selectivities, with the MPIP-AEM reaching a
maximum CO production rate of 5.6 mmol h−1 cm−2 at 200
mA cm−2 (cell voltage of 3.1 V). With these two RG-AEMs,
the selectivity toward CO was favored at total current densities
<250 mA cm−2 (FECO = 70−87%), but less so at 300 mA cm−2

(FECO < 60%), where HER starts to dominate due to either
the cathode flooding or localized mass transfer issues.48 MPY-
AEM starts to exhibit noticeably lower FECO values compared
to MPIP-AEM at >200 mA cm−2. In comparison, lower WU
TMA-AEM (Figure 3C) exhibits smaller FECO values at all
current densities compared to MPY- and MPIP-AEM with

Figure 3. (A) In-plane Cl− and HCO3
− conductivities (in water) for MPIP-, TMA-, and MPY-AEMs (made from 25 μm ETFE) and Sustainion

X37-50 RT at different temperatures. (B) Effect of thickness on the CO partial current density for the RG-AEMs made from 25 and 50 μm ETFE
substrate films (as indicated in the legend). (C−E) Product distribution and cell potentials at room temperature for CO2E with the different RG-
AEMs (made from 25 μm ETFE) as a function of the total current density using Ag electrocatalysts (0.1 M KHCO3 anolyte): (C) TMA-AEM, (D)
MPY-AEM, and (E) MPIP-AEM. The error bars represent the standard error of the mean for three independent cell tests.
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FECO < 50% at >200 mA cm−2 (along with higher cell
potentials).
Water management, the subject of many previous studies on

CO2E, can be influenced by the nature of the AEM (e.g., QA
chemistry)20,49−51 and a given AEM’s water content.52 It is
essential to highlight that WU and the hydration number (λ)
are average bulk properties, which does not provide
information regarding the nano/micro-distribution of the
water-containing channels inside hydrophilic−hydrophobic
phase-segregated AEMs. However, λ or WU values still
provide insights into the net water transport within CO2E
cells. Generally, water crosses the AEM by electro-osmotic
drag (cathode to anode) and by diffusion or hydraulic
permeation (anode to cathode). For our low WU TMA-
AEM (λ = 8), we observed faster cathode flooding at jtotal >
200 mA cm−2 compared to the higher WU MPY- and MPIP-
AEMs (λ > 22), potentially caused by a rise in the water flux to
the cathode or a possible decrease in the electro-osmotic drag
coefficient.53 Similarly, the thickness of the membrane can also
influence overall water transport at high current densities since
it can influence the hydraulic permeation flux (JHP) across the
AEM (Figure S10). Our results showed that reducing RG-
AEM thicknesses increased selectivity and activity independ-
ently of the headgroup (Figure 3B).20 Moreover, thicker
membranes (50 μm ETFE) appeared to enhance electrode
flooding as opposed to thinner membranes (25 μm ETFE),
due to increased water accumulation at the cathode. For those
membranes, a rise in cell potential to compensate for the
higher ohmic resistance may accelerate the loss of the GDE
hydrophilicity, altering the JHP. An in-depth description of the
effect of the AEMs properties on water transport can be found
in our recent review paper, which explored the effects of
membrane characteristics on CO2E performance in MEAs.54

A comparison of the cell potentials and resistances was
performed to understand what caused the difference in
performance between the RG-AEMs. Under similar conditions,
the measured cell potential (2.9−3.6 V) and resistance (0.2−
0.6 Ω cm2) were similar to those in the literature for Ag-
cathode MEAs.46,55,56 Current interrupt measurements (Figure
S7) show that the in situ through-plane TMA-AEM resistance
of 600 mΩ cm2 is significantly higher than that for MPY-AEM
(350 mΩ cm2) and MPIP-AEM (220 mΩ cm2). This contrasts
the ex situ HCO3

− conductivities (Figure 3A), which were
similar for all three RG-AEMs; however, only in-plane ex situ
measurements were made as it is challenging to get reliable ex
situ through-plane conductivities with such thin and highly
conductive RG-AEMs. Additionally, even though the RG-
AEMs were ion-exchanged in aqueous HCO3

− solutions, the
anions present will be a mixture of HCO3

− and CO3
2− (plus

traces of OH−) due to the equilibria between these anions. At
room temperature, the conductivity values for HCO3

−-
exchanged RG-AEMs are equivalent to ASRs of 150−250
mΩ cm2, which is lower than the in situ values measured (the
latter include contact resistances and ionic resistances in the
electrodes). Hence, through-plane in situ resistance measure-
ments can be more insightful since relative through-plane
resistance trends can be discerned when comparing identical
cell set-ups containing different RG-AEMs.
For MPIP-AEM and MPY-AEM, a counter-intuitive

phenomenon is observed when transitioning between 250
and 300 mA cm−2. The voltage decreases as the cells are
pushed to a higher current density. This has been observed
previously due to the starvation of CO2, resulting in the

inability of carbonate anions to form and therefore a switch to
predominate OH− anion formation.46 This allows the more
highly conductive OH− anions to increase in concentration in
the AEM, which decreases the device potential as AEMs are
most conductive in their OH− forms. However, this starving of
CO2 also entails CO2 electrolysis selectivity decreases in favor
of HER. Moreover, incorporating heterocyclic QA groups
could provide a hydrophilic−hydrophobic phase-separated
morphology with a more efficient ion transport framework
due to the electrostatic repulsion of self-aggregated QA groups
within hydrophilic domains, resulting in preferential Grotthus-
type OH− transport (weakening the OH− binding to the
cationic sites).57−59 To validate that the RG-AEMs switched to
OH− conduction, the anodic CO2/O2 discharge ratios were
measured where they showed a decrease in the ratio at higher
current densities, proving this switch to OH− transfer (Figure
S9).
To demonstrate the potential benefits and applicability of

this new generation of ETFE-based RG-AEMs for CO2E, we
conducted comparative studies with other commercial AEMs
(Figure 4). Based on our results, MPIP-AEM is competitive

with the best commercial membranes, with MPY-AEM being
only slightly behind. FAA-3-50, Selemion AMV, and TMA-
AEM appear less competitive in terms of cell potential and
selectivity under the same experimental conditions at room
temperature. The MPIP-AEM reported high FECO values with
low cell potentials, similar to values obtained with Sustainion
X37-50 RT and PiperION. In contrast, TMA-AEM and
Fumasep FAA-3-50 showed higher cell potentials (270 and
500 mV higher than those of the MPIP-AEM). The fact that all
the AEMs tested had different chemistries, cation transfer
numbers, and even thickness makes a more direct performance
comparison difficult. However, it can be discerned that the
AEMs with lower WUs (Fumasep FAA-3-50, TMA-AEM, and
Selemion AMV) showed higher potentials and lower CO
selectivities, consistent with arguments made vide supra (on
the effect of the hydrophobic nature of the headgroups).20,35

Figure 4. Product distribution and cell potentials for CO2E cells
operating at jtotal = 150 mA cm−2 at room temperature when
containing different AEMs (aqueous 0.1 M KHCO3 anolyte and Ag
electrocatalyst). Sustainion stands for X37-50 RT and Selemion
stands for AMV. Error bars represent the standard error of the mean
for three independent cell tests for each AEM.
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Additionally, we examined the effect of the anolyte
concentration (0.05, 0.1, and 1.0 M) on product distributions,
cell potentials, and resistances. By increasing the anolyte
concentration, we observed a decrease in the ohmic resistances
and a concomitant decrease in cell potential (Figure S11).
Such behavior is expected since a higher electrolyte
concentration enhances ionic conductivity in the cell. The
magnitude of this effect did not appear to be AEM-dependent;
thus, the trends discussed in this paper are expected to hold
with other anolyte concentrations.
The resistive heat produced from any potential commercial

CO2 electrolyzer entails the necessity of operating at
temperatures notably above ambient conditions (>50 °C);60
therefore, it is essential to investigate the temperature effects in
CO2E. Also, elevated temperatures improve CO2 reduction
kinetics and the ionic conductivity of AEMs (Figure 3A),
improving energy efficiencies.61 However, excessive temper-
atures may compromise AEM stabilities due to alkali-derived
degradation of the QA groups (or polymer backbones). Hence,
we performed experiments at increasing temperatures to
compare the thermal stability of MPIP-AEM against the
benchmark Sustainion X37-50 RT (Figure 5).

At lower temperatures (<40 °C), the MPIP-AEM resulted in
slightly higher operating potentials and similar H2 selectivity
compared to Sustainion X37-50 RT. However, at 60 °C, the
MPIP followed a consistent trajectory in terms of CO2-reduced
product(s) vs HER as previously discussed. In contrast,
Sustainion yielded disproportionate increases in H2 selectivity.
The cell voltage with Sustainion also commenced more rapid
decreases at this temperature. While a decrease in device
potential is generally good, this decrease may indicate that the
AEM has stability issues (degradation of functional groups
and/or mechanical modifications), leading to flooding. Figure
3A also hints the Sustainion AEM degradation above 60 °C as
the conductivity starts to decrease above this temperature.
To further investigate the water management effects using

the RG-AEMs (MPIP-, MPY-, and TMA-AEM), 24 h tests

were employed at 25 °C. All RG-AEMs gave a stable
performance with high FECO (>80%) and constant cell
potential throughout the experiments (Figure S12). In
addition, the HER remained at a constant level for all AEMs
(FEHER = 11−15% for TMA-AEM compared to 3−6% for
MPIP-AEM). To further test MPIP-AEM durability, they were
tested at 60 °C over 24 h, with again no signs of degradation
(Figure S13).
It was then decided to test the down-selected MPIP-AEM

over 200 h at room temperature (Figure 6). This test showed
only minor oscillations in the cell voltage (ca. 100 mV) and
stable CO selectivity (FECO = 80−85%). However, the same
experiment with Sustainion X37-50 RT showed less stability,
with HER increases occurring over 100 h (Figure S14). While
our results do not show the stable operation with Sustainion
reported in the literature,62 the experiment was replicated
multiple times, yielding the same trend. It should be noted that
RG-AEMs are substantially easier to handle (more flexible and
mechanically robust, without the addition of extrinsic
plasticizers) compared to the Sustainion X37-50 RT, which
may contribute to the unsuccessful durability tests with this
AEMs.
A final feature that was investigated relates to product cross-

over across the AEM (when conducting CO2 reduction on Cu
enabling C2+ products). It has been demonstrated that ca. 40%
of liquid products can cross the AEMs, caused mainly by
diffusion and electromigration.33 This experiment aimed to
compare the MPIP-AEM developed in this work with different
commercial membranes. A switch to the sputtered Cu catalyst
led to a CO2E cell that produced a range of C1 and C2+
products, allowing a better understanding of the cross-over
properties of the various AEMs.
Figure 7A shows the results of Cu cathode CO2E testing of

cells containing various AEMs operating at a constant current
density (150 mA cm−2). With the similar potentials of all
devices, it was reassuring to observe that the general selectivity
of all AEMs was consistent. The only notable exception was
HER selectivity, which was expected to be primarily related to
in situ water management. Regarding H2 selectivity, FAA-3-50
gave the highest amount, with MPIP-AEM giving the lowest.
In contrast, Figure 7B shows that the liquid cross-over is
similar across all the AEMs tested. Since we are using a zero-
gap MEA cell, any volatile liquid product (e.g., ethanol, allyl
alcohol, and propanol) can evaporate from the GDE (and will
be found mainly in the liquid trap with only traces making their
way to the anolyte). We observed that MPIP-AEM had the
lowest ethanol cross-over compared to the commercial
membranes, demonstrating some potential benefits of the
RG-AEM morphology and chemistry in regulating neutral
product cross-over. Meanwhile, differences in (negatively
charged) acetate and formate cross-over were not that
noticeable between the different AEMs.

■ CONCLUSIONS
In this study, RG-AEMs were fabricated from ETFE substrate
films of different thicknesses with TMA, MPY, and MPIP
quaternary ammonium groups for CO2 electrolysis under
commercially relevant conditions. These RG-AEMs exhibited
desired transport, chemical, and mechanical properties,
including high IEC (above 2 mmol·g−1), ionic conductivities,
moderate water uptake, and low ohmic resistances (<0.6 Ω·
cm2). The tailored properties of these membranes make them
suitable for CO2E in MEA configurations, as their mechanical

Figure 5. Effect of the operating temperature on the cell potential and
Faradaic efficiency for both AEMs E25-MPIP and Sustainion X37-50
RT. An Ag electrocatalyst was used as the cathode, and the current
density was held at 150 mA cm−2 for this experiment. Error bars
represent the standard error of the mean for three independent
measurements.
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flexibility and robustness make them easily handled during cell
assembly while providing long-term stable performance. The
operation using thinner membranes with MPIP-head groups
yielded the highest CO selectivity (>80%) over Ag-electro-
catalysts at higher current densities (with Ecell = 2.9−3.3 V),
owing to improved water and ionic transport within the

system. The use of cycloaliphatic headgroups in RG-AEMs
proved thermal and chemical stability under different reaction
conditions (e.g., operation temperatures and electrolyte),
reducing product cross-over and achieving stable operation
for at least 200 h for CO2E to CO at 150 mA cm−2 with high
selectivity (80−85%) under RT conditions. Our RG-AEMs
exhibit a wide range of properties similar to common
commercial AEMs, including the tantalizing possibility of
operating at elevated temperatures (80 °C) and demonstrating
the potential of a new generation of AEMs for electrochemical
CO2 reduction applications.
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Figure S1 Chemical structures of different AEMs including the ETFE-based radiation-grafted AEMs 
that were the main subject of the paper. 
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Table S1 Main key properties of common AEMs for CO2 electrolysis.  

AEM Counter 
Ion 

(anion) 

Backbone IEC 
(meq g-1) 

𝝀𝝀 Tensile 
strength 
(MPa) 

Thickness 
(μm) 

WU 
(wt. 
%) 

ASR 
(Ω cm-2) 

𝝈𝝈 
(mS cm-1) 

FAA-3-501 Br- N.A 1.6-2.1 N.A 25-40 45-55 10-25 0.6-1.5 
(Cl- 

form) 

3-8 (Cl- 
form) 

AMVN2 Cl- PVC 1.85 ± 
0.04 

N.A 0.3 100-150 15±2 2.5 3.8 (Cl- 
form) 

X37-50 
RT3 

  HCO3
- Styrene  

2.52 
N.A N.A. 50 >80 0.045 (1 

M KOH) 
80 (OH- 
form) 

PiperION OH-  Poly(aryl 
piperidinium) 

2.35 N.A >30 20 50 N.A 150 (OH-

form) 
Orion TMI OH- Poly 

(terphenylene) 
2.19 N.A 30 30 33-37 N.A 54 (OH-

form) 
m-TPN14 OH- Terphenyl 2.1 18 29 15-25 25 0.18  54 (OH-

form) 
A201 OH- PBI 1.8 25 96  

(Cl- 
form) 

28 44±5 N.A 42 

AFI-
HNN8-505 

OH- HMT-PMBI 2.1-2.5 N.A 60  
(I- form) 

50 39-50 0.13 >80 

*Compiled data correspond to the reported properties from the data sheet of each manufacturer (missing data from the data 
sheet are found in the references). NA stands for the information not specified/available. Superscript numbers are literature 
references (see end of SI document).  

 
Materials and chemicals 

ETFE polymer films (25 and 50 µm thick) were supplied by Nowofol Kunststoffprodukte 
GmbH (Germany). VBC (97 % purity, a mixture of 3- and 4-ionomers, 700–1100 ppm 
nitromethane or 50–100 ppm tert-butylcatechol inhibitors) was purchased from Sigma Aldrich 
and used as supplied (no removal of inhibitor prior to use). Additionally, 1-octyl-2-pyrrolidone 
dispersant, N-methylpiperidine (99 % purity), aqueous trimethylamine (45 %vol), N-
methylpyrrolidine (88 %), and acetone were purchased from Sigma-Aldrich (Merck). AgNO3 
titration standard analytical solutions (0.02000 ± 0.00006 M) were purchased from Honeywell-
Fluka. The ultra-pure water (UPW) used throughout this study was generated using a Purite 
water purification system (resistivity = 18.2 MΩ cm). 

Commercial AEMs Selemion® AMV, Fumasep® FAA-3-50, and PiperION) were purchased 
from FuelCellStore, while Sustainion® X37-50 RT was purchased from Dioxide Materials. A 
porous silver membrane with a pore size of 1.2 μm (99.9 % purity) was obtained from 
Sterterlich Inc. and used as the cathode. The commercial IrO2-coated carbon paper anode was 
purchased from Dioxide Materials. KHCO3 (Sigma-Aldrich 99.995 % trace metal basis) and 
KOH (Sigma-Aldrich 99.95 % trace metal basis) were used as an electrolyte for cell testing or 
membrane activation solutions. 
 

Methodology for the RG-AEMs synthesis 

The RG-AEMs were synthesized via the radiation-grafting peroxidation method. ETFE was 
selected as a substrate rather than LDPE and HDPE, as quick screening CO2E cell tests showed 
that ETFE-based RG-AEMs led to the least parasitic H2 generation. The VBC was grafted onto 
electron-beamed ETFE films (40 kGy total dose, 4.5 MeV electron beam) by immersing them 
in N2 purged (O2 free) aqueous dispersion of VBC (5 %vol) in 1-octyl-2-pyrrolidone (1 %vol) 
and heating at 70 °C for 24 h. After thorough washing in toluene/acetone and drying, batches 
of RG-membrane [designated ETFE-g-p(VBC)] were obtained with a degree of grafting (dog) 
= 79 % for the variant made from 25 µm thick ETFE and a dog = 68 % for the variant made 
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from 50 µm thick ETFE (see Equation S1 in the ESI† for the calculation of dog values). ETFE-
g-p(VBC) samples were then aminated separately with either the aqueous trimethylamine (45 
%mass, room temperature, 24 h), N-methylpyrrolidine (50 %vol, 60 °C, 18 h), or N-
methylpiperidine (15 %vol, 60°C, 18 h), yielding the desired RG-AEMs. 

After the amination, the RG-AEMs were washed multiple times in UPW and soaked in aqueous 
NaCl (1 M) solutions for 1 h (with at least three solution changes during this period) to ensure 
the pure Cl⁻ anion form. After thorough washing in UPW for at least 1 h (with multiple changes 
in UPW) to remove all excess co- and counter-ions, they were stored in UPW until use. The 
Cl⁻ form RG-AEMs can be converted into the predominant HCO3⁻ form (with trace amounts 
of CO3

2⁻ anions) by immersion in aqueous KHCO3 (1 M) for 1 h (multiple changes of solution 
during this time) followed by thorough washing with UPW (to remove excess co- and counter-
ions). 

 

Detailed descriptions for the different steps during RG-AEMs synthesis 
Irradiation step: ETFE polymer films (ethylene-tetrafluoroethylene) were supplied by 
Nowofol Kunststoffprodukte GmbH (Germany) in both 25 and 50 μm thicknesses [designated 
E25 and E50]. The pre-cut ETFE films were subject to electron-beam irradiation in air to a 
total absorbed dose of 40kGy using a continuous vertical 4.5 MeV Electron Beam Accelerator, 
Synergy Health Sterilisation UK Limited, Daventry UK. Post-irradiation the films were 
immediately stored under solid CO2 and transported to the University of Surrey where they 
were transferred to a - 40°C freezer for long-term storage (up to 12 months). 

Grafting step: The electron-beamed ETFE films with approximate area of 12 × 12 cm2 were 
submerged in an aqueous grafting solution containing 5% vol vinylbenzyl chloride (VBC, 97% 
purity, mixture of 3- and 4-iomers, 700–1100 ppm nitromethane or 50–100 ppm 4-tert-
butylcatechol inhibitors, purchased from Sigma Aldrich) and 1 %vol 1-octyl-2-pyrrolidone in 
deionised water. The grafting solution was then purged with N2 for 1 h before sealing the vessel 
and heating it to 70 °C for 24 h. Post-grafting the ETFE-g-poly(vinylbenzyl chloride) grafted 
films [designated ETFE-g-p(VBC) in the main paper] were thoroughly washed in acetone and 
toluene to remove any excess VBC as well as any non-grafted poly(VBC) homopolymer that 
may have formed during the graft reaction. The ETFE-g-p(VBC) membranes were then dried 
at 50 °C under reduced pressure (vacuum oven) for 3 h to remove all traces of solvent. The 
degree of grafting (dog, %) of the ETFE-g-p(VBC) intermediate membranes was calculated 
using the following equation:  

 dog =  mg− mi

mi
 × 100 % (Eqn. S1) 

where mg is the mass of the ETFE-g-p(VBC) membrane and mi is the mass of the initial 
irradiated ETFE film. The dog for the ETFE-g-p(VBC) made from E25 and E50 were 80 % 
and 68 %, respectively. It was clear that when using the same grafting process (and radiation 
dose), the thicker ETFE grafted to a lower degree. However, we cannot use higher radiation 
doses with ETFE as this would lead to RG-AEMs that are too mechanically weak for use in 
electrochemical cells (especially at elevated temperatures),6 as the electron-beam treatment 
process breaks a proportion of the C-C bonds in the ETFE chains (alongside the desired ability 
to graft monomers). 
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Figure S2 Box plots containing extracted integrated Raman peak area data for spectra recorded on 30 
random spots (ca. 2 μm diameter laser spot sizes and depths, laser λ = 785 nm) recorded on both sides 
of the ETFE-g-p(VBC) made from both 25 and 50 μm thick ETFE substrate films (E25 and E50). The 
peak at 1612 cm-1 derives from the grafted poly(vinylbenzyl chloride) chains, while the peak at 835 cm-

1 derives from the ETFE substrate films. Plots show max (top bar), interquartile range (box), median 
(middle bar), and minimum (bottom bar). The means and sample standard deviations (and relative 
standard deviations, RSD) are given above the boxes. This data is to evaluate grafting homogeneity 
(and levels – higher mean peak area ratios for a higher dog). An RSD of 10 % or lower is normal for 
such lab-fabricated RG-AEMs. 

Table S2 The reaction conditions used to aminate the AEMs in this study (of both thicknesses). 

 Amination reaction conditions used 

AEM Amine Aqueous concentration 
(%vol) 

Temp 
(°C) 

Time 
(h) 

TMA Trimethylamine 45 RT 24 
MPY N-Methylpyrrolidine 50 60 18 
MPIP N-Methylpiperidine 15 60 18 

Amination step: The ETFE-g-p(VBC) intermediate films were subsequently converted to RG-
AEMs: TMA-AEM, MPY-AEM and MPIP AEMs via submersion in aqueous solutions 
containing trimethylamine (TMA), N-methylpyrrolidine (MPY) and N-methylpiperidine 
(MPIP), respectively. Amination reactions were carried out under various conditions 
depending on the amine used, with the specific conditions summarised in Table S2. Post-
amination all RG-AEMs were thoroughly washed in ultrapure water (UPW) before subsequent 
heating in fresh UPW at 60 °C for 18 h. This is to ensure that any unreacted amine is removed 
from the membrane. 

Ion-Exchange process to ensure Cl− forms for storage and initial experiments: To ensure 
complete conversion to the pristine Cl− anion form RG-AEMs, the crude, as synthesised, RG-
AEMs were submerged in aqueous NaCl solution (1 mol dm−3) for 24 h with the NaCl solution 
being refreshed three times during this period. The resulting AEMs were then removed and 
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thoroughly washed with UPW to remove any excess free-ions: both co-ions (Na+) and excess 
counter-ions (any Cl− that are not charge balancing the quaternary ammonium positive 
charges). The pristine Cl− anion form RG-AEMs were stored under UPW until use.  

RG-AEM characterization 

Raman Spectroscopy Raman spectra were recorded on dry samples of the ETFE-g-p(VBC) 
and final RG-AEMs using a Renishaw InVia Reflex Raman Microscope equipped with a 785 
nm IR laser and a 20× (NA = 0.40) objective. All Raman data was collected and baseline 
corrected using Renishaw WiRE Software (Renishaw PLC, UK), with normalization and 
integration of band intensities conducted using Spectragryph (Spectroscopy Ninja, Germany). 

Ion-exchange capacities (IEC) The ion exchange capacities (IEC) were determined using 
potentiometric AgCl precipitation titrations. For each RG-AEM in the Cl− form, a dehydrated 
sample of known dry mass (mdry) was immersed in 25 mL aqueous NaNO3 solution (1.2 M) 
and continuously stirred for 16 h. Subsequently, the solution (still containing the RG-AEM 
sample) was acidified with aqueous 2 mL HNO3 (2 M) and titrated against aqueous AgNO3 
standard solution (0.02000 ± 0.00006 M). A Metrohm 848 Titrino Plus autotitrator equipped 
with an Ag/AgCl Titrode was used for the dynamic equivalence point titrations (DET). The 
endpoint was calculated as the peak maxima in the first differential plot of potential vs. titrant 
volume data. IEC was calculated with Equation S2. 

𝐼𝐼𝐼𝐼𝐼𝐼 (𝑚𝑚𝑚𝑚𝑚𝑚 𝑔𝑔−1) = 𝐸𝐸𝑝𝑝×𝐶𝐶𝑠𝑠𝑠𝑠
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

       (Eqn. S2) 

where Ep represents the endpoint volume, Cst is the AgNO3 standard concentration solution, 
and mdry is the mass of the dry RG-AEM(Cl⁻) sample under analysis. This procedure was 
undertaken on n = 3 samples of each RG-AEM. 

 

Water uptake (WU) and through-plane swelling (TPS) A RG-AEM(Cl⁻) sample was 
removed from UPW storage and the excess surface water was removed by blotting with a filter 
paper. The hydrated mass (mhy) and thickness (Thyd) were then recorded immediately. Masses 
were recorded on a 4 decimal place (0.1 mg) analytical balance, and thicknesses were recorded 
using an outside digital micrometer (precision of ± 2 μm). The RG-AEM(Cl−) sample was dried 
under reduced pressure at 50 °C (vacuum oven) for 18 h before the dehydrated mass (mdry) and 
thickness (Tdry) were recorded. All measurements were conducted on n = 3 samples of each 
RG-AEM(Cl−). The gravimetric water uptake, through-plane swelling (TPS), and the hydration 
number (λ) for each sample were calculated using Equations S3 – S5. 
 

WU(%) = mhyd−mdry

mdry
× 100 % (Eqn. S3) 

TPS(%) = Thyd−Tdry
Tdry

× 100 % (Eqn. S4) 

λ = WU(%)/100
IEC × Mwater

  (Eqn. S5) 

 

where Mwater corresponds to the molecular mass of water (18.015 g mol-1). Area swelling values 
were calculated in the same way as TPS values but using the hydrated and dry areas measured 
at the same time as the thicknesses. 
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In-plane ion-conductivity The in-plane Cl⁻ and HCO3⁻ anion conductivities of fully hydrated 
RG-AEM samples between room temperature and 80 °C were measured using a Solartron 
1260/1287 combination controlled by ZPlot/ZView software (Scribner Associates, USA). 
Impedance spectra were collected over a frequency range of 1.0 – 106 Hz (10 mV a.c. 
amplitude) with the samples mounted in a 4-probe BekkTech BT-112 test cell (Alvatek, UK). 
Test cells containing samples of the Cl⁻ and HCO3⁻ RG-AEM forms were then submerged in 
UPW. The ionic resistances values, taken as low-frequency x-(real)-axis intercepts in the 
collected Nyquist plots, were used to calculate the conductivities using Equation S6: 

σ (S cm−1) = L
R w T

                                     (Eqn. S6) 

where L corresponds to the working electrode distances (0.425 cm), and w and T are the width 
and thickness of the RG-AEM samples, respectively. 

 

Table S3 Summary of the key properties of the E50-based AEMs (Cl⁻ forms). Errors are sample 
standard deviations on n = 3 repeat measurements (errors in λwater are calculated from the errors in 
IEC and WU using standard error propagation rules). 

 E50-TMA-
AEM 

E50-MPY-
AEM 

E50-MPIP-
AEM 

Ion-exchange capacity IEC (mmol/g) 1.63 ± 0.09  1.56 ± 0.04  1.45 ± 0.04  
Fully hydrated thickness (μm) 95 ± 2  106 ± 3  95 ± 2  
Conductivity σ in Cl⁻ at room 

temperature (mS/cm) 
15 ± 2  16 ± 1  12 ± 1  

Thickness increase on hydration (%) 20 ± 1  23 ± 2  28 ± 1  
Area swelling on hydration (%) 21 ± 1  49 ± 1  39 ± 9  

Gravimetric water uptake (% wt.) 18 ± 4  27 ± 2  24 ± 5  
λwater (H2O molecules per exchange 

site) 
6 ± 2  10 ± 1  9 ± 2  

 

 

Table S4 A summary of key physical and electrochemical properties for Sustainion® X37-50 grade RT 
in this study. 

Ion-exchange capacity IEC (mmol g-1) 1.4 ± 0.01  
Fully hydrated thickness (μm) 81 ± 2  
Conductivity σ in Cl- at room 

temperature  (mS cm-1) 
13.5 ± 0.3  

Area swelling on hydration (%) 15.1 ± 4.6  
Gravimetric water uptake (% wt.) 90.7 ± 14.4  

Ion-exchange capacity IEC (mmol g-1) 1.4 ± 0.01  
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Electrode Preparation 

Preparation of Cu electrodes for CO2E to C2+ products: Cu-based electrocatalysts were 
synthesized using physical-vapor deposition (PVD). Layers of 150 nm thick Cu (6N grade) 
were deposited onto commercial gas diffusion layers (Sigracet 39BB purchased from 
FuelCellStore) by magnetron sputtering (AJA International) in a vacuum environment (10-6 
Torr) at a deposition rate of 1 Å s-1 under 10 sccm Ar with a sputtering pressure of 2 mTorr. 
Our Cu-electrodes don’t require the addition of any ionomers as binder, so we can evaluate the 
effects of the membrane’s chemistry in the AEM/cathode interface and the reaction, without 
the potential influence of the binder´s chemistry 

Catalyst characterization: Scanning electron microscopy (SEM) of porous Ag and Cu-GDE 
catalysts was performed using FEI Quanta 200 FEG instrument with an accelerating voltage of 
15 kV in secondary electron mode. In addition, X-ray photoelectron spectroscopy (XPS) 
measurements were carried out in a ThetaProbe instrument (Thermo Fisher Scientific) with 
monochromatic Al Kα radiation (1486.7 eV) equipped with a hemispherical analyzer. Scans 
were made in the binding energy range of 0−1400 eV with an analyzer pass energy of 100 eV. 
 
Cell configuration and electrochemical tests: All electrochemical experiments were 
performed on a commercial electrolysis cell (Dioxide Materials) in a zero-gap MEA 
configuration. The assembly consisted of loading a fresh AEM (area = 7.4 cm2) inserted 
between a cathode (area = 2.25 cm2) and anode (area = 4 cm2). PTFE gaskets further 
sandwiched the MEA device, which helped prevent electrolyte leakage and potential short-
circuiting. The system was mechanically pressed, using cell bolts fastened with a torque of 3 
N·m to guarantee an uniform and adequate compression. A Bio-Logic VSP 300 potentiostat 
with a booster channel was used for electrochemical measurements. 

The CO2 (AGA, purity 4.5) flow was set using a mass flow controller (MKS Instruments Inc.) 
and further humidified by sparging it into a container filled with UPW before being fed to the 
cathode (standard flow= 40 mL min-1). A liquid trap was installed on the outlet line from the 
cathodic gas to prevent water from entering the gas chromatograph (GC). This also allowed for 
the collection of liquid effluent species. The anode was fed with aqueous 0.1 M KHCO3 and 
continuously recirculated (40 ml min-1) using a diaphragm pump (KNF Neuberger Inc.). The 
standard conditions for gas flow in this work are 293 K and 1 bar. An Ag/AgCl (3.5 M NaCl 
internal solution) was employed as the reference electrode. Current interrupt and impedance 
techniques measured the uncompensated and charge transfer resistances. An illustration of the 
electrochemical cell and the reaction setup used for these experiments can be found in Figure 
S3. 

The molar outlet flow of the cathodic and anodic streams was measured using a volumetric 
flow meter (MesaLabs Defender 530) located downstream of the gas chromatograph (GC). The 
gas product's composition was quantified with a PerkinElmer Clarus 590 GC equipped with a 
Molecular Sieve 13x, and HayeSep Q packed column using Ar (10 ml min-1) as the carrier gas, 
and a thermal conductivity detector (TCD). Liquid product analysis was carried out with 
Agilent Infinity 1260 high-performance liquid chromatography (HPLC), equipped with 
Aminex HPX-87H column, refractive index (RID), and diode-array (DAD) detectors. 
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Figure S3 Scheme of A) the MEA-type electrolytic cell for electrochemical CO2 reduction, and B) 
Electrolysis set up (use of backpressure regulators or MFM aren’t shown in the figure but placed after 
the electrochemical cell and the gas chromatography).  
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Figure S4 X-ray photoelectron spectroscopy of fresh A) Ag-porous based catalyst (Sterlich with a 
nominal pore size of 1.2 µm) and B) Fresh Sputtered Cu (150 nm) deposited in SG39BB. Chlorine and 
carbon features could be related to deposited traces while preparing the sample.  
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Figure S5 SEM images of the Cu-based catalyst A) gas-diffusion layer (GDL), B)  Cu-GDE coated on 
microporous carbon layers of the commercial SG-39BB GDL before the electrochemical reaction and 
C) Post-reaction Cu-GDE 
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Calculation for partial current densities and Faradaic efficiencies 

Gas and liquid products are quantified using GC, and HPLC analysis techniques. Partial current 
density and Faradaic efficiency are two of the methods used in this study to estimate the 
selectivity and electrochemical performance. 

Faradaic efficiency can be defined as the amount of electric charge required to form a desired 
product over the total charge. It represents the selectivity towards a specific product and can 
be tuned to improve the conversion and reducing the energy consumption. The calculation of 
the parameter is expressed in Eqn. S7 

FEi =
z · n · F

Q
 ∗ 100%             (𝐄𝐄𝐄𝐄𝐄𝐄. 𝐒𝐒𝐒𝐒) 

where z corresponds to  the number of electrons required per mol (z = 2 for CO and H2), n is 
moles of the specific products, F is the Faraday´s constant, and Q is the total charge (current × 
time).  

Furthermore, the current density can be defined as the ratio between the total current and the  
electrode area (geometric or ECSA). The partial current density is associated to the specific 
product and the product's reaction rate since the electrons transferred in a chemical reaction is 
proportional to the reaction's extent: 

ji =
I
A

 ·  FEi                              (𝐄𝐄𝐄𝐄𝐄𝐄.𝐒𝐒𝐒𝐒) 

 

Calculation of Faradaic efficiency, partial current density and crossover for HCOO⁻ 

As mentioned in the main paper, the liquid products analysis was conducted using HPLC for 
the liquid trap at the cathode and the anolyte. The formate crossover across the membrane and 
further oxidation over the IrO2 anode limited the quantification of the total Faradaic efficiency 
and the partial current density.  

Initially, we measured the liquid products at the anolyte and the cathode (collected from the 
water trap) and correlated the generation of formate in terms of charge. To illustrate these 
calculations, we take as reference experiments done with the MPIP-AEM (25 μm) at 150 mA 
cm-2 (Figure 3C). 
 

Table S5. Post reaction-liquid analysis and FE-charges for formate quantification 

Sample Volume 
(ml) 

FEHCOO⁻ 

(%) 
[HCOO⁻] 

(mM) 
nHCOO⁻ 

(mmol) 
qHCOO⁻ 

(C) 
Anolyte 60 3.64 3.41 0.205 39.5 
Cathode 20 0.04 0.0944 1.88x10-3 0.364 

Total  39.864 
 

Total passed charge (C) = I ∗ t = 1083.24  C     

Ratio of corresponded charge (%) =
qHCOO−

qtotal
= 3.68%   
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While the crossover and oxidation of the formate is presumed to happen fast (as evidenced in 
Table S5 and comparison between charge ratios), the quantification of the liquid in post-
reaction techniques doesn’t provide a good estimation of this product selectivity and reaction 
extent. Therefore, we assumed that over Ag-based catalysts, the “unaccounted product” is 
attributed to the CO2E to HCOO⁻ and therefore calculated using Eqn.S9 and S10 

 

jformate = jtotal · FEformate                 (𝐄𝐄𝐄𝐄𝐄𝐄. 𝐒𝐒𝐒𝐒) 

FEformate = 100%− FEH2 − FECO  (𝐄𝐄𝐄𝐄𝐄𝐄.𝐒𝐒𝐒𝐒𝐒𝐒) 

 

Larrazabal et al.7 conducted previous experiments to estimate the FE of HCOO⁻ oxidation over 
IrO2/C at 200 mA cm-2, showing that the decrease amount of HCOO⁻ (in terms of concentration 
and remained charge) can be related to a FE for HCOO⁻ ca. 20%. 

 

 
Figure S6 Partial current densities (ji) for different products as a function of the total current density 
over Ag-electrocatalyst and 0.1 M KHCO3 anolyte with our different RG-AEMs. Unaccounted products 
are assumed to be formate. The error bars in such represent the standard error of the mean of three 
independent measurements.  
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Figure S7 Measurement of ohmic resistances for experiments showed in Figure 3(C-E) for our different 
RG/AEM’s using current interrupt technique (CI).  
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Figure S8 Product distribution and cell potentials at room temperature of different AEMs (including 
RG-AEM’s with thicker 50 µm) as function of the total current density with 0.1 M KHCO3 and Ag-
electrocatalyst. The error bars in such represent the standard error of the mean of three independent 
measurements. 
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Neutralization reactions and gas evolution at the anode 

Neutralization reactions: 

CO2 + OH− → HCO3
− 

HCO3
− + OH−  → CO3

2− + H2O 

OH− + H+ → H2O 

Gas evolution at the anode: 

OER:  2H2O → O2 + 4H+ + 4e− 

Combining the neutralization reaction with the gas evolution at the anode, we have: 

4HCO3
− → 4CO2 + O2 + 2H2O + 4e− (CO2/O2 ratio = 4) 

2CO3
2− →  2CO2 + O2 + 4e− (CO2/O2 ratio=  2) 

4OH− →   O2 + 2H2O + 4e− (CO2/O2 ratio = 0) 
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Figure S9 CO2/O2 ratio evolved over the anode as a function of total current density for different AEMs 
performing CO2 electrolysis with Ag-electrocatalysts and 0.1 M KHCO3 
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Water Transport across the AEM 

Experimental set-up for these ex-situ measurements of the hydraulic water permeation were 
based on preliminary studies conducted by Duan et. al8 and Luo et al.9 for different ion-
exchange membranes. By measuring the hydraulic water permeation flux (JHP) in terms of the 
pressure gradient in the cell, we can correlate the permeability using Equation S11.10 

𝐽𝐽𝐻𝐻𝐻𝐻 =
𝑘𝑘

µ 𝜏𝜏
 ∙ ∆𝑃𝑃 ∙

𝜌𝜌𝐻𝐻2𝑂𝑂
𝑀𝑀𝐻𝐻2𝑂𝑂

   (𝐄𝐄𝐄𝐄. 𝐒𝐒𝐒𝐒𝐒𝐒) 

where k is the permeability (cm2), µ the water viscosity (mPa s), ∆𝑃𝑃 the pressure gradient (bar), 
𝜏𝜏 the membrane thickness (µm). 
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Figure S10 Hydraulic water permeation as function of pressure gradient for different AEMs. (E25 and 
E50 represents the thickness of the ETFE substrate in µm). 

We estimate the permeability by calculating the slope of the curves from Figure S10, and such 
results are reported on Table S6. 

Table S6 Permeability values for hydraulic permeation measurements 

AEM Permeability k (1016 cm2) 
MPY-25 2.85 
MPY-50 1.38 
PiperION 2.10 
TMA-25 1.98 
TMA-50 1.13 
MPIP-25 2.52 
MPIP-50 1.37 

Sustainion X37-50 2.28 
Fumasep FAA-3-50 1.16 
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Figure S11 Product distribution, cell potential and CO2/O2 ratio using Ag-based electrocatalyst with 
different RG-AEM´s and commercial Sustainion X37-50 RT, varying the electrolyte concentrations 
(0.05-1 M KHCO3) at total current density of 150 mA cm-2 The error bars in such represent the standard 
error of the mean of three independent measurements. 
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Figure S12 24h Stability-test for different AEMs at room temperature using 0.1 M KHCO3 and Ag-
based electrocatalyst. Experimental conditions used are described in the experiment section.  

 
 
 

Figure S13 24h Stability-test of MPIP-AEM at 60°C using 0.1 M KHCO3 and Ag-electrocatalyst at 
150 mA cm-2 
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Figure S14 200 h stability test at room temperature using Sustainion X37-50 RT with 0.1 M KHCO3 
and Ag-based electrocatalyst. 
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Abstract 

CO2 electrolysis driven by renewable sources is a promising method for mitigating greenhouse gas 

emissions by converting CO2 into valuable feedstocks and storing renewable energy. Using gas diffusion 

electrodes (GDEs), membrane electrode assemblies (MEAs) can overcome the current limitations of 

aqueous-fed systems while bringing this technology to an economically competitive level. Many studies 

have been devoted to developing efficient catalyst materials and reactor designs in the last decade; however, 

operating conditions, such as temperature, have not been thoroughly examined. As temperature affects CO2 

electrolysis in a complex manner (simultaneous influences on CO2 diffusivity, solubility, the ionic 

conductivity of the membrane, and the surface wettability of the GDE), a systematic investigation is 

necessary to determine temperature influences on product distribution. 

In this study, we investigated the effects of temperature on CO2 electrolysis of Cu-based GDEs in an MEA-

based approach in a temperature range between room temperature and 80 C to enhance the selectivity of 

C2+ products and energy efficiency, while suppressing hydrogen evolution (HER) and AEM and GDE 

degradation. A robust temperature control and measurement system were developed for this investigation 

to establish guidelines for performing these electrocatalytic temperature measurements in a consistent and 

reproducible way. Results provide insight into how CO2 diffusion, reaction kinetics, and enhanced CO2 

mass transport vary with temperature. Higher membrane ionic conductivity and better water management 

improved reaction rates and decreased cell voltages at higher temperatures. At temperatures above 60 °C, 

the experiments focused on selectivity and product crossover, setting up the optimal conditions for stable 

operation and higher faradaic efficiencies through carbon-based compounds.  
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Introduction  

Electrochemical CO2 reduction (CO2R), powered by renewable energy sources, offers a sustainable 

alternative of converting CO2 into chemicals and fuels.1,2 Recently, it has been proven that CO2 electrolysis 

using membrane electrode assemblies (MEAs) can achieve industrially relevant conditions with high C2+ 

selectivities, reducing mass-transfer resistances and ohmic losses inherent to liquid-fed CO2R.3–5 While 

most CO2R research has been conducted under ambient conditions, commercial CO2 electrolyzers should 

perform at elevated temperatures (>50 °C) due to the heat generated by overpotentials and resistive 

losses.6  Additionally, studies on temperature dependence could provide insight into its role in the different 

electrochemical steps and identify optimal conditions for boosting the electrocatalytic performance.  

Although the temperature rise improves the activity and lowers the cell potential, the intrinsic effect has not 

been fully understood. The lack of defined trends for CO2R is caused by the complex interactions of 

numerous factors with temperature. Initially, temperature affects the CO2 solubility, and diffusion 

coefficients, influencing mass transport.7–9 Furthermore, it shifts the reaction environment, equilibrium 

potentials, and intermediate's adsorption equilibria, which can result in changes in the charge transfer and 

homogeneous reaction rates9,10. Moreover, it improves the ionic and membrane conductivity, reducing the 

ohmic and mass-transport overpotentials11,12, and influences the water/liquid transport by increasing the 

electroosmotic flux and evaporation rates.13 The effect of operating temperature on some reaction 

parameters and transport properties for CO2R are shown in Figure 1a. 

There have been few systematic investigations of the temperature impact on CO2R, despite studies 

incorporating temperature-dependent experiments or computational models12,14,15 (compiled data for 

different CO2R studies at elevated temperatures is found in Figure 1b). The first fundamental study of 

temperature effects in CO2R was conducted by Hori et al.16, showing on Cu that CH4 selectivity is favored 

at low temperatures (below ambient conditions), while CO, C2H4, and H2 selectivities increase with 

temperature (up to 40 OC). Ahn et al. reported similar selectivity trends over Cu and -1.60 V vs. Ag/AgCl 

at the same operating temperatures, which they attributed to changes in CO2 solubility and local pH caused 

by a higher buffer capacity at these conditions.17  Recently, a study by Vos and Koper examined the effects 

of temperature, cation identity, and electrolyte on Au-electrocatalyst, finding that these coupled factors 

influence activity, product selectivity, and activation energy.11 

Additionally, the influence of temperature on CO2R has been evaluated using GDEs. For example, Lowe 

et al.7 examined how the temperature impacts the formate formation over Sn-GDEs using a flow cell. They 

found an increase in formate selectivity (FEHCOO-= 80%) and current density (up to 1000 mA cm-2) from 
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a)  

room temperature to 50 °C, while hydrogen evolution reaction (HER) dominated at 70 °C due to the 

interplay effects between the solubility and diffusion rates.  On the other hand, Jeng and Jiao studied the 

temperature effect on CO2 conversion over Ag-GDE.18, At 60 °C, they observed an increase in the 

CO2 single-pass conversion due to an enhancement of the CO2R and homogeneous reactions at elevated 

temperatures. Alternatively, Dufek et al. observed on Ag-electrocatalyst a decrease in cell potential by 

increasing the temperature, with enhanced CO selectivity at 35 °C but lowered at 70 °C due to limited 

CO2 mass transport.19 Other studies conducted by Endrodi et al.15 over PiperION membranes or by Garcia 

de Arquer et al.20, have evaluated the temperature effects using different ionomers, or membranes, on the 

catalyst stability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. a)  Transport and kinetics factor's temperature dependency on CO2R (CO2 solubility, CO2 diffusion, salt solubility, and 

Henry's constant).21 b) Summary of studies for CO2R performed at elevated temperatures reported in the literature. (See Table S1 

for the detailed information of the data) 

When investigating temperature effects on CO2 electrolysis, it is crucial to ensure uniform heating and 

temperature control to avoid inaccurate selectivity and water management trends. For example, a lack of 

uniform heating might change the temperature across the cell and reactor components, affecting the water 

supply and distribution (from humidified CO2 or anolyte) into the system.12 Such water imbalance can alter 

membrane hydration and conductivity, leading to changes in cathode overpotentials and ionic species 

diffusion or GDE water content, altering the water consumption or electrowetting.12,22,23 Therefore, it is 

essential to measure and control the temperatures systematically to evaluate their actual effects on CO2R. 

Herein, we conducted systematic studies on temperature effects on CO2 electrolysis of Cu-based GDEs 

using MEAs.  We conducted electrochemical measurements, partial pressure experiments, and in-situ ATR-

SEIRAS studies to evaluate how diffusion, solubility, kinetics, and mass transport vary with temperature 
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and influence performance. Our results showed an enhanced selectivity towards carbon-derived products, 

higher activity, and enhanced stability by increasing the temperature due to the convoluted effects of 

multiple transport properties and reaction conditions. Lastly, we assessed the effects of different heating 

methods and demonstrated the importance of proper heating on CO2R.  

Experimental Section 

Materials 
 

Ultra-pure water (UPW) used throughout this study was generated using a purity water purification system 

(resistivity = 18.2 MΩ cm). KHCO3 (Sigma-Aldrich 99.995% Trace metal basis) and CsHCO3 (Sigma-

Aldrich 99.995% Trace metal basis) were used for the electrolyte preparation or membrane activation 

before the experimental tests.  We purchased HAuCl4  (98.0%), NH4Cl (99.0%), Na2SO3 Na2S2O3·5H2O, 

and NaOH from Alfa Aesar (China) Chemical Co., Ltd, AR to prepare the Au-films for ATR-SEIRAS. 

 

Electrode preparation and electrolyzer configuration 

 

Zero-gap MEA experiments 

The cathode GDEs were prepared by sputtering a 150 nm layer of 6N Cu onto a commercial GDL (Sigracet 

39BB from Fuel Cell store) in a vacuum environment (10-6 torr) at a deposition rate of ~ 1 Å s-1 under 10 

sccm Ar,  total pressure of  2 mTorr and room temperature.  The anode-GDE corresponded to a commercial 

IrO2-coated carbon paper (Dioxide Materials). 

The electrochemical experiments were performed on a commercial electrolyzer (Dioxide Materials, grade 

2 titanium serpentine flow field for the anode, and stainless steel for the cathode side). The assembly 

consisted of placing a fresh anion-exchange membrane (AEM, ETFE-MPIP from the University of Surrey 

with a total area of 7.4 cm2) between the cathode-GDE (area: 2.25 cm2) and anode (area: 4 cm2). The AEMs 

were presoaked and activated in 1 M KHCO3 for 24 hours and then washed with deionized water. PFA 

gaskets further sandwiched the MEA device, which helped prevent electrolyte leakage and potential short-

circuiting. Finally, the system was mechanically pressed, using cell bolts fastened with a torque of 3 Nm to 

guarantee sufficient compression.  

ATR-SEIRAS experiments 

We prepared Cu-based electrodes over silicon wafers in a two-step process by chemically depositing an Au 

thin film and sputtering a 100 nm Cu layer, as reported before in the literature.24 The Au film (60 nm) was 

used to increase the intensity of the infrared signals during measurements.  
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Au film electrodes were deposited directly on a Si prism used in situ for ATR-SEIRAS, following the 

proposed methodology by Miyake et al.25 Initially, the Si substrate was polished using a polishing machine 

(YUZHOU PG-2B, 650 r/min) with 0.05 m Al2O3 polishing powder for 10 minutes and further immersed 

in Piranha solution (3:1 volume ratio H2SO4:H2O2) for 1 hour to clean the organic contaminants before 

deposition. Then, to improve the adhesion of Au film, we immersed the reflecting plane of the crystal in 

40% NH4F solution for approximately two minutes to remove the oxide layer and generate a hydrogen-

terminated surface. The reflecting plane of Si crystal was then immersed in a mixture of 1 mL of 2% HF 

and 3 mL of Au plating solution containing 0.1050 g NaOH, 0.2276 g HAuCl4, 0.1337 g NH4Cl, 0.9845 g 

Na2SO3, and 0.6205 g Na2S2O3·5H2O at a constant volume of 100 mL for 4 minutes at 50 °C. Finally, the 

Si crystal was cleaned with pure water before the Cu deposition.  

IrO2/C GDE, an Ag/AgCl electrode, and Cu/Au films on the Si prism were used as the counter, reference, 

and working electrodes. In addition, a customized H-type electrochemical cell, separated with a bipolar 

membrane (Fumasep FBM from Fuel Cell Store), was used to accommodate the Si prism and avoid cross-

contamination from the counter electrode.  

Electrode Characterization   

A scanning electron microscope (SEM) FEI Quanta 200 FEG instrument was used to characterize the 

electrode, operating at 15 kV in secondary electron mode. The catalyst's surface was further characterized 

by X-ray photoelectron spectroscopy (XPS) with a binding energy range of 0−1400 eV and an analyzer 

pass energy of 100 eV. For data analysis, we implemented the Probe instrument (Thermo FisherScientific), 

equipped with a hemispherical analyzer. 

Electrochemical System 

For the controlled-temperature experiments in MEA, CO2 (AGA, purity 4.5) was supplied to the cathode 

flow fields with a flow rate of 40 sccm using a volumetric flow controller (Red-y from Voegtlin) and further 

humidified by sparging into a container filled with Millipore water. 0.1 M electrolyte reservoir was fed to 

the anode and recirculated continuously using a diaphragm pump (KNF) with a flow rate of around 10 

mL/min. Gas products on the anolyte were measured by purging Ar (at 30 sccm) for carrying the gases for 

further analysis. A potentiostat (Bio-Logic VSP 300 with booster unit) operated in galvanostatic mode was 

the power source, and the cell potentials were reported without any IR corrections.   

The cell and all the reaction components were placed in a heating oven with a PSU/box interfaced coupled 

to Raspberry Pi as a PID controller. A 230 heater (GPIO pin) was connected to thermocouples for 

temperature measurement, and a homemade Python program was developed to control and regulate the 
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reaction system's temperature. Thermocouples were placed in the electrochemical cell (cathode and anode 

flow fields), the humidifier, inlet and outlet streams, the heating plates, and the electrolyte reservoirs.  

Experiments using different heating methods were achieved by preheating the anolyte with a heating plate 

coupled with a temperature controller or heating rods attached directly to the electrolyzer and controlled 

with a homemade temperature controller, simulating the effect of the commercial heating tape. Detailed 

Information on the heating system is described in the Supporting Information (SI). 

For ATR-SEIRAS experiments, 0.1 M KHCO3 aqueous solution was CO-saturated and preheated to the 

desired temperatures (20-80 °C) to be further filled in the catholyte and anolyte chambers. A mixture of 

CO/Ar (MKS flow controller) was fed to the cathode compartment at rates between 5-10 sccm depending 

on the operational temperature, varying the partial pressure to keep the CO concentration in the catholyte 

constant. The electrochemical cell was connected to a Bruker spectrometer equipped with an MCT detector, 

and a Pike Technologies VeeMAX Ⅲ ATR accessory was employed for the electrochemical ATR-SEIRAS. 

All spectra were collected with a 4 cm-1 resolution and 16 scans. The reference spectrum was measured at 

-0.9 V vs. Ag/AgCl in Ar-saturated KHCO3. In addition, experiments were conducted using 

chronoamperometry at potentials between -0.9 to -1.5 V vs. Ag/AgCl using potentiostat Bio-Logic VSP 

200 at different temperatures, and the CO peak in the IR spectra was detected around 2050 cm-1. 

CO2R product analysis 

The outlet cathode stream was measured continuously using a volumetric flow meter (MesaLabs, Defender 

530+). The products in the gas sample were determined with a gas chromatograph  (PerkinElmer Clarus 

590) coupled with a thermal conductivity detector (TCD), equipped with the Molecular Sieve 13x, and 

HayeSep Q packed column using Ar (10 mL/min) as the carrier gas. Liquid samples from the cathode were 

collected after the CO2-outlet line using a condensation unit and cold trap to measure the vapor-phase liquid 

products. Detection of liquid products from the cathode and the anolyte were quantified using HPLC 

(Agilent 1260 Infinity II) with 5 mM H2SO4 as the mobile phase. Data analysis of the liquid products 

includes the cathode and the anode products. A description of the calculation methods for the Faradaic 

efficiency, partial current density, and calibration can be found in SI.   

 

 

 

 



7 

 

Results and Discussions 

Electrochemical Tests 

Temperature effect on the cathode activity 

The influence of temperature on cathode activity was assessed by recording polarization curves via LSV 

(Figure 2a) and chronoamperometry measurements (Figure S3) using 0.1 M KHCO3. Polarization curves 

show that the temperature has a pronounced effect on the total current density, increasing 3.0-fold at 80°C 

compared to ambient at the same cell potentials, similar to Lowe et al.7 and Vos and Koper's 

observations9. The change in the cathode activity is most likely the result of improved CO2R kinetics and 

mass transport at higher temperatures. While the increase in temperature decreases CO2 solubility, it 

improves the diffusion coefficients and electrochemical/homogeneous reaction rates. It is possible that the 

reduced CO2 solubility caused by the temperature rise might not offset the effects of the other factors, 

explaining why the cathode activity is enhanced (see further sections for a detailed analysis). Moreover, we 

calculated the thermodynamic equilibrium potential for multiple CO2R products, which revealed a slight 

negative shift at higher temperatures (⁓20 mV for CO2R to CO and ⁓40 mV for major C2+ from 20°C to 

80°C). These findings indicate that significant effects are primarily determined by kinetics and mass 

transport rather than changes in thermodynamic potentials (see SI). 

 

 

 

 

 

 

 
Figure 2. a) LSV Measurements for CO2R at different potentials and temperatures b) Cell potential profiles as a function of the 

temperature and current density  

In addition, Figure 2a shows that CO2 mass transport is not a major factor at low cell potentials, even at 

elevated temperatures. This indicates that kinetic mechanisms play a greater role under such conditions. 
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Nonetheless, there is a difference in cathode activity towards carbon products at higher cell potentials 

independent of the operating temperature. At current densities above 300 mA cm-2, we observed an increase 

in activity, which was not directly related to enhanced CO2R activity, but rather an improved HER (Figure 

S4). Selectivity changes may be attributed to limited CO2 transport to active sites (CO2 depletion) or due to 

flooding caused by operating above the limiting current density regime. We expected no significant 

difference in the GDE electrowetting before our chronopotentiometry measurements (LSV back-scanning 

and capacitance measurements did not reveal any noticeable changes). However, we observed a significant 

increase in cathode activity following electrolysis (Figure S5), which can be attributed to the increase in 

catalyst surface area after flooding, resulting in a higher current density (at the same potential ranges) as 

more active catalyst sites are present.26 

Overall, elevating the temperature lessened the cell potential (Figure 2B) and ohmic resistances (Figure 

S6). For all our tested current densities, the cell potential decreased as we increased the temperature (e.g., 

500 mV reduction from ambient to 80°C at 200 mA cm-2). The drop in voltage and ohmic resistance can be 

correlated with a higher cathode activity and ionic conductivity across the membrane (Figure S7)27. 

However, comparing our results of the current interrupt (Figure S6) and impedance spectrum (Figure S8), 

we determined that the high-frequency resistance (HFR) decreased by less than 0.6 Ω cm2 when the 

temperature was elevated, resulting in only 60 mV voltage reduction. Thus, it can be deduced that the 

overall cell voltage change was primarily caused by reaction kinetics improvements rather than changes in 

ionic conductivity. 

Temperature effect on the product distribution 

We conducted chronopotentiometry (Figure 3) and chronoamperometry (Figure S9) measurements to 

determine how temperature affects product distribution. Our experiments at temperatures below 50°C 

showed no differences in product selectivity compared to those at room temperature. There were no 

significant changes in the faradaic efficiency of CO and C2+ while increasing temperature from ambient 

conditions to 40 °C (e.g., FECO=15% and C2+=43% at room temperature compared to FECO=17% and 

C2+=47% at 40°C for 200 mA cm-2). However, when the temperature is raised from 20°C to 50°C, the CO 

selectivity increases considerably with faradaic efficiencies above 40% for all the measured current 

densities. The shift in selectivity towards CO may be attributed to temperature-dependent CO2R kinetics 

and faster desorption from the surface (as shown in the ATR-SEIRAS experiments) over the CO coupling 

to C2+. On the other hand, liquid products like ethanol also presented a higher selectivity at elevated 

temperatures, as the selectivity improved from 12% at 30°C to 21% operating at 80°C and 300 mA cm-2. 

Surprisingly, the ethanol selectivity drops between 60°C and 70°C, which we attributed to enhanced water 

evaporation into the outlet stream. 
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Furthermore, some selectivity trends between C1 and C2+ products are observed as a function of 

temperature. At current densities below 100 mA cm-2, the faradaic efficiency ratios between C2+/C1 decrease 

with increasing temperature (Figure S10). However, at current densities above 100 mA cm-2, a maximum 

C2+/C1 ratio is reached at 40°C, while at 60°C, the ratio reaches its lowest value (again, as a side effect of 

improved CO selectivity). The variations in product distribution prove the temperature dependence on the 

electrochemical reaction pathways, as temperature influences the thermodynamic potentials, the apparent 

activation energies (Arrhenius equation), and overpotentials (Butler-Volmer equation). Although 

increasing the temperature is known to enhance the selectivity of products with higher activation energies 

or transfer coefficients (e.g., ethanol or n-propanol), this conclusion is not always correct.9,10,13 For example, 

HER's apparent activation energy is greater than those associated with CO2R products over Cu.10 If this 

were our case, we would have detected HER enhancement because of the temperature. However, we did 

not observe the such trend, as the HER mechanism has an unexpected dependency on mass transport and 

an influence on water transport, which may surpass its dependency on activation energy. 28,29 
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Figure 3. The product distribution of Cu-based electrocatalysis for CO2R under different temperatures and current densities 

(Experimental Conditions: CO2 flow rate 40 sccm, 0.1 M KHCO3 as anolyte, Error bars represent the standard error of the mean 

for the measurements at each different conditions).  
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Accordingly, our hydrogen selectivity exhibits an exciting trend. As expected, performance at temperatures 

below 40°C was hampered by electrode flooding or lowered diffusion coefficients that did not compensate 

for CO2 depletion. However, in our system, HER decreased beyond 50°C, indicating that HER is not 

primarily determined by CO2 mass transport limitations but by ionomer conductivity or water management 

(see further section focused on temperature effect on the CO2 mass transport).  

In an MEA, the electroosmotic drag coefficients and AEM hydration increase with temperature, affecting 

the water uptake and the ionomer´s water content.30,31 Therefore, a lower water activity at the cathode is 

anticipated due to increased water consumption from charge-transfer reactions and electroosmotic flux 

towards the anode.13,30 This water drag to the anode might be beneficial, as it reduces the water penetration 

into the GDE and flooding. However, a water imbalance across the membrane could also be caused, as 

water at the anode is already in equilibrium with the liquid feed, favoring back-diffusion to the cathode. 

Considering the influence on the temperature in multiple transport properties and mechanisms, water 

management across the membrane may be difficult to predict in an MEA system due to its transient nature 

and dependence on the AEM properties and the cathode activity.31–33  

In addition, the water content in the humidified stream may have an effect since temperature affects the 

water content and permeability of the humidified reactant gas (vapor vs. liquid feed). According to Garg et 

al., assuming 100%  relative humidity (RH), 3% mol H2O is present at 25 °C compared to 43% mol H2O at 

80°C.32 Consequently, both water and CO2 concentrations in humidified gases will be influenced by 

temperature. Nevertheless, our measurements varying the RH did not show any effect on the distribution 

of the product, indicating that the improved CO2 diffusion at higher temperatures provides sufficient CO2 

concentration at the surface (Figure S11). RH effect is primarily detected through longer-term experiments 

by observing a decline in membrane conductivity as its hydration decreases (Figure S12). 

Alternatively, a temperature rise can affect the homogeneous reaction rates (see SI Note 3), which can result 

in favoring the salt precipitation as CO2 is starved in the electrolyzer. Therefore, carbonate anions cannot 

be formed, resulting in the predominance of OH- and a decrease in the cell potential.34 While the statement 

is true since membranes are most conducive in their OH⁻ forms, the analysis of the anodic CO2/O2 discharge 

did not show the switch to OH- transfer as the majority ion carrier even at higher current densities (Figure 

S13). Ultimately, we believe this effect can be explained by an increased kinetics of the charge-transfer 

reactions that consume the OH- before its transfer across the AEM. In addition, we observed that the salting-

out effect was delayed while performing high-temperature experiments, serving as an indicator of enhanced 

stability (Figure S14).35  
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In terms of product crossover,  a temperature rise leads to a lower crossover of volatile compounds through 

the AEM, resulting in higher concentrations at the cathode.36 While those products (e.g., alcohols) are 

predicted to cross the GDE via condensation/evaporation mechanisms, most liquid products generated at 

the cathode tend to migrate to the anode, where they might be oxidized (Figure S14). Our results show a 

linear relationship between temperature rise and decrease in crossover ratio, as we favored ethanol transport 

through the GDE by enhancing evaporation over diffusion or electroosmotic drag (Figure S15). Negative 

charge compounds do not alter their crossover rate, as they are affected primarily by electromigration across 

AEM (Figure S14).37 Additionally, operation at temperatures higher than 60 °C is likely to reduce the 

selectivity of compounds like formate and acetate since we may also increase the oxidation reaction rates 

at the anode. Control experiments adding potassium formate and acetate to the anode showed that oxidation 

towards CO2 is favored at higher temperatures (Figure S16). 

Temperature effect on CO2 utilization and mass transport 

Temperature directly impacts CO2 mass transport since the concentration of CO2 decreases at higher 

temperatures (Figure 1b). Therefore, we varied the partial pressures of CO2  (pCO2) using Ar at different 

current densities and temperatures, keeping constant the CO2 concentration, to predict temperature's 

contribution to the CO2 mass transport and utilization (Figure 4a). We adjusted the CO2/Ar ratio for all 

experiments at the measured temperatures to match the same CO2 concentration (at 1 bar and 80 °C) using 

Henry's law (Table S4 contains calculations of Henry's constant and CO2 concentration). 

 

Figure 4. Effect of the CO2 partial pressure on the faradaic efficiency of gas products. a) CO, b) H2, and c) C2H4. Experiments 

were conducted at 200 mA cm-2 

While operating at pCO2 and temperatures above 0.5 bar and 60°C, we found higher selectivities toward 

carbon-derived products with lower HER. We observed that temperature effects on mass transport and 
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diffusion overrode its effects on CO2 concentration, since we did not observe significant differences at 

lower CO2 partial pressures (>0.5 bar), indicating that a decreased CO2 concentration may not be a limiting 

factor for CO2R at high temperatures. Additionally, we observed that HER selectivity was not significantly 

influenced by temperature when pCO2 was below 0.5 bar, as CO2 was depleted on the catalyst surface. In 

terms of product selectivity, gas product selectivity (CO and C2H4) decreased with a reduction in pCO2, as 

previously reported in the literature (FEC2H4=26% at pCO2=1bar vs. FEC2H4 =4% at pCO2=0.2 bar).38 FEC2H4 

and FECO decrease linearly as sharply as HER increases, showing that both mechanisms are dependent.39 

Additional studies coupling the effects on partial pressure and temperature with variations in electrolyte 

concentration and the cation (K+ vs. Cs+) did not show any differences in the observed trend (Figure S17).  

We also evaluated the temperature effects on CO2 mass transport using a simplified version of the "thin film 

flooded agglomeration model" to calculate the limiting current density and correlate the observed selectivity 

trends assuming HER would be the dominant mechanism under CO2-depleted conditions.40–42 If the CO2 

drops to zero in the center of the agglomerate, we can correlate the partial current density (jH2) and the cCO2 

using first Fick's law and Faraday's law (Equation 1). 

𝑗𝐻2 =
𝐷𝑒𝑓𝑓,𝐶𝑂2(𝑇)

𝑟
 · 𝑐𝐶𝑂2(𝑇)  · 𝐹 · 𝑧       (1) 

Where 𝐷𝑒𝑓𝑓,𝐶𝑂2 corresponds to the effective diffusion, r the agglomerate radius, F the Faraday's constant, 

and z the number of electrons of the charge transfer reaction. 

A detailed description of the model and the calculation of the CO2 effective diffusion and dissolved 

concentrations are estimated from empirical equations according to Garcia de Arquer et al.43 and Vos and 

Koper9 and reported in the Supporting Information (Table S5). While this method is a rough estimation of 

the limiting current density (as assumptions on the agglomerate radius and simplified solutions of the ODE 

systems were made), it provides some correlation between the HER selectivity and activity. By varying the 

temperature from ambient conditions to 80°C, we observed a rise in the limiting current density from 240 

mA cm-2 to 300 mA cm-2. Thus, we observed that temperature enhances the CO2  transport, as we predict 

that even at higher current densities, we would not operate at limiting current density regimes (e.g., the 

dominant HER (60%) at room temperature dropped dramatically to 15% at 80°C under 300 mA cm2).  

In addition, we correlated the CO2 mass transport,  electrowetting, and electrode flooding by the capacitance 

measurements via double-layer capacitance (DLC). Previous control experiments were done at room 

temperature after assuming the proper electrowetting, showing no significant variations in the capacitance 

measurements before the experiments (Figures S5 and S18). In GDE, the degree of wetting is an essential 
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parameter since it determines the amount of catalyst in contact with the electrolyte.26 Therefore, we 

investigated the effect of temperature on the electrode flooding by measuring the DLC after electrolysis at 

each current density. The results in Figure 5 showed a plateau trend on the DLC at high temperatures, 

related to the inversely dropping of viscosity and surface tension of water as less water penetrated through 

the catalyst layer.41 On the other hand, an increase in the DLC is observed for all the different measured 

current densities and lower temperatures, correlated with the increase in HER.  

 

 

 

 

 

 

Figure 5. Tracking the electrode flooding by DLC measurements as a function of temperature and current density 

Fundamental studies using the ATR-SEIRAS 

To further understand the effect of temperature on the CO adsorption and binding strength on the Cu 

surface, we performed ATR-SEIRAS for COR instead of CO2R, as CO is the primary product at high 

temperatures and a common intermediate for C2+ products. Figure 6 represents in-situ ATR-SEIRA spectra 

for CO signal (2050 cm-1) at different potentials vs. RHE and temperatures in 0.1 M KHCO3 (full SEIRAS 

spectra are found in Figure S19). Independent of the operational temperature, we observed a decrease in 

the CO peak intensity and position with more cathodic potentials, as previously reported in the literature.44,45 

These intensities and peak shift variations might be related to chemical effects due to bonding changes 

between the adsorbed CO and surface or the Stark effect due to the interaction between the dipoles with the 

electric field at the interface.46 However, those effects appeared to be enhanced when the temperature was 

raised, as both the intensity area and stretching frequency of the CO peak decreased at all measured cathodic 

potentials. 

While the CO coverage wasn't quantified, we estimated the relative concentration at the surface using the 

intensity and area of the CO peak (Table S6). Our ATR-SEIRAS spectra don't vary significantly between 
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ambient conditions and 40°C at low potentials, as peaks don't decrease their intensity, indicating a saturated 

CO concentration at the surface. However, experiments at 60°C showed a significant decrease in peak 

intensity because of the temperature effect on weakening the binding strength of CO with the surface, 

favoring the CO desorption, and decreasing the CO concentration at the surface for all potentials.13 This 

pattern is consistent with our observation of increased CO selectivity at higher temperatures, as shown in 

Figure 3, but further studies are required to assess the temperature effect on the CO binding strength and 

coverage on Cu.  
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Figure 6.  ATR-SEIRAS CO adsorption peak for COR at different potentials and temperatures 

Effect of the heating method on the CO2R performance 

The lack of a standardized protocol and method for determining proper electrolyzer heating makes 

comparing studies performing measurements at high temperatures challenging. Therefore, we wanted to 

analyze the impact of the cell heating method on trends regarding product distribution. For these 

experiments, we implemented two additional methods for making the heating. With the first method, only 

the electrolyte reservoir was heated using a heating plate, and the temperature was controlled by measuring 

the temperature with a thermocouple (other elements of the reaction system are kept in the atmosphere). 

For the second method, we used hearing rods directly connected to the cathode and anode's flow field. The 

temperature was controlled with a simple RID control box by measuring the cell's temperature with a 

thermocouple. We tried to replicate a similar phenomenon obtained from a commercial heating plate for 

CO2 electrolyzers. The results of these measurements are shown in Figure 7. We were interested in 

performing the experiments at elevated temperatures (>60°C) as the selectivity trends are more visible 

under those conditions. 



15 

 

Our results showed differences in the product distribution between our three heating methods. While slight 

differences can be appreciated between the direct cell heating method and the use of our heating box, 

significant variations are found while comparing those obtained from just heating the electrolyte. While it 

seemed that the C2+ selectivity improved by the effect of temperature, we found out that the actual 

temperature of the cell was far from the 60 °C initially expected (the actual values for the temperatures for 

the measured 60°C were around 28°C, 70°C was about 32°C and 80°C was about 35°C). Such discrepancies 

between the measured temperature in the electrolyte and the cell one caused an altogether product 

distribution trend, remarking the importance of how to heat the cell uniformly. On the other hand, 

differences in the Faradaic efficiency in HER and CO between the “cell heating” method and our heating 

box could be explained by the variations in the CO2-humidified cell and the anolyte feed. The anolyte and 

the humidifier weren't heated in the cell heating scenario. We assumed that it might take some time for 

them to reach the cell temperature, generating temperature gradients that could influence the water 

management and, therefore, the selectivity.  
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Figure 7. Effect of the cell heating in the product distribution using two different methods at elevated temperatures Experimental 

Conditions: CO2 flow rate 40 mL sccm, 0.1 M KHCO3 as anolyte) 

On the other hand, we need to consider that CO2 electrolyzers generate heat from the charge transfer and 

buffer or electrical resistances (resistive heating). Corral et al. described that temperature changes inside 
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the electrolyzer alter the CO2 concentration at the gas-liquid interface, favoring the CO2 mass transport 

limitations.47 By measuring the temperature near the cathode surface, they observed a temperature increase 

of 7°C under 300 mA cm-2 and 24°C at 500 mA cm-2 for CO2R, attributed these changes to the released 

heat by exothermic reactions at the surface.  

Considering the possible effects of resistive heating on our performance, we used a customized MEA cell 

(Figure S19) that allows the placement of a thermocouple close to the GDE for a more precise measurement 

of temperature in the cell. Comparing results at 50 mA cm-2 vs. 300 mA cm-2, we observed just a temperature 

rise of 3 °C inside the cathode (Figure S20) between experiments, matching the predicted increase estimated 

by modeling and showing a uniform temperature distribution in the cell. Therefore, temperature changes 

by resistive heating won’t be significant in the system. Although our results differ from those of Corral et 

al. 47, we believe that such variations can be attributed to the different types of cells used in both studies 

and the higher thermal conductivity of aqueous catholyte later.  

On the other hand, performance at 500 mA cm-2, even at elevated temperatures, revealed limited CO2R with 

selectivity switching to HER at a short experimental time and a temperature rise of around 7°C (Figure 

S21). In the context of industrial scale-up, this phenomenon remains relevant since resistive heating is 

dominant at elevated temperatures at larger-size electrolyzers, and electrodes must maintain stable 

operation under these operational conditions. Therefore, coupling some strategies with temperature, such 

as two-step CO2 electrolysis, switching from K to Cs-based electrolytes, or adding ionomers, can improve 

performance and stability. 

Long-term stability of CO2R at elevated temperatures 

We performed long-term experiments (50 hours) at high temperatures to track product distribution and 

stability. Figure 8 shows cell potential and product distribution of electrolysis at 60°C and 150 mA cm-2. 

The FE of gas products is reported as the average of simultaneous GC injections, and the liquid products 

were achieved by periodically collecting anolyte and cathode samples. To avoid possible evaporation of 

the anolyte, we used a more extensive reservoir and maintained the operation without any intervention or 

technique to improve the GDE durability. 

During the first 40-hour experiment, CO was the primary product with a constant cell potential (⁓-2.9 V). 

The FECO decreased by just 8% for 30 hours (from 39% at the beginning of the experiment to 31% at the 

end). In addition, neither the HER nor the ethylene showed significant changes in selectivity, with both 

showing changes of below 7% and 4%, respectively. As for the liquid product, the ethanol selectivity 

increased for the first few hours of testing (reaching 20% at 8 hours) but then decreased to 10%. The acetate 
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selectivity was lower at the beginning of the experiment, matching our trend presented in Figure 3, but it 

was slightly higher after 24 hours. We correlated this change to an enhancement of the oxidation 

mechanisms at the anode and the possible oxidation of ethanol to acetate or even CO2.   

    

 

 

 

 

 

  

Figure 8. Long-term stability test operated at 60°C and 150 mA cm-2 using Cu-based electrode and  MPIP- (with an 0.1 M 

KHCO3 anolyte). Error bars represent the standard error of the mean for the measurements within 2 h intervals for gas products. 

After 40 hours, we saw an enhancement of HER and a decrease in selectivity towards carbon products. The 

electrolyzer performed for 55 hours before we observed a jump in the potential and further cell short-

circuited. We believed that we had reached a point where the membrane hydration was sufficiently low and 

began to suffer from chemical degradation (Figure S22), which affected its ability to operate longer-term. 

In our experiments, we demonstrated that temperature management might be an effective strategy to 

overcome limitations in CO2 mass transport. However, it remains an issue for maintaining CO2R at MEA 

for a more extended period.   

Conclusions 

We conducted a systematic study to investigate the effects of temperature on zero-gap CO2 electrolysis to 

understand how this parameter influences selectivity, activity, and overall performance. We found that 

raising the temperature increased the current density towards CO2R and lower cell potentials due to 

improved CO2 mass transport, water management, and charge-transfer kinetics, overcoming the adverse 

effects of low solubility. Additionally, we observe a significant shift of selectivity toward CO at 

temperatures above 50°C (>40%), which is associated with a weakening of the binding strength of CO to 

the surface, favoring the desorption as observed by our ATR-SEIRAS measurements. By operating at 

elevated temperatures, we found the concomitant H2
 was suppressed (15.0% at 300 mA cm-2 at 80°C), and 
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GDE flooding was delayed, resulting in increased CO2R durability. We heated our reaction system at 60°C 

and achieved stable CO2 electrolysis over 40 hours without significant changes in derived CO2R-products 

selectivity and cell potential (<3 V). As a final point, we presented the importance of proper heating when 

conducting such experiments, as differences in the heating methods might mislead the evaluation of the 

temperature effect and trends during the experiment. The insights obtained in this work noted the benefits 

of conducting CO2R at elevated temperatures under industrially relevant conditions to decrease energy 

consumption and improve stability while providing strategies for combining these benefits with the design 

and optimization of selective electrocatalysts, GDEs, and AEMs to overcome current limitations in this 

field.   
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Figure S1. a) MEA cell drawing of CO2 electrolyzer b). Schematic representation of the CO2R in MEA 

configuration and main properties/parameters influenced by the temperature. 

a) 

b) 



 

Influence of transport properties in CO2 electrolysis as effect of temperature: 
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Figure S2. Transport and kinetics factor's temperature dependency on CO2R (CO2 solubility, CO2 

diffusion, water vapor pressure, surface tension, vogel viscosity, salt solubility, and Henry's constant). 

 

CO2 Solubility (in aqueous environment)1: 

𝑐𝐶𝑂2 = 𝐻𝐶𝑂2 ∗ 𝑐𝐶𝑂2,𝑔𝑎𝑠    (𝐄𝐪 𝐒. 𝟏) 

𝐻𝐶𝑂2 (𝑚𝑀/𝑎𝑡𝑚) = 93,4517 · (
100

T[K]
) − 60,2409 + (23,3585 · log (

𝑇[𝐾]

100
))   (𝐄𝐪 𝐒. 𝟐) 

CO2 Diffusion2: 

𝐷𝐶𝑂2(𝑐𝑚2/s) = 2,17 · 10−4  · e

(−
2345

1
T[K]

+
1

Tref

)

      (𝐄𝐪 𝐒. 𝟑) 

Vogel Viscosity3: 

𝜗 (𝑚𝑃𝑎 · s) = 𝑒
−3,6413+542,

05
𝑇[𝐾]−144,15

  
  (𝐄𝐪 𝐒. 𝟒)   

Water vapor pressure2,4: 

𝑝𝐻2𝑂(𝑚𝑚𝐻𝑔) = 10
8,07−(

1730,63
𝑇[𝐾]−39,724

)
  (𝐄𝐪 𝐒. 𝟓) 



30 40 50 60 70 80
0

200

400

600

800

1000
 CO

 C2H4

 C2H5OH

 HCOO-

j i 
(m

A
 c

m
-2

)

Operating temperature (oC)

a

b
c

d

e
f

g

h

i

j
k

l
m

RT

 

Figure S3. Summary of studies for CO2R performed at elevated temperatures reported in the literature. 

(See Table S1 for the detailed information of the data). ji corresponds to the partial current density of 

derived CO2-product (CO, formate, ethanol and ethylene). 
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Figure S4. XPS pattern data  of post-reaction Cu-GDE tested at different operating temperatures.  



Table  1. Compiled data of different studies for CO2 electrolysis performed at elevated temperatures and industrial relevant conditions 

 
Author Year Cathode Anode IEM Type Electrolyte jtotal (mA 

cm-2) 

Ecell 

(V) 

T (°C) Cell Conf. FE (%) 

a Endrodi et al.5 2020 Ag NPs 

on CP 

IrOx-Ti AEM PiperION 0,1 CsOH 1000 2.6-3.4 60 MEA 90% CO 

b Dufek et al.6 2012 Ag GDE RuOx AEM Excellion 2.5 M KOH 125 3.3 70 Flow Cell 60% CO 

c Yin et al.7 2019 Au Ti-Sheet AEM QAPPT 

Membrane 

Pure Water 500 3 60 MEA 90% CO 

d Yin et al.7 2019 CoPc Ti-Sheet AEM QAPPT 

Membrane 

Pure Water 200 2.8 60 MEA 90% CO 

e Pribyl-

Kranewitter8 

2021 Ag-GDE 

29BC 

IrTiO2-Nafion BPM Fumasep BPM DI Water 136 2.9 40 Flow Cell 93% CO 

f Gabardo et al.9 2019 Cu-GDE IrO2 AEM Sustainion X37-

50 

0.1 M KHCO3 150 4 40 MEA 45% 

C2H4 

g Gabardo et al.9 2019 Cu-GDE IrO2 AEM Sustainion X37-

50 

0.1 M KHCO3 100 3.7 60 MEA 30% 

C2H4 

h Kai Miao et 

al.10 

2021 Cu-GDE 

in PTFE 

IrO2/Ti AEM Sustainion, 

PiperION 

0.1 M KHCO3 200 3.85 60 MEA 20% 

EtOH 

i Lee et al.11 2018 Sn-NPs 

on CP 

Pt Black CEM Nafion 115 1 M KHCO3 /1 

M KOH 

100 2.2 70 Flow Cell 93.3% 

HCOO- 

j Li et al.12 2007 Sn NPs Ti Mesh CEM Nafion 117 0,5 M KHCO3+ 

2 M KCl 

310 3.9 40 Flow Cell 61% 

HCOO- 

k Dufek et al.13 2014 Ag GDE Ir-Ni mesh CEM Nafion 115 0,5 M K2SO4 275 3.4-3.6 60 Flow Cell 90% CO 

l Dufek et al.6 2011 Ag-GDE Ru- DSA CEM Nafion 424 0,8 M K2SO4 110 1.57 70 Flow Cell 90% CO 

m Jeng and Jiao14 2020 Ag-GDE IrO2 AEM Sustainion 0.05 M KHCO3 200 3.1 60 MEA 90% CO 

n Garcia de 

Arquer et al.1 

2020 Cu-

CIBH 

Ni Foam AEM Fumasep FA-PK 

130 

7 M KOH 1400 5.5 60 Flow Cell 65% 

C2H4 

o Lowe et al.15 2019 Sn-GDE Ni Gauze CEM Nafion 117 2 M KHCO3 1000 1.72 V 

SHE 

50 Flow Cell 80% 

HCOO- 
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Figure S5. SEM images of the Cu-based catalyst a) gas-diffusion layer, Cu-GDEcoated on microporous 

carbon layers of the SG-39BB GDL at b) RT before electrolysis, c) RT after electrolysis, d) 60 °C before 

electrolysis and e) 60 °C after electrolysis 

Supplementary Note I 

Estimation of the standard equilibrium potentials 

We can estimate the standard cell potentials by correlating the change in free energy.  

∆𝐺0 = −𝑧 𝐹 𝐸𝑐𝑒𝑙𝑙
0      (𝐄𝐪 𝐒. 𝟔) 

In Equation (Eq S.6), z corresponds to the moles of electrons, F the Faraday's constant, ∆𝐺0 the Gibbs free 

energy related to the electrical work and 𝐸𝑐𝑒𝑙𝑙
0  is the standard cell potential. The thermochemistry data for 

carbon products from CO2R can bee found from literature16  

Table S3. Effect of operating temperature in the standard potentials for different CO2R products  

Temperature (°C) E° CO  (V) E° C2H4 

(V) 

E° EtOH 

(V) 

E° PrOH 

(V) 

E° CH4 (V) 

20 -0.104 0.081 0.080 0.096 0.171 

30 -0.108 0.075 0.074 0.090 0.165 

40 -0.112 0.069 0.068 0.083 0.160 

50 -0.116 0.062 0.062 0.077 0.155 

60 -0.120 0.056 0.056 0.070 0.150 

70 -0.123 0.050 0.049 0.063 0.144 

80 -0.127 0.044 0.043 0.057 0.139 
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Figure S6. Chronoamperiometry measurements of CO2 electrolysis at different cell potentials and 

temperatures in prior experiments.  

-3,3 -3,0 -2,7 -2,4 -2,1 -1,8

-600

-400

-200

0

 70OC

j t
o

ta
l 
(m

A
 c

m
-2

)

Cell Potential (V)

 50OC

 80OC

 30OC

 40OC

 RT

 60OC

 

Figure S7. Post-electrolysis LSV of CO2 reduction at different temperatures and cell potentials (scan rate: 

20 mV s-1). Experimental conditions: Cu-GDE (Cathode), MPIP-AEM, IO2 (Anode), CO2 feeding rate 40 

sccm, 0.1 M KHCO3. 
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Figure S8. Product distribution and CO2 electrolysis experiments at high current densities beyond the 

limiting current densities a) Performance at 400 mA cm2 at 60°c and b) 600 mA cm-2 at 80°C. (Experimental 

conditions: Cu-GDE (Cathode), MPIP-AEM, IO2 (Anode), CO2 feeding rate 40 sccm, 0.1 M KHCO3) . 
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Figure S9. Measurements of ohmic resistances at different current densities and temperatures. USING 

current interrupt technique. This parameter was measured after the galvanostatic experiments.  
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Figure S10. Galvano-electro impedance spectroscopy (GEIS) for CO2 electrolysis at different 

temperatures. (High-frequency region indicates potential variations of the ionic conductivity).  
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Figure S11. Measurement of the Ionic Conductivity in the HCO3- for different AEMs 
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Figure S12. Product distribution as an effect of the temperature and cell potential for CO2 electrolysis.  

 



S11 
 

20 30 40 50 60 70 80

0

15

30

45

60

20 30 40 50 60 70 80

0

15

30

45

60

20 30 40 50 60 70 80

0

1

2

3

4

5

20 30 40 50 60 70 80

0

15

30

45

60

20 30 40 50 60 70 80

0

5

10

15

20

20 30 40 50 60 70 80

0

2

4

6

8

10

F
a
ra

d
a
ic

 e
ff

ic
ie

n
c
y
 (

%
)

CO

F
a
ra

d
a
ic

 e
ff

ic
ie

n
c
y
 (

%
)

Temperature (°C)Temperature (°C)

H2

F
a
ra

d
a
ic

 e
ff

ic
ie

n
c
y
 (

%
)

Temperature (°C)

CH4

F
a
ra

d
a
ic

 e
ff

ic
ie

n
c
y
 (

%
)

Temperature (°C)

C2H4

F
a
ra

d
a
ic

 e
ff

ic
ie

n
c
y
 (

%
)

Temperature (°C)

Acetate

 50 mA cm-2  100 mA cm-2  150 mA cm-2     200 mA cm-2  250 mA cm-2   300 mA cm-2  

F
a
ra

d
a
ic

 e
ff

ic
ie

n
c
y
 (

%
)

Temperature (°C)

PrOH

 

Figure S13. Trends of major electrochemical CO2-derived products (CO, acetate, n-propanol, ethylene, 

methane) and HER as a function of the total current density and temperature (results linked to Figure 3 of 

the main manuscript).  
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Figure S14. a) C2+/CO Faradaic efficiency ratio, b) CO2-derived products/H2 faradaic efficiency ratio, c) 

CO partial current density (jCO), and d) C2+ products partial current density (jC2+) as a function of the 

temperature and total current densities. (Experimental conditions: Cu-GDE (Cathode), MPIP-AEM, IO2 

(Anode), CO2 feeding rate 40 sccm, 0.1 M KHCO3) . 

 

 

 

 

 

 

 

 

a) 

b) 

c) 

d) 



S13 
 

0 500 1000 1500 2000 2500 3000 3500 4000
-5

-4

-3

-2

C
e
ll

 V
o

lt
a
g

e
 (

V
)

Time (s)

0 500 1000 1500 2000 2500 3000 3500
-4

-3

-2

-1

0

C
e
ll

 V
o

lt
a
g

e
 (

V
)

Time (s)

0 500 1000 1500 2000 2500 3000 3500 4000
-4

-3

-2

C
e

ll
 V

o
lt

a
g

e
 (

V
)

Time (s)

Sustainion X37-50 RT-AEM

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
-3,0

-2,9

-2,8

-2,7

C
e
ll

 V
o

lt
a
g

e
 (

V
)

Time (s)

0

20

40

60

80

100

CO
H2

CO

H2

CO
H2

CO

H2

PiperION-AEM TMA-AEM

MPIP-AEM

F
a
ra

d
a
ic

 E
ff

ic
ie

n
c
y
 (

%
)

0

20

40

60

80

100

F
a
ra

d
a
ic

 E
ff

ic
ie

n
c
y
 (

%
)

0

20

40

60

80

100

F
a
ra

d
a
ic

 E
ff

ic
ie

n
c
y
 (

%
)

Sustainion X37-50 RT-AEM

0

20

40

60

80

100

F
a
ra

d
a
ic

 E
ff

ic
ie

n
c
y
 (

%
)

Figure S15. Effect of high-temperature CO2-electrolysis performance for different AEMs in the chemical 

stability over Ag-GDE. (Experimental conditions: Cu-GDE (Cathode), MPIP-AEM, IO2 (Anode), CO2 

feeding rate 40 sccm, 0.1 M KHCO3, temperature: 90°C) . 
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Figure S16. Effect of the relative humidity (different humidity in CO2-inlet feed) in the product distribution 

of gas-products for CO2 electrolysis as a function of the temperature. A) 100%, b) 50%, c) 70%, and d) Dry 

CO2. Experimental conditions: Cu-GDE (Cathode), MPIP-AEM, IO2 (Anode), CO2 feeding rate 40 sccm, 

0.1 M KHCO3. Operating time: 90 min for each measurement). 
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Figure S17. Coupled effect of temperature and water content by evaluating the effect of humidified CO2 

inlet vs. dry CO2 in long-term CO2 electrolysis at 80 °C. a). Humidified CO2, and b). Dry CO2 
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Homogeneous reactions  

CO2 + OH− → HCO3
− 

HCO3
− + OH−  → CO3

2− + H2O 

OH− + H+ → H2O 

Main anodic reaction  

OER:  2H2O → O2 + 4H+ + 4e− 

(CO2/O2 ratio = 0)           4OH− →   O2 + 2H2O + 4e− 

(CO2/O2 ratio=  2)            2CO3
2− →  2CO2 + O2 + 4e−  

(CO2/O2 ratio = 4)           4HCO3
− → 4CO2 + O2 + 2H2O + 4e−  
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Figure S18. CO2/O2 ratio at the anode as a function of total current density for different temperatures  CO2 

electrolysis. 
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Figure S19. A crossover study of ethanol at room temperature in MEA-based CO2 electrolysis a) Ethanol 

faradaic efficiencies at different current densities and quantification of the product in the cathode and anode 

compartments. B). Crossover ratio of product detected at the anode vs. total products for main CO2-liquid 

products (ethanol, n-propanol, acetate, and formate).  

a) 

b) 



S18 
 

 

50 100 150 200 250 300
20

40

60

80

50 100 150 200 250 300
20

40

60

80

50 100 150 200 250 300 350

5

10

15

20

E
th

a
n

o
l 

E
v
a
p

o
ra

ti
o

n
-C

o
n

d
e
n

s
a
ti

o
n

 

R
a
ti

o
 (

%
) 

jtotal (mA cm-2)

80°C

70°C

60°C

50°C

40°C

30°C

RT

80°C

70°C

60°C

50°C

40°C

30°C

RT

70°C

60°C

30°C

E
th

a
n

o
l 

C
ro

s
s
o

v
e
r 

R
a
ti

o
 (

%
) 

jtotal (mA cm-2)

T
o

ta
l 
E

th
a
n

o
l 
F

a
ra

d
a
ic

 E
ff

ic
ie

n
c
y
 (

%
)

jtotal (mA cm-2)

80°C

50°C

40°C

RT

 

Figure S20. a). Effect of temperature in the ethanol selectivity at different total current densities b). Ethanol 

crossover ratio as a function of the operating temperature and the current density, and c). The evaporation 

rate of ethanol across the cathode-GDE is a function of the temperature. Experimental conditions: Cu-GDE 

(Cathode), MPIP-AEM, IO2 (Anode), CO2 feeding rate 40 sccm, 0.1 M KHCO3. Operating time: 90 min for 

each measurement). 

 

 

 

 

 

 

a) 

b) 

c) 



S19 
 

0

20

40

60

80

100

F
a
ra

d
a
ic

 E
ff

ic
ie

n
c
y
 (

%
)

 KHCO3
       CsHCO3

KHCO3

0

20

40

60

80

100

 Ethylenglycol

 Glycoaldehyde

 Acetaldehyde

 n-Propanol

 Ethanol

 Acetate

 Formate

 CH4

 C2H4

 CO

 H2

F
a
ra

d
a
ic

 E
ff

ic
ie

n
c
y
 (

%
)

100 mM         50 mM          10 mM

0.1 M MHCO3

 

Figure S21. Study of the effect of the electrolyte at elevated temperatures (60oC). a). Effect of the cation 

in the anolyte at 0.1 M. b). Effect of the electrolyte concentration for KHCO3-electrolyte solutions. 

Experimental conditions: Cu-GDE (Cathode), MPIP-AEM, IO2 (Anode), CO2 feeding rate 40 sccm). 

 

Supplementary Note II 

Flooded-agglomeration model for limiting current density estimation.  

To correlate the temperature influence on the CO2-mass transport, we will implement the "flooded-

agglomeration model" coupled with the thin-film model proposed by and implemented for Løwe et al.15 to 

correlate the CO2 depletion and further HER increase.17–19 When the CO2 drops to zero in the center of the 

agglomerate, we can correlate the partial current density (jH2) and the cCO2 using first Fick's law and 

Faraday's law. 

Diffusion limited mechanism into the porous: 

𝐽𝑖 = −𝐷 
𝑑𝑐

𝑑𝑥
   (𝐄𝐪 𝐒. 𝟗) 

𝐽𝐶𝑂2,𝑑𝑖𝑓 = −𝐷𝐶𝑂2  
𝑐𝐶𝑂2,𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑟𝑝
  (𝐄𝐪 𝐒. 𝟏𝟎) 

With 1st Faraday's law: 𝐽𝐶𝑂2,𝑑𝑖𝑓 =
𝑗𝐶𝑂2,𝑚𝑎𝑥

𝑧𝐹
  

𝑗𝐶𝑂2_𝑚𝑎𝑥 =
𝐷𝐶𝑂2(𝑇)

𝑟
 · 𝑐𝐶𝑂2(𝑇)  · 𝐹 · 𝑧      (𝐄𝐪 𝐒. 𝟏𝟏)    

Where Ji is the mass flux, cco2 surface the concentration at the surface,  𝐷𝑒𝑓𝑓,𝐶𝑂2 corresponds to the effective 

diffusion (m2 s), r the agglomerate radius, F the Faraday's constant, and z the number of electrons of the 

a) b) 
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charge transfer reaction. The CO2 solubility and diffusion calculation are taken from Eq S.1 and S.2. The 

porosity and tortuosity of the agglomerate were considered. The values were setting it up following Weng 

et al.20 as diffusion and charge transfer reactions happen simultaneously, the estimation of the limiting 

current density is only an approximation by using this model. 

Table S4. Estimation of the limiting current density as a function of the temperature 

Temperature (oC) jCO2,max (mA cm2) 

20 240 

30 239 

40 243 

50 25 

60 270 

70 292 

80 320 

 

4 6 8 10 12

24

25

26

27

28

DCO2 (109  m2·s)

c
C

O
2

  (
m

M
)

13,40

21,73

30,05

38,38

46,70

55,03

63,35

71,68

80,00

Temperature (oC)

0

10

20

30

40

50

60

70

8030

25

20

15

10

 

Figure S22. Contour plot of the effect of temperature on the CO2 solubility (cCO2) and diffusion (DCO2). 

Data obtained from equations (S.1 and S.2) 
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Table S5. CO2 concentration in aqueous solution and diffusion as a function of operating temperature 

Temperature (K) cCO2 (mM) DCO2 (109 m2 s-1) 

283 53.9 2.38 

293 39.3 3.16 

303 30.1 4.11 

313 24.0 5.27 

323 19.8 6.64 

333 16.9 8.26 

343 14.9 10.14 

353 13.5 12.31 
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Figure S23. Electrochemical capacitance measurements after CO2 electrolysis at different temperatures. 

The potential was cycled in between 0.1 and 0.35 V VS RHE at different scan rates  
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Table S6. Measurements of the double-layer capacitance after CO2 electrolysis at 200 mA cm-2  

Temperature (oC) DLC (mF cm-2) 

20 2,05 

30 1,31 

40 1,08 

50 0,98 

60 0,64 

70 0,56 

80 0,53 
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Figure S24. Tracking the electrode flooding by measuring the electrochemical capacitance at 200 mA 

cm-2 as a function of the operating temperature. (Experimental conditions: Cu-GDE (Cathode), MPIP-

AEM, IO2 (Anode), CO2 feeding rate 40 sccm, 0.1 M KHCO3) . 

Effect of the reflux ratio in product distribution for CO2R to CO at 150 mA cm-2 
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Effect of temperature on CO solubility  

Empirical expression for CO concentration in aqueous solutions as the effect of the temperature.21 

𝑐𝐶𝑂 (
𝑚𝑜𝑙

𝑘𝑔 𝑏𝑎𝑟
) = 9.9 · 10−4  · exp (1300 ·

1
𝑇[𝐾]

−
1

298
)     (𝐄𝐪 𝐒. 𝟏𝟐)    
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Figure S25. CO features from ATR-SEIRAS spectra at different temperatures as a function of the cathodic 

potentials a). -0.3 V b). -0.5 V c) -0.7 V and d). -0.9 V vs. RHE 
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Figure S26. Full ATR-SEIRAS for CO electrolysis at different cathodic potentials at different temperatures 

and partial pressures a). room temperature b). room temperature and PCO=0.5 bar c). 40 °C and d). 40 °C 

and PCO=0.6 bar 

a) 

b) 
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Figure S27. Full ATR-SEIRAS for CO electrolysis at different cathodic potentials at different temperatures 

and partial pressures a). 60 °C b). 60 °C  and PCO=0.8 bar c). 80 °C, and d). 80 °C and PCO=1.0 bar 

c) 

d) 
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Scheme of configurations to evaluate the effect of the heating method  

a). Use of heating rods connected to the flow field on both compartments 

              

a). Use of a heating plate for the electrolyte reservoir heating 

 

Figure S28. Schematic representation of heating methods a), Heating the EC and b) Anolyte 

a) 

b) 
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Figure S29. a). Cell potential as a function of total current density for CO2 electrolysis b). measurements 

of the temperature changes due to the resistive heating at room temperature at different current densities.  
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Figure S30. The product distribution of gas-products at different current densities for CO electrolysis at 

different temperatures a). Room temperature, and b). 60°C.  
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Figure S31. Temperature profile for the long-term experiment (Figure 8 of the main manuscript) for 

different reaction components (humidifier, electrolyte, and electrochemical cell).  
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Supplementary Note III 

Overall balance and influence of temperature in CO2 electrolysis using MEA approach.22  We 

highlighted the direct parameters, mechanisms or equations that involves temperature on it.  

Cathode Gas Channel  
Overall Mass Balance: ∇(𝜌𝑢) = 0 

Component Mass Balance (Flux per species): ∇𝑛𝑖 = 0                        𝑖 = 𝐶𝑂2, 𝐻2, 𝐶2𝐻4, 𝐻2, 𝐻2𝑂 

Multicomponent Flux: 𝑛𝑖 = −𝜌𝑤𝑖 ∑ 𝐷𝑖𝑗(𝑇)𝑛
𝑗=𝑖 [

𝑀𝑔

𝑀𝑗
(∇𝑤𝑖 + 𝑤𝑗

∇𝑀𝑔

𝑀𝑔
) + (𝑥𝑗 − 𝑤𝑗)

∇𝑝

𝑝
] + 𝜌𝑢𝑤𝑖     

Molas mass of gas mixture: 𝑀𝑔 = 𝑥𝐶𝑂2𝑀𝐶𝑂2 + 𝑥𝐶𝑂𝑀𝐶𝑂 + 𝑥𝐶2𝐻4𝑀𝐶2𝐻4 + 𝑥𝐻2𝑂𝑀𝐻2𝑂 + 𝑥𝐻2𝑀𝐻2 

Fuller Diffusion Coefficient: 𝑫𝒊𝒋 =
𝟎.𝟎𝟏𝟎𝟏𝟑𝟐𝟓·𝑻𝟏.𝟕𝟓 (

𝟏

𝑴𝒊
+

𝟏

𝑴𝒋
)

𝟎.𝟓

𝒑(𝒗
𝒊

𝟏
𝟑+𝒗

𝒋

𝟏
𝟑)

  

Mass Fraction: 𝑤𝐶𝑂2 + 𝑤𝐶𝑂 + 𝑤𝐶2𝐻4 + 𝑤𝐻2 + 𝑤𝐻2𝑂 = 1 

 

 Gas and liquid-water transport in the GDL and CL (Porous Media) 
Overall Mass Balance: ∇(𝜌𝑢) = 𝑄 

Mass Source Term (Q): 𝑄 = 𝑅𝐶𝑂2 + 𝑅𝐶𝑂 + 𝑅𝐻2 + 𝑅𝐻2𝑂 

The mass-average velocity field of phase (Darcy's Law): 𝑢𝑝 = −
𝑘

𝜇
∇𝑝 

Permeability (On the GDL using Tomadakis-Sotirchos model): 𝑘 =
𝜀

8 (ln 𝜀)2  
(𝜀−𝜀𝑝)

𝛼+2 
𝑟𝑓

2

𝜀(1−𝜀𝑝)
𝛼

[(𝛼+1)(𝜀−𝜀𝑝)]
2 

Component Mass Balance: ∇𝑛𝑖 = 𝑅𝑖 = 𝑅𝐶𝑇,𝑖 + 𝑅𝐵,𝑖 + 𝑅𝑃𝑇,𝑖                         𝑖 = 𝐶𝑂2, 𝐻2, 𝐶2𝐻4, 𝐻2, 𝐻2𝑂 

Molar Flux (from the mass flux): 𝑛𝑖 = −𝜌𝑤𝑖 ∑ 𝐷𝑖𝑗
𝑒𝑓𝑓

[
𝑀𝑔

𝑀𝑗
(∇𝑤𝑗 + 𝑤𝑗

∇𝑀𝑔

𝑀𝑔
) + (𝑥𝑖 − 𝑤𝑗)

∇𝑝

𝑝
]𝑁

𝑗=1 + 𝜌𝑢𝑤𝑖 

Effective gas diffusivity (Bruggeman correction): 𝐷𝑖𝑗
𝑒𝑓𝑓

= 𝜀1.5𝐷𝑖𝑗 

Mole Fraction: ∑ 𝑥𝑖 = 1         𝑥𝑖 =
𝑤𝑖𝑀𝑔

𝑀𝑖
 

 

Charge transfer reaction in CL (RCT) 

Charge conservation: ∇𝑖 = 0 

Current Density (Ohm's law): 𝑖 = −𝜎𝐺𝐷𝐿∇ϕs 

Overpotential: 𝜂𝑘 = (𝜙𝑆 − 𝜙𝐿) − (𝑈𝑘
0 −

2.303𝑅𝑇

𝐹
 )  𝑝𝐻  

Reaction Rate Charge transfer: 𝑅𝐶𝑇.𝐼 = −𝑀𝑖  ∑
𝑠𝑖𝑘𝑎𝑣𝑖𝑘

𝑧𝐹𝑘  

Charge transfer reactions per species: 𝒊𝒌 = −𝒊𝟎,𝒌 (
𝒄𝒋

𝒄𝒋
𝒓𝒆𝒇)

𝜸𝒌

𝐞𝐱𝐩 (
−𝜶𝒄,𝒌𝑭

𝑹𝑻
𝜼𝒌) 

Exchange current density: 𝒊𝟎,𝒌 = 𝑨𝑲 𝐞𝐱𝐩 (−
𝑬𝒂,𝒌

𝑹𝑻
) 

Current Source Terms associated with solid phase: 𝑆𝑠 = (−𝜎𝐶𝐿,𝑠∇𝜙𝑠) = −𝑎𝑖𝑖𝑖 

Current Source Terms associated with the liquid phase: 𝑆𝑙 = (−𝜎𝐶𝐿,𝑙∇𝜙𝑙) = 𝑎𝑖𝑖𝑖 

 

Electrolyte 

Current Density (Ohm's law): 𝑖 = −𝜎𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒∇ϕ𝑙 

 

Ionomer/membrane 

Water flux: 𝑛𝑤 = −𝛼𝑤
𝑒𝑓𝑓

∇𝜇𝑤 + ∑ 𝜖𝑗
𝑒𝑓𝑓

𝑛𝑗𝑗  

Electro-osmotic coefficient: ∑ 𝜖𝑗
𝑒𝑓𝑓

𝑛𝑗𝑗 = 𝜖𝑗
𝑒𝑓𝑓 𝑖𝐿

𝐹
  

Water activity: 𝑎𝑤 =
𝑝𝑣

𝑝𝑤
𝑣𝑎𝑝 

Water mole fraction in the Ionomer: 𝑥𝑤 =
𝜆

1+𝜆
  

Water volume fraction in the Ionomer: 𝛽𝐿 =
𝜆 𝑉𝑊

𝜆𝑉𝑊+(
1

𝐼𝐸𝐶 𝜌𝑀
)
 



S30 
 

Chemical Potential Water: 𝝁𝒘 = 𝑹𝑻 𝐥𝐧(𝒂𝒘) + 𝜷𝑳 ∗ (𝒑𝑳,𝑴 − 𝒑𝒓𝒆𝒇) 

Concentration CO2 at the CL/ionomer interface: 𝒄𝑪𝑶𝟐
𝑮 = 𝑯𝑪𝑶𝟐(𝑻)𝒑𝑮𝒚𝑪𝑶𝟐 

Equilibrium water Liquid/vapor CL/ionomer interface: 𝑐𝑤
𝐺 = 𝑐𝑀𝜆          𝑤𝑤 =

𝑝𝑠𝑎𝑡𝑀𝑤

𝑝𝑀𝑔
    

Donnan Potential (potential difference membrane/electrolyte) interface: ∆𝜙𝐷 = 𝜙𝑙
𝑀 − 𝜙𝑙

𝐸   

Equilibrium species between Ionomer and electrolyte: 𝑐𝑖
𝑀 = 𝑐𝑖

𝐸 (−
𝑧𝑖𝐹

𝑅𝑇
∆𝜙𝐷) 

Molar flux other liquid species: 𝑛𝑗≠𝑤 = −𝐷𝑗
𝑒𝑓𝑓

∇𝑐𝑗 −
𝑧𝑗𝐹

𝑅𝑇
 𝐷𝑗

𝑒𝑓𝑓
𝑐𝑗∇𝜙𝐿 

Electroneutrality: ∑ 𝑧𝑗𝑐𝑗 = 0𝑗  

 

Bulk reactions (homogeneous reactions RB,i)  

Reaction rate due homogeneous reactions: 𝑅𝐵,𝑖 = 𝑀𝑖 ∑ 𝑠𝑖,𝑛  (𝑘𝑛 ∏ 𝑐𝑖

−𝑠𝑖,𝑛 −
𝑘𝑛

𝐾𝑛

∏ 𝑐𝑖
𝑠𝑖,𝑛

 𝑠𝑖,𝑛
 𝑠𝑖,𝑛 ) 

Equilibrium constants (Van't Hoff equations): 𝑲𝒏 = 𝐞𝐱𝐩 (
∆𝑺𝒏

𝑹
) 𝐞𝐱𝐩 (−

∆𝑯𝒏

𝑹𝑻
) 

 

Phase transfer (rate of mass transfer between phases of CO2, water and liquid products) RPT,i 

Phase transfer of CO2 and liquid products: 𝑅𝑃𝑇,𝑖,𝐼 (𝐶𝐿) = 𝑎𝑠𝑘𝑀𝑇,𝑖(𝑐𝑖
𝑒𝑞

− 𝑐𝑖) 

Phase transfer of water into the Ionomer: 𝑹𝑷𝑻,𝒘,𝒊𝒐𝒏𝒐𝒎𝒆𝒓 = 𝒂𝒔𝑲𝑴𝑻 (
𝑹𝑯

𝟏𝟎𝟎
− 𝒂𝒘) +

𝒂𝒔𝒌𝑴𝑻,𝑳

𝑹𝑻
(𝒑𝑳 − 𝒑𝑳,𝑴) 

Relative humidity of the Gas phase: 𝑅𝐻 =
𝑝𝐺𝑦0

𝑝𝑜
𝑠𝑎𝑡   

Phase transfer of water in the gas phase: 𝑅𝑃𝑇,𝑤,𝐺 = −𝑎𝑠𝐾𝑀𝑇 (
𝑅𝐻

100
− 𝑎𝑤) − 𝐾𝑀𝑇(𝑅𝐻 − 100%) [𝐻0 (

𝑝𝐿

𝑝𝑟𝑒𝑓 + 𝐻0(𝑅𝐻 − 100%)] 

Phase transfer of water in the gas phase: 𝑹𝑷𝑻,𝒘,𝑳 = −
𝒂𝒔𝑲𝑴𝑻

𝑹𝑻
(𝒑𝑳 − 𝒑𝑳,𝑴)+ 𝑲𝑴𝑻(𝑹𝑯 − 𝟏𝟎𝟎%) [𝑯𝟎 (

𝒑𝑳

𝒑𝒓𝒆𝒇 + 𝑯𝟎(𝑹𝑯 − 𝟏𝟎𝟎%)]  

 

Overall Mass Balance associated to phase transfer  

Gas phase: 𝑄𝐺 = −𝑀𝐶𝑂2𝑅𝑃𝑅,𝐶𝑂2 + 𝑀𝑊𝑅𝑃𝑇,𝑊,𝐺 + ∑ 𝑀𝑖𝑅𝐶𝑇,𝑖 

Liquid phase: 𝑄𝐿 = 𝑀𝑊𝑅𝑃𝑇,𝑊,𝐿  

 

Anode CL 

Overpotential: 𝜂𝑘 = (𝜙𝑆 − 𝜙𝐿) − (𝑈𝑘
0 −

2.303𝑅𝑇

𝐹
 )  𝑝𝐻  

Mass balance in the anode: 𝑄 = 𝑅𝐶𝑇 = 𝑅𝑂2 + 𝑅𝐻2𝑂 

Charge transfer reactions per species: 𝒊𝒌 = −𝒊𝟎,𝒌 (
𝒄𝒋

𝒄𝒋
𝒓𝒆𝒇)

𝜸𝒌

𝐞𝐱𝐩 (
−𝜶𝒄,𝒌𝑭

𝑹𝑻
𝜼𝒌) 

Exchange current density: 𝒊𝟎,𝒌 = 𝑨𝑲 𝐞𝐱𝐩 (−
𝑬𝒂,𝒌

𝑹𝑻
) 

Overall Cell Potential: 𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑎𝑡 − 𝐸𝑎𝑛 

Reaction Rate OER: 𝑅𝑂2 =
𝑎𝑂2𝑖𝑂2

4𝐹
 𝑀𝑂2 

Reaction Rate water: 𝑅𝐻2𝑂 =
𝑎𝑂2𝑖𝑂2

2𝐹
𝑀𝐻2𝑂 

 

Heat balance 
Overall heat balance: 𝑄𝐻 = 𝑄𝐶𝑇 + 𝑄𝐵 + 𝑄𝐽 

Heat generated from charge transfer reactions: 𝑄𝐶𝑇 = ∑ (𝑖𝑘𝐾 𝜂𝑘 + 𝑖𝑘 ∪𝑘)  

Peltier coefficient for HER: ∪𝑲= 𝟐𝟒𝟎  
𝑻[𝑲]

𝟐𝟗𝟖
 

Peltier coefficient for OER: ∪𝑲= 𝟏𝟑  
𝑻[𝑲]

𝟐𝟗𝟖
 

Peltier coefficient for COER: ∪𝑲= 𝟐𝟒𝟎  
𝑻[𝑲]

𝟐𝟗𝟖
 

Heat generated from homogeneous bulk bicarbonate: 𝑄𝐵 = ∑ ∆𝐻𝑛  (𝑘𝑛 ∏ 𝑐
𝑖

−𝑠𝑖,𝑛 −
𝑘𝑛

𝐾𝑛

∏ 𝑐𝑖
𝑠𝑖,𝑛

 𝑠𝑖,𝑛
 𝑠𝑖,𝑛 )𝑛  

Joule heating (due to electrical resistance): 𝑄𝑗 = 𝑖𝑠
2/𝜎𝑚 
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