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Abstract 
Metal–nitrogen–carbon (MNC) systems are seeing an explosion of research 
interest in recent years for their potential role in diverse energetically- and 
environmentally-relevant catalytic applications, for example the 
electrochemical CO2 reduction reaction (CO2RR). Their varied morphologies 
promise high tunability towards specific reactions, and their compositions 
represent a way-out from the commonplace use of precious metals in thermo- 
and electro-catalysis. Naturally, the catalytic activities of these systems are 
dictated by their interactions with the reactive species and the environment, 
which are underpinned by their structural and electronic properties.  

In this thesis, the current state of the ongoing collaborative work on MNCs 
in which I have taken part is first summarized. Then, in view of the mixed 
experimental and theoretical results, I set out to further our understanding of 
the aforementioned fundamental properties from an ab-initio approach. This 
is done by the comparative characterization of the electronic structures of 
both molecular and extended MNCs – specifically, metal–cyclic-tetrapyrrole 
complexes and graphene-embedded MNC centers; such comparative analysis 
is then extended to the adsorption energetics on these sites. Attempts are 
made to construct and identify consistent trends across the various motifs, 
whilst “traditional” electronic-structure descriptors are illustrated to be 
insufficient in describing the adsorption energetics. This complexity of 
chemisorption on MNCs, which sets them apart from transition-metal 
catalysts, is summarized and discussed. The knowledge compiled and 
generated in the thesis is envisioned to facilitate the future search and 
engineering of these materials as catalysts for CO2RR and adjacent reactions.
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Resumé 
Metal-nitrogen-karbon (MNC) systemer har oplevet en eksplosion i 
forskningsinteresse i de seneste år på grund af deres potentielle rolle i diverse 
energetiske og miljømæssige relevante katalytiske anvendelser, f.eks. den 
elektrokemiske CO2 reduktionsreaktion (CO2RR). Deres varierende 
morfologier lover høj justerbarhed mod specifikke reaktioner, og deres 
sammensætninger repræsenterer en udvej fra den almindelig brug af 
ædelmetaller i termo- og elektrokatalyse. Naturligvis er de katalytiske 
aktiviteter for disse systemer dikteret af deres interaktioner med de reaktanter 
og omgivelser, hvilket er underbygget af deres strukturelle og elektroniske 
egenskaber.  
I denne afhandling er det igangværende samarbejde om MNC, som jeg har 
været en del af, først opsummeret. Derefter, i lyset af de kombinerede 
eksperimentelle og teoretiske resultater, sætter jeg mig ud for at fremme vores 
forståelse af de førnævnte fundamentale egenskaber fra en ab-initio tilgang. 
Dette er opnået ved den komparative karakterisering af de elektroniske 
strukturer af både molekylære og udvidede MNC’er – specifikt metal-
cykliske-tetrapyrrol-komplekser og grafen-indlejrede MNC-centre; en sådan 
komparativ analyse er derefter udvidet til adsorptionsenergetik på disse centre. 
Forsøg er blevet gjort på at konstruere og identificere konsistente tendenser 
på tværs af de varierende motiver, mens det er illustreret at ‟traditionelle” 
elektroniske strukturdeskriptorer er utilstrækkelige til at beskrive 
adsorptionsenergetikken. Kompleksiteten af kemisorption på MNC’er, som 
adskiller dem fra overgangsmetalkatalysatorer, er opsummeret og diskuteret. 
Den kompilerede og genererede viden fra afhandlingen er etableret med 
henblik på  at muliggøre den fremtidige søgning og design af disse materialer 
som katalysatorer for CO2RR og lignende reaktioner. 
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Preface 
This thesis is submitted in August 2023 to the Department of Physics, 
Technical University of Denmark (DTU), in fulfillment of the requirements 
of the PhD Program in Physics.  

The research resulting in the thesis has been primarily conducted in the 
Catalysis Theory Center (CatTheory), DTU, from Fall 2020 to Fall 2023 
under three supervisors:  

• Karen Chan, Associate Professor 
o Initial and former main supervisor, initiator of project 
o Retired from role circa Winter 2021 
o Expertise: theoretical (electro-)catalysis 

• Thomas Bligaard, Professor 
o Current main supervisor 
o Then-co-supervisor 
o Expertise: data-driven and machine-learning methods 

• Georg Kastlunger, Assistant Professor 
o Current co-supervisor 
o Took over Chan’s duties gradually, formally assuming co-

supervisor role in Spring 2023 
o Expertise: method development for the interface 

The research presented has been partially funded by the European Union’s 
Horizon 2020 program under the grant agreement SelectCO2 (no. 851441), 
and the Villum Fonden’s VILLUM Centre for the Science of Sustainable 
Fuels and Chemicals (grant no. 9455).  

The thesis is primarily divided into two parts. The Chapters “Introduction” 
to “Electrocatalytic CO₂ reduction” serve as a walkthrough for what is 
already known, and what is to be done. This is then followed by the Chapters 
“Computational details” to “Outlook”, which discuss the methods behind my 
study and the broader research that I have been a part of; the results generated; 
and what can be further done in view of the discoveries and limitations of the 
present work. 
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Glossaries 

I. Elements and analogs 
H Hydrogen 

C Carbon 

N Nitrogen 

O Oxygen 

M Metal 

V Vanadium 

Mn Manganese 

Fe Iron (Ferrum) 

Co Cobalt 

Ni Nickel 

Cu Copper (Cuprum) 

Rh Rhodium 

Au Gold (Aurum) 

II. Materials and substances 
MNC Metal–nitrogen–carbon system 

G-MNC Graphene-MNC 

CTP Cyclic tetrapyrrole 

MPc Metal phthalocyanine 

MPz Metal porphyrazine 

MPor Metal porphyrin 

NCP Nitrogen-confused porphyrin 

TM Transition metal 

CO Carbon monoxide (gas) 

CO2 Carbon dioxide (gas) 
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III. Adsorbates 
*H Hydrogen/Proton 

*CO Carbon monoxide 

*COOH Carboxyl 

*CO2 Carbon dioxide/Carboxylate 

IV. Theories and methods 
DFT Density-functional theory 

GGA Generalized-gradient approximation 

RMSE Root-mean-squared error 

V. Reactions 
CO2RR CO2 reduction reaction (CO2 → CO, HCOOH, CxHy, …) 

HER Hydrogen evolution reaction (H2O → H2) 

ORR Oxygen reduction reaction (O2 → H2O2, H2O) 

OER Oxygen evolution reaction (H2O → O2) 

NRR Nitrogen reduction reaction (N2 → NH3) 
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Introduction 

I. On the situation 
The role of CO2 in heat retention from incident sunlight has been noticed in 
the scientific community since the Mid-19th century,4,5 and before the turn of 
the century it has already been linked to the global climate.6 By a mix of real 
and willful ignorance7 of the consequences of industrialization, our society 
has grown to its current scale; however, anthropogenic greenhouse-gas 
(GHG) emissions and climate change have also come to a critical point, 
where immediate mitigation is necessary for the warming to be limited to a 
manageable level of 2 ˚C year−1.8  

The overwhelming majority of global GHG emissions can be attributed to 
the industrial and energetic uses of fossil fuels.8 Around 80% of the globe’s 
energy is still powered by these fuels;9 about a half of all energy and fuel 
consumption is tractable to the industries, of which about 16% is from the 
use of fuel as feedstocks instead of for energy.10 This highlights three crucial 
technical aspects of economically- and socially-viable climate-change 
mitigation: (1) increase in the energetic efficiency of all sectors; (2) decoupling 
as far as possible from petrochemistry; and (3) full migration towards 
renewable sources of energy.  

To the first point, we would like to highlight the unreasonable inefficiency at 
which industrial processes often operate. The Haber–Bosch process for the 
manufacturing of ammonia,11,12 from which fertilizers are made, is often cited 
as the decisive factor behind modern population growth.13,14 Yet this 
cornerstone of humanity, which alone accounts for 1% of global energy 
consumption and CO2 emission15 and 3–5% of natural gas use,16 is merely 
50% energy-efficient15 – which, for the better or the worse, leaves much room 
for improvements.   
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To the second, the ubiquity of petroleum-based plastics in all aspects of the 
modern society is self-apparent; petrochemicals also appear in perhaps 
unexpected contexts like pharmaceuticals.17* However, this is not to say that 
all hope is lost: the Fischer–Tropsch process18,19 for example grows long 
hydrocarbon chains out of CO, a simple gas, potentially mitigating our 
existing dependence on fossil-fuel-derived carbon; as well as serving as a form 
of energy storage, where the energy invested into building the carbon chains 
can later be retrieved by using them as fuels.  

II. On catalysis 
One common theme unites the two aspects of the fossil-fuel problem named 
above: catalysis – the facilitation of a chemical reaction via providing it with 
an alternative pathway. By the reduction of elementary-step barriers and the 
(de-)stabilization of the various reaction intermediates, a catalyst changes the 
energetic landscapes of the reactions, thus steering the system towards the 
pathways made the most thermodynamically favorable. A catalyst is typically 
described by three metrics:  

Activity The rate at which the desired reaction(s) occur on the 
catalyst, depending on both intrinsic and extrinsic factors: 
the turnover frequency (TOF), measuring how 
facile/quick a single catalytic site sustains a reaction; and 
the site density, quantifying how many such sites exist per 
amount (mass, area, or volume) of the catalyst material.  

Selectivity The fraction of reactant going into the actual production 
of the desired products, instead of being lost to the 
surroundings, poisoning (passivating) the catalyst against 
further reactions, or wasted in reaction towards unwanted 
side products.  

Stability The degree to which the catalytic site retains its integrity 
in open-air and operando conditions, after e.g. a certain 
number of cycles or running duration.   

 
* For a broad overview, see https://www.scimed.co.uk/education/what-products-are-
made-from-petroleum/.  

https://www.scimed.co.uk/education/what-products-are-made-from-petroleum/
https://www.scimed.co.uk/education/what-products-are-made-from-petroleum/
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Figure 1. Illustration for the falling cost of renewables over the first two decade of the 

millennium. (Reproduced from Ref.20  under a CC-BY license; the reference used data from 
Ref.21–24) 

In electrocatalysis,* reductive or oxidative reactions are respectively driven by 
the application of a negative or positive electric potential. Owing to the falling 
cost of renewable electricity (Figure 1), it is increasingly believed to be a 
potent solution to our environmental and energetic woes. One such 
application is the CO2 reduction reaction (CO2RR; see Chapter 
“Electrocatalytic CO₂ reduction” for more discussion), which this thesis is 
about: where CO2 is reduced into various carbon-containing products, like 
CO, small alcohols, formate/-ic acid, or even multi-carbon products.25,26 As 
the most-oxidized carbon species, often emitted after the use of carbon-based 

 
* Research interest in electrocatalysis has been exponentially growing over the past two 
decades, seeing more than 3000 publications per year for the past three years. (Based on 
Web of Science analytics on a search of the all-fields keyword “electrocatalysis”.)) 
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fuels for energy, CO2 is captured, fixated, and converted into more usable 
forms of carbon by natural photosynthesis; however, as our energy use 
outstrips such natural carbon recycling, a deficit is formed in the carbon cycle, 
leading to CO2 buildup in the atmosphere.18 Employing renewables to drive 
electrochemical CO2RR is thus a stone for multiple metaphorical birds, (1) 
contributing to the closure of the carbon cycle,18 and (2) mitigating the 
intermittency issue of renewables by the production of either fuels (e.g. 
hydrocarbons and alcohols), value-added products (e.g. formic acid), or 
feedstock (i.e. CO) to the production thereof.  

III. On this thesis 
To that effect, metal–nitrogen–carbon single-atom catalysts (MNC-SACs) 
have emerged in recent years as a promising class of candidates for CO2RR 
(and other reactions). *  While traditional precious-metal-based 
electrocatalysts25,27,28 are costly and prone to supporting side reactions like the 
hydrogen evolution reaction (HER), MNCs are based on relatively 
inexpensive materials and capable of suppressing such side reactions.29–31 
Though well-trodden both experimentally and theoretically, there still 
remains room for further research in the discipline simply due to its vastness.  

Employing standard density-functional-theoretical (DFT) tools, †  we 
comparatively examine the electronic structures of, electron distribution 
around, and the adsorption energetics on cyclic-tetrapyrrole- and graphene-
MNC-based MNC centers, highlighting the similarities and differences 
between families of MNCs. Afterwards, we explore and evaluate the scaling 
relations on MNCs, as well as attempt to develop methods to rationalize the 
adsorption energetics on these systems. 

 
* Catalysis on MNC systems is a burgeoning field seeing exponential growth of interest in 
the past two decades, and upwards of 200 publications per year in the past several years. 
(Based on Web of Science analytics on the following search: the union of the all-fields 
keywords “metal-nitrogen-carbon”, “M-N-C”, “MNC”, “MN4”, plus the mandatory in-
topic keyword “catalyst”.) See also Ch. “Metal–nitrogen–carbon single-atom catalysts”.  
† DFT is a mature and well-used tool resulting in upwards of 20000 publications per year in 
the past two years; interest therein has grown steadily from two decades ago (≈ 5000 
publications per year). (Based on Web of Science analytics on a search of the all-fields 
keyword “density functional theory”.) See also “Computational details § I”.  
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Metal–nitrogen–carbon single-atom 
catalysts 

 
Schematic 1. MNC structures. Atom colors: red: metal (M); aqua: nitrogen (N); gray: carbon 

(C); white: hydrogen (H). Note that the N atoms are colored differently only in this 
Schematic for better visual contrast.  

Falling under the umbrella of the metal–organic frameworks (MOFs), metal–
nitrogen–carbon (MNC) single-atom catalysts (SACs) have seen almost a 
century of intense research interest – and are indeed found in nature in 
abundance. From a more modern perspective, they are atomically-dispersed 
– hence their designation as SACs – metal active sites on organic molecular 
skeletons or extended frameworks. SACs make for better catalytic-species 
economy, and may increase energy efficiency in electrochemical contexts 
depending on charge localization/distribution. For a schematic of the 
structures discussed here (and hereafter), see Schematic 1.  
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I. Cyclic tetrapyrroles 
As the name indicates, metal cyclic tetrapyrroles (CTPs) are molecular 
complexes consisting of a cyclic organic skeleton chelating the central metal 
(M) atom with four pyrrolic nitrogen (N) atoms. They are often fully π-
conjugated and even (partially) aromatic systems.32 Pyrolysis into graphene-
MNCs (G-MNCs; see § II) is possible and was one of the main pathways 
thereto;33,34 such treatment risks altering the well-defined structure of the 
active site,35 but that has also been disputed.36 As such, they are often 
otherwise immobilized onto supports for use as heterogenous catalysts, with 
strategies ranging from simple adsorption, which may result in self-assembly 
into surface arrays;37,38 polymerization/framework formation on top of the 
support;39–42 anchoring on surface defects35,43 via chained moieties;44,45 to 
chemical fusion/conjugation to the graphene-sheet edge.46 CTPs also find use 
in homogenous photocatalysis, where reactions happen in solution and are 
driven by light.44  

In this study the following families of metalated CTPs are included:  

I.1. (Nitrogen-confused) Porphyrins 

Metal porphyrins (MPors) have been catalytically relevant before the history 
of catalysis itself. As examples, the heme group present in enzymes like the 
heme peroxidases is a (substituted) iron porphyrin with axial ligands; 
chlorophylls, the workhorse of photosynthesis, are magnesium porphyrins 
with side chains and a cyclic appendage. While the bare porphyrin (also called 
a “porphin”) is best thought as a theoretical base-case, variants like the 
tetraphenylporphyrins (TPPs) are often encountered in catalysis literature.36,46  

Of particular interest to this study are their isomers the metal nitrogen-
confused porphyrins (NCPs), where the atom orders in one or more of the 
pyrrole rings are permutated during synthesis. One or more N atoms are thus 
on the periphery of porphyrin macrocycle instead of chelating the metal 
center. NCPs are thus in a sense direct molecular analogs of G-MNC centers 
which are only partially nitrogenated. Singly- and doubly-NC porphyrins, with 
respectively only three and two N atoms neighboring the metal, have been 
successfully synthesized.47,48 These successes sparked the research field of the 
“porphyrinoid” molecules.49  
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Still, as a simplifying choice, in the present work we only explore the bare 
metal porphyrin and its N confusions, plus the derivatives named in § I.4. 
From here onwards, all such molecules will be referred to in the form 
<configuration>-<metal>Por[-suffix], where <configuration> is a four-
letter string indicating the N-atom positions (a for α-carbon, b for β-carbon, 
and n for nitrogen (i.e. the non-confused position)),* and the optional [-
suffix] indicates the derivative class where applicable.  

I.2. Phthalocyanines 

Metal phthalocyanines (MPcs) have a long history as catalysts; their activities 
in decomposing hydrogen peroxide (H2O2) being attested as early as the 
1930s.50 Structurally it is four isoindoles (pyrrole rings with benzene rings 
fused to the opposite side to the nitrogen) chelating the metal, bridged 
together in a ring by N atoms (“aza-” groups). Being something of a large 
planar molecule, the MPc can be considered a step from the MPor core 
towards an MNC center embedded in a graphene flake,51,52 then onwards to 
full extended G-MNC systems.  

I.3. Porphyrazines 

Metal porphyrazines (MPzs), also called tetraazaporphins, structurally 
resembles MPors with the bridging C–H (“methine”) groups replaced by N 
atoms; alternatively, they can be viewed as MPcs with the fused benzene rings 
removed. Though isoelectronic to MPors when considering the macrocycle 
valences, the electronic structure of the metal and the strength of its ligand 
interactions in MPzs show differences from those of MPors and MPcs.53  

I.4. NCP derivatives 

In this theoretical work, two extra classes of metal NCP derivatives/analogs 
are also considered. The “oxidized” metal NCP (“MPor-ox” or “MPor 
(NH → N)”) has the confused N atoms deprotonated as a probe to changing 
the oxidation state of the central M atom, while the “substituted” metal NCP 
(“MPor-subbed” or “MPor (NH → CH)”) replaces the confused N atoms 

 
* The nomenclature follows the scheme in Fig. 3 of Ref.48 However, note the difference 
from the usual assignment of the α and β locant with respect to the N in the pyrrole ring.  
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with C atoms, which again changes the nominal oxidation state of the metal 
and the electronic properties of the molecule.  

II. Graphene-MNCs 
A G-MNC center is best described as a single M atom anchored in a vacancy 
of a graphene sheet with chelating N and/or C atoms. The common synthesis 
strategy is the thermal carbonization/pyrolysis of organic-molecular (e.g. 
CTPs35,54,55), -polymeric,29 and/or -framework [e.g. zeolite imidazolate56–58 and 
covalent-organic59 frameworks (resp. ZIF and COF)] and metal-containing 
precursors: the C-rich bulk coalesces on the nanoscale into a graphitic matrix, 
the thermodynamic ground state of carbon;60 while the metal embeds itself 
into the framework, often being stabilized by one or more chelating N atoms, 
the latter species being in pyrrolic or pyridinic configurations with their 
surrounding C atoms.61 The case where four N atoms chelates a metal center 
in a square-planar configuration (commonly called MN4) has been proposed 
be the most catalytically active for ORR,62 the focus of the majority of the 
early literature. This configuration can be considered analogous to the 
aforementioned CTPs, having locally-similar stoichiometries at the active 
site.* By replacing the chelating nitrogen with carbon, one recovers structural 
analogs for the NCP (§ I.1) molecules. More recently, the community has 
found success in using the system in other reductive contexts like in 
CO2RR51,63–65 and NRR.66  

After the formation of the metal-incorporating bulk structure, the elemental 
identity of the active site can be modified by displacement reactions.38,52,63 
While the atomic morphology of single-atom catalytic sites and their 
surroundings is largely observed to be similar2,67 – or is at least so modeled63 
– mesoscopic factors like support conductivity and electrochemical surface 
area mean that the activity can nonetheless exhibit considerable variation 
based on the precursors, synthetic conditions, and post-processing 
treatments.68,69  

 
* Yet another structural analog is the 14-member tetraaza macrocycles prevalent in early 
literature.195 While the ring topology seems to more directly resemble the nitrogenated 
double vacancy in graphene, they are non-pi-conjugated and non-planar species.196  
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With the proper synthesis pathways, it is possible and well-attested that multi-
metallic active sites (e.g. diatom catalysts (DACs)) can be formed, exhibiting 
atomic-scale synergy70 and even permitting entirely new adsorption (and thus 
reaction) modes.71 Such sites hold promises for enabling C–C coupling,72 
paving the road towards multi-carbon (Cn) products and energetic 
applications.  
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Electrocatalytic CO₂ reduction 
The first step in CO2RR is a two-electron (2e−) process, with the CO2 
undergoing a change of −2 in its oxidation number, receiving two electrons 
from the cathode. Depending on the mechanism, the 2e− product obtained 
at this stage can either be CO or HCOOH (formic acid). From this point on, 
the 2e− product can (1)  desorb and be yielded, (2) couple with another *CO 
in a step towards a C2 product like ethanol, acetate, or ethylene,73 or (3) be 
further reduced into e.g. formaldehyde.74  

The main 2e− product of the TM surface is found to be described by the 
competing adsorption energetics of *CO and *H: surfaces are shown mostly 
classifiable into the HCOOH-forming, CO-forming, and H2-forming groups. 
Cu, being unique in binding *CO but not *H at 0 V against the reversible 
hydrogen electrode (RHE),30 is alone in being active towards further-reduced 
and C-coupled products.25,27,75,76  

Though various micro-structuring, nanofabrication, and alloying techniques 
seem to have created Cu catalysts of varying activities, even to the point of 
rivalling Au in CO production, it has been shown that Au remains the state-
of-the-art in terms of intrinsic activity,18,65,77 while all Cu-based catalysts 
ultimately falls on the same trend18 – indeed, be it Cu or Au, intrinsic activity 
trends on the same metal rarely deviate from one another.65,77 

However, as we have previously hinted at,29–31 MNC-SACs have the potential 
of circumventing the woes of the TM surface by side-stepping the parasitic 
HER, which is attributed to the preclusion of the *H–*H coupling Tafel step 
by the single-atom geometry; it is also unfavorable for a single *H to bind due 
to the metal center’s resemblance of the metal-surface atop site.30 Beside the 
suppression of HER, these sites are shown to be rather energetically different 
from TM surfaces with their loss of *H–*CO30 and *CO–*COOH78 scaling 
between the adsorbate binding energies. This has especially in the case of the 
former interesting implications, given our prior discussion of *CO and *H 
being activity classifiers in CO2RR: scaling relations would have related the 
energetics of “analogous” adsorbates79 and allowed for a simplified model of 
the surface – but at the cost of more inflexible energetic (and thus reactivity) 
trends.  
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Computational details 
This Chapter describes the computational approach, tools, parameters, and 
strategies used for generating the results presented from the Chapter “The 
spin conundrum” onwards.  

I. A brief introduction to DFT 
To recover a quantum-mechanical description of a multi-electron system, one 
typically has to solve the Schrödinger equation80 to get the multi-electron 
wavefunction, which quickly becomes un-tractable for anything more than a few 
electrons. However, in Hohenberg and Kohn’s seminal paper,81 the multi-
electron density was proposed instead as the central quantity capable of 
describing the entirety of a system with a given number of electrons, 
exhibiting a one-to-one relationship with an electric potential to which it is 
the ground state solution of. A universal functional (i.e. a mathematical object 
mapping a function to a number) acting on the density was also shown to 
exist, capable of retrieving the energy of the system of electrons therefrom – 
and such is the dawn of the density-functional theory.  

While immensely profound, this all-important density functional gave not so 
much as a hint as to its construction. Later, Kohn and Sham proposed the 
eponymous formalism,82 under which the all-electron density can be self-
consistently solved for in a single-electron equation, the eigenfunctions of 
which are then used to reconstruct said density. Such is the local-density 
approximation (LDA) forming the basis of the modern DFT methods, later 
extended into the generalized-gradient approximation (GGA) by Perdew and 
Burke,83 including also semi-local effects via the gradient of the density.  

Employing the Born–Oppenheimer approximation,84 the atomic nuclei and 
electrons in a material can be separately considered, allowing the system 
ground state to be obtained iteratively in a self-consistent loop of the nuclear 
and electronic degrees of freedom, relaxing each alternatively while treating 
the effects of the other as a fixed external potential. Since the core electrons 
are largely irrelevant to the chemistry of materials, later simplifications 
abstract their effects away into numerically-convenient smooth forms 
(ultrasoft pseudopotentials)85–87 or projectors on a plane-wave basis 
(projector-augmented wave).88,89  
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II. Basic computational facts 
All DFT calculations presented from “The spin conundrum” onwards are 
staged and analyzed with the Atomic Simulation Environment (ASE);90* they 
are run with the Vienna ab-Initio Simulation Package (VASP),† a plane-wave 
DFT code.91,92 Calculations are done with the Revised Perdew–Burke–
Ernzerhof93,94 (RPBE)95 exchange–correlation functional at the generalized-
gradient approximation (GGA) level using the projector-augmented-wave 
(PAW) formalism.88,89 To sample the reciprocal space, uniform Monkhorst–
Pack96,97 k-point grids with an approximate line density of 35 points per Å−1 
are used along the periodic directions, while the aperiodic directions are 
sampled with a single k-point coplanar with the Γ-point;‡ and wavefunctions 
are represented by plane-wave bases with the energy cutoff of 500 eV. 
Occupancy smearing are done with Gaussians of width 0.1 eV. Atomic and 
electronic structures are relaxed self-consistently: first, the self-consistent-
field (SCF) relaxation of the electronic density is converged to within an 
energetic tolerance of 1 µeV between successive steps using a variational 
approach;98–100 §  relaxation of the atomic structure then follows with a 
conjugate-gradient algorithm, and final convergence is considered attained 
when the forces on the atoms were smaller than 20 meV Å−1. Single-point 
calculations making use of GGA-relaxed geometries are also run on the 
HSE06 functional (see § IV for more discussion).101–103  

The formation energy ΔEads. of an adsorbate is calculated by referencing out 
the simulation-cell stoichiometry with that of the clean (or “slab”, i.e. no-
adsorbate) cell and with an appropriate linear stoichiometric combination of 
the gas-phase references H2, H2O, and CO2. An energy correction of 0.45 eV 
is added to the DFT energy of the GGA CO2 reference to correct for 

 
* Calculations in “Bridging the metal–SAC gap: one picture to rule them all” and “Reaching 
down to the fundamentals: an exercise in atomic precision” are largely run with the same 
parameters; see the methodology sections of the relevant publications for details.1,2 
† Version 5.4.4.  
‡ Note that the plane-wave basis imposes a spurious periodicity to the system; however, 
such interaction between neighboring copies of the simulation cell can be (partially) 
compensated for, with e.g. multipole corrections as described in the next paragraph.  
§ See the entry of the ALGO parameter in the VASP Manual 
(https://www.vasp.at/wiki/index.php). 

https://www.vasp.at/wiki/index.php
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systematic errors in the functional. *  Grimme’s DFT-D3 dispersion 
correction,104 calculated from the atomic positions, is added to the energy. A 
density-based dipole correction105 is applied along the (primary) vacuum 
direction, helping in screening the electrostatic effects of any adsorbate (and 
of the catalyst in neighboring images) from the bottom side of the simulation 
cell, while also enabling the calculation of the cell dipole moment.  

For G-MNC calculations, a 3√3 × 4 orthonormalized graphene supercell 
with an average C–C bond length of 1.43 Å is used, †  and over 10 Å of 
vacuum on each side of the sheet in the third dimension; a 3×4×1‡ k-point 
grid is used, in accordance with the reciprocal-space-sampling criteria. For 
metal CTP calculations, each molecule is suspended in in-vacuo in a cubic 
simulation cell of sides 25 Å, ensuring even for the biggest molecule (MPc) a 
minimal distance of 12.9 Å between atoms in neighboring images. In line with 
the lack of periodicity inherent to the modeled molecule, only the Γ-point is 
sampled.  

III. Spin-state treatment protocol 
It has long been known – and indeed self-evident – that the spin state of the 
metal in an MNC system is energetically relevant,106 directly affecting its 
adsorption67 and thus catalytic properties. As such, in any investigation into 
these materials it is imperative to pay extra attention in the correctness of the 
metal spin state.  

Motivated by the failure of calculations conducted towards the start of the 
project to reliably recover the spin ground state, the vacuum-GGA results 
presented in this thesis are prepared with the following workflow:  

1. For each combination of metal, MNC morphology (MPc, annn-MPor, 
MN2C2, etc.; see Schematic 1), and surface state (clean or any of the 
adsorbate states), the starting structure is separately relaxed five times 
with a different initial magnetic moment on the metal site (0–4 μB) in 

 
* See Supplementary Information, Ref.197 
† The bond length (equivalently cell parameter) is chosen with reference to the cell-size 
relaxations of the pristine graphene sheet under similar computational setups.  
‡ This is prior to symmetry reductions; the same applies to other k-point grid size 
mentioned.  
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a linear scan. To hopefully steer the geometry – for example the 
adsorbate adsorption mode – into one compatible with the requisite 
spin state, the global (simulation-cell) magnetic moment is 
constrained to the same value via the NUPDOWN switch.*  

2. After the geometric relaxation, the spin constraint is lifted and the 
calculation is again started from scratch, i.e. from VASP’s default 
atomic densities and random wavefunctions. Relaxation continues 
until convergence as defined in § II.  

The necessity of these measures and their ramifications on the results are 
further discussed in “The spin conundrum”.  

IV. Single-point hybrid calculations 
Hybrid functionals are density functionals (DFs) which mix a portion of the 
(nonlocal Hartree–Fock)107–110 exact exchange functional with a lower-level 
(LDA or GGA) version thereof. Representing a higher level of theory on the 
“Jacob’s ladder of DF approximations”,111 they are computationally more 
involved but are often better at e.g. accounting for the bandgap of 
materials.112,113†  

In a single-point calculation, only the SCF (inner, electronic) loop is run to 
convergence, with the geometry and atomic positions of the simulation cell 
frozen in place; such calculations thus represent the simple evaluation of the 
instantaneous electronic ground state at the given structure, without also 
equilibrating the atomic nuclei. Owing to the high computational cost‡ of 
hybrid functionals, we decided to forgo full relaxation in hybrid-functional 
calculations, and instead only run single-point calculations therewith. In the 

 
* Being a code using an inherently nonlocal basis, stock VASP does not support more fine-
grain control of the site occupancies.  
† Still, as the referenced sources also indicate, going to the hybrid-functional level of theory 
does not necessarily entail an all-round improvement; the optimal functional ultimately 
depends on both the system and the property to be modelled.  
‡ Each hybrid SCF step takes about an order or magnitude longer than in a corresponding 
GGA step; owing to the risk of divergence, hybrid calculations also often have to be run at 
more conservative optimization parameters, further prolonging them.  
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present work, the 2006 revision103 to the Heyd–Scuseria–Ernzerhof hybrid 
functional101,102 (HSE06) is used.  

In the standard workflow of a single-point hybrid calculation, the stored 
GGA-relaxed structure and atomic magnetizations (where applicable) are first 
used in a single-point GGA calculation to regenerate a set of wavefunctions, 
providing a more reasonable initial guess for the slow-converging hybrid 
calculation compared to VASP’s default behavior of starting “from scratch”, 
i.e. from superposing atomic charges and from randomized wavefunctions.* 
The generated wavefunctions are then fed with the structure to a single-point 
hybrid-functional calculation, with a relaxed electronic convergence criterion 
of 10 µeV, again from practical considerations. On top of the high 
computational costs of hybrid functionals, electronic convergence with them 
is also notedly more difficult than with GGA functionals; diverging 
calculations are variously restarted with changes in the optimization 
algorithm† or its parameters.  

V. Bader charge partitions 
The Bader-charge partition scheme is used as a qualitative description of 
charge distribution and transfer. Within the Bader (or “atoms-in-
molecules”)114,115 model, atomic boundaries are to be drawn with reference to 
the electron density: owing to the localization of the density around atom 
centers, the surfaces on which the density falls locally to a minimum can be 
considered their natural boundaries. In this work we use the implementation 
by Henkelman et al.116–119 Volumetric partition of the simulation cell is done 
with respect to the reconstructed “all-electron density”,‡ then the volumes are 
used to partition the valence-electron density.  

 
* See the entries of the ICHARG, ISTART, and INIWAV parameters in the VASP Manual 
(https://www.vasp.at/wiki/index.php).  
† E.g. of the variational algorithms used,98–100 the conjugate-gradient (ALGO = All) may 
catastrophically fail on a line search; while the damped-molecular-dynamics algorithm 
(ALGO = Damped) usually marches on with the iterative optimization anyhow, but may 
suffer from slow and non-monotonic convergence.  
‡ See the entry of the LAECHG parameter in the VASP manual.  

https://www.vasp.at/wiki/index.php
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VI. Charging the slab 
The VASPsol plugin120,121 for VASP, implementing implicit solvation, is used 
primarily to study the charging behavior of the MNC species, simulated by a 
series of calculations with the number of (valence) electrons adjusted 
incrementally in a scan. Owing to the use of the linearized Poisson–
Boltzmann equation, with the Debye screening length λD set to 3 Å, and the 
negligence of the cavitation energy (effective surface tension τ set to zero) for 
better electronic convergence, the solvation is not expected to be adequately 
accounted for.* Rather, the major boon of the model is the distribution of the 
compensation charge to the change in the electron number; the 
compensation would have been merely treated as a homogenous background 
in stock VASP.  

To single out the electronic effects and to avoid spurious desorption of the 
adsorbate† over the course of the charging process, single-point calculations 
are conducted on sensible geometries.‡ Each SCF step in a solvated GGA 
calculations often take several times longer than the corresponding vacuum 
calculations to run; interestingly however, solvated hybrid calculations were 
comparable in per-SCF-step speed and convergence behavior to that in 
vacuum, and are sometimes slightly faster. Nonetheless, the scans over 
multiple charge levels (thus to run multiple single-point calculations) using a 
hybrid functional represent a significant computational effort, which is 
unfortunately still ongoing at the point of writing. Owing to technical 
limitations of the code, multipole corrections must also be deactivated for 
these charged calculations.§   

 
* See however e.g. the recent work by Islam et al.,198 which extends the VASPsol plugin to 
include nonlinear and solvent-size effects.  
† This has happened repeatedly with adsorbates like *CO and *CO2 in preliminary 
calculations.  
‡ The geometries used here are mostly based on said preliminary calculations.  
§ See the entry “Monopole dipole and quadrupole corrections” in the VASP manual.  
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The following MNC candidates are examined in the charging calculations:  

- A CoPc molecule adsorbed on a 6√3 × 8 rectangular graphene sheet 
to simulate a carbon nanotube support; a k-point grid of 1×2×1 is 
used, again according to the criteria specified in § II.  

- An MN2C2 (M = Fe, Ni) center embedded in the 3√3 × 4 
rectangular graphene sheet.  

- An MN2C2 center embedded in a 4×4 graphene-sheet super cell; a 
4×4×1 k-point grid is used. Note however that the MN2C2 center is 
arranged differently from the case shown in Schematic 1 – the N 
atoms are in a trans configuration here, as opposed to the cis 
configuration used elsewhere in this thesis.  
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Bridging the metal–SAC gap: one picture 
to rule them all 
This Chapter is a summary of the work we have presented in Ref.1* Despite 
the apparent simplicity of CO2-to-CO electroreduction, the rate-determining 
step thereof is still a source of much contest. Herein, we present a common 
framework under which the reaction can be analyzed across the examined 
active sites: G-MNCs (M = Fe, Ni), CoPc, and transition-metal (TM) surfaces. 
Firstly, we establish that the electron transfer to *CO2 does not impede the 
reaction even on G-MNCs. Afterwards, we show that both CO2 adsorption 
(CO2 → *CO2) and protonation (*CO2 → *COOH) can become rate-
limiting on MNCs; such variation is attributable to the electrostatic 
stabilization of the sizeable *CO2 dipole moment on these systems at 
reducing potentials, which in turn is caused by their narrower d-states 
compared with TM surfaces. We also present an activity volcano and a 
coverage map based on a microkinetic model of the surface, using these two 
adsorbate states as the key descriptors.  

I. Background 
On account of its potential in converting cheaply-available and renewable 
electricity into a myriad of value-added products,122–124 electrochemical 
CO2RR has seen immense research interest in recent years. Even its most 
simple product CO can be used, for example, in feeding the Fischer–Tropsch 
process,18,19 which polymerizes single-carbon species into multi-carbon fuels 
as a form of energy storage. Conventional catalysts of the reaction are often 
based on the surface of noble metals; meanwhile, MNC systems based on the 
metal-doping of organic matrices are less expensive in material cost, and also 
less prone to hosting the hydrogen evolution reaction (HER),30,31 parasitic to 
the desired reduction of carbon.  

 
* Full text (in “Appendices § II”) and figures reproduced with the permission of co-authors; 
authorial reuse of the article in this thesis is covered by Springer Nature’s policies 
(https://www.nature.com/nature-portfolio/reprints-and-permissions/permissions-
requests#Author%20reuse).  

https://www.nature.com/nature-portfolio/reprints-and-permissions/permissions-requests#Author%20reuse
https://www.nature.com/nature-portfolio/reprints-and-permissions/permissions-requests#Author%20reuse
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Still, a key piece of the deceptively simple reaction mechanism – its rate-
determining step (RDS) – remains ill-understood and eludes scientific 
consensus:  

- Identity: depending on the surface on which CO2RR occurs, the RDS 
is variously proposed to be CO2 adsorption,31,125–127 protonation,128,129 
or even the formation of *CO from *COOH.130 

- Nature: it is unclear whether the adsorbed *CO2 exists merely as a 
polarized neutral adsorbate stabilized by the field, indicative of facile 
electron transfer between the surface and the adsorbate;131,132 a single-
electron-charged species;27,133 or some middle ground between the 
two involving partial charge transfers.78,127 In particular, the second 
option being the result of a proton-decoupled electron transfer, it 
would preclude the use of the usual computational-hydrogen-
electrode methodologies.134  

This study encompasses TM surfaces, the graphene-based MNC single-atom 
catalysts (SACs) G-FeNC and G-NiNC, and the supported Co 
phthalocyanine which can be considered a molecular analog to these G-MNC 
systems. We thus present in Ref.1 our contribution towards the resolution of 
these issues by demonstrating that how electron transfer to CO2 is unlikely to 
be rate-limiting even on MNCs, hence allowing us the use of the usual 
repertoire of theoretical electrochemical methods to describe these systems. 
Combining experiments and calculations, we show that for MNCs the RDS 
of CO2RR can variously be CO2 adsorption or protonation. We also propose 
the dipole–field stabilization of the CO2 state as a common determining 
factor to these variations in behaviors, rationalizing it in view of the differing 
d-state electronic structures of the systems. Finally, we present a microkinetic 
model built on free-energetic considerations and make qualitative 
recommendations and interpretations therewith.  
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II. Is electron transfer rate-limiting in 
MNCs?  

 
Figure 2. (a) Variation of the rate of electron hopping against the width of the idealized state 

peak straddling the Fermi level; the dashed line indicates a nominal rate135 for species to 
diffuse to the surface. (b) Visualization of the Lorentzian peaks in (a) as given by the (c) 

CO₂-projected DOSes at various snapshots of the adsorption process; an estimation of its 
width is indicated by the red band. (Reproduced from Fig. 1 of Ref.1) 

We start by theoretically addressing the second issue named above: the nature 
of the RDS – or rather, whether it is the electron transfer to the adsorbed 
CO2. The rate of electron hopping (transfer) can be estimated from Fermi’s 
golden rule, which depends on the overlap between the relevant states and 
the density-of-states at the energy level – which can together be identified (via 
the Newns–Anderson model136–138) to be the density-of-states (DOS) 
projected onto the adsorbate. Even with an exceedingly small width of 0.1 eV, 
the hopping rate is estimated to be two orders of magnitude faster than the 
diffusion of solvated species to the catalyst surface (Figure 2a). Inspecting the 
DFT-calculated projected DOSes (pDOSes) along an adiabatic adsorption 
pathway as prepared by a climbing-image nudged-elastic-band algorithm,139,140 
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we see at least for this sample G-FeNC system that the *CO2 state is more 
than wide enough to support the requisite electron transfer (Figure 2c).  

It has been shown that the electron transfer rate can however indeed be 
insufficiently fast for CoPc, if it is merely adsorbed on pristine graphene.141 
However, in use the graphene is often doped, and N-doped graphene have 
been demonstrated to be useful in immobilizing and activating MPcs for 
various catalytic purposes.43,142,143 Inspired by such findings, we have 
simulated the N-doping of the graphene support in DFT; it is shown that the 
adsorbate states are fairly responsive to the doping (Figure 3), hinting at well-
hybridized states which assuages concerns about electron transfer – and 
ensures that the usual DFT toolbox continues being applicable to our 
problem.  

 
Figure 3. CO₂-projected pDOSes for *CO2 adsorbed on CoPc adsorbed on N-doped 

graphene. (Adapted from Supp. Fig. 6 of Ref.1) 
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III. RDS variation in MNCs 

 
Figure 4. Free-energy diagrams for the CO₂-to-CO reaction on (a) Au(211), (b) G-FeNC, (c) 

G-NiNC, and (d) CoPc. The dashed lines in (a) shows the corresponding energetics at 
various potentials, and the differently shaded lines in (b–c) the energetics on the different G-

MNC motifs. (Adapted from Fig. 2 of Ref.1) 

Following the synthesis of the MNC samples with standard/previously-used 
methods,29,35,144 we are able to evaluate their performance using a three-
electrode H-cell setup. Interestingly, the electrochemical current density on 
the G-FeNC sample showed independence from the pH on the normal 
hydrogen electrode (NHE) scale in a similar manner to Au, hinting at a 
chemical RDS; meanwhile both the G-NiNC and CoPc samples exhibited pH 
dependence, pointing towards an electrochemical one. Indeed, in our 
potential-dependent DFT calculations145,146 we have recovered matching 
behaviors at the potential of interest: reasoning that the later barriers are not 
limiting due to the overwhelming energetic favorability of the *COOH to 
*CO step, we can model the chain of reaction by only examining the surface 
intermediates. As such, we conclude that in the above examples Au(211) and 
G-FeNC are CO2-adsorption-limited, while G-NiNC and CoPc are 
protonation limited.  
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IV. *CO₂ dipole, the central quantity 

 
Figure 5. (a) Comparison of the adsorbate-induced dipole moments on various C₁ adsorbates 

on select TM facets and G-MNCs. (b) Visualization of the charge-density difference at the 
NiN₄ center upon CO₂ adsorption. (c) pDOS plots of the *CO₂ adsorbate state on various 

surfaces; the purple and green outlines denote the metal-𝑑 and CO₂ projections respectively. 
The green overlaid bar illustrates the “width” of the metal-𝑑 state. (Reproduced from Fig. 4 

of Ref.1) 

We propose that the adsorbate-induced dipole moment is responsible for the 
observed differences between the TM and MNC energetics. From simple 
electrostatics147 we expect adsorbates to be stabilized by a dipole moment 
parallel to the electric field; hence at reducing potentials *CO2 with its 
relatively large dipole moment (Figure 5a, b)* is exceptionally stabilized on 
MNCs in comparison to TM surfaces. This can be rationalized through the 
Newns–Muscat model,148 which links the electric dipole to the adsorbate-state 
width via the interaction between the adsorbate and the surface – on weakly-
interacting surfaces (1) the adsorbate states remain unbroadened, and (2) the 
adsorbate charge polarization is not neutralized by the surface, hence the 
correlation, which we can also observe in action by comparing Figure 5a and 
c.  

 
* Since the dipole moments are directly calculated by VASP which treats electrons as being 
positive, a positive dipole would be one which points into the surface. The rest of the thesis 
will follow this convention.  
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V. The activity volcano 

 
Figure 6. Activity volcano plots at various reducing potentials (−0.2 to −1.2 V relative to the 
SHE); the red, green, blue, and brown points denote respectively the single-vacancy- (SV-) 
embedded FeNC, double-vacancy- (DV-) embedded FeNC, SV-NiNC, and DV-NiNC; and 

the black points, TM surfaces. (Reproduced from Supp. Fig. 11 in Ref.1) 

Based on the TM scaling relations (see Supp. Fig. 10) and the energetics laid 
out in § III we have built a microkinetic model in CatMAP149 (Figure 6). Using 
the free energy ∆Gads. of the *CO2 and *COOH, we have an expedient 
formation which places the summit of the activity volcano near the origin; 
the parity (x = y) line thus serves to delineate the *CO2-adsorption-limited 
regime above, and the *CO2-protonation-limited one below. While we have 
noted that *CO2 is stabilized by a reducing potential (downward-pointing 
field), the electronic driving force means that *COOH and other reduced 
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species will eventually win out. By the model we see that all the TM surfaces 
remain adsorption-limited throughout the potential range, and are joined by 
the MNCs at large overpotentials.  

Inspecting the coverage plots (Figure 7), we see that the surface is expected 
to quickly become *CO-poisoned after a mere shift of the binding energies 
by some 0.5 eV. This firmly renders the single-vacancy MNCs inactive 
towards the reaction and highlights the subtlety required of the ideal catalyst: 
moderate binding towards *CO2 and *COOH, plus narrow d-states enabling 
electrostatic stabilization of the *CO2 dipole.  

 
Figure 7. *CO coverage plot at −0.8 V vs. SHE, based on the same microkinetic model as 

used for Figure 6. (Adapted from Fig. 3b of Ref.1) 

VI. Discussion 
In the present work we have examined the trends in activity for both TM 
facets and extended and molecular MNCs, showing that a common 
framework based on the adsorbate-induced electric dipole and the d-state 
interaction exists for the description thereof. However, our analysis has also 
shown the landscape around the activity peak to be rather precarious, thus 
requiring fine control of both the catalyst composition and operando 
conditions to maximize CO2RR activity. 



 

Ab-initio and comparative analysis of single-atom metal–nitrogen–carbon systems for CO₂ reduction 26 

Reaching down to the fundamentals: an 
exercise in atomic precision 

 
 

Schematic 2. Synthesis of C-TpDt-Ni catalysts. (Adapted from Fig. 1a in Ref.2) 

This Chapter summarizes the work we have presented in Ref.2* While the Ni–
N–C system has been known as a candidate for the electrochemical CO2RR 
with the G-MNC-like single-atom NiNx motifs touted as the catalytic center, 
fundamental descriptors for their performance remain obscure: the turnover 
frequency (TOF) measuring per-site intrinsic activity, and the site density (SD) 
describing their abundance on the electrode surface. Here a family of 
covalent-organic-framework- (COF) based electrocatalysts are prepared and 
characterized, featuring fabrication-temperature tunable NiNx content. 
Atomically-dispersed Ni sites are identified with X-ray-absorption-
spectroscopic and electron-microscopic techniques, and their densities 
estimated with photoemission. These experimental tools, combined with 
DFT-based microkinetics, allow for the characterization and modelling of the 
surface sites that are well-grounded in both reality and theory. 

 
* Full text (in “Appendices § II”) and figures reproduced with the permission of co-authors; 
the article is published under the CC-BY 4.0 license permitting attributed reuse.  
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I. Background 
MNC catalysts are of interest and potential in electrochemical 
CO2RR51,54,59,63,150–152 owing to their capacity to suppress parasitic hydrogen 
evolution reaction (HER);29,30,134,150,153 in particular, NiNC systems boast both 
high CO2-to-CO (>90%) selectivity and operational current 
densities,54,59,63,150,152,154,155 thought to be attributable to the weak *H and *CO 
bindings on their NiNx single-atom catalytic (SAC) sites, preventing site 
depletion and poisoning.63,152 Still, the experimental understanding of the 
actual catalytic surface is lacking: the identification of the active species, and 
the evaluation of the site TOF and surface SD, two fundamental quantities.  

The catalytic activity of a material, being proportional to both the TOF and 
the SD, is maximized when high TOF sites are densely located on a porous 
matrix. To this effect, multiple pyrolytic pathways for MNC-SAC preparation 
have been proposed (see “Metal–nitrogen–carbon single-atom catalysts § II”); 
while high-TOF sites have been identified, it remains especially for the density 
of the generated sites to be systemically analyzed. In Ref.2 we therefore 
present our analysis of a Ni-loaded nitrogen-enriched triazole-based covalent-
organic-framework catalysts C-TpDt-Ni obtained at different conditions, 
decomposing their TOF and SD guided by both experimental and DFT 
techniques.  
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II. Synthesis 

 
Figure 8. (g) High-angle annular dark-field scanning transmission electron microscopic 
(HAADF-STEM) and (h) energy-dispersive X-ray spectroscopic (EDS) images of the C-

TpDt-Ni-900 catalyst. (Adapted from Fig. 1g–h in Ref.2) 

Opting for a nitrogen-rich precursor for the catalyst,156 the triazole-based 
COF (TpDt-COF; see Schematic 2) is first synthesized from condensing its 
Tp and Dt precursors into a polymer. The COF is then metalated by 
immersion in a Ni(II) solution, which sees the coordination of Ni ions to the 
N atoms, forming TpDt-Ni; the Ni ions are shown to be well-dispersed in 
Figure 8. To improve the electric conductivity of the material, it is then 
thermally annealed (pyrolyzed) into the carbonized C-TpDt-Ni catalysts at 
temperatures ranging from 800 to 1000˚C; these will then be referred to as C-
TpDt-Ni-800, -900, and -1000 respectively.  

Additional MNC systems are prepared for comparisons with C-TpDt-Ni. 
Following similar procedures but replacing the Dt precursor with the less 
nitrogenated Pa (see Fig. S6 of the article), the C-TpPa-Ni-900 catalyst is 
prepared. Carbon-nanotube-supported Ni phthalocyanine (NiPc/CNT) and 
the polyaniline-based PANI-Ni-90029 are also prepared [see Supporting 
Information (SI) of the article].  
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III. Site characterization and identification 

 
Figure 9. (a) XPS C 1s spectra, (b) XPS N 1s spectra, and (c) XPS Ni 2p spectra for TpDt-Ni, 
C-TpDt-Ni-800, C-TpDt-Ni-900, C-TpDt-Ni-1000, C-TpPa-Ni-900, NiPc/CNT, and PANI-

Ni-900.29 (Reproduced from Fig. S12 in Ref.2) 

Scanning and transmission electron microscopy reveal the post-pyrolysis 
structure of the catalyst, which is porous at the micro- and mesoscales (see 
Fig. 1b, c and S8 of the article) – the COF nanosheets having fused into 
particles. Metallic Ni particulates encrusted in 3 nm-thick carbonic shells are 
also observed, but they are expected to be passivated and catalytically 
inactive.157,158  

The oxidation states of Ni species are identified by X-ray photoelectron 
spectroscopy (XPS; Figure 9). Though pyrolysis has slightly boosted the Ni(0) 
signal, consistent with the appearance of the aforementioned particulates, 
Ni(I) and Ni(II) remain the majority. Having removed non-immobilized Ni 
ions via acid-washing (see SI), these are concluded to be surface NiNx SAC 
sites; the SDs are calculated from the Brunauer–Emmett–Teller theory159 and 
the Ni(I) and Ni(II) site fractions, and are listed in Fig. S13d of the article.  

Via X-ray absorption near-edge structure (XANES) and extended X-ray 
absorption fine structure (EXAFS) spectroscopies, we can inspect the local 
geometry of the Ni centers. The untreated TpDt-Ni has a XANES spectrum 
resembling that of rock-salt NiO, suggesting octahedrally-coordinated Ni(II) 
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species (see Fig. 2a in article); meanwhile, the pyrolyzed C-TpDt-Ni samples 
have similar spectra to NiPc, with the feature at circa 8337 eV being a 
hallmark of CTP-like motifs in graphene double vacancies.158,160 Compared 
with C-TpDt-Ni, TpCt-Ni also sports an extra smaller peak at higher R-values 
in the wavelet-transformed EXAFS spectrum, which indicates disorder 
around the immediate vicinities of the Ni centers (see Fig. 2c in article).  

IV. e-CO₂RR activities 

 
Figure 10. Electrochemical descriptors of CO2RR on the catalyst samples, as functions of the 

IR-corrected potential. (a) Geometric current densities; (b–c) Faradaic efficiencies; (d–e) 
partial current densities. (Reproduced from Fig. 3 in Ref.2) 

A liquid-based three-electrode H-cell is used to evaluate the activities of the 
prepared catalysts (C-TpDt-Ni and the reference samples) towards CO2RR 
(Figure 10). Except for the non-pyrolyzed TpDt-Ni which shows negligible 
activity towards CO, CO and H2 are the main products for all samples, and 
CO is invariably the dominant product at appropriate potentials (<−0.7 V). 
Still, while they behave similarly in terms of selectivity, their activities differ 
per mass of the catalysts. The C-TpDt-Ni-900 sample is the most performant, 
showing a 90% selectivity at such potentials and a 22 mA cm−2 partial current 
density towards CO. Excessive temperature is shown to deactivate the 
catalyst; the C-TpDt-Ni-1000 sample is only two-thirds as active as the 900˚C 
sample in both HER and CO2RR. The N-poor analog C-TpPa-Ni-900 trails 
all other catalysts in performance.   
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Figure 11. (a) Experimental and (b) microkinetic-model-based potential dependences of the 
catalyst TOFs; (c) DFT-calculated free-energy diagrams of the CO2-to-CO reaction on the  
NiNx centers and Ni(111) surface at −0.8 VSHE at pH 4. (Reproduced from Fig. 4 in Ref.2) 

 
Figure 12. DFT-calculated projected densities-of-states (pDOSes) of Ni (green), N (blue), 

and C (gray) in NiPc and various double-vacancy-based G-NiNC centers. (Reproduced from 
Fig. S16 in Ref.2) 

Using the determined SDs to convert the current densities into TOFs, it is 
noticed that the intrinsic per-site activities of all the pyrolyzed samples (and 
NiPc) are immensely similar (Figure 11a), hinting towards (1) a common 
kinetic barrier at *COOH,1 and (2) an identical dominant active site. A DFT-
based microkinetic model shows that the TOFs and their potential responses 
on different NiNx motifs are likely to be qualitatively different by orders of 
magnitude (Figure 11b); therefore, we conclude that all the observed TOFs 
are mainly rooted in the same NiN4 motif, like the one in NiPc. From the 
DFT calculations, it is seen that the d-states of the NiNx motifs are 
downshifted relative to the Fermi level as the N content increases (Figure 12), 
weakening the binding to the *COOH state (Figure 11c). It is also noted that 
the position of the d-states in NiPc is calculated to be similar to that in NiN4; 
such similarities have motivated our comparative analysis of the extended and 
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molecular MNCs, which is to be presented from the Chapter “Comparative 
characterization of MNCs” onwards.  

V. Discussion 
Having carefully devised a chain of experiments, our collaborators have 
succeeded in experimentally determining the electrochemically active surface 
areas of real MNC catalysts, decoupling and discerning their SDs and TOFs; 
leading to the insight that the examined catalysts all have largely identical 
intrinsic activities. Combined with theoretical input, we are able to conclude 
that the activities of the catalysts are likely to be uniformly dominated by the 
NiN4 sites. The different synthesis processes thus only seem to make for a 
difference in site quantities, not qualities. 
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The spin conundrum 
(Results presented in the thesis from this point onward are either to be 
reported in Ref.3 or have been generated in its preparation.)  

As stated in “Computational details § III”, a correct picture of the metal spin 
state is essential towards an accurate description of the adsorption energetics; 
this short Chapter will demonstrate how so, and discuss some of the 
challenges we have encountered related to the magnetic moment of the 
MNCs.  

I. Poor mapping from spin input to output 
During preliminary research, we have noticed a tendency for the metal 
magnetic moment (MMM) in an MNC to assume one of the preferred values 
(which differs for each system). Thinking that it will simplify the analysis of 
spin state, calculations were initially often only submitted with a reasonable 
initial guess for the initial magnetic moments, or with a high-spin and a low-
spin one, hoping that either will relax into the true minimum. However, the 
control afforded by such unsystematic method was limited. This difficulty, 
combined with the observation that the abrupt changes in spin states are 
often correlated with geometric changes (e.g. adsorbate desorption) during 
structural relaxation, prompted the design of the current protocol 
(Computational details § III).  

Still we note the protocol to be far from perfect, and there remain occasions 
where the final output spin state deviates from monotonicity with respect to 
the input state – i.e. between two calculations, the one starting from a lower 
spin ends up relaxing into the higher-spin configuration. In Table 1 we have 
tabulated the results highlighting the offending rows. Such irregularities serve 
to highlight the need to more systematically sample the spin configuration, so 
as to increase the chance of covering the requisite ground in the configuration 
space and recovering the true minimum.  
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system state 
metal mag. mom. / µB 

∆E /eV 
ads. 

geom. init. const. final 

CoNC3 slab 0 0.052 1.493 0.000  

CoNC3 slab 1 1.189 0.042 0.213  

CoNC3 slab 2 1.501 1.495 0.000  

CoNC3 slab 3 1.61 1.494 0.000  

CoNC3 slab 4 1.752 1.493 0.000  

FeC4 CO 0 0.829 2.356 0.094 M-C 

FeC4 CO 1 1.172 2.354 0.094 M-C 

FeC4 CO 2 1.444 1.411 0.000 M-C 

FeC4 CO 3 2.262 2.355 0.094 M-C 

FeC4 CO 4 2.497 2.353 0.095 M-C 

abab-CoPor-ox H 0 0.824 0.839 0.162 C-H 

abab-CoPor-ox H 1 1.373 1.504 0.003 C-H 

abab-CoPor-ox H 2 0.742 0.744 1.508 M-H 

abab-CoPor-ox H 3 1.672 1.505 0.000 C-H 

abab-CoPor-ox H 4 1.795 1.506 0.001 C-H 

abab-FePor-ox COOH 0 1.134 2.059 1.100 M-C 

abab-FePor-ox COOH 1 2.501 2.868 0.000 C-C 

abab-FePor-ox COOH 2 2.027 2.061 1.100 M-C 

abab-FePor-ox COOH 3 2.225 2.227 1.234 M-C 

abab-FePor-ox COOH 4 2.397 2.473 1.153 M-C 

abab-VPor-subbed slab 0 0.745 0.695 0.045  

abab-VPor-subbed slab 1 0.157 0.157 0.002  

abab-VPor-subbed slab 2 1.026 0.13 0.000  

abab-VPor-subbed slab 3 1.238 0.628 0.051  
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abab-VPor-subbed slab 4 1.496 0.75 0.050  

aban-FePor-ox COOH 0 1.64 2.432 1.026 M-C 

aban-FePor-ox COOH 1 1.94 2.432 1.028 M-C 

aban-FePor-ox COOH 2 2.553 2.939 0.000 C-C 

aban-FePor-ox COOH 3 2.275 2.429 1.026 M-C 

aban-FePor-ox COOH 4 2.433 2.431 1.026 M-C 

nabn-CoPor-ox H 0 0.032 0.943 0.848 M-H 

nabn-CoPor-ox H 1 0.605 1.582 0.003 C-H 

nabn-CoPor-ox H 2 0.933 0.933 0.849 M-H 

nabn-CoPor-ox H 3 1.764 1.583 0.000 C-H 

nabn-CoPor-ox H 4 2.133 1.578 0.000 C-H 

nabn-CoPor-ox slab 0 1.148 1.483 0.000  

nabn-CoPor-ox slab 1 1.481 1.481 0.000  

nabn-CoPor-ox slab 2 1.521 0.667 0.231  

nabn-CoPor-ox slab 3 1.549 1.481 0.000  

nabn-CoPor-ox slab 4 1.65 1.481 0.000  

nabn-CoPor-subbed H 0 0.001 1.573 0.006 C-H 

nabn-CoPor-subbed H 1 1.303 1.562 0.000 C-H 

nabn-CoPor-subbed H 2 0.976 0.977 0.910 M-H 

nabn-CoPor-subbed H 3 1.751 1.569 0.004 C-H 

nabn-CoPor-subbed H 4 2.217 1.561 0.002 C-H 

Table 1. Systems where the final output metal magnetic moments (MMMs) in the spin scans 
behaves erratically relative to the input magnetic moments. ∆E is the energy difference from 

the most-stable configuration. The “init.”, “const.” and “final” mean respectively the initially 
supplied, post-spin-constrained-relaxation, and final MMMs. Rows belonging to the same 
spin scan, the final MMMs of which are disordered relative to the initial MMMs, have the 

relevant MMMs highlighted in red. Spin scans where the final MMMs show a strong 
correlation with the final adsorbate geometry have the system name highlighted in blue.  
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II. Different geometries stabilize different 
spin states 

As have been previously noted in § I, changes in magnetization during the 
relaxation are often correlated with changes in geometries; such occurrences 
are highlighted in blue in Table 1. In those calculations, an increase in the 
metal magnetization is directly linked to the “sliding off” of the adsorbate 
from the metal onto an adjacent C atom.  

III. Energetic implications of the spin state 
Moreover, sometimes the same (adsorption) geometry can support multiple 
spin states and see significant energetic changes. Here we tabulate several 
such adsorbate states for illustrative purposes, showing that we can see up to 
eV-level differences (Table 2):  

system state ads. geom. MMM / µB ∆E / eV 

MnPc CO M-C 1.135 0 

MnPc CO M-C 2.986(1) 0.639 

nabn-MnPor CO M-C 1.334 0 

nabn-MnPor CO M-C 3.16(1) 0.588 

FeN4 H M-H 0.99(4) 0.03(5) 

FeN4 H M-H 3.306 1.168 
Table 2. Selection of systems where different metal magnetic moments are supported on 

similar adsorbate geometries, and their energetic differences ∆E compared to the sampled 
most-stable configuration.   
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IV. Conclusions 
Though our strategy has a good physical motivation, it was nonetheless 
sometimes insufficient for steering the system towards specific magnetization 
(occupation) configurations – which can be a daunting task given that VASP is 
a code using an inherently nonlocal basis. However, it is noted that methods 
exist for such manipulations, e.g. the Watson Group’s (Trinity, Dublin) 
occupation matrix control plugin.161 

Overall speaking, these difficulties speak to the complicated energetic 
landscapes that MNCs have – with a slightly off initial guess one can end up 
entirely in another local minimum. It is thus essential that care is taken to 
sample the parameter space to find the “true” energy minimum.  
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Comparative characterization of MNCs 
Having established in “Bridging the metal–SAC gap: one picture to rule them 
all” how the binding energetics on TMs and MNC-SACs seem to permit a 
common rationalizing framework and highlighted some of its subtleties, it is 
useful to verify such a model against more MNC species in a screening study. 
In this Chapter, the results of said studies are visualized, described, and 
analyzed.  

Herein, we limit ourselves to presenting mostly the hybrid-functional data. By 
comparing e.g. Figure 17 and App. Figure 5, we see that the formation 
energies of the adsorbates are overwhelmingly more negative on FeNCs and 
CoNCs (i.e. the binding is stronger; more so for the former), in GGA 
calculations compared to those in the hybrid calculations,* showing in some 
cases whole-eV differences. Since the excessively negative *CO formation 
energies would entail an uphill desorption to gaseous CO,† these MNCs will 
have become *CO poisoned and thus inactive towards further catalysis – 
which is however at odds with the catalytic activity that they have 
experimentally demonstrated.38,151,162 Therefore, the rest of the Chapter shall 
focus on the hybrid-functional data; the corresponding GGA data may be 
referred to when appropriate and necessary, and such references are 
accompanied by corresponding App. Figures in “Appendices § I”. 

 
* While we note that the +0.45 eV correction to the energy of the gaseous CO2 reference199 
have caused the formation energies to be shifted more negative by the same amount, it 
must be noted that the differences between the GGA and hybrid ∆Eads. are not uniform 
across all metal centers; particularly, said differences in FeNCs and CoNCs exceed the 
correction in magnitude.  
† We estimate the *CO formation energy (relative to the gas references of CO2, H2O, and 
H2) at which desorption becomes energetically free (∆G = 0) to be ∆E*CO ≈ −0.34 eV.  
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Figure 13. Plot of the hybrid d-band widths of the metal CTPs, against those of the G-MNCs 
of corresponding local stoichiometry. The dashed lines are fitting lines with a fixed slope of 
unity. Data points are split between subplots by the family of the CTP, and the adsorbate on 

the metal (if any); the numeric subscripts indicate the number of chelating N atoms in 
porphyrin derivatives and G-MNCs.   
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I. CTP–G-MNC correspondence and inter-
CTP comparisons 

In this Section, we directly address one of the leading questions posed 
towards the beginning of the thesis: whether the graphene-based, extended 
MNCs can be meaningfully compared with their molecular analogs (and at 
times precursors). The analysis will be divided into two parts: comparisons of 
metal-d-state descriptors (e.g. state width and center), followed by 
comparisons of electronic-density-related observables (e.g. local spin, cell 
dipole). Thus, we go from the fundamental to the applicational, culminating 
in § II where we start to examine the adsorbate energetics.  

I.1. 𝑑-state descriptors 

We begin by inspecting the metal-d states of the MNCs. Figure 13 
demonstrates the approximate parity between the d-state widths Wd

* in the 
molecular and graphene-based MNCs. It is also noted that the identity of the 
metal remains the dominant factor in the ordering, with  

𝑊!,#$ < 𝑊!,%& < 𝑊!,'( < 𝑊!,)* 
being fixed in relative orders, and the V and Rh widths drifting up and down 
the line relative to the rest of the data points. Meanwhile, changes in the 
number of chelating N atoms in most cases only cause a relatively small 
spread in the descriptor values along the fitted line.  

The consistently negative intercepts of the fitted lines in Figure 13† suggest 
that the d-states in the CTPs are narrower than in the G-MNCs: the MPor 
(NCP) molecules see the most constriction relative to the G-MNCs, and the 
MPz molecules the least.  

 
* Note though, that W is defined as the base of the semielliptical distribution having the 
same first and second (centered) moments as the normalized pDOS – hence four times the 
standard deviation thereof. With the pDOS being a sum of projections over the entire 
energy range, W is not a direct measure of the width of any single state. Still, assuming all 
other states to be unperturbed at adsorption, and that the one state we are looking at only 
changes in width but not position, any change in its W is one-to-one to the W of the entire 
pDOS. 
† See also App. Figure 1 for the GGA data set. We note that the outliers in the “MPor-
subbed, *COOH” panel therein cause the intercept to become positive.  
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Figure 14. Plot of the hybrid d-band centers of the metal CTPs against those of the G-MNCs 
of corresponding local stoichiometry. The dashed lines are fitting lines with a fixed slope of 
unity. Data points are split between subplots by the family of the CTP, and the adsorbate on 

the metal (if any); the numeric subscripts indicate the number of chelating N atoms in 
porphyrin derivatives and G-MNCs.    
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In Figure 14,* we repeat the previous analysis but with the state center εd, 
defined to be the (p)DOS’s mean. Though not without scattering and outliers, 
it is apparent that the d-state position is also consistent between CTPs and G-
MNCs, with the metal identity again dictating the ordering, this time being  

𝜀!,+, ≈ 𝜀!,#$ ≤ 𝜀!,%& ≤ 𝜀!,'( ≤ 𝜀!,)* < 𝜀!,-, 
while the effects of nitrogen content remain secondary.  

The ordering is intuitive: Rh being a fifth-period metal, its d-projections 
would contain both the 3d and 4d states, the former being well beneath the 
Fermi level; meanwhile the 3d metals have their d-states increasingly filled, 
thus sinking below the Fermi level, as one goes left to right in the periodic 
table. Other than that, the trends are murkier here than for the state widths: 
there does not seem to be a consistent trend regarding how the state centers 
are shifted in the CTP molecules relative to the G-MNCs.  

I.2. Electronic density 

Having looked at descriptors related to the electronic structure and confirmed 
the approximate parity between the molecular and extended systems, we can 
climb one rung on the ladder and see if the observables from the electronic 
densities also align between the two.   

 
* See also App. Figure 2 for the GGA data set. We note again outliers in the “MPor-
subbed, *COOH” panel therein, massively inflating the RMSE. 
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Figure 15. Plot of the hybrid metal magnetic moments of the metal CTPs against those of the 
G-MNCs of corresponding local stoichiometry. The dashed lines are parity lines. Data points 
are split between subplots by the family of the CTP, and the adsorbate on the metal (if any); 
the numeric subscripts indicate the number of chelating N atoms in porphyrin derivatives 

and G-MNCs.   
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The correspondence we see in the d-state descriptors is also observed in the 
electron-density distribution, albeit somewhat weaker. Figure 15* compares 
the metal magnetic moment of CTPs with G-MNCs. Again, the metal identity 
is mostly responsible for the spin value in the same way in both kinds of MNC 
systems, with Mn supporting higher spin states and Ni remaining in the low-
spin state. Deviation from parity seems in comparison with the d-state 
descriptors more severe, which is understandable given the small range of 
viable values the magnetic moments can take.  

Compared with the GGA data set (App. Figure 3), the deviations grow bigger 
for the hybrid data set, which may hint towards insufficiencies in the implicit 
assumption (see “Computational details § IV”) that the GGA most-
energetically-favorable spin configuration (1) is preserved and (2) remains the 
most energetically favorable after the change in the functional.   

 
* See also App. Figure 3 for the GGA data set, which is qualitatively similar in results.  
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Figure 16. Plot of the hybrid adsorbate-induced dipole moments, on metal CTPs against 

those on the G-MNCs of corresponding local stoichiometry. The dashed lines are fitting lines 
with a fixed slope of unity. Data points are split between subplots by the family of the CTP, 
and the adsorbate on the metal; the numeric subscripts indicate the number of chelating N 

atoms in porphyrin derivatives and G-MNCs.   
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In Figure 16* the adsorbate-induced dipole moments are plotted. In contrast 
to the previous results which more or less exhibit parity between the CTP 
and G-MNC results, the correspondences between the dipoles values are 
shown to range from being excellent (e.g. *H and *COOH on MPc/G-MNC), 
moderate (e.g. *CO on MPor-ox/G-MNC), to nonexistent (e.g. *CO on 
MPor-subbed/G-MNC).  

Despite the relative disorder, we still notice from the fits that the intercept is 
constantly negative, implying the dipoles on the CTPs to be on average 
slightly smaller than those on the corresponding G-MNCs, with the 
exceptions of *CO and *COOH on MPor.  

II. Coordination and energetics 
The trends and correspondences of the more fundamental quantities 
discussed in the previous Section are admittedly rather coarse-grained; the 
visible scatter in the data limits their predictive power, largely relegating them 
to being a descriptive tool for examining these materials. Nonetheless, we 
now look at the adsorption energetics on the metal center, and how the 
center’s immediate chemical environment (i.e. coordination by N or C atoms) 
changes them.  

In Figure 17† we show the approximate parity between the formation energies 
∆Eads. of C1 adsorbates (*CO and *COOH) on the molecules and that on the 
corresponding G-MNC. For both GGA and hybrid calculations, we do find 
a reasonable parity between the results of molecular and extended systems in 
both the two- (MN2, #N = 2) and four-N-coordinated (MN4, #N = 4) cases. 
While the molecular backbones do influence the binding non-negligibly, 
especially in the case of MN2, the overall trends still tend towards parity. For 
the MN3 (in the GGA case) and MN1 (in both cases) systems the equivalence 
reduces significantly; while for MN0 systems no significant trends can be 
identified, with the VNCs and RhNCs contributing the most to the scattering.   

 
* See also App. Figure 4 for the GGA data set, which is qualitatively similar in results. 
† See also App. Figure 5 for the GGA data set, again showing approximate parity for MN1–4 
and disparity for MN0.  
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Figure 17. Plot of the hybrid formation energies of the *CO and *COOH adsorbate states on 
metal CTPs against the same quantities on G-MNCs of corresponding local stoichiometry. 

The dashed lines are parity lines. Data points are split between subplots by the number of N 
atoms chelating the metal center.   
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The deterioration and loss of parity between extended and molecular MNCs 
was first observed on MPors (CTPs), which was what initially prompted the 
investigation into the MPor-subbed derivatives; we reasoned that the higher 
N content in the periphery may have had a greater effect on the metal center 
than was initially suspected, and a more graphene-like pure-carbon skeleton 
may have more in common with the G-MNC. As shown in Table 3, while in 
some cases the MPor derivative classes (MPor-ox and MPor-subbed) do 
show a better correlation with the G-MNCs, such is not consistently the case.  

Family (data set) #N = 3 #N = 2 #N = 1 #N = 0 

MPor  
(GGA) 

0.583 0.830 0.590 0.117 

MPor  
(hybrid) 

0.763 0.863 0.718 0.026 

MPor-ox  
(GGA) 

0.671 0.799 0.784 0.100 

MPor-ox  
(hybrid) 

0.863 0.855 0.700 0.013 

MPor-subbed  
(GGA) 

0.717 0.763 0.793 0.224 

MPor-subbed  
(hybrid) 0.844 0.861 0.708 0.306 

Table 3. Separate R-squared values of the parity lines in Figure 17 and App. Figure 5 for the 
MPor, MPor-ox, and MPor-subbed families.  
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As with the d-state and electronic descriptors, adsorbate binding on the 
MNCs is largely dictated by the metal-center identity (Figure 17). For most 
levels of N-neighbor abundance (#N) except for the lowest, the *CO 
formation energy ∆E*CO on Mn is consistently the most endothermic, 
followed by Ni, Fe, and Co, the order of which depending on #N. The severe 
exothermicity of ∆E*CO on V and Rh metal centers will likely lead to a 
poisoning of the catalyst with *CO, rendering them unviable for CO2RR. 
With *COOH (App. Figure 5), the formation energy ∆E*COOH sees somewhat 
different behaviors: again V and Rh bind the strongest (most negative), and 
Fe generally weaker (more positive) than Co; however, other aspects of the 
ordering are not always consistent, which as we will discuss in the next 
Chapter make for poor scaling between *CO and *COOH binding.  
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Figure 18. Plot of the hybrid formation energies of the *CO adsorbate state on various MNCs 
against the number of N atoms chelating the metal. Data points are split between subplots 

by the metal species and the family of MNC structures. Note that “MNC” here is to be 
understood as “G-MNC”.   
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The effect of the nitrogen environment of the metal center is in most cases 
secondary in influencing the binding properties of molecular catalysts. As 
shown in Figure 18,* no general monotonous trend between ∆Eads. and #N is 
found upon by changing the #N on the same combination of metal identity 
and MNC family, except for individual catalyst candidates like G-NiNC. 

III. Conclusions 
Throughout the Chapter, we have examined the electronic structure, 
electronic distribution, and the adsorption energetics of the MNCs. Though 
not without considerable noise relative to exact parity, it is noticed that for 
most cases there is indeed a correspondence between the properties of a 
molecular MNC versus that of a G-MNC with a similar local coordination 
environment for the metal site. These MNC systems being single-atom 
catalysts, it is also intuitive that the variation of these quantities is mostly 
ordered according to the metal identity. While the coordination environment 
of the metal does also contribute to the variation, the effect is less 
pronounced, and the form of dependence thereon often not permitting the 
use of simplistic models. 

 
* See also App. Figure 6 for the *COOH results, which is qualitatively similar in how no 
appreciable trends consistent across the metals can be identified. 
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Scaling relations in MNCs 
One of the major successes in surface science is the discovery of ubiquitous 
scaling relations for adsorption energies, reaction barriers, and other 
quantities, allowing catalytic processes to be modeled and reasoned about 
with simplicity.149 Scaling relations are well established for metal surfaces,163–

165 (including alloy-based SACs166), supported single atoms,167 and molecular 
catalysts.168,169 Even on G-MNCs, scaling behaviors like Brønsted–Evans–
Polanyi scaling170,171 and free-energy scaling for NRR172 and ORR170 
intermediates have been reported. However, it remains for us to examine 
these relations in the context of the thesis: the energetics of CO2RR 
intermediates and adjacent species, on both molecular and graphene-based 
MNCs.  
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I. Inter-adsorbate scaling 
In 
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Figure 19* we have gathered all the adsorbate formation energies ∆Eads. across 
all the MNC systems†  in order to check for scaling among them. While there 
seems to be in general a weakly positive correlation between any pair of such 
energies, it is apparent that there is no global scaling across the MNCs for 
these energies – not even for relatively simple and (for other classes of 
materials) well-attested cases like *CO–*COOH,1,129 echoing earlier reports 
of the loss of inter-adsorbate scaling on MNCs.78,173 The lack of scaling 
behavior complicates analysis of a system of reactions (e.g. by microkinetic 
modelling), because the dimensionality of the problem can no longer be 
reduced.   

 
* See also App. Figure 7 to App. Figure 9 for the GGA and/or non-spin-polarized data. It 
is noted that results vary quite significantly with these alternative data sets, but the fits are 
nonetheless all rather poor.  
† For the purpose of this Section, we have only included data points where the C1 adsorbate 
(resp. *H) adsorbs atop the metal on its C (resp. H) atom.  
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Figure 19. Inter-adsorbate “scaling lines” of their formation energies (spin-polarized hybrid 

calculations).   
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Since scaling across all MNCs may be too ambitious, we attempt to re-
examine the scaling relations for individual MNC families (Table 4). Scaling 
lines of good quality (small RMSE, large R-squared) are indicated by green 
cells, and egregiously bad ones are in red. Interestingly, not even for relatively 
simple cases like MPc do we see *CO–*COOH and *H–*CO scaling. Still, 
the non-spin-polarized *H and *COOH energies do globally show better 
correlation than the other pairings of adsorbates; and we also note that these 
two adsorbates scale particularly well on MPc and MPz – almost perfectly 
linear. It is noticed that any scaling-line fit to these two families of MNCs also 
tend to have quantitatively similar slopes and qualitatively similar quality-of-
fit (R-squared values and errors); meanwhile, out of all the MNC families, the 
MPor derivatives exhibit the worst scaling behavior.  

Again, we note that the choice of density functional does not have any 
obvious general correlation with the quality of the fitted scaling lines. 
Surprisingly, despite the general difficulty we have had with the determination 
and convergence of magnetic moments (see “The spin conundrum”), and the 
removal of a degree-of-freedom effected by going to a non-spin-polarized 
(pure density) picture, for almost all cases (except for *H–*COOH) the non-
spin-polarized scaling lines are not appreciably better fits than the 
corresponding spin-polarized lines – often even worse.   
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Calculation GGA Hybrid 
SP Non-SP SP Non-SP 

Ads.  MNC family (App. Figure 7) (App. Figure 9) (Figure 19) (App. Figure 8) 

*C
O

– *
C

O
O

H
 

G-MNC 
0.745,  

0.469, 0.322 
0.640,  

0.618, 0.337 
0.824,  

0.538, 0.400 
0.603,  

0.376, 0.576 

MPc 
1.126,  

0.440, 0.532 
0.603,  

0.395, 0.699 
1.499,  

0.574, 0.501 
0.693,  

0.141, 1.163 

MPz 
1.242,  

0.461, 0.543 
0.632,  

0.363, 0.738 
1.753,  

0.703, 0.503 
0.630,  

0.105, 1.210 

MPor 
0.891,  

0.638, 0.370 
0.602,  

0.576, 0.491 
0.982,  

0.772, 0.323 
0.747,  

0.342, 0.897 

MPor-ox 
0.464,  

0.204, 0.367 
0.390,  

0.268, 0.326 
0.534,  

0.225, 0.633 
0.083,  

0.010, 0.429 

MPor-subbed 
0.291,  

0.074, 0.394 
0.176,  

0.059, 0.343 
0.648,  

0.339, 0.588 
−0.254,  

0.102, 0.394 

      

*H
–*

C
O

O
H

 

G-MNC 
0.551,  

0.302, 0.369 
0.885,  

0.558, 0.363 
0.487,  

0.236, 0.514 
0.787,  

0.523, 0.503 

MPc 
0.955,  

0.984, 0.091 
0.946,  

0.997, 0.048 
1.010,  

0.964, 0.146 
0.911,  

0.995, 0.086 

MPz 
0.941,  

0.995, 0.050 
0.947,  

0.998, 0.046 
1.040,  

0.891, 0.305 
0.919,  

0.996, 0.079 

MPor 
0.950,  

0.636, 0.371 
1.202,  

0.760, 0.369 
0.698,  

0.442, 0.506 
1.102,  

0.770, 0.530 

MPor-ox 
−0.011,  

0.000, 0.412 
0.095,  

0.013, 0.378 
0.012,  

0.000, 0.719 
0.128,  

0.036, 0.423 

MPor-subbed 
0.170,  

0.053, 0.399 
0.331,  

0.156, 0.325 
0.191,  

0.042, 0.708 
0.393,  

0.316, 0.344 

      

*H
–*

C
O

 

G-MNC 
0.473,  

0.263, 0.349 
0.898,  

0.381, 0.528 
0.393,  

0.193, 0.470 
0.406,  

0.135, 0.689 

MPc 
0.332,  

0.342, 0.340 
0.583,  

0.348, 0.757 
0.337,  

0.420, 0.296 
0.161,  

0.107, 0.642 

MPz 
0.329,  

0.408, 0.311 
0.520,  

0.332, 0.720 
0.363,  

0.474, 0.320 
0.151,  

0.101, 0.624 

MPor 
0.584,  

0.298, 0.462 
1.043,  

0.360, 0.761 
0.608,  

0.418, 0.462 
0.351,  

0.128, 0.809 

MPor-ox 
0.006,  

0.000, 0.400 
0.098,  

0.008, 0.504 
−0.148,  

0.021, 0.632 
−0.133,  

0.027, 0.513 

MPor-subbed 
−0.038,  

0.003, 0.382 
−0.366,  

0.100, 0.461 
−0.018,  

0.000, 0.650 
−0.459,  

0.274, 0.445 

Table 4. Parameters for the fitted inter-adsorbate scaling line of their formation energies.  
Each cell value consists of the triplet: line slope (unitless), R-squared value (unitless), and 

RMSE (eV). Adsorbate pairs are given in the format (𝑥)–(𝑦). “SP” stands for “spin-
polarized”. Cells in green have an R-squared of ≥ 0.7 and an RMSE of ≤ 0.4 eV; cells in pink 

have an R-squared of ≤ 0.4 or an RMSE of ≥ 0.6 eV.   
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II. Inter-quantity scaling 

 
Figure 20. Plot of the adsorbate-induced dipole moment against the adsorbate-state “width” 

on various MNC systems.  

Here we explore the correlation between two pairs of quantities in our MNC 
systems. As discussed in “Bridging the metal–SAC gap” (see esp. Supp. Note 
7 in Ref.1), we in general expect the adsorbate state width to be negatively 
correlated with the adsorbate-induced dipole moment ∆pads. since both are 
dictated by the strength of the interaction with the catalyst surface.137,148,174 In 
Figure 20 we have plotted ∆pads. against Ws+p, a metric of the actual width of 
the adsorbate states interacting with the catalyst, *  and the previous 
conclusions are shown to still hold across MNCs as a whole – up to some 
scatter of course.†   

 
* See the discussion of W in a footnote in “Comparative characterization of MNCs § I.1”.  
† Scatter or not, here the functional form is not expected to be linear.148  
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Figure 21. Plots of the hybrid-functional formation energies of *CO and *COOH on the 

various MNCs, against the 𝑑-band center of the clean-/“slab”-state MNCs. Data points are 
split between subplots by the adsorbate identity and the number of N atoms chelating the 

metal center. 

Yet another important quantity is the d-band/-state center, which has been 
successfully used as a descriptor for adsorbate binding energies for decades 
since the debut of the Hammer–Nørskov (HN) model.165,175,176 While we will 
also attempt the full treatment of the data therewith (in the next Chapter), we 
note that the d-band theory is constantly evolving and has spawned many 
different flavors in terms of both the descriptors and the functional 
dependence164,177 – not necessarily restricted to the perturbation-theory-like 
energy expression in HN. Therefore, it will be instructive to first try a linear 
fit before further parametrizing the model – even if the linear fit itself fails, 
any sort of correlation between the quantities of interest should become 
apparent.  

In Figure 21, we have plotted ∆Eads. against the d-band (or more realistically, 
d-state) center of the bare catalyst εd, clean. It  is immediately obvious that there 
is no general correlation between the two quantities, except for a very narrow 
subset of the data (*CO on MN4 catalysts) – or perhaps the correlation is 
again buried beneath scatter.   
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Figure 22. Plots of the non-spin-polarized hybrid-functional formation energies of *CO and 
*COOH on the various MNCs, against the 𝑑-band center of the clean-/“slab”-state MNCs. 
Data points are split between subplots by the adsorbate identity and the number of N atoms 

chelating the metal center.  

Trying to remove complicating factors, we also inspect the corresponding 
plots in non-spin-polarized calculations (Figure 22). As with the spin-
polarized case, there seem to be no overarching correlations across the MNCs. 
A remark that may be of interest though is how the one can also interpret the 
non-spin-polarized *CO on MN3 and MN4 cases as sporting a “flipped-
checkmark” functional form: a long descending stroke from top left to the 
bottom, followed by a small, upturned hook at the end. Such a form is 
reminiscent of the chemisorption energy from a Newns–Anderson-based 
model136–138 as described by Vijay et al.;178* the degree to which linear scaling 
holds between any two adsorbates is thus determined by how well the features 
of their functional forms align with one another.   

 
* Note though that in that work the chemisorption energy Echem is shown to have a 
peak/kink at some rather negative εd, after which it sharply turns and starts decreasing w.r.t. 
more negative εd. In a sense the functional form more closely resembles a ladle, which may 
well also be the case here; perhaps the MNCs that are studied in this work do not have the 
requisite deep d-states, and we thus fail to capture that regime.  
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III. Conclusions 
Overall speaking, the correlations between the examined adsorbate energetics 
are rather weak, with ∆E*H and ∆E*COOH being the sole exception – and only 
so for certain molecular MNCs. Such failing of adsorbates to scale, with one 
another and with d-state descriptors, may not be a failing of the d-band/-state 
model; rather, it may be precisely due to the subtleties thereof that we see such 
seemingly erratic behavior – or that we are violating key assumptions in the 
model. Still, we will among other tools also employ the original d-state model 
in the following Chapter to see whether we can rationalize adsorption on 
MNCs.  

On the one hand, the loss of scaling does make the interpretation, modelling, 
and predictions of the energetics on these systems more difficult;* but on the 
other, we note that the breaking of scaling laws to achieve certain free-energy 
landscapes is often explicitly the goal in catalysis,179,180 and may even be the 
motivation behind research into unconventional catalyst types. 

 
* As an example, the microkinetic model used in Ref.1 is contingent on the assumption that 
*CO and *COOH scale (see Supp. Fig. 10 in the reference).  
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Rationalization of adsorption energetics 
In light of the absence of linear scaling between quantities and between 
adsorbates in MNCs, as described in the previous Chapter, we thus proceed 
to employ additional tools and models in trying to describe them. In this 
Chapter, I present two approaches taken: one by attempting to decompose 
the energetics into easier-handled components; and another trying to apply a 
fuller d-state model.  

I. Divide-and-conquer: isolation of spin 
dependence 

From the previous Chapter, we have seen that the CO2RR intermediate 
energetics on MNCs are unfortunately not captured well by linear scaling 
relations. However, as was discussed in “The spin conundrum”, the 
magnetization influences the energetics significantly, which poses additional 
challenges to the application of simplifying models. Being inspired by recent 
results, which made full use of the freedom afforded by DFT to toggle spin 
effects as needed,181* we have thus taken to try to decompose the adsorbate 
formation energy ∆Eads. into two parts:  

- The “electronic–electrostatic” component ∆Eads., nsp., taken to be 
captured by a non-spin-polarized DFT calculation; and  

- The “magnetic” component ∆∆Eads. ≔	∆Eads.−∆Eads., nsp., taken to be 
the difference between the spin-polarized and non-spin-polarized 
energies.  

  

 
* In the reference, the electrostatic (dipole-moment-and-field-based) stabilization of the N–
N transition state by co-adsorbed promoter cations was found to be insufficient for 
describing the full stabilization; said remainder of the stabilizing effect was shown to be 
modelled by the difference in stabilizations between the full spin-polarized and the non-
spin-polarized calculations.  
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Figure 23. Plot of the “magnetic component” of the adsorbate formation energy against the 
change in metal magnetic moment upon adsorption. The fitting lines are constrained to pass 

through the origin. 

In Figure 23, we start by plotting this magnetic component of the energy 
against the change in the metal magnetic moment (MMM). Here we see a 
decent correlation between the two quantities, which can be thus explained: 
the removal of the spin degree of freedom unphysically and energetically 
penalizes the system; as such, if an adsorbate state induces a higher MMM 
than in the clean state, ∆Eads., nsp. will be penalized and thus ∆∆Eads. is driven 
down.  
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Figure 24. Plot of the “magnetic component” of the adsorbate formation energy against the 

metal magnetic moment. The fitting lines are constrained to pass through the origin.  

More interestingly, it is of interest to note that the spin state of the clean metal 
site alone is already sufficient to describe the ∆∆Eads. to a similar degree of 
accuracy (Figure 24; take note of the similar mean average error (MAE) 
values). This however is non-trivial, because the MMM is not uniformly 
quenched on adsorption unlike on TM surfaces (Figure 23),182 and hence it is 
not immediately obvious that ∆µmetal and µmetal, slab are somewhat 
interchangeable. This is also encouraging for the further development of such 
models in the future – having only to calculate the clean slab state with spin-
polarized calculations to be able to capture the essential spin-dependent 
energetics makes for a simple descriptor, and will immensely cut down on the 
computational burden needed (see “Computational details § VI” and “The 
spin conundrum”) for the proper screening and verification of MNC systems.  
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II. Does the d-band model work on MNCs?  

 
Figure 25. 𝑑-band model of *CO adsorption – a reconstruction of Ref.165’s Fig. 2. The values 

for the parameters are taken from Table I, ibid. 

Motivated by the preceding Section, we then move onto the description of 
the electronic–electrostatic (i.e. non-spin-polarized) part of the energy ∆Ensp.. 
The Hammer–Nørskov (HN) model165,175,176 has enjoyed great success in 
describing the binding of gases on TMs, and has inspired the entire field of 
d-band theory.164,174,177 Generalizing and reparametrizing from Hammer, 
Morikawa, and Nørskov’s165 formulation (hereafter HMN), we note that the 
formation energy ∆E*CO of the *CO state should follow a form of  

Δ𝐸∗%/ = 𝐸&001(2

− 𝑉3!4 5𝛽5 74 8
𝑓5

𝜖46 − (𝜖!)5
− 𝑓5𝛼5>

5

+ 2𝑟54 8
1 − 𝑓5

(𝜖!)5 − 𝜖78
− (1 + 𝑓5)𝛼5>C. 
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Here we have these parameters:  

𝑖 Index for d-states 

𝜖46, 𝜖78 (Position of the) renormalized adsorbate states 

𝑉3! Dimensionless coupling integral, relative to the Cu value 

𝛼 − &9(:;<=	$*2(?:<;
@&A=;$*?	$*2(?:<;

 

𝛽 F @&A=;$*?	$*2(?:<;
:(;<2$9(	@&A=;$*?	$*2(?:<;

G
4
 

𝑟 &9(:;<=	$*2(?:<;	(8)
&9(:;<=	$*2(?:<;	(D)

 

𝜖!5 Center of the i-th d-state 

𝑓5 Fractional filling of the i-th d-state 

We note that the last two (sets of) parameters are easily available from DFT 
calculations – though the original work has opted to use the idealized filling 
0.1(valence − 1) over integrating over the pDOS. Vsd has been tabulated in 
literature;176 α and β are explicitly tunable/fitted parameters;*† and ε2π, ε5σ, and 
r are parameters chosen in view of DFT results.‡ Since the 2π and 5σ states 
owe their energetic position to the interaction with metal s- and p-bands, 
further broadening them for interaction with the d-bands, it is also expected 
that the ε2π and ε5σ will differ between our MNCs and the TM surfaces in the 
original work.  

  

 
* HMN values:165 α = .063 eV−1, β = 1.5 eV 
† Naturally, Eoffset is also a fitted parameter.  
‡ HMN values:165 ε2π = +2.5 eV, ε5σ = −7 eV, r = 1.3 
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Figure 26. Parity plot of the hybrid non-spin-polarized ∆E*CO against the HMN predictions 

fitted on all data. The total 𝑑-band projection and its actual filling are used and the 
parameters α and β are fitted.  

Replicating HMN’s analysis, we start by fitting the entirety of the non-spin-
polarized dataset* to the d-band model (Figure 26)† on all the total pDOS of 
all d-states. It is noted that the fit completely lacks any predictive power, given 
that the predictions only have a spread of about 0.5 eV while the DFT data 
have more than 3.5 eV; while less severe, the same is observed with the fit on 
the GGA data (App. Figure 10). This however is not surprising given that as 
mentioned, the adsorbate-state renormalization may have worked differently 
on MNCs, leading to the chosen values not being applicable. It is perhaps not 
appropriate either to start by fitting to the entire data set.  

  

 
* Here only use the configurations binding atop the metal center (“M–C”).  
† See App. Figure 10 for the fit with the GGA dataset, with qualitative similar results (i.e. 
lack of correlation).  
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In trying to better understand the problem, we thus further filter the data set 
by the following criteria and work from there: (1) the V, Rh, and MN0 data 
points are ignored due to their history of being outliers skewing the data;* (2) 
we also remove the MPor derivatives from consideration, noting that their 
the behavior can be at times problematic.† By doing so, we have arrived at a 
33-point data set, which should be allowing the effects of various parameters 
and settings of the model to be more clearly seen, while also keeping the risk 
of overfitting manageable. In further tests, we have noticed the frequent 
failing of the optimization routine. Thus, we have also introduced constraints 
(Table 5) which aided in the convergence.  

Parameter Range Reason 

ε2π (0.5, 10) Antibonding orbital 

ε5σ  (−20, −0.5) Bonding orbital 

α (0.005, 1) Orders of magnitude from 
HMN value 

β (0.1, 20) Orders of magnitude from 
HMN value 

r (1, ∞) σ-bonds by definition 
overlap more than π-bonds 

Table 5. Table of constraints introduced for the extended-HMN model parameters and their 
justifications.  

  

 
* See e.g. Figure 17 and Figure 21.  
† See e.g. Table 3.  
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Figure 27. Parity plot of the hybrid non-spin-polarized ∆E*CO against the HMN predictions 
fitted on the reduced set of data. The total 𝑑-band projection and its actual filling are used 

and the parameters α and β are fitted. 

By these measures, we have recovered results that are more amenable to 
interpretation; in Figure 27 we have plotted the fit for the reduced data set. 
Though a correlation can now be seen, the errors in the order of 0.6 eV 
remain too high for the model to be considered usable. The corresponding 
fit for the GGA results has a more palatable error of 0.4 eV and a decent R-
squared of > 0.7 (App. Figure 11), which however does not suffice either. 
Switching from the actual d-state fillings to the idealized ones causes a slight 
deterioration of the results (App. Figure 12 and App. Figure 13). Doing a full 
fit of the data with all the parametric degrees of freedom does not significantly 
improve the quality of predictions for either hybrid (App. Figure 14) or GGA 
(App. Figure 15) or. In particular for the former, the r, ε2π, and ε5σ parameters 
all attained their extremal values as permitted by the constraints, indicative of 
a failure in searching for their optimal values.  
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Figure 28. Parity plot of the hybrid non-spin-polarized ∆E*CO against the HMN predictions 
fitted on the reduced set of data. The 𝑑z², 𝑑xz, and 𝑑yz projections and their actual fillings are 

used, and the parameters α and β are fitted separately for each thereof. 

Finally, we also look at the composition of several d-state terms, motivated 
by the desire to treat the separately the individual d-states, and in Figure 28* 
we have again plotted the DFT energies against the fitted model predictions.  
While the errors do show a qualitative improvement over the previous model 
(Figure 27), it is likely to be entirely attributable to the three-fold increase in 
parameters. The disparity between the coefficients of the dxz and the dyz 
orbitals may be indicative of projection errors.  

III. Conclusions 
We have demonstrated progress in the decomposition of the MNC adsorbate 
energetics via the extraction of the spin-dependent part. However, we still 
note the correspondence to be quite coarse-grained, and it will be also of 
interest to explain the values of the qualitatively similar slopes in Figure 23 
(≈ −1eV µB

−1) and Figure 24 (≈ 0.4 eV µB
−1).  

 
* See App. Figure 16 for the GGA version.  
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Figure 29. Surface-metal-𝑑 pDOS near the Fermi level from various GGA calculations. Top to 

bottom: CoPc (MPc), CoN₄ (G-MNC), and Au(111) (TM). 	

The shortcoming of the HMN model in describing the adsorbate binding on 
MNCs (relative to its success in describing TMs) should not serve as a 
deterrent towards further theoretical forays into the systematic and 
comprehensive modelling thereof. One factor contributing to the poor 
description of the MNCs by d-band methods may be how discrete their states 
are. From Figure 29 we see that the d-states of the Co in both extended and 
molecular MNCs are quite disjoint compared with the d-band of a TM 
surface . The narrowness of the d-states, while noted to be a boon for the 
adsorbate dipole,1 sets the MNCs far enough apart to resist treatment by the 
usual tools of surface science; these materials may be better described by 
other models like the two-state Hamiltonian.  
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Outlook 
Having presented the work we have done on studying the trends and reasons 
behind the catalytic activities of MNC systems, I would also like to take the 
time to present some ongoing, planned, and attempted work.  

I. Electrochemical modelling of MNCs  

 
Figure 30. Plot of the potential dependence of ∆Eads. against the adsorbate-induced dipole 

moment in vacuum for several MNCs and TM(211) facets. Calculations shown are non-spin-
polarized. For the “big” and “small” MN2C2 calculations, see the discussion at 

“Computational details § VI”.  

As is evident from the literature, much of the current focus of research in 
MNCs is its use in electrocatalytic processes – specifically in CO2RR1,2,64,71,78,183 
and NRR.66,172,184 As such, it is of utmost importance to properly model the 
electrochemical interface. Following the capacitive model of charging as 
described in Refs.,135,145 we have plotted in Figure 30 the potential dependence 
of adsorbate formation energy against the induced dipole on various MNC 
and TM surfaces.  
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As expected from the capacitor model, the relation between the DFT energies 
and the added charge is quadratic. However, the extraction of the dependence 
from referenced energetics* can be subtle, in that accumulative errors add up 
quickly while the leading terms in the EDFT expression cancel out significantly, 
leading to huge uncertainties in the fitted parameters. Here, the quadratic fit 
is thus done before the slab-and-adsorbate referencing at each level of excess 
charge. Noting that the quadratic term is quantitatively similar for all 
adsorbates (and the clean-slab state) on each surface, a constrained least-

squares fitting is then used to retrieve the linear coefficients (!(EF)
!G

) based on 

the assumption that the quadratic coefficients are indeed identical. Following 
this analysis, we see that the linear correlation between the two quantities is 
recovered also for the MNCs. Indeed, it is a fine balance to tread how much 
is to be abstracted away in order to recover the big picture while keeping as 
much detail as possible.  

In dealing with electrostatics, especially with charging behaviors, it is 
instructive to have schemes qualifying and quantifying charge transfers – for 
this purpose, Bader partition can be used (see “Computational details § V”). 
While not presented elsewhere in the thesis, we are using the method to 
comparatively evaluate the (de-)localization of surface excess charge around 
the MNC centers, which may lead to a Frumkin-like185 discrepancy between 
the field at the adsorption site and the potential drop into the electrolyte bulk.  

While largely absent from the current state of our research (as was noted in 
“Computational details § VI”), it is noted that solvation effects can 
significantly impact the energetics and transport properties on the active 
sites,186,187 perhaps steering the course of the reaction more than the intrinsic 
energetics. It will be instructive to later benchmark, investigate, and fine-tune 
the various approaches to potential and charge manipulation and examine 
their effects on the MNC center.188  

 
* I.e. the adsorbate formation energies; see “Computational details § II”.  
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II. ML-boosted thermodynamic surface 
simulations 

 
Schematic 3. Proposed iterative workflow for the GAP-aided simulation of MNC surfaces.  

As briefly mentioned in “Metal–nitrogen–carbon single-atom catalysts § II” 
(and demonstrated in “Reaching down to the fundamentals: an exercise in 
atomic precision”), the MN4 site is thought to be the active site for many 
kinds of reactions on MNC. It is then imperative for the optimal catalyst to 
be wholly covered thereby, without the formation of other metal-containing 
surface sites. Indeed, the value of a synthesis pathway is sometimes evaluated 
by its ability to uniquely yield these sites.34,52,154  
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It is true that the low cost of the catalytic species is one of the draws of MNCs 
(so that experiments are not limited by material availability), and years of 
experimental research has already resulted in much knowledge and belief 
regarding the optimal synthetic procedure and conditions; however, theory 
can still contribute as to the “whys” and “hows” about the mechanisms 
behind the changing of the catalyst surface during the different stages of 
synthesis (and even use) – and of course, what actions are advisable in view 
of that, to ensure the maximal coverage and quality of the desired site motif.  

To this purpose, DFT-based tools like ab-initio molecule dynamics (AIMD) 
are invaluable, being the key towards electronically-informed 
thermodynamics. However, the full-scale simulation of a catalytic surface 
with AIMD is prohibitively expensive,* and the sampling of rare events like 
surface reconstructions and site deterioration may not be realistic. At the 
typical cell size accessible to AIMD it may also be difficult to model the 
interactions between sites or the effects of adsorbate coverage.  

In recent years, machine-learning- (ML-) boosted material modeling has 
garnered great interest.† Though DFT is already one of the less expensive 
“workhorse” methods, especially when compared to higher levels of theory, 
it is still not very scalable to the same scale at which classical (force-field-
based) simulation can be done. However, machine-learning methods promise 
a mix of the best of both worlds – to offer electronically-informed materials 
simulation at a fraction of the current cost. In view of this, during my external 
stay in the Fritz–Haber–Institut, Berlin, we began work on carrying out ML-
boosted thermodynamic modelling on these MNC systems; Schematic 3 
represents a design of the framework/workflow, encompassing (1) the 
iterative training of a ML potential capable of replacing DFT on the system 
of interest, and (2) the use of said potential for the scalable thermodynamic 
simulation of the catalyst surface.  

The iterative training loop is central to the workflow: once set up, it is to 
continue automatically in (1) the evaluation of the performance of an ML 

 
* We do note the existence of AIMD literature on MNCs;200,201 however, such is 
understandably not the norm in the stability analysis of these materials.127,167,202,203  
† Even some predominantly DFT codes like VASP are already starting to incorporate 
machine-learning algorithms into their own software.  
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potential (MLP), (2) the identification of the area in the chemical space in 
interest in which it underperforms, (3) the systematic and selective acquisition 
of new DFT data therefrom, and (4) the use thereof in refining (training) the 
MLP. While (1) is intuitive, consisting merely of the comparing of the DFT 
ground truth and the ML predictions, each of the other areas come with its 
own subtleties:  

- Featurization of the atomic structures. For the loop to be able to 
discern (the atomic structures representing) the chemistry it performs 
the worst on, there must exist a mapping from said structures to 
numbers, quantifying the chemistry. Such falls under the purview of 
descriptor functions, which map atomic structures of any given size, 
composition, and geometry into a vector space of fixed dimensions. 
In this project, the Smooth Overlay of Atomic Positions (SOAP)189–

192 descriptor is used.  
- Generation of new configuration. The loop also needs to be able 

to generate new structures to be evaluated by DFT, so that it has new 
materials to train and evaluate itself on; usually it involves using the 
potential itself to generate random candidates, which is then followed 
by a selection process based on the descriptor discussed just now. In 
this project, a Monte-Carlo (MC) sampling scheme based on the MLP 
energies is to be implemented, and the generated structures are 
selected by dissimilarity (defined by the descriptor) with the existing 
training set.  

- Training and choice of ML method. Last but not least, there is the 
question of the MLP to use. For this project, the Gaussian 
Approximation Potential193 is employed, which uses Gaussian-
process regression (GPR) to learn the input-structure energy and 
stress and the atomic forces.194 While treasured for its transparency, 
error prediction, and ability to extrapolate from a small initial pool of 
data, it is noted that as the data set grows GPR (at least in its original 
form) may suffer from scalability issues; and at that point other ML 
models may be more suitable.  
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After the MLP is sufficiently trained, it can then be used in the force and 
energy evaluation on the type of materials its training has covered (in our case 
MNCs). Due to the low cost of evaluation, the potential can be applied to the 
large-scale simulation of thermodynamic ensembles (e.g. via MD or the 
implemented MC) representing the MNC surface at reaction conditions. Such 
methods will allow us to directly simulate the interface at system sizes and on 
timescales inaccessible to basic DFT.  
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Conclusions 
Throughout the course of the research in the application of MNC systems 
towards CO2 reduction, they have constantly shown themselves to be rather 
malleable and adaptable.  

In the first paper,1* by consideration of the electronic structure, we have 
justified the use of commonplace DFT methods for the analysis of CO2RR 
on MNC. Individual MNC motifs have shown great variation in catalytic 
activity in both theoretical and experimental analysis, where the adsorbate-
induced electric dipole of *CO2 is demonstrated to be instrumental in 
determining the reaction rate and its dependence on the catalytic conditions.  

In the second paper,2† we have again demonstrated the value of ab-initio 
modelling in enabling the interpretation of experimental results: where 
through the simulation of the catalytic activities of NiNC motifs, the trends 
exhibited in the prepared samples can be unambiguously attributed to the 
NiN4, bolstering the deconvolution of the intrinsic (turnover frequency) and 
extrinsic (site density) facets of sample activity.  

In the remainder of the thesis,3 we have compared the electronic and 
energetic properties of assorted MNC systems, showing consistency and 
correspondence between molecular and surface-embedded MNC centers. In 
stark contrast to TM facets, they show deviation from established scaling 
relations in CO2RR; still, the separation of the electronic–electrostatic and 
magnetic components of the energetics improves correlation, leaving open 
the possibility of a more descriptive and predictive model in the future.  

With their manifold synthesis pathways and morphologies, experimentally-
verified high catalytic activity, and the non-trivial theoretical properties, we 
foresee that they will remain a mainstay in catalysis for years to come – just 
like how they always have been‡ since time immemorial. 

 
* Chapter “Bridging the metal–SAC gap: one picture to rule them all” 
† Chapter “Reaching down to the fundamentals: an exercise in atomic precision” 
‡ See Chapter “Metal–nitrogen–carbon single-atom catalysts” 
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Appendices 

I. Additional figures 
In this Section, we present some of the Figures taken out of the main text for 
brevity and/or cohesion, and yet are deemed worthy of inclusion for 
completeness.  

Most figures found in this Appendix are 1-to-1 re-plots of the main-text 
Figures, just with the GGA data instead of the hybrid data. However, there 
are also exceptions: 

- App. Figure 6 pertains to a different adsorbate altogether compared 
to Figure 18.  

- While App. Figure 7 is the GGA version of Figure 19, App. Figure 9 
and App. Figure 8 are likewise their respective non-spin-polarized 
versions.  

- Likewise, App. Figure 11 is the GGA version of Figure 27, and App. 
Figure 13 and App. Figure 12 are their respective counterparts 
calculated with idealized instead of actual d-state fillings.  

- App. Figure 14 and App. Figure 15 are fits akin to the aforementioned 
ones but with all five parameters open for optimization.  

It is seen that in most cases the scientific conclusion is not dependent on the 
choice of the functionals, save for the noted over-binding of *CO on FeNC 
and CoNC (see “Comparative characterization of MNCs”), and the quality of 
the fits.  
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App. Figure 1. Plot of the GGA d-band widths of the metal CTPs, against those of the G-

MNCs of corresponding local stoichiometry. The dashed lines are fitting lines with a fixed 
slope of unity. Data points are split between subplots by the family of the CTP, and the 

adsorbate on the metal (if any); the numeric subscripts indicate the number of chelating N 
atoms in porphyrin derivatives and G-MNCs.   
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App. Figure 2. Plot of the GGA d-band centers of the metal CTPs against those of the G-

MNCs of corresponding local stoichiometry. The dashed lines are fitting lines with a fixed 
slope of unity. Data points are split between subplots by the family of the CTP, and the 

adsorbate on the metal (if any); the numeric subscripts indicate the number of chelating N 
atoms in porphyrin derivatives and G-MNCs.    
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App. Figure 3. Plot of the GGA metal magnetic moments of the metal CTPs against those of 
the G-MNCs of corresponding local stoichiometry. The dashed lines are parity lines. Data 

points are split between subplots by the family of the CTP, and the adsorbate on the metal (if 
any); the numeric subscripts indicate the number of chelating N atoms in porphyrin 

derivatives and G-MNCs.   
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App. Figure 4. Plot of the GGA adsorbate-induced dipole moments, on metal CTPs against 

those on the G-MNCs of corresponding local stoichiometry. The dashed lines are fitting lines 
with a fixed slope of unity. Data points are split between subplots by the family of the CTP, 
and the adsorbate on the metal; the numeric subscripts indicate the number of chelating N 

atoms in porphyrin derivatives and G-MNCs.   
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App. Figure 5. Plot of the GGA formation energies of the *CO and *COOH adsorbate states 

on metal CTPs against the same quantities on G-MNCs of corresponding local 
stoichiometry. The dashed lines are parity lines. Data points are split between subplots by 

the number of N atoms chelating the metal center.   
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App. Figure 6. Plot of the hybrid formation energies of the *COOH adsorbate state on 

various MNCs against the number of N atoms chelating the metal. Data points are split 
between subplots by the metal species and the family of MNC structures. Note that “MNC” 

here is to be understood as “G-MNC”.   
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App. Figure 7. Inter-adsorbate “scaling lines” of their formation energies (spin-polarized 

GGA calculations).  
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App. Figure 8. Inter-adsorbate “scaling lines” of their formation energies (non-spin-polarized 

hybrid calculations).  
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App. Figure 9. Inter-adsorbate “scaling lines” of their formation energies (non-spin-polarized 

GGA calculations).   
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App. Figure 10. Parity plot of the GGA non-spin-polarized ∆E*CO against the HMN 

predictions fitted on all data. The total 𝑑-band projection and its actual filling are used and 
the parameters α and β are fitted. 

 
App. Figure 11. Parity plot of the GGA non-spin-polarized ∆E*CO against the HMN 

predictions fitted on the reduced set of data. The total 𝑑-band projection and its actual filling 
are used and the parameters α and β are fitted. 
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App. Figure 12. Parity plot of the hybrid non-spin-polarized ∆E*CO against the HMN 

predictions fitted on the reduced set of data. The total 𝑑-band projection and the idealized 
filling are used, and the parameters α and β are fitted. 

 
App. Figure 13. Parity plot of the GGA non-spin-polarized ∆E*CO against the HMN 

predictions fitted on the reduced set of data. The total 𝑑-band projection and the idealized 
filling are used, and the parameters α and β are fitted. 
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App. Figure 14. Parity plot of the hybrid non-spin-polarized ∆E*CO against the HMN 

predictions fitted on the reduced set of data. The total 𝑑-band projection and its actual filling 
are used, and the parameters α, β, 𝑟, ε2π, and ε5σ are fitted. 

 
App. Figure 15. Parity plot of the GGA non-spin-polarized ∆E*CO against the HMN 

predictions fitted on the reduced set of data. The total 𝑑-band projection and its actual 
idealized filling are used, and the parameters α, β, 𝑟, ε2π, and ε5σ are fitted.  
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App. Figure 16. Parity plot of the GGA non-spin-polarized ∆E*CO against the HMN 

predictions fitted on the reduced set of data. The 𝑑z², 𝑑xy, and 𝑑xy projections and their actual 
fillings are used, and the parameters α and β are fitted separately for each thereof.  
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T
he electrochemical reduction of CO2 (CO2R) has the potential 
to store renewable energy in the form of high-value chemi-
cals1–3. The simplest product obtained during the reduction 

of CO2 is CO, which can be used as a renewable feedstock for the 
Fischer–Tropsch reaction4. This process is also the first CO2R reac-
tion to be realized commercially, with Ag gas-diffusion electrodes 
that yield up to 300 mA cm−2 CO towards the production of poly-
mers5. Nanostructured forms of gold and silver are currently the 
state-of-the-art catalysts for this reaction. Aside from their cost, these 
transition metal (TM) catalysts also catalyse the competing hydrogen 
evolution reaction, which reduces the selectivity for CO. A recently 
proposed alternative for CO2R to CO is metal–nitrogen-doped carbon 
(MNC), which is low cost and Earth abundant6. These catalysts also 
have the advantage that they are less selective towards the hydrogen 
evolution reaction than are TM catalysts, with Faradaic efficiencies 
of H2 of less than 20% under typical operating conditions of −0.6 V 
versus the reversible hydrogen electrode7,8, which is consistent with 
the scaling of the H* and CO* binding energies on these materials6.

CO2R to CO requires two proton–electron transfers. In acid:

CO2(g) + 2H+ + e− → CO(g) +H2O(l) (1)

Despite its apparent simplicity, its mechanism remains debated 
in recent work. First, the rate-limiting step has been proposed to 
be CO2 adsorption on Au (refs. 9,10), Fe- and Ni-doped MNC cata-
lysts (FeNC and NiNC)8,11, COOH* formation on noble metals12,13 
or COOH* to CO(g) on Ag from C–O bond breaking14. Tafel slopes 
of 60 or 120 mV dec–1 are sometimes taken as indicators of certain 
rate-limiting steps9,12; however, a recent comprehensive analysis of 
existing data showed silver, gold, copper, zinc and tin catalysts to 
have no intrinsic preference for such cardinal values, consistent 
with models of electron transfer in electrochemistry15.

Furthermore, the nature of the CO2 adsorption step is a source 
of some controversy. CO2 adsorption was suggested to give rise to a 
unit-charged CO2

– species on both Au (refs. 16,17) and FeNC catalysts, 
which is untreatable with ground-state density functional theory 
(DFT) methods18. This hypothesis may originate from the reduction 
process of CO2(aq) to CO2

–(aq), which occurs at extremely nega-
tive potentials of −1.9 V versus the standard hydrogen electrode 
(SHE)19, or from homogeneous catalysis20,21. Solvent reorganization, 
as first considered through Marcus theory, has also been hypoth-
esized to be a major contributor to the energetics of CO2 adsorp-
tion17,22. Alternatively, it has been proposed that CO2* adsorption is 
driven by the interaction of the dipole of CO2* with the interfacial 
electric field23,24; given the facile electron transfer on metals, there 
is no distinct, extra-charged CO2

– species versus a polarized CO2* 
adsorbate, no different from any other surface adsorbate, such as 
CO* and OH* (ref. 25). The CO2* dipole has similarly been described 
in terms of a partial charge transfer from the metal to adsorbate11,26.

In this work, we present a unified mechanistic picture of CO2R to 
CO on both these classes of catalysts. By consideration of the width 
of adsorbate-induced density of states, we found that on MNCs, as 
for TMs, electron transfer to CO2 is extremely facile, such that a 
field-driven CO2 adsorption step is treatable with standard ground 
state DFT methods. Using DFT with an explicit consideration of 
adsorbate–field interactions, we found CO2* formation to generally 
be limiting on TMs, whereas MNCs could be limited by either CO2* 
adsorption or COOH* formation. We evaluated these computed 
mechanisms against pH-dependent activity measurements on the 
CO2R to CO activity for Au, FeNC, NiNC and supported cobalt 
phthalocyanine (CoPc). We present a unified kinetic activity vol-
cano with CO2* and COOH* binding strengths as the descriptors, 
which reflects how the formation of either can be rate limiting, and 
with consideration of the decisive adsorbate–dipole interactions. 

Unified mechanistic understanding of CO2 
reduction to CO on transition metal and single 
atom catalysts

Sudarshan Vijay1,3, Wen Ju! !2,3, Sven Brückner2, Sze-Chun Tsang! !1, Peter Strasser! !2,4�ᅒ and 

Karen Chan! !1,4�ᅒ

CO is the simplest product from CO2 electroreduction (CO2R), but the identity and nature of its rate-limiting step remain con-
troversial. Here we investigate the activity of transition metals (TMs), metal–nitrogen-doped carbon catalysts (MNCs) and 
a supported phthalocyanine, and present a unified mechanistic picture of the CO2R to CO for these catalysts. Applying the 
Newns–Andersen model, we find that on MNCs, like TMs, electron transfer to CO2 is facile. We find CO2* adsorption to generally 
be limiting on TMs, whereas MNCs can be limited by either CO2* adsorption or by the proton–electron transfer reaction to form 
COOH*. We evaluate these computed mechanisms against pH-dependent experimental activity measurements on the CO2R to 
CO activity. We present a unified activity volcano that includes the decisive CO2* and COOH* binding strengths. We show that 
the increased activity of MNC catalysts is due to the stabilization of larger adsorbate dipoles, which results from their discrete 
and narrow d states.
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We furthermore showed that MNC catalysts are tunable towards a 
higher activity away from TM scaling, due to the stabilization of 
larger CO2* dipoles that result from narrower metal d states. We 
discuss the implications of these findings for catalyst design, namely 
that the optimization of the CO2* dipole is a critical descriptor in 
addition to the adsorption energies of key intermediates.

Results
Electron transfer is not rate-limiting on MNC catalysts. Previous 
reports proposed the formation of a CO2

– state as the rate-limiting 
step for CO2R to CO. This step has been suggested to be limited by 
solvent reorganization17,22 or by electron transfer to an uncharged 
CO2* state to give an excited, charged CO2

– state, which cannot be 
modelled with workhorse, ground-state periodic DFT methods18. 
Here we show that electron transfer to adsorbates is not limiting 
(and therefore adiabatic) on MNC catalysts, which allows us to 
determine the CO2R energetics by computing the one and only 
CO2* state using conventional, periodic DFT, along with the appli-
cation of a stabilizing surface charge.

As in Gauthier et al.25 for an Au surface, we determined the rate 
of electron hopping between the s and p states of the adsorbate and 
the states of the surface, k. We compared this rate against concur-
rent processes, such as the adsorbate diffusion to the surface. If the 
timescale for the electron transfer is very small in comparison, it 
will not be rate-limiting to species such as CO2*, and we would 
only need to consider the adiabatic pathway for CO2 adsorption. 
In the Newns–Anderson27–29 model of chemisorption, the width of 
the adsorbate-induced states is ∆ = Σk |Vak|

2 δ (ϵ − ϵk), where Vak 
is the coupling matrix element between k and individual s and p 
states, ε is the single particle energy of the adsorbate s and p states 
and εk is the energy of the surface states. Δ can be determined from 
the projected density of states (PDOS) onto the s and p states of CO2 
through the width of the peak at the Fermi level25. We obtained the 
rate of electron transfer from Fermi’s Golden Rule, 2π

h̄ ∆. To illustrate 

this idea, Fig. 1a shows the rates of electron transfer associated with 
a range of idealized peaks of different width, shown in Fig. 1b. For a 
very small width of 0.1 eV, the rate of electron hopping is extremely 
fast, greater than 1014 s–1, and is larger with increased broadening. 
For comparison, an estimate for the diffusion rate of ions in solution 
is of the order 1012 s−1, shown by the dashed line in Fig. 1a30.

We then applied this methodology to PDOS obtained from DFT 
computations. Figure 1c–g shows the PDOS for the reaction path of 
CO2 adsorption on FeN4 (a prototype for MNC). The s and p states 
of CO2 broaden as it approaches the surface, which is expected for 
adsorption processes in general31. At the transition state (TS) and 
further along the reaction pathway, the peaks at the Fermi level are 
greater than 0.1 eV. The corresponding rate of electron transfer is 
approximately 1014 s−1, which implies a timescale of 10−14 s. This rate 
is, in turn, two orders of magnitude greater than that of competing 
processes, which implies that it will not be rate limiting on FeN4. As 
the states at the Fermi level on MNC catalysts are typically the s and 
p states of graphene at reducing potentials, at which oxide species 
are absent (Supplementary Note 2), we expect this analysis to hold 
for all MNC catalysts considered in this work32. Thus, only the adia-
batic pathway for CO2 adsorption needs to be calculated to obtain 
the energetics for all the elementary steps on the MNC and TM 
catalysts. Non-adiabatic behaviour might be present in molecules 
such as CoPc adsorbed on a support, with rates of electron transfer 
on the order of the magnitude of diffusion as shown in Fig. 133. In 
Supplementary Note 2 we show that with even a slight increase in 
doping concentration on the graphene sheet, hybridization between 
all the components of the system (CO2, CoPc and n-doped gra-
phene) improves, which would lead to an increase in the rate of 
electron transfer through a larger value of Δ.

We do not exclude the possibility here that solvent reorganiza-
tion could contribute to the energetics of the CO2 adsorption step, 
as has been considered in Brown et al.17. The magnitude of this con-
tribution, however, has been estimated to be only ~0.2 eV from the 
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timescale of reorganization34,35. Recent investigations based on the 
Marcus–Hush–Chidsey model suggest that it can be up to 0.6 eV in 
the presence of certain electrolytes36.

Both CO2* adsorption and COOH* formation can be rate limit-
ing. We now present the mechanism and rate-limiting step for Au, 
FeNC, NiNC and carbon nanotube (CNT)-supported CoPc deter-
mined from potential-dependent DFT calculations and evaluate 
them against pH-dependent activity measurements. We considered 
the following reaction pathway (written for acidic solutions):

CO2(g) + ∗ → CO∗

2 (2)

CO∗

2 +H+
+ e− → COOH∗ (3)

COOH∗ +H+ + e− → CO∗ +H2O (g) (4)

CO∗

→ CO (g) + ∗ (5)

We assumed that the barriers associated with all steps are small. 
As evaluated in Vijay et al.24 for FeN2 and FeN4, the CO2 adsorption 
barrier is well approximated by the adsorption energy (differences 
between barrier and reaction energies of at most 0.2 eV); the proton-
ation of CO2* is facile, in line with general trends in electrochemical 
barriers for the protonation of oxygen37, and the COOH* to CO* step 

for CO-producing catalysts is generally so downhill under reducing 
potentials that the corresponding barriers are unlikely to be limiting 
(Fig. 2b–d). This reduction of the barrier for COOH* protonation is 
due to the two preceding potential-dependent steps and the reduc-
ing potentials at which CO2R occurs. The rate-limiting step at a 
given potential is, in this case, determined by the state with the high-
est free energy, ΔG. Each ΔG derives its potential dependence either 
from the presence of a proton–electron pair as the reactants and/or 
from the interaction between the dipoles of participating reaction 
intermediates with the interfacial field. The energetic stabilisation 
caused by the interaction of a dipole μ with an interfacial field ξ is 
μξ (ref. 38). At reducing potentials, fields set up by the double layer 
can be as large as 1010 V m–1, which gives rise to a large stabilization 
of CO2* on MNCs of 0.75–1 eV on MNCs (see Supplementary Note 
1 for detailed information about the methodology used). Figure 2a  
shows the free energy diagram for Au(211) at −0.6, −0.8 and 
−1 VSHE at a pH of 2. At −0.6 VSHE, COOH* is the intermediate with 
the highest ΔG, whereas at −0.8 VSHE and −1 VSHE, it is CO2*. Thus, 
the computations predicted a change in rate-limiting step from 
COOH* formation to CO2* adsorption when the overpotential is 
increased, in line with previous work23. We note that this change in 
rate-limiting step occurs at −0.7 V versus SHE.

We evaluated the rate-limiting step with pH-dependent mea-
surements. The activity was pH dependent on an absolute scale (for 
example, versus the SHE or normal hydrogen electrode (NHE)) 
when COOH* formation was rate-limiting, as a proton–electron 
transfer was involved. CO2* adsorption, however, did not involve 
a proton–electron transfer, so when it was rate limiting, the activity 
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was pH independent on an absolute scale. Figure 2e shows the mea-
sured current densities versus potential on a NHE scale. The current 
densities show no pH dependence at high potentials (greater than 
−0.8 VSHE). At lower overpotentials, the scatter in the points could 
be indicative of COOH* formation being the rate-limiting step.

With the same arguments, we show that the FeNC catalysts 
were limited by the energetics of CO2* adsorption, whereas the 
NiNC catalysts and supported CoPc catalysts were limited by 
the CO0* → COOH* step. Figure 2b shows the free energy dia-
gram for FeNC catalysts computed at −0.8 VSHE and a pH of 2 
for various nitrogen coordinations around the metal centre for 
double vacancies (DVs) (metals on single vacancies (SVs) tend to 
overbind CO*, see below). For FeN2, FeN3 and FeN4, the compu-
tations predict CO2* adsorption to be rate limiting for potentials 
more cathodic than −0.8 VSHE, which is in line with the completely 
pH-independent experimental rates (Fig. 2f, Strasser data8). The 
FeN4 vacancy configuration has also been stipulated to be the 
active site for CO2R based on a comparison of the cyclic voltam-
mograms and X-ray spectral features with those of molecular ana-
logues39. In contrast, FeN1 was limited by COOH* formation at 
this potential, and the lack of pH dependence in the experiments 
suggests that its population on the catalyst surface was small. All 
the NiNC catalysts investigated (Fig. 2c), except for NiN2, were 
limited by COOH* formation, consistent with the pH dependence 
of experimental rates, as shown in Fig. 2g (see Supplementary 
Note 3 for the total currents and Faradaic efficiencies). Recent 
works40,41 also reported large COOH* free energies for NiN4, in 
line with the results shown in Fig. 2c. Molecular NiN4 analogues 

also showed large COOH* free energies in comparison with that 
of CO2* (ref. 42). Similarly, supported CoPc catalysts also had 
COOH* formation as the rate-limiting step, as shown in Fig. 2d,  
which were realized in the pH-dependent experiments shown in 
Fig. 2h. Thus, the combination of simple field-dependent thermo-
dynamic computations and pH-dependent measurements sug-
gests that CO2* adsorption is rate limiting at higher overpotentials 
on Au and for all potentials on FeNC, and that CO2* → COOH* is 
rate limiting on NiNC and supported CoPc catalysts.

The adsorbate binding strengths would shift in more detailed 
models of the electrochemical interface, but the electrostatic effects 
are in line with experimentally observed pH dependencies for the 
systems considered here, which suggests they are the predominant 
factor in the energetics. In Supplementary Note 6, we show, with an 
ab initio molecular dynamics simulation of explicit water on FeNC, 
an explicit solvation energy of ~0.3 eV for CO* versus the solvation 
energy self-consistently determined through an implicit solvent 
model in this work; in contrast, the 0.75 eÅ dipole moment of CO2* 
gives rise to a much larger −0.75 eV change in its adsorption energy 
over a 1 V range.

Finally, the experimental Tafel slopes in Fig. 2e–h do not show the 
cardinal values of 60 or 120 mV dec–1, which echoes a comprehen-
sive study of the recent literature of TM catalysts for CO2R

15. These 
slopes reflect the magnitude of the dipole (slope−1

≈
C
ϵ μ, where 

C is the capacitance)23,24 and/or the symmetry factor (0< α < 1) of 
the associated proton–electron transfer and therefore are not con-
strained to these values. The slopes may also be affected by mass 
transport and buffer equilibria23,43. Furthermore, the fitted value 
depends on the number of points used to make the fit. For example, 
by changing the number of fitted points in Fig. 2a by two, we would 
obtain a value different from the Tafel slope of 167 mV dec–1. We 
therefore considered mechanistic interpretations of the experiments 
only on the basis of the pH dependence, and not the specific Tafel 
slopes obtained.

Activity volcano determined by both COOH* and CO2* free ener-
gies. In this section we consolidate the mechanistic insights into a 
general kinetic activity volcano for CO2R to CO determined by two 
activity descriptors, the free energy of adsorption of CO2, ΔGCO2, 
and that of COOH, ΔGCOOH. Figure 3a shows this unified activity 
volcano for the CO production for both TM and MNC catalysts, and 
corresponds to the energetics in Fig. 2. The theoretical maximum in 
activity (represented by the turnover frequency (TOF)) occurs at 
intermediate ΔGCO2 values and at ΔGCOOH ≈ 0, that is, where both 
the CO2 and COOH formation steps are facile. The parity line cor-
responds to the case in which the free energies of COOH* and CO2* 
are equal, ΔGCO2 = ΔGCOOH. The CO adsorption energy generally 
scales with those of the other two intermediates13; thus, its energet-
ics are included in the volcano through the calculated scaling rela-
tionships in the kinetic model (Supplementary Note 4).

Figure 3a shows several trends in the binding of CO2R interme-
diates for TMs and MNCs. First, the TMs show a scaling line (the 
dashed black line) between ΔGCO2 and ΔGCOOH, whereas the MNCs 
show more scatter. Furthermore, metals doped into SVs tend to 
bind reaction intermediates more strongly than those in DVs, and 
are poisoned by CO. Fig. 3a,b also allows us to determine which step 
is rate limiting in CO2R to CO at any given potential, using com-
puted CO2*, COOH* and CO* free energies. In Fig. 3a, if the point 
lies below the parity line, then CO∗

2 → COOH∗ is the rate-limiting 
step. Meanwhile, if it is above the parity line, CO2 adsorption is rate 
limiting. At very negative adsorption energies, the surface is poi-
soned by CO, as shown in Fig. 3b, which leads to CO* desorption 
being rate limiting on TMs, such as Pd and Pt. All the TM (211) fac-
ets lie above the parity line, which indicates that CO2 adsorption or 
CO desorption is rate limiting at the studied potentials. Some NiNC 
catalysts lie below the parity line, which shows that CO2* → COOH* 
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is rate-limiting, in line with the experimental finding in Fig. 3f. Note 
that our approach, in contrast to that of Hansen et al.13, includes the 
effects of the adsorbate–field interactions for all the intermediates 
(Supplementary Note 1) and the consideration of CO2 adsorption 
as an elementary step, these effects that are critical to determining 
the activity trends. Supplementary Note 4 also shows the potential 
dependence versus SHE of the rate map shown in Fig. 3a.

We generally do not expect there to be only a single site motif 
present after the synthesis procedure for these materials44–47. 
Temperature-programmed desorption experiments (Supplementary 
Fig. 12 and Supplementary Note 5) show that FeNC, but not NiNC, 
have a peak above 300 K. This result suggests strong binding sites, 
such as those from SVs to be present on FeNC to a greater extent 
than on NiNC (ref. 48). Note that doped SV sites, or other binding 
sites of similar binding strength that we have not considered, are not 
active sites for CO2R, as they would be poisoned by CO.

MNCs have a higher activity because they stabilize larger dipoles. 
We now show that MNCs deviate from TM scaling because they 
stabilize large dipole moments on CO2*. Figure 4b shows charge 
density difference isosurfaces for CO2* on NiN4C, which shows a 
perturbation of the electron density near the surface on adsorp-
tion. This change in electron density is captured by the dipole 
moment, given by μ =

∫
ρdz, where ρ is the charge density and z is 

the axis of integration, and is shown in Fig. 4a for (211) and (100) 
TM surfaces, as well as Fe- and Ni-doped MNC catalysts in both 
SVs and DVs of various N concentrations. The figure shows that 
the dipole moments for CO2* are larger than those for other adsor-
bates, such as CO* and COOH*. Furthermore, the CO2* dipoles 
are significantly higher on MNCs than on TMs. MNCs therefore 
have CO2* adsorption energies that are stabilized more at reduc-
ing potentials, at which the surface is generally negatively charged. 
This electrostatic stabilization caused by the dipole-field interaction 
gives rise to the offset of MNCs from the TM scaling line shown  
in Fig. 3.

We rationalize the differences in dipole moments with the PDOS 
on the s and p states of CO2*. The strength of the adsorbate–sur-
face interaction is determined by both the position and shape of 

the d states, and is reflected in the width of the s and/or p adsorbate 
states49. As shown in Fig. 4c for a selected set of surfaces (in green), 
the width of the s and p states increases in the order FeN4, NiN4, Ag, 
Au, Pd and Pt.

In FeN4 and NiN4 catalysts, the sharp s and/or p states of CO2* 
mean they resemble those of their molecular counterpart, which 
indicates a weak interaction (poor hybridization) with the surface. 
A poor overlap between the s and or p states close to the Fermi level 
(±1 eV in either direction) of CO2 and the d states of the surface 
means that CO2* retains a greater charge polarization between its 
two poles, that is a larger dipole (see Supplementary Note 7 for an 
explanation of this effect through the Newns–Muscat model). The 
same effect is present to a lesser extent on the weakly binding metals, 
Ag and Au, which, in comparison with the strongly binding ones, 
have slightly narrower d states and correspondingly slightly larger 
dipoles. In the strongly binding Pt and Pd catalysts, the broadened 
states indicate a large interaction27, and a lower charge polarization 
results from the mixing of adsorbate states with those of the surface 
and a lower resultant surface dipole. Overall, the trends in the width 
of the s and/or p PDOS of CO2* are consistent with the larger dipole 
moments of MNC catalysts.

TM alloys, in contrast to MNC catalysts, generally have wide d 
states, as with pure TMs50. In view of the results, improvements in 
activity through alloying can be attributed not to the stabilization 
of larger dipoles, but to the tuning of the CO2* binding strengths 
through the degree of hybridization with the surface.

The activity volcano of Fig. 3 and electronic structure arguments 
of Fig. 4 give two simple design principles. As shown in the TOF of 
Fig. 3, the ideal CO2R catalyst has moderate ΔGCO2 and ΔGCOOH of 
0.25–0.5 eV and ΔGCO > 0 eV (to prevent CO* poisoning). It must, 
additionally, be able to stabilize a large dipole moment of CO2*, 
such that CO2 adsorption does not require a significant overpoten-
tial (and thereby deviate from the scaling of TMs in the direction 
of a higher activity, shown in Fig. 3). These larger dipole moments 
are stabilized for MNC catalyst materials through their narrow d 
states. We suggest that other materials that have similar discrete and 
narrow d states, such as supported single atoms51,52, molecules and 
clusters53,54, as well as two-dimensional materials and ionic com-
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pounds32,55,56, could also be active CO2R catalysts, provided that 
hydrogen evolution is not competitive or suppressed through a 
decrease in water activity57. This principle could also be relevant for 
other processes in which dipole -field interactions are decisive, such 
as in C2 product formation4,58.

Conclusions
In summary, we present a unified picture of CO2R to CO on both 
TM and MNC catalysts that resolves the existing controversies on 
the identity and nature of the rate-limiting step. Considering the 
widths of the projected densities of states of an adsorbing CO2, we 
showed that, as for TMs, the electron transfer to CO2 is not lim-
iting in MNCs, and that CO2 adsorption is driven by adsorbate 
dipole-field interactions. With a combination of field-dependent 
DFT and pH-dependent activity measurements, we showed that 
CO2* adsorption is limiting on TMs over relevant potentials, whereas 
either CO2* adsorption or COOH* formation is rate limiting on 
MNCs. We present a unified kinetic activity volcano, based on criti-
cal COOH* and CO2* binding as the descriptors, that accounts for 
the decisive adsorbate dipole-field interactions. The volcano shows 
that ideal catalysts should have both a moderate binding strength 
of COOH* and CO2*, as well as large adsorbate dipoles on CO2*. 
We furthermore showed that MNCs deviate favourably from TM 
scaling through the stabilization of large CO2* dipoles, due to the 
localized narrow d states of these materials.

These results suggest that MNCs or other materials with simi-
larly narrow d states, such as supported single atoms, molecules and 
clusters, as well as two-dimensional materials and ionic compounds, 
can be optimized for large dipoles and correspondingly higher cata-
lytic activity beyond TM scaling. This principle can be relevant for 
other processes in which adsorbate–field interactions are decisive. 
The presented kinetic activity volcano and catalyst design rules 
should be used as the basis for computation-guided catalyst devel-
opment of CO2R to CO catalysts.

Methods
Computational methods. DFT calculations were carried out using the Vienna Ab 
Initio So!ware Package (VASP)59. Core electrons were described using projector 
augmented wave potentials60. Valence electrons were described with plane waves 
with a kinetic energy up to 500 eV. Gaussian smearing with a width of 0.1 eV 
was used. In the case of density of states plots, smearing was reduced to 0.05 eV. 
For relaxations, we applied the RPBE61 functional. Hybrid calculations with the 
HSE0662,63 were performed for the density of states calculations in Fig. 1. In the 
case of FeNC calculations, a Hubbard-U64 parameter of U = 2 eV was added to the d 
orbitals of iron, in line with previous benchmark calculations24.

TMs were modelled using a 3 × 3 × 3 slab, with the bottom two layers fixed. 
MNC systems were modelled using a 3 × 3 graphene layer. All the structures 
were prepared using the Atomic Simulation Environment65. The lattice for all 
the TM and MNC catalysts were relaxed using a 12 × 12 × 1 Monkhorst–Pack66 
k-point mesh. All the supercells were treated with a 4 × 4 × 1 Monkhorst–Pack 
k-point mesh. All the geometries were optimized until the forces were lower than 
0.025 eV Å−1. TS geometries and energies were obtained using the climbing image 
nudged elastic band67 implemented within VASP. All the density of states plots 
used twice the k-point sampling used in the relaxation and/or TS calculations. DFT 
energies were converted into free energies at 298.15 K using vibrations obtained 
from VASP calculations using IBRION = 5. The ASE65 Thermochemistry class was 
used to determine the Helmholtz free energy from harmonic thermochemistry and 
the Gibbs free energy from ideal gas thermochemistry.

Implicit solvation and continuum charge were added using VASPsol68. A Debye 
screening length of 3 Å was chosen, as it corresponds to a bulk ion concentration 
of 1 M. The non-electrostatic parameter, TAU, was set to zero for purposes of 
convergence30. Continuum charge was varied in increments of 0.25 e.

The computational hydrogen electrode69 was used to determine the reaction 
energetics as a function of the potential with a proton–electron pair was in the 
reactant. The chemical potential of the proton can be related to that of H2 at 0 V 
versus the reversible hydrogen electrode:

μH+ + μe− =
1
2

μH2(g) (6)

The incorporation of the dipole-field interactions is described in detail in 
Supplementary Note 1.

Microkinetic modelling was performed using CatMAP70. The rate of a given 
elementary step was

rate = k+ΠθiΠpj − k
−

ΠθiΠpj, where ‘+’ indicates the forward reaction 

and ‘−’ the reverse reaction. The rate constants are k+ = exp
(

−

Ga,+
kBT

)

 and 

k
−

= exp
(

−

Ga,−
kBT

)

, where Ga,+ and Ga,– are the free energy barriers. In the 

absence of electrochemical barriers, the free energy is used, which is given as 
ΔG = ΔG° + neU + ΔGfield, where ΔG° is the free energy for the reaction at the 
potential of zero charge, n is the number of proton–electron pairs transferred and 
ΔGfield is the dipole-field contribution.

A multiprecision Newton root-finding algorithm was used to determine 
the steady-state rates and coverages. A decimal precision of 100 along with a 
convergence tolerance value of 10−25 were used.

Synthesis. The polyaniline-derived NiNC catalyst is identical to that reported 
in our previous studies71,72. Aniline (3 ml), NiCl2·6H2O (5 g) and ammonium 
persulfate (5 g) were added to 0.5 l of 1 M HCl and stirred for 1 h. This suspension 
was then mixed with 0.4 g of a dispersed activated Ketjen 600 carbon black support 
(washed in HCl for purification and HNO3 for oxygen doping), stirred for 48 h 
and then dried in the air at 95 °C for 24 h. The residual solid-state mixture was 
ball milled with Zr2O3 balls for 20 min. We conducted the pyrolysis protocol in 
a furnace at 900 °C (ramp of 30 °C min–1) for 1 h under N2 conditions, followed 
by acid washing steps (2 M H2SO4 at 90 °C overnight) to remove the excessive Ni 
particles. We performed heat treatment four times and acid washing three times 
and the catalyst was obtained after the fourth pyrolysis.

Synthesis of CoPc/CNT. CoPc/CNT was synthesized following an analogous 
protocol reported in the literature73. CoPc (1 mg) was mixed with 30 mg of a 
multiwall CNT in 30 ml dimethylformamide solution and stirred for 24 h. The 
suspension became transparent. The final suspension was washed using EtOH 
and H2O within a centrifuge to remove the dimethylformamide, and after that was 
freeze-dried to give the final catalyst.

Electrode preparation. Carbon paper (1 cm × 2.5 cm, Freudenberg C2H23) was 
sonicated in ethanol and deionized water for 15 min and dried as the electrode 
substrate. The catalyst ink was prepared using 4.0 mg of catalyst mixed with 60 μl 
of Nafion solution (5% in ethanol, Sigma-Aldrich), 200 μl of isopropanol and 200 μl 
of deionized water. After 15 min of sonification, the ink was deposited on the 
microporous layer of carbon paper to achieve an area of 1 cm2 with catalyst loading 
of 1 mg cm–2.

Electrochemical measurement. The electrochemical CO2R performance was 
measured in a regular three-electrode H-cell divided by a Nafion N117 membrane. 
The working electrode was the catalyst-coated carbon paper mentioned above, and 
a Pt mesh was deployed as the counter electrodes. A leak-free Ag/AgCl electrode 
was used as the reference. The current density was normalized to the working 
electrode’s geometrical area (1 cm2). All the electrochemical experiments were 
performed in a CO2-purged electrolyte (CO2 flow rate, 30 ml min–1). The pH value 
of each is presented in Supplementary Table 1.

Product analysis. A Shimadzu 2014 on-line gas chromatograph was utilized for 
product quantification. The gas stream was separated by Hayesep Q + R columns 
and then analysed by a thermoconductivity detector and flame ionization detector. 
The thermoconductivity detector detects the volume percentage of the H2 product, 
and the flame ionization detector measures the CO after methanization. On 
all the NiNC type catalysts, no liquid product was found after the electrolysis. 
Calculations of the production rate, partial current density and Faradaic efficiency 
are given in the Supplementary Methods.

Data availability
All computational data, which include the adsorption energies of CO2, 
COOH and CO, optimized atomic coordinates, data for plotting density of 
states and microkinetic analysis are available at https://doi.org/10.24435/
materialscloud:ws-7t.

Code availability
Python analysis scripts to reproduce all the figures in the manuscript are available 
at https://github.com/CatTheoryDTU/kinetic-modelling-CO2R.
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 2 

15  Supplementary 0ethods 

16  Details about the pH and electrolyte are given in Supplementary Table 1. 

Electrolyte !" 

CO2 saturated 0.1 M KHCO3  6.8 

CO2 saturated 0.3 M KHCO3 7.15 

CO2 saturated 0.5 M KHCO3 7.3 

CO2 saturated 1.0 M KHCO3 7.6 

CO2 saturated 0.05 M K3PO4 + 0.05 M H3PO4 6.4 

CO2 saturated 0.05 M KH2PO4 + 0.05 M H3PO4  2.25 

N2 saturated 0.05 M KH2PO4 + 0.05 M H3PO4 2.25 

N2 saturated 0.05 M K3PO4 + 0.05 M H3PO4 6.9 

N2 saturated 0.05 M K3PO4 + 0.05 M K2HPO4 11.8 

Supplementary Table  1: Electrolyte and pH used in this work 17 

 18 

Cathode potential 19 

The working potential is controlled by the Biologic SP-300 potentiostat against the Ag/AgCl 20 

reference electrode. 50% of the ohmic drop was automatically corrected, and the other half was 21 

corrected manually. All potentials were rescaled to the reversible hydrogen electrode (RHE) and 22 

the normal hydrogen electrode (NHE).  23 

!!"#$%&&/"() = !*+.		"&$ + !"&$	*+.		.() + 0.059 ∗ )* + + ∗ , ∗ 50%		(1) 24 

   25 

!!"#$%&&/"(): IR correct cathode potential against RHE   / VRHE 26 

!*+.		"&$:  Applied potential against the reference electrode   / V 27 

!"&$	*+.		"():  Reference electrode potential measured against NHE   / V 28 

)*:   pH-value of the electrolyte 29 

+:   Total current of the experiment (absolute value)   / A 30 

,:   Ohmic resistance between cathode and reference electrode / Ω 31 

 32 

!!"#$%&&/.() = !*+.		"&$ + !"&$	*+.		.() + + ∗ , ∗ 50% 33 

   34 

!!"#$%&&/.(): IR correct cathode potential against NHE   / VNHE 35 
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 3 

!*+.		"&$:  Applied potential against the reference electrode   / V 36 

!"&$	*+.		"():  Reference electrode potential measured against NHE   / V 37 

+:   Total current of the experiment (absolute value)   / A 38 
,:   Ohmic resistance between cathode and reference electrode / Ω 39 
 40 

Product analysis 41 

2̇/%01234 =
4̇50467 	× 	6/%01234

7	 ×	489:
	(2) 42 

 43 
2̇/%01234:  geometric reaction rate of each product    / mol cm

-2 
s

-1
 44 

4̇50467 :  CO2 purging flow rate      / mL s
-1

 45 
6/%01234:  product concentration (volumetric ratio) from GC  / %VOL 46 
7:   geometric area of the electrode      / cm

2
 47 

489::   volume of gas per mole at ATM     / mL mol
-1 48 

 49 
 50 

9/%01234 = 2̇/%01234 × : × ;	(3) 51 
 52 
9/%01234:  partial current density of each product      / mA cm

-2
 53 

::   faradaic constant       / C mol
-1

 54 
;:   charge transfer per mole of product 55 
 56 
 57 

:!/%01234 =
	9/%01234
950467

× 100%	(4) 58 

 59 
:!/%01234:  faradaic efficiency of each product     / % 60 
950467:   total current density      / mA cm

-2 61 
  62 
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 4 

Supplementary Note 1: Methodology used to calculate potential dependent 63 

energetics 64 

We use the method of Ref1 to determine the potential dependence of polar intermediate CO!. We 65 

briefly describe the methodology here below, along with a method to determine the contribution 66 

of the polarized adsorbate to the charge separation at the interface. 67 

When an intermediate such as CO! adsorbs in a finite-sized unit cell, it changes the workfunction 68 

dramatically, as large as 1–2 eV in small unit cells. This alteration of the workfunction is 69 

problematic because it prevents the computation from being done at a constant driving force. To 70 

alleviate this problem, constant workfunction methods have been developed,2,3 which introduces 71 

excess electrons into a DFT calculation, while preserving charge neutrality by adding positive 72 

charge into a continuum placed a suitable height above the adsorbate. However, the mis-match in 73 

capacitances of the different charging components give rise to variations in energies amongst 74 

different calculation setups or cell sizes, which are sometimes as large as 1 eV.1 One way to 75 

solve this problem is to use the effective surface charge as the descriptor of the driving force, 76 

instead of the workfunction, since it reflects the local interfacial field and potential drop1. Here 77 

we describe these terms mathematically as well as illustrate how they are used to describe CO! 78 

adsorption.  79 

We employ two parallel plate capacitors to describe the charge separation arising from adsorbed 80 

CO! and from the excess continuum charge, as shown in Supplementary Figure 1. The integral 81 

energy, %, for this system is  82 

% = %" +  )#  %′$!   +  )%  %′$"   +   )#
!

2 %$!
&&   +   )%

!

2  %$"
&&   +  )'  )%  %$",$!

&& 	(5)	  83 
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 5 

Where, )) is the charge stored in the CO! capacitor, )% is the charge stored in the implicit 84 

capacitor and the number of primes denote the number of derivatives with respect to the 85 

quantit(ies) in the subscript. 86 

 87 

Supplementary Figure 1: Schematic showing the multiple capacitances that have been used in this work; 88 

>3 denotes the charge for the capacitance for CO2 adsorption, while >; denotes the charge for the 89 

capacitance from continuum charging.  90 

 91 

The resultant differential energy, between two states CO!(g) and CO!*, Δ% is   92 

Δ% = Δ%" + )# 	1	2" +
)# + )%
2A4)

5	(6) 93 

Where Δ%" is the energy of a hypothetical reference state, with a workfunction of 2". )# is the 94 

“charge” on the bent CO! capacitor (we assume that CO!(g) is the uncharged parallel plate 95 

capacitor) and )% is the amount of continuum charge added. A is the surface area of the cell and 96 

4) is the capacitance of the CO! capacitor. In order to perform the calculations as per Ref1, we 97 

would need multiple unit-cells to determine )# before we can plot Δ%	vs. σ, where	σ	is the 98 

effective surface charge given by 
$!*$"
+ . Here we detail a simple way to approximate )# without 99 

having to increase the cell size.  100 
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 6 

We assume here that )# varies linearly with the reaction path, ;. This relationship is shown 101 

schematically in Supplementary Figure 2.  102 

 103 

Supplementary Figure 2: Assumed ideal pathway for CO2 adsorption from CO2(g), where the energy 104 

varies with reaction path ? as per a second order polynomial and so the charge varies linearly with ?.  105 

 106 

We write this linear variation of charge against the ; as  107 

q = ∂ q
∂ ω |,-"  ⋅  ω  +  O(ω!)		(7) 108 

We relate the first derivative of ) to the change in dipole moment along the reaction coordinate. 109 

This quantity cannot be determined in practice because dipole moments are usually computed in 110 

cartesian coordinates. We take the dot product between the change in the dipole moment along 111 

cartesian coordinates, B	, with the normal mode corresponding to the reaction coordinate, ; to 112 

get the following expression for ): 113 

) = C
Cω

Cµ
CE ⋅ ω|,-" ⋅ ω = Cµ

CE |,-" ⋅ ω	(8) 114 

The quantity 
./
.0 can be determined through the use of finite differences using either the dipole 115 

moment in the unit cell, or the atom centered forces from a DFT simulation. For a small 116 

displacement CG: 117 
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Cµ

CE
=
B%*1 − B%21

2CG
		(9) 118 

To determine ; we use a simple approximation based on the atomic positions of CO2(g) and 119 

CO2*,  120 

ω ≈
posMCO!(4)N − pos(CO!

∗)

normRposMCO!(4)N − pos(CO!
∗)S

, (10)	 121 

Where pos denotes the atomic positions of the representative species. For MNC catalysts, the 122 

metal atom was also included due to its noticeable motion upon an adsorption. 123 

Transition metal ) (e) Metal-Nitrogen Carbon ) (e) 

Ag(100) 0.37 Fe(1,1) 0.35 

Au(100) 0.21 Ni(1,1) 0.21 

Cu(100) 0.25 Ni(1,2) 0.31 

Pd(100) 0.14 Fe(1,3) 0.10 

Pt(100) 0.13 Fe(2,1) 0.38 

Ag(211) 0.35 Ni(2,1) 0.42 

Au(211) 0.30 Fe(2,2) 0.49 

Cu(211) 0.22 Ni(2,2) 0.47 

Pd(211) 0.13 Fe(2,3) 0.1 

Pt(211) 0.09 Ni(2,3) 0.49 

  Fe(2,4) 0.29 

  Ni(2,4) 0.49 

Supplemntary Table 2: Charges for the	CO< capacitor determined by using the methodology detailed in 124 

this section; note that on average the MNC charges are larger than TM ones, which is similar to the idea 125 

presented in Figure 3 with vacuum dipole moments.  126 

 127 

Having determined the charge stored in the CO! capacitor, we plot the energy against W. We 128 

repeat this procedure for other less polar adsorbates, but neglect the contribution to the 129 

capacitance arising from the polarization of charge from the adsorbate, i.e. we set ) = 0.  130 



 Appendix: Supporting Information – Covalent organic framework (COF) derived Ni-N-C catalysts for electrochemical CO2 reduction: 
unraveling fundamental kinetic and structural parameters of the active sites 

9/23 
 

 8 

 131 

Supplementary Figure 3: Energy as a function of the effective surface charge for Pd(100) and Fe(2,4) 132 

MNC catalyst; best line fits are shown for each adsorbate 133 

 134 

Having accounted for the CO2* dipoles in this manner, we  convert the surface charge 135 

relationship to one against potential. We use the following capacitor relationship to relate W to an 136 

absolute potential 2,  137 

W = 4789	(	2 − 2") 138 

Where 4789 is the experimental capacitance, assumed here to be 25BXYZ2!. 2: is assumed to be 139 

the workfunction of the bare metal slab, as an approximation for the potential of zero charge, 140 

which might lead to a constant offset on the potential scale.4 While this can cause issues for 141 

materials such as Pt and Pd, due to the adsorption of water,5,6 we anticipate it works well for the 142 

weak binding materials  which are the main focus of this study. In line with previous 143 

experimental work, we use 2" = −0.05	eV for graphene.7  144 

 145 
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Supplementary Note 2: Additional results for electron transfer rates and 146 

extrapolation 147 

Previous reports have suggested that the density of states at the Fermi level changes dramatically 148 

with excess continuum charge (and hence a change in workfunction) for graphene-like systems. 149 

This change in density of states can cause an additional “quantum” capacitance to form at lower 150 

overpotentials.8,9 To determine if the effect is seen in the potentials considered in the main text 151 

(about −0.6	V vs. SHE), we alter the workfunction in our simulation cells using the addition of 152 

protons (Supplementary Figure 4), and through continuum charge (Supplementary Figure 5). 153 

We find that the bands stay relatively constant in the potential range of interest, thus allowing us 154 

to apply our assumption of a constant capacitance in our extrapolation scheme. We note that 155 

there are always states present at the Fermi level at all the potentials we have consider. 156 

 157 

 158 

Supplementary Figure 4: Projected density of states onto Fe, C and N at different workfunctions 159 

generated by changing the coverage of protons in the water layer, showing that the states do not change 160 

drastically with potential 161 
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 162 
 163 

Supplementary Figure 5: Projected density of states onto Fe, C and N at different workfunctions 164 

generated by different continuum charge, showing that the states do not change drastically with potential 165 

 166 

Electron transfer on CoPc adsorbed on n-doped graphene: Previous studies have shown that 167 

CoPc adsorbed on graphene10 can have electron transfer rates as low as 810 fs, which might lead 168 

to electron transfer being rate limiting. Supplementary Figure 6 show that with even a small 169 

amount of n-doping on graphene, the CO2* states move below the Fermi level. This change 170 

indicates that all components of the system - CO2*, CoPc and n-doped graphene - are hybridized 171 

and electron hopping from any of these entities is likely to be fast as compared to diffusion. 172 

 173 

Supplementary Figure 6: Change in the density of states projected onto the s,p states of CO2*, adsorbed 174 

on CoPc, supported on graphene with different n-doping concentrations 175 

 176 
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Supplementary Note 3: Further experimental data 177 

Supplementary Figure 7-8 show the total current densities, partial current densities towards  H2 178 

and Fradaic efficiencies (FE) of the main products of the reaction. The major product of the 179 

reaction is CO at cathodic potentials.  180 

 181 

Supplementary Figure 7: a) Total current densities for NiNC at different pH values b) partial current 182 

densities towards H2; Fradaic efficiencies towards c) H< d) CO 183 

 184 
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 185 

Supplementary Figure 8: a) Total current densities for CoPc at different pH values b) partial current 186 

densities towards H2; Fradaic efficiencies towards c) H< d) CO 187 

 188 

Cyclic Voltammograms (CV): Supplementary Figure 9 shows CVs that were performed in 189 

the presence and absence of CO2 for CoPc on CNT (see Figure 2h). We observe a peak at 190 

potentials between 0	 − 	0.4	V vs. RHE, which is reversible in N2 environments, but irreversible 191 

in CO2 environments. Since the peaks show a pH dependence on the potential vs. RHE, they 192 

should arise from adsorbates other than hydrogen or oxygen species.  While we have not 193 

identified the adsorbate species involved, we suggest they do not influence the pH dependence 194 



 Appendix: Supporting Information – Covalent organic framework (COF) derived Ni-N-C catalysts for electrochemical CO2 reduction: 
unraveling fundamental kinetic and structural parameters of the active sites 

14/23 
 

 13 

shown in Figure 2h, since the onset potentials for CO2R occur at more reducing potentials < 195 

−0.6	V	vs. SHE. 196 

 197 

Supplementary Figure 9: Cyclic voltammograms of CoPc on CNT in phosphate buffer solution, under 198 

various conditions. 199 

Supplementary Note 4: Further kinetic analysis: !""# vs. !" scaling and 200 

different potentials !"!	vs. !""# scaling 201 

In line with Ref.

11
, we show that COOH* and CO* adsorption energies scale with each other. This 202 

scaling allows us to consider the activity as a function of CO!* vs COOH* binding in Figure 3 203 

while also implicitly including CO* energies.  204 
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 205 

Supplementary Figure 10: Rate map for transition metals including COOH* vs. CO* scaling. Note that 206 
this scaling implicitly includes the adsorption energy of CO* in the volcano shown in Figure 3. 207 
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The kinetic rate map for different potentials is shown in Supplementary Figure 11. At lower 208 

overpotentials, we can see that most TMs and MNCs are limited by COOH * formation. As the 209 

overpotential is increased, the rate limiting step becomes CO!* adsorption.  210 

 211 

Supplementary Figure 11: Kinetic rate map at different SHE potentials at pH = 2 show that the TM 212 

metals go from COOH* limited to CO<* limited at relatively low overpotentials, while NiNC stays 213 

COOH* limited until very reducing potentials of -1.0 V vs SHE. 214 
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Supplementary Note 5: Presence of multiple sites on FeNC and NiNC 215 

The TPD protocol is performed after a pre-He-purging at 600 °C for surface cleaning, and six CO 216 

-pluses at – 80 °C for CO  uptake. The helium purging involves heating the Fe0.5NC sample 217 

from room temperature with a ramping of 10 °C min−1 under 20 sccm He flow, and keeping at 218 

600 °C for 15 mins. After being spontaneiosuly cooled to room temperature, the sample loop is 219 

located in dry ice and acetone mixture for −80 °C environment. While keeping 20 sccm He flow, 220 

six CO  pulses (0.338 mL for each), dosed at 25 min intervals, were passed through the samples 221 

for CO  chemisorption. Subsequently, a temperature-programmed CO desorption (TPD) was 222 

performed by ramping from −80 °C to 600 °C (+10 °C min−1). The gas flow/emission is analyzed 223 

by a thermo conductivity detector. The measurement protocol, the FeNC, and the NC catalysts 224 

are analogous with those reported in our previous study.12 225 

Supplementary Figure 12 shows the Temperature Programmed Desorption (TPD) spectra for 226 

FeNC, NiNC and NC. FeNC shows a clear signal between 300 – 425 K, indicating the presence 227 

of strong binding CO sites, while NiNC and NC show no signal. We determine a rough estimate 228 

of the adsorption energy of CO through the Redhead equation, %;< = a=b> ln R
?@#
A − 3.64S,13 to 229 

which we add free energy contributions of 0.6 eV (procedure detailed in the methods section) to 230 

obtain e;<. Assuming that a distribution of sites shows a signal between 300 – 425 K, we obtain 231 

Δe;< ≈ −0.15	to − 0.5 eV < 0, which would imply saturation of CO on the sites probed with 232 

TPD.  As Figure 3b shows, sites that are saturated with CO* (like the SV ones) are not active for 233 

CO!R.  234 

 235 
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 236 

Supplementary Figure 12: Temperature programmed desorption (TPD) on FeNC, NiNC and NC (no 237 

CO uptake, reference) show the presence of strong binding CO sites only on FeNC. 238 

Supplementary Note 6: Solvation energies 239 

In this section we perform a preliminary assessment of the solvation energies with Born–240 

Oppenheimer ab initio molecular dynamics (AIMD). We use a Nose–Hoover

14
 thermostat set to 241 

300 K. The calculations were performed with the BEEF-vdW functional (to ensure water stays 242 

near the surface), were spin polarized, and had otherwize identical computational settings to all 243 

calculations done in the manuscript. Supplementary Figure 13 shows the representative images 244 

of the trajectories during the AIMD. The internal energies for CO adsorption as determined from 245 

the AIMD is −0.12	eV, which leads to a solvation energy of 0.33	eV. 246 

 247 
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 248 

Supplementary Figure 13: Representative images of two AIMD trajectories along with convergence of 249 

kinetic, potential and total energies 250 

 251 

Supplementary Note 7: Dipole moments and the width of states 252 

In order to describe the dependence of surface dipole moments on the underlying electronic 253 

structure of the material, we turn to a simple analytical model proposed for the deposition of 254 

cations on metallic surfaces in Ref.15 Within this model, two states s and p have a certain 255 

occupancy based on their position with respect to the Fermi level. They have a dipole moment 256 

defined as the interaction between the two states (cf. Equation 8 within Ref15). For a fixed set of 257 

states at a fixed energy level, the only free parameter in the determination of the dipole moment 258 

is Δ, the width of the state. As the width is reduced (making it narrower), the dipole moment is 259 

increased. This behavior is identical to that seen in Figure 4 of this manuscript, where the dipole 260 

moments of CO2* are large in the case of MNCs (which have narrow states) as compared to TMs 261 

(which have broader states). 262 

 263 
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 264 

Supplementary Figure 14: Variation of the dipole moment with the width of the states 265 

 266 

Supplementary Figure 15: Charge density differences averaged along z for CO2* on Pt(211), followed 267 

by the xy averaged charge density.  268 

 269 

We now visualize the states in real space in order to gain a greater understanding of the role of 270 

the metal – CO2* interaction in the surface dipole moment. Supplementary Figure 15 shows the 271 

charge density differences on a plane passing through the centers of the O-C-O atoms, given by 272 

1 2 3 4
∆ / eV

−3.0

−2.5

−2.0

−1.5

µ
/
eÅ Δ
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ρz. We see the characteristic O p-states and a hybridized C-Metal bond. We also plot the xy-273 

averaged density for Pt(211), Au(211) and FeN4 MNC. We find that the distributions of charge 274 

density look similar, implying that it is the interaction of the same single particle state, the 275 

HOMO of the bent diabatic CO2, that is likely to be responsible for the different dipole moments. 276 

 277 

278  6XSSOHPHQWDU\�1RWH����Solution of Newns–Muscat model��$SSHQGL[�$� 

279  In the low coverage regime, the dipole moment  and occupancy n of an adsorbed molecule on the 

280  surface can be related to the workfunction (ϕ) and field (in the direction of surface normal) to a 

281  first order as 

Field  =  
dϕ

dz
  =  θ  ( µ  +  edn  )  282 

Where C	is the image plane distance (a constant), n is the coverage.  283 

Meanwhile both  and n can be written as functions of Green operators of ss, sp and pp states, as 284 

written  285 

o = −
1

π
qZr eBB(ϵ)Cϵ

C$

2D
−
1

π
qZr e>>(ϵ)C

C$

2D
ϵ 286 

 287 

µ = −2λ
1

π
qZr eB>(ϵ)C

C$

2D
 288 

Which in turn are related to the field and workfunction through their energies ϵ in the definition of 289 

their respective Green functions.  290 

Mϵ − "u + vαNe = q 291 
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Thus, this becomes a self-consistent problem, which we can be solved for a chosen set of 292 

parameters. The parameter that we choose to plot is against Δ, the width of the states, keeping all 293 

other parameters constant.  294 

 295 

 296 
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Abstract: Electrochemical CO2 reduction is a potential

approach to convert CO2 into valuable chemicals using

electricity as feedstock. Abundant and affordable cata-

lyst materials are needed to upscale this process in a

sustainable manner. Nickel-nitrogen-doped carbon (Ni-

N-C) is an efficient catalyst for CO2 reduction to CO,

and the single-site Ni!Nx motif is believed to be the

active site. However, critical metrics for its catalytic

activity, such as active site density and intrinsic turnover

frequency, so far lack systematic discussion. In this

work, we prepared a set of covalent organic framework

(COF)-derived Ni-N-C catalysts, for which the Ni!Nx

content could be adjusted by the pyrolysis temperature.

The combination of high-angle annular dark-field scan-

ning transmission electron microscopy and extended X-

ray absorption fine structure evidenced the presence of

Ni single-sites, and quantitative X-ray photoemission

addressed the relation between active site density and

turnover frequency.

*OUSPEVDUJPO

The direct electrochemical CO2 reduction reaction (CO2RR)

to value-added chemicals and fuels is a potential pathway to

reduce CO2 emissions.[1] However, the CO2RR is commonly

accompanied by water splitting; hence, the hydrogen

evolution reaction (HER) is strongly competing.[2] More-

over, the CO2RR process yields a wide range of carbon-

based products as CO, formate, hydrocarbons, and

oxygenates,[3] which require additional product separation in

the practical implementation. Therefore, an affordable and

selective catalyst is urgently needed to drive this electro-

chemical conversion efficiently.

In previous investigations, a great variety of catalysts

have been studied for CO2RR.[2a,4] Among them, the class of

non-precious metal-nitrogen doped carbon (M-N-C) cata-

lysts has received particular attention.[5] These catalysts

feature graphene-embedded, single-site M!Nx structural

motifs, which allow efficient CO2 to CO conversion.[6]

Unlike extended metal surfaces, the single-site M!Nx

moieties in the M-N-C catalysts enable the suppression of

the HER side reaction, yielding highly selective catalysis

and high purity CO streams.[2b,6c,7] The Ni-functionalized

versions (Ni-N-Cs) attracted attention due to their excep-

tional performance and selectivity to CO. Over 90% CO

selectivity could be achieved on these Ni-N-C catalysts, even

at industry-relevant currents.[6a–e,g,8] Our current understand-

ing of this catalytic reaction attributes this unique reactivity

to the chemical nature of the embedded Ni!Nx motifs. A

key hypothesis to explain the reactivity states that under

CO2RR conditions, the Ni!Nx site binds weakly to *H

(diminished proton uptake competition) and *CO (minor

CO poisoning issue), enabling the CO2-to-CO cascade at
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reduced kinetic barriers. Therefore, a reasonable turnover

frequency (TOF) could be realized at sufficiently applied

cathode potentials.[6a,g] However, this hypothesis about the

origin of the high catalytic reactivity still awaits experimen-

tal verification at the molecular level, nor has the Ni-N-C

CO2 to CO catalytic reactivity ever been fundamentally

deconvoluted into the two basic kinetic descriptors of

surface active site density (SD) and intrinsic TOF. This

contribution will address these points.

In M-N-C single metal atom site electrocatalysts, carbon

is the main constituent element. Its porous structure

provides a large electrochemical surface area and tunable

chemical composition, benefiting the loading of active M!Nx

moieties. To date, a number of distinct synthesis strategies

have been established to generate M-N-C catalysts. These

strategies involve catalyst precursors as diverse as supported

macrocyclic compounds,[6e,9] polymers,[7a] zeolitic imidazolate

frameworks (ZIF),[10] or covalent and metal organic frame-

works (COFs and MOFs, respectively).[6d,11]

Generally, the catalyst’s apparent catalytic mass activity

(MA) is contingent on two basic descriptors: the intrinsic

catalytic TOF and the active SD. The MA is linked

according to MA=TOF×SD.[6f, 12] To effectively improve

the CO2RR performance of M-N-C catalysts, one approach

is to select the active site and a suitable potential window

for an optimal TOF, while the other is to increase the

effective SD. In previous studies on pyrolyzed M-N-C

CO2RR catalysts, only the active sites’ nature (i.e., TOF-

related) has been addressed, whereas the SD descriptor still

lacks systematic exploration and discussion.

Herein, we study and unravel the molecular structure,

composition, and CO2 reduction reaction mechanism of new

COF-derived Ni-N-Cs. The experimental MA of the Ni-N-C

catalysts has been deconvoluted into SD and TOF of the

surface-active Ni!Nx sites. Finally, these fundamental exper-

imental descriptors have been correlated to corresponding

computational results derived from first principle density

functional theory (DFT). Through the first principle calcu-

lations and comparisons of intrinsic TOF and Tafel slopes,

we were able to attribute the mean N coordination of the

Ni!Nx motifs and conclude on the chemical structure of the

active sites.

The COF precursor material in focus is a nitrogen-rich

triazole-based COF (named TpDt-COF and TpDt-COF-Ni

after Ni loading). In general, COFs are ideal materials to

anchor coordinative metal sites precisely due to their

ordered porous structure and tunable composition.[13] The

structural features can be partially preserved when the

metal-coordinated COF is heated to higher temperatures

and carbonized.[13d] The COF-derived Ni-N-C catalysts are

referred to as C-TpDt-Ni. After pyrolysis and acid washing,

the catalyst C-TpDt-Ni-900 (treated at 900 °C) shows above

90% faradaic CO efficiency at approximately 25 mAcm!2

current density, measured in the regular liquid H-cell. High

angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) and extended X-ray absorp-

tion fine structure (EXAFS) were performed to evidence

the single-atom nature of the Ni active sites. X-ray photo-

emission (XPS) analysis was carried out and yielded

quantitative catalyst SD for the Ni-N-C catalysts. Linking

the quantitative experimental fittings to DFT calculations

and micro-kinetic modelling, a mechanistic relationship

between the synthesis condition, SD, TOF, and their

apparent MA for CO2RR could be provided.

4ZOUIFTJT BOE $IBSBDUFSJ[BUJPO

4ZOUIFTJT PG UIF 5Q%U�$0'�/J 1SFDVSTPS

A triazole-based COF (TpDt-COF) was selected as the

catalyst precursor because of its high nitrogen content.[14]

The detailed synthesis route is given in the Supporting

Information. In brief, the TpDt-framework was prepared by

the condensation polymerization of 1,3,5-tri-formyl-phloro-

glucinol (Tp) and 3,5-diamino-1,2,4-triazole (Dt) via a

solvothermal method (Figure 1a and Figure S1), delivering a

nitrogen-rich COF backbone with high porosity. Ni impreg-

nation was performed by dispersing the TpDt-COF in a

Ni(NO3)2·6H2O aqueous solution. The Ni ions can coordi-

nate to the heteroatoms of the backbone and are thus

uniformly dispersed in the COF. After removing excess Ni

ions with distilled water, the TpDt-COF-Ni precursor was

obtained.

TpDt-COF before Ni immobilization was characterized

by several techniques (Figure S2 to S5). The specific N2

sorption isotherms and the pore size distribution are

presented in Figure S2a,b. The specific surface area (derived

from the Brunnauer–Emmett–Teller theory, BET) reached

253 m2g!1, with a pore size of about 1.2 nm, which is close to

the theoretical one. The successful synthesis allowed the

facile incorporation and immobilization of Ni ions into the

backbone. The scanning electron microscopy (SEM) image

and the X-ray diffraction (XRD) pattern (Figure S2c,d) of

TpDt-COF indicate a flake-like morphology and low

crystallinity, consistent with the earlier reported COF.[14]

From the Fourier transform infrared (FT-IR) spectra, the

absence of aldehyde and amine groups stretching vibration

in TpDt-COF implies a complete condensation (Fig-

ure S3).[14,15] As shown in the 13C solid-state nuclear

magnetic resonance (NMR) profile, the characteristic signals

of C!N bond at "149 ppm, C=C bond at "108 ppm, and

carbonyl carbon (C=O) at "184 ppm corroborated the

formation of ȕ-ketone-amine structure (Figure S4). The

thermogravimetric analysis (TGA) showed the gradual

decomposition of TpDt-COF after 400 °C (Figure S5).

4ZOUIFTJT PG UIF $�5Q%U�/J $BUBMZTU

TpDt-COF provides a unique structure to immobilize Ni!Nx

functionalities; however, COFs notoriously suffer from low

electric conductivity. Therefore, thermal annealing was used

to carbonize the framework. The heat treatment of the

TpDt-Ni was conducted under inert gas (N2) and followed

by an acid washing protocol (to remove formed exposed Ni

particles). The pyrolysis temperature was changed from

800 °C, 900 °C, to 1000 °C to obtain a series of distinct
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carbonized C-TpDt-Ni as CO2RR catalysts. The synthesis

protocol is shown in Figure 1a.

4ZOUIFTJT PG "EEJUJPOBM 3FGFSFODF $BUBMZTUT

Besides the C-TpDt-Ni catalysts, additional Ni-N-C materi-

als were prepared as references. An additional COF-derived

catalyst was synthesized via an analogous protocol but using

a different linker, para-phenylene-diamine (Pa, instead of

Dt, see Figure S6a). Identical post-treatments were done on

this TpPa-COF, and the pyrolysis temperature was selected

to be 900 °C for the final catalyst, named C-TpPa-Ni-900.

The unpyrolyzed TpPa-COF framework shows a surface

area of 571 m2g!1 and also high crystallinity. However, the

BET surface area drops to 135 m2g!1 after pyrolysis and acid

washing (Figure S6, Table S1). Furthermore, a carbon nano-

tube supported Ni-phthalocyanine (NiPc/CNT), and our

previously studied polyaniline derived PANI-Ni-900 were

involved in our experimental comparison (synthesis details

are represented in the Supporting Information).

$IBSBDUFSJ[BUJPO

The morphology of the pyrolyzed C-TpDt-Ni was inves-

tigated using scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). As shown in

Figure 1b,c and Figure S7, the nanosheets of TpDt-COF

fused to form porous particles, showing the co-existence of

micropores and mesopores. In addition, a small amount of

Ni metal particles was observed in C-TpDt-Ni by low

magnification TEM measurement (Figure S8). Considering

those particles are encapsulated in an approximately 3 nm

carbon shell (Figure S8b, unreachable in acid washing), they

would only play a minor role during the electrolysis.[10b,16]

The BET surface area of the C-TpDt-Ni samples decreased

to "190 m2g!1 after pyrolysis/acid-washing, caused by the

structural changes during carbonization (pore-collapse or

sheet-distortion, details are given in Figure S9 and Ta-

ble S1).

HAADF-STEM was applied to analyze the structure

and surface composition of C-TpDt-Ni-800 and C-TpDt-Ni-

900 samples. The STEM (Figure 1d,e and Figure S10a–c)

images evidence graphitized carbon layers and directly

proved the existence of atomically dispersed Ni sites (high-

lighted by red dashed circles) in both pyrolyzed samples.

'JHVSF �� B
 4DIFNF GPS UIF TZOUIFTJT PG $�5Q%U�/J 	DBSCPO BUPNT BSF TIPXO JO HSFZ OJUSPHFO JO CMVF PYZHFO JO SFE /J JO HSFFO� IZESPHFO BUPNT
BSF OPU TIPXO
� C
 4&. JNBHF BOE D
 5&. JNBHF PG $�5Q%U�/J����� E F
 )JHI�SFTPMVUJPO )""%'�45&. JNBHF PG $�5Q%U�/J����� G
 &&-4 TQFDUSVN
BDRVJSFE BU /J TJOHMF�BUPN SFHJPO DJSDMFE JO SFE� H I
 )""%'�45&. JNBHF BOE DPSSFTQPOEJOH &%4 NBQQJOH JNBHF PG $�5Q%U�/J�����
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For the sample treated at 900 °C, the electron energy loss

spectrum (EELS) was measured at one single Ni atom

location, and a Ni-N4-C matrix-like surrounding could be

observed (Figure 1f).[17] HAADF-STEM images with other

scale and corresponding energy-dispersive X-ray spectro-

scopy (EDS) mapping are shown in Figure 1g,h, proving Ni

and N elements’ homogeneous distribution.

The XRD patterns of the catalysts are summarized in

Figure S11. All samples exhibited a pronounced Bragg peak

at around 26°, assigned to the (002) plane of graphitic

carbon. For the C-TpDt-Ni samples, the peak at 26° became

sharper with increasing pyrolysis temperature, suggesting an

increasing graphitization degree. A weak diffraction peak at

44° is observed in the catalysts obtained at 900 and 1000 °C

(C-TpDt-Ni-900 and C-TpDt-Ni-1000), which can be as-

signed to the (111) plane of Ni metal species. This stands in

line with the TEM images of the samples (Figure S8a). As

expected, the electronic conductivity of TpDt-derived cata-

lysts, measured using a 4-probe sensing, increased with

increasing temperature (Table S2). The chemical state and

elemental composition of the catalyst surface were analyzed

using X-ray photoelectron spectroscopy (XPS), and the

profiles are plotted in Figure S12 (Table S3–S5). The

analysis of carbon 1s, nitrogen 1s spectra are given in the

Supporting Information. In Figure S12c, the XPS profiles of

the Ni2p3/2 core level range are presented, which indicate the

chemical state and amount of Ni at the surface. Different

groups were assigned according to their central 2p3/2 photo-

emission peak positions (Group 0: 852.6!0.2 eV, Ni0;

Group I: 854.4!0.2 eV, Ni+-like; Group II: 855.3!0.2 eV,

Ni2+; and the satellite region: >856.5 eV).[7b,8, 18] In the

pristine TpDt-Ni sample, the apparent satellite intensity

suggests the prevalence of Ni in its +2 state.[19] After

pyrolysis, the intensity of Ni0 species slightly increased (see

900 °C), which can be attributed to the formed carbon-

encapsulated Ni nanoparticles (Figure S8). However, in all

pyrolyzed samples, Ni2+ and Ni+-like remained the domi-

nant species. Due to the removal of all unencapsulated

metallic Ni species by acid washing, we conclude that both

the Ni2+ and Ni+-like states in the pyrolyzed samples

indicate the presence of single metal atom site Ni"Nx

moieties, which are believed to serve as catalytic active sites.

Accordingly, we estimate the Ni"Nx sites ratios (%at.) on the

surface via Equation (1) (Figure S13c) and extract the

exposed SDs in combination with BET area-weight surface

[Eq. (2) and Figure S13d].

xNi"Nx
%at: ¼ xNiþ%at: þ xNi2þ%at: (1)

SDNi"Nx
¼ xNi"Nx

%at: %ABET (2)

Furthermore, the bulk Ni content of the catalysts was

determined by inductively coupled plasma mass spectro-

scopy (ICP-MS), and yielded 5.0 wt%, 7.6 wt%, and 0.8 wt

% for C-TpDt-Ni-800, C-TpDt-Ni-900, and C-TpDt-Ni-

1000, respectively. Altogether, the TpDt-Ni-900 sample

provides a higher SD than other carbonized COF counter-

parts (Figure S13).

9�SBZ "CTPSQUJPO 4QFDUSB

To explore the local molecular structure of the Ni"Nx motif,

the catalysts were investigated using X-ray absorption near-

edge structure (XANES) and extended X-ray absorption

fine structure (EXAFS) spectroscopies at Ni K-edge coupled

to a wavelet transformed EXAFS analysis. For reference,

the measurements were carried out also on Ni foil, NiO, and

NiPc.

The collected normalized Ni K-edge XANES spectra are

compared in Figure 2a. The significant difference between

the spectra for unpyrolyzed (TpDt-Ni) and pyrolyzed (C-

TpDt-Ni-800 and C-TpDt-Ni-900) samples is evident imme-

diately. The spectrum of the unpyrolyzed sample resembles

that of rocksalt-type NiO, suggesting a +2-oxidation state

and an octahedral coordination of Ni in this sample. On the

other hand, the spectra for the pyrolyzed samples are more

similar to the spectrum of the NiPc reference sample. In

particular, the prominent feature at ca. 8337 eV is a finger-

print of a square-planar Ni"N4 configuration with D4h
symmetry in porphyrin-like structures located in di-vacancy

(DV).[16,20] In the Ni-based catalysts, this feature is also

clearly present even though is reduced in intensity in

comparison to NiPc. This is in agreement with previous

reports in the literature,[16,21] suggesting that the structure of

the pyrolyzed catalysts is significantly disordered. The

XANES spectra for samples pyrolyzed at 800 and 900 °C,

respectively are quite similar. Still, one can note that for the

sample pyrolyzed at 900 °C, the XANES spectrum is shifted

slightly towards lower energies, e.g., closer to the metallic Ni

spectrum, which could be an indication of the formation of

metallic Ni clusters. All these findings are in line with the

above-described TEM and XPS analyses.

We performed linear combination fitting of the XANES

spectra to quantify this trend by using spectra for metallic Ni

foil and NiPc as references (Figure S14). Due to the

significant differences between the local Ni structures in the

catalyst samples and the reference samples, the linear

combinations of reference spectra do not describe the

XANES spectra for the catalysts perfectly. Still, one can

estimate from such a fitting that the contribution of metallic

Ni increases from ca. 15% in the sample pyrolyzed at 800 °C

to ca. 28% in the sample pyrolyzed at 900 °C.

Fourier transforms (FT) of extracted EXAFS spectra

(Figure S15) for Ni catalysts and the reference samples are

shown in Figure 2b. For all catalyst samples, the EXAFS

signal is dominated by the first coordination shell contribu-

tion (peak in FT-EXAFS between 1 and 2 Å (phase-

uncorrected)), corresponding to the Ni bonding to low Z

elements (e.g., oxygen, carbon, or nitrogen). However, one

can note a difference in the main FT-EXAFS peak position

for the pyrolyzed and unpyrolyzed samples. In the former

case, the maximum peak is located at lower R values, and it

aligns well with the first shell peak (corresponding to Ni"N

bond) in the reference spectrum for NiPc. For the unpyr-

olyzed sample, the maximum of the main FT-EXAFS peak

is shifted to slightly larger R values. This peak position and

intensity are thus comparable to that of Ni"O contribution

in the NiO spectrum.
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In all FT-EXAFS spectra, the weaker peaks at R values

between ca. 2 and 4 Å are also observed. For visualization

and interpretation of these contributions, it is convenient to

use the Morlet wavelet transform (WT).[22] WT-EXAFS

spectra for Ni catalysts and reference samples are shown in

Figure 2c. First, for the unpyrolyzed TpDt-Ni, it can be

observed that the position of the main maximum in the WT-

EXAFS map (corresponding to the 1st coordination shell),

not only in R-space but also in k-space matches well to that

of Ni!O contribution in the NiO reference spectrum, which

are seen at a R-value of ca. 1.6 Å, and k value of ca. 3.5 Å!1.

Furthermore, the second WT-EXAFS peak at a R-value of

ca. 3.4 Å has a maximum at a similar k value. From this, we

conclude that this contribution at higher R-values is also

associated with photoelectron interactions with low Z

elements (N, C, or O) and maybe even a result of multiple

scattering events within the first coordination shell. The low

amplitude of this feature and the absence of peaks at higher

R-values suggest a lack of long-range order and a disordered

local environment around Ni in the unpyrolyzed sample.

Lack of contributions at higher k-values confirms the

absence of a significant amount of metallic Ni clusters in this

sample. Nevertheless, one should note that caution is

needed when interpreting the lack of distant coordination

contribution as evidence for the single-atom nature of the

catalyst, and the presence of small amounts of disordered

larger clusters cannot be completely ruled out.[23]

For the pyrolyzed C-TpDt-Ni samples, WT-EXAFS is

dominated by the maximum at k-value ca. 3.5–4 Å!1 and R-

value ca. 1.5 Å, which aligns well with that of Ni!N

'JHVSF �� B
 /PSNBMJ[FE /J ,�FEHF 9"/&4 TQFDUSB C
 BCTPMVUF WBMVFT PG 'PVSJFS�USBOTGPSNFE 	'5
�&9"'4 TQFDUSB BOE D
 BCTPMVUF WBMVFT PG XBWFMFU
USBOTGPSNFE 	85
�&9"'4 TQFDUSB GPS /J GPJM /J0 /J1D 5Q%U�/J $�5Q%U�/J���� BOE $�5Q%U�/J����� 5IF TUSVDUVSF QBSBNFUFST PCUBJOFE GSPN
&9"'4 EBUB GJUUJOH BSF QSFTFOUFE JO 5BCMF 4��
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contribution in NiPc. Significantly, upon increasing pyrolysis

temperature, a second feature is gradually developed at k

value ca. 8 Å!1 and R-value ca. 2.2 Å, which strongly

resembles the Ni!Ni contribution in metallic Ni. The WT-

EXAFS spectra thus reveal the formation of metallic

clusters at higher pyrolysis temperatures.

&MFDUSPDIFNJDBM $0�33 "DUJWJUZ &WBMVBUJPO� 50' WT� 4%

The CO2RR performance of our studied COF-derived Ni-N-

C catalysts was assessed in a liquid phase three-electrode H-

cell. The testing potential varied from !0.4 VRHE to

!0.9 VRHE, and each electrolysis condition was kept sta-

tionary for 15 min for gas analysis. CO and H2 contribute as

the main products during the bulk reaction. No liquid

products were detected after the bulk electrolysis. Overall,

all our tested Ni-based (together with all references)

catalysts show their dominant selectivity to CO; however,

they deliver deviated mass-based activity.

The unpyrolyzed TpDt-Ni shows negligible CO2RR

reactivity, while the thermal treatment switches on the CO2

conversion to CO. The C-TpDt-Ni-900 (pyrolyzed at 900 °C)

sample reached over 90% FECO at !0.7 VRHE, delivering

about 22 mAcm!2 CO partial current density. The sample

treated at 800 °C shows comparable but slightly lower

performance. By contrast, the C-TpDt-Ni-1000 delivers only

2/3 of the HER and CO2RR activity as the catalysts

pyrolyzed at lower temperatures. All those outperform the

C-TpPa-Ni-900 one, prepared using the precursor with less

nitrogen content (Figure 3).

The distinct CO2RR reactivity and selectivity values of

the individual Ni-N-C catalysts are a sensitive function of,

on the one hand, their molecular nature and intrinsic

reactivity (TOF) and, on the other hand, their surface SD of

catalytic active Ni!Nx moieties on the catalyst surface. In

previous works, individual TOF and SD values remained

convoluted and have not been properly disentangled, which

is one reason why their accurate correlation to theoretical

reactivity data has remained challenging and elusive. Here,

we normalized the apparent CO activity to the SD values

[from Eq. (2)] and obtained intrinsic kinetic TOF values

[Eq. (S5)].

The extracted experimental intrinsic CO-specific TOFs

of the various Ni-N-C catalysts from !0.4 to !0.85 VRHE

(kinetic region) are displayed in Figure 4a. Although this set

of Ni-N-C catalysts were pyrolyzed at different temperatures

during their preparation and displayed dissimilar FE values

and partial current densities, after normalization of the

apparent current densities using the extracted SD values,

very similar intrinsic TOF trends ensued within. Further-

more, very similar TOF is observed on the molecular-

derived NiPc/CNT and the solid-state PANI-Ni reference

catalysts. This finding suggests that the intrinsic catalytic

behavior may be controlled by one dominant common site

motif present in all materials.

To understand the TOF trends on the molecular scale,

we separated the potential dependent TOF into two regions.

From !0.4 to !0.75 VRHE, the CO production is primarily

'JHVSF �� 5IF FMFDUSPDIFNJDBM QFSGPSNBODF PG WBSJPVT $0'�EFSJWFE /J�/�$ BOE SFGFSFODF DBUBMZTUT� B
 (FPNFUSJD DVSSFOU EFOTJUJFT C
 'BSBEBJD
FGGJDJFODZ PG )� D
 'BSBEBJD FGGJDJFODZ PG $0 E
 HFPNFUSJD )� QBSUJBM DVSSFOU EFOTJUJFT BOE F
 HFPNFUSJD $0 QBSUJBM DVSSFOU EFOTJUJFT BT GVODUJPOT
PG *3�DPSSFDUFE QPUFOUJBM� $BMDVMBUJPOT BSF EFTDSJCFE JO 4VQQPSUJOH *OGPSNBUJPO 	&R 4�n4�
� 5IF DBUBMZTU MPBEJOH JT � NHDN!� PO 'SFVEFOCFSH
$�)�� DBSCPO QBQFS� 5IF FMFDUSPMZUF JT $0��TBUVSBUFE ��� . ,)$0� TPMVUJPO 	Q) ���
� 5IF QSPEVDU BOBMZTJT JT EPOF BGUFS �� NJO PG FBDI CVML
FMFDUSPMZTJT� 1SFTFOUFE EBUB JT TUBOEBSE NFBO BOE EFWJBUJPO GSPN � NFBTVSFNFOUT�
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controlled by the applied electrode potential. Here, the

nearly overlapping TOF-potential trends of the tested

catalysts imply a similar kinetic reaction barrier: the binding

energy to the COOH* intermediate.[24] DFT calculations

show the trends on various simplified DV Ni!Nx (x=1, 2, 3,

4) motifs, and the Ni(111) facet. Displayed in Figure 4c, the

nitrogen coordination number significantly affects the

COOH* binding and leads to distinct theoretical TOF-

potential trend lines (Figure 4b). Instead, in experiments, all

TOF values followed a similar trend as the CNT-supported

molecular NiPc (Figure 4a). Therefore, the experimentally

observed TOF trends seem to originate predominantly from

the fully embedded Ni!N4 coordination.

Furthermore, looking at larger cathodic potentials

(beyond !0.7 VRHE, shown in Figure 3e) the C-TpDt-Ni-900

electrocatalyst was the first to enter a CO2 mass transport-

limited reaction regime. By plotting the faradaic CO

efficiency as a function of the current strength, the FECO of

all catalysts appears to reach or pass through a plateau

beyond 20 mAcm!2 (Figure S17a). We attribute this to in-

pore CO2 transfer limitations, where densely spaced active

sites generate a high local pH. The in-pores OH! convert

CO2 in equilibrium reactions to bicarbonate, causing rapid

locally non-electrochemical (acid-base) CO2 depletion

(scheme displayed in Figure S17b).

$PODMVTJPO

In this contribution, we synthesized a set of novel TpDt-

COF-derived Ni-N-C single metal atom site catalysts. Even

though harsh synthetic steps such as pyrolysis and acid

washing were performed, the Ni-N-Cs derived from TpDT-

COF at different temperatures exhibit similar surface areas,

microporous structures, and comparable surface chemical

composition, while their Ni!Nx site densities are largely

different. This provides reliable materials basis to study the

mass activity of catalysts regarding the two descriptors,

intrinsic active site activity vs. number of active sites (TOF

vs. SD).

Based on this family of Ni-N-C catalysts, we investigated

reactivity trends and provided a new molecular under-

standing of the CO2 to CO reduction reactivity. What sets

this work apart from earlier ones is that we deconvolute the

usually reported apparent experimental CO2-to-CO geo-

metric- or else mass-based catalyst activity into two relevant

descriptors, SD and TOF. Moreover, we correlated synthesis

conditions with TOF values and compared experimental

trends with computational DFT-derived ones. Various

characterization techniques (TEM, HAADF-STEM, BET,

XPS, XAS) identified and quantified the active Ni!Nx sites,

while, in parallel, DFT-derived Gibbs free energy diagram

guided our understanding of the reaction kinetics from the

atomic level.

We found that the apparent CO2-to-CO mass activities

were highly dependent on the SD values, dominated by the

synthesis details (i.e., annealing temperatures). By contrast,

TOF was affected by synthesis conditions to a much lesser

degree. When aiming at high apparent CO2-to-CO activities,

it can be thus suggested to apply sp2-N rich precursors, as

seen for the used COF precursor, as this can largely enhance

the amount of Ni ion coordinated in the final N-doped

carbon, thus increasing the SD. Later, the annealing temper-

ature plays multiple roles. On the one hand, higher temper-

ature improves the catalyst conductivity and accelerates the

Ni!Nx moieties formation, showing to be positive for the

catalytic performance. On the other hand, higher temper-

atures also reduce the amount of nitrogen within the carbon

framework, resulting in a lower amount of formed Ni!Nx

species. For the present materials, 900 °C turned out to be

ideal pyrolysis temperature for optimizing the SD and

conductivity of the catalysts. Further towards their intrinsic

activity, the Tafel slope comparisons between experiment

and theory suggested the presence and the predominant

catalytic contribution of the DV Ni!N4 sites, evidenced in

our absorption and photoemission studies.
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In the high current density region, the TOF values

saturated for the high-SD catalysts, which is attributed to

the local CO2 concentration depletion due to the high local

OH! concentration. As reported recently, using a rotating

electrode or more acidic media could neutralize the surface

pH, ensuring the CO2 transfer to the catalyst surface.[25]

Moreover, controlling the inner-particle pore size (of the

catalyst) and inter-particle pore size (of the manufactured

catalyst layer) tends to be a practical approach. To our

hypothesis, the broader interfacial pores may accelerate the

OH! removal, maintaining the CO2 incoming at high current

densities.
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Synthesis protocol of the C-TpDt-Ni- family catalysts 
 

Chemicals 

All the chemicals were used without further purification. The 3,5-diamino-1,2,4-triazole (Dt), 

paraphenylenediamine (Pa), mesitylene (1,3,5-trimethylbenzene, > 98%), Ni phthalocyanine (NiPc, > 95%) 

and Ni(NO3)2 6H2O were purchased from Sigma Aldrich Chemicals. 1,4-dioxane (99.9 %), methanol (Carl 

ZŽƚŚ͕�ш�ϵϵйͿ͕�aĐĞƚŽŶĞ�;ш�ϵϵ͘ϱйͿ͕�E͕E-dimethylacetamide (DMA) and N,N-dŝŵĞƚŚǇůĨŽƌŵĂŵŝĚĞ�;�D&Ϳ�;ш�

99.9%)  were purchased from Carl Roth.  

 

Protocol 

Synthesis of Tp  

Tp was synthesized following our previous literature approach.[1] 15.1 g hexamethylenetetramine, 6.0 g 

phloroglucinol, and 90 mL trifluoroacetic acid were refluxed under N2 at 100 WC for 2.5 h. 150 mL of 3M 

HCl was added slowly and the solution was heated at 100 WC for another 1 h. After cooling down, the 

solution was filtered through Celite and extracted with 350 mL dichloromethane. Then, the solution was 

evaporated under reduced pressure to afford 2.4 g of an off-white powder. Purification was carried out 

by sublimation. 

 

Synthesis of TpDt-COF  

1,3,5-triformylphloroglucinol (90 mg, 0.42 mmol), 3,5-diamino-1,2,4-triazole (45 mg, 0.45 mmol) and 1.5 

mL dioxane were put into a Pyrex tube and the mixture was sonicated for 5 min. 0.5 mL DMA and 1.5 mL 

mesitylene were added to the above solution and sonicated for 5 min. Following this, 0.5 mL of 6 M 

aqueous acetic acid was added. This mixture was sonicated for another 10 minutes to yield a homogenous 

dispersion. The tube was then flash frozen in a liquid nitrogen bath and degassed by three freeze-pump-

thaw cycles. The tube was sealed and then placed in an oven at 120 WC for 3 days. After the mixture was 

cooled to room temperature, the reddish brown precipitate was collected and washed with hot DMF, 

methanol and acetone. The powder collected was then dried at 80 WC under vacuum for 12 hours to obtain 

a deep red colored powder (81%, isolated yield).  

 

Synthesis of TpDt-Ni  

100 mg TpDt-COF was dispersed in 20 mL of Ni(NO3)2 6H2O (2M) aqueous solution and sonicated for 30 

min and stirred for 10 h. The impregnated TpDt-COF was then separated by vacuum filtration and washed 
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with distilled water four times to remove weakly adsorbed ions. After drying at 80 oC, the TpDt-Ni was 

obtained. 

 

Synthesis of pyrolyzed C-TpDt-Ni  
The TpDt-Ni was placed in a tube furnace and annealed at 900 CC (800 and 1000 CC) for 2 h under N2 

atmosphere (80 sccm) at a heating rate of 5.0 CC min-1. The carbonized COF was dispersed in aqueous HCl 

(ca. 1 M) and stirred for 1 day. The leached sample was collected and washed with DI water until the pH 

value was close to neutral. The obtained materials were denoted as C-TpDt-Ni-T (where T represents the 

temperature).  
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Synthesis of reference Ni-N-C catalysts 
 

Synthesis of C-TpPa-COF-900  

 

Synthesis of TpPa-COF 

1,3,5-triformylphloroglucinol (63 mg, 0.3 mmol), paraphenylenediamine (48 mg, 0.45 mmol), 1.5 mL of 

mesitylene, 1.5 mL of 1,4-dioxane, 0.5 mL of 3 M aqueous acetic acid were placed into a Pyrex tube and 

the mixture was sonicated for 20 min to obtain a homogenous dispersion. The tube was then flash frozen 

in a liquid nitrogen bath and degassed by three freeze-pump-thaw cycles. The tube was sealed off and 

then placed in an oven at 120 KC for 3 days. After the mixture was cooled to room temperature, the red 

precipitate was collected and washed with THF and acetone. The powder collected was then dried at 80 KC 

under vacuum for 12 hours. 

 

Synthesis of C-TpPa-Ni-900 

100 mg TpPa-COF was dispersed in 20 mL of Ni(NO3)2 6H2O (2M) aqueous solution and sonicated for 30 

min and stirred for 10 h. The impregnated TpPa-COF was then separated by vacuum filtration and washed 

with distilled water four times to remove weakly adsorbed ions. After drying at 80 oC, the TpPa-Ni was 

obtained. The TpPa-Ni was then placed in tube furnace and annealed at 900 KC for 2 h under N2 

atmosphere (80 sccm) at a heating rate of 5.0 KC min-1. The carbonized COF was dispersed in aqueous HCl 

(ca. 1 M) and stirred for 1 day. The leached sample was collected and washed with DI water until a pH 

value close to neutral.  

 

 

 

Synthesis of NiPc/CNT  

 

NiPc/CNT was synthesized following the analogous protocol reported in the literature.[2] 1 mg NiPc was 

mixed with 30 mg MWCNTs (multi wall carbon nanotubes) in 30 mL DMF solution and kept stirred for 24 

hours. The suspension color turned from the initial violet to transparent. The final suspension was dried 

to obtain the NiPc/CNT catalyst.   
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Synthesis of PANI-Ni-900 
 

PANI-Ni-900 was synthesized following our previous literature approach.[3] 3 ml of aniline, 5 g NiCl2ā6H2O 

and 5 g ammonium persulfate (APS, (NH4)2S2O8) was added to 0.5 L of 1 M HCl and stirred for 1 hour. Then, 

the suspension was stirred for 48 hours along with 0.4 g of dispersed activated Ketjen 600 carbon black 

support (washed in HCl for purification and HNO3 for oxygen doping). Afterwards, the suspension was 

dried at 95 WC for 24 hours. After drying, the solid mixture was ball-milled with ZrO2 balls for 20 min. The 

pyrolysis is carried in a furnace with a ramp of 30WC min-1 to 900 WC and kept at this temperature for 1 

hour, in N2 condition, and followed by acid washing steps (2M H2SO4 at 90 WC for overnight) to remove the 

excess Ni particles. In our synthesis, 4 times heat treatment (HT) and 3 times acid washing was performed 

by turn, and the catalyst is obtained after the 4th pyrolysis.  
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Characterization details 
 

XRD, TGA, BET, ICP-OES, FT-IR, SEM, TEM, and HAADT-STEM 
 

X-ƌĂǇ�ƉŽǁĚĞƌ�ĚŝĨĨƌĂĐƚŝŽŶ�;yZ�Ϳ�ƉĂƚƚĞƌŶƐ�ǁĞƌĞ�ƉĞƌĨŽƌŵĞĚ�ŽŶ�Ă��ƌƵŬĞƌ��ϴ��ĚǀĂŶĐĞ�ŝŶƐƚƌƵŵĞŶƚ�ǁŝƚŚ��Ƶ�<ɲ�

ƌĂĚŝĂƚŝŽŶ�;ʄсϭ͘ϱϰ��Ϳ�ŽƉĞƌĂƚŝŶŐ�Ăƚ�ϰϬ�Ŭs�ĂŶĚ�ϰϬ�ŵ�͘�yZ��ƉĂƚƚĞƌŶƐ�ǁĞƌĞ�ĐŽůůĞĐƚĞĚ�ŝŶ�ƚŚĞ�ƌĂŶŐĞ�ŽĨ�ϮΣവϲϬΣ�Ăƚ�

a scanning speed of 20 min-1. Thermo-gravimetric analyses (TGA) were conducted using a Mettler Toledo 

TGA/DSC1 Star System analyzer at a heating rate of 10 0C minʹ1 under N2 atmosphere. N2 sorption 

measurements was carried out using a Quantachrome Quadrasorb SI instrument with degassing 

temperature of 200 0C for 6 h for carbon samples and 120 oC for 12 h for COFs samples before the 

measurement. The specific surface areas were calculated by using Brunauer-Emmett-Teller (BET) 

calculations. The pore size distributions of COF and carbon samples were obtained from the adsorption 

branch of isotherms by the quenched solid density functional theory (QSDFT) and non-localized density 

functional theory (NLDFT) model, respectively. Bulk metal contents were measured with Varian 715-ES 

ICP-OES. For this, the samples were previously solved in aqua-regia and treated using microwave. Fourier 

transform infrared spectroscopy (FT-IR) analyses were carried out on Varian 640IR spectrometer equipped 

with an ATR cell. Scanning electron microscope (SEM) was measured using Gemini SEM 500 low vacuum 

high-resolution SEM. Transmission electron microscope (TEM) was performed using FEI Tecnai G2 20 S-

TWIN electron microscope with an operating voltage of 200 kV. The conductivity was measured with 

Yokogawa GS610 Sourcemeter unit in galvanostatic mode between -2 mA and +2 mA in 0.2 mA steps. 

Aberration-corrected STEM images were recorded by using a high-angle annular dark-field (HAADF) 

detector equipped with a 54-200 mrad collection semi-angle at Oak Ridge National Laboratory. 

 

X-ray Photoelectron Spectra 
 

XPS was performed on a K-Alpha X-ƌĂǇ� ƉŚŽƚŽĞůĞĐƚƌŽŶ� ƐƉĞĐƚƌŽŵĞƚĞƌ� ƐǇƐƚĞŵ� ;dŚĞƌŵŽ� ^ĐŝĞŶƚŝĮĐͿ� ǁŝƚŚ�

Hemispheric 1800 dual-focus analyzer with 128-channel detector. X-ray monochromator was 

ŵŝĐƌŽĨŽĐƵƐĞĚ��ů�<ɲ�ƌĂĚŝĂƚŝŽŶ͘�The samples were pasted and pressed onto the sample holder using carbon 

tapes for measurement.  
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X-ray absorption Spectra 
 

XAS measurements at Ni K-edge (8333 eV) were performed at P64 beamline at PETRA-III synchrotron 

radiation facility (Hamburg). Measurements were performed in transmission mode. Intensities of incident 

radiation and transmitted radiation were measured with ionization chamber detector I0 and I1 filled with 

pure N2. For data alignment, Ni foil's XAS spectrum was acquired in transmission mode simultaneously 

with the spectra for Ni samples. I2 ionization chamber used for such reference measurements was also 

filled with pure N2. Si (111) monochromator was used for energy selection. All measurements were 

performed in air at room temperature. ATHENA software was used for data alignment, normalization, and 

XAS spectra extraction. 
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Electrochemical performance screening 
 

Electrode preparation 
 

Carbon paper (1 cm . 2.5 cm, Freudenberg C2H23) was sonicated in ethanol and deionized water for 15 

min and dried as the electrode substrate. The catalyst ink is prepared using 4.0 mg catalyst mixed with 60 

ʅ> Nafion solution (5% in ethanol, Sigma-Aldrich), 200 ʅL isopropanol, and 200 ʅ> DI water. After 15 min 

sonification, the ink was deposited on the micro-porous-layer side of carbon paper to achieve an area of 

1 cm2 with catalysts loading of 1 mg cm-2. 

 

  

Electrochemical measurement 
 

The CO2RR performance screening was carried out in a regular 3-electrode H-cell, divided by a Nafion 

N117 membrane. The working electrode was the catalysts-coated carbon paper mentioned above, and a 

Pt mesh was deployed as the counter electrodes. A leak-free Ag/AgCl electrode was used as the reference. 

Electrochemical experiments were performed in CO2 purged 0.5 M KHCO3 (CO2 flow rate: 30 ml min-1, pH: 

7.3). The current density (j) was normalized to the working electrode's geometrical area (1 cm2).  
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Cathode potential 
 

The working potential is controlled by the Biologic SP-300 potentiostat against the Ag/AgCl reference 

electrode. Before the bulk electrolysis, the ohmic resistance between cathode and reference electrode 

was measured using PEIS (potentiostatic electrochemical impedance spectroscopy) module at -1.0 V vs. 

Ag/AgCl Ref, and the frequency was set from 100 k Hz to 1 Hz. Subseqently, 50% of the ohmic drop was 

automatically corrected, and the other half was corrected manually. All potentials were rescaled to 

reversible hydrogen electrode (RHE) by Eq. S1.  

 

ூோିܧ ൌ ௩௦Ǥ��ோܧ  ோ�௩௦Ǥ��ேுாܧ  ͲǤͲͷͻ כ ܪ  ܫ כ ܴ כ ͷͲΨ   Eq. S1 

 

 ூோି: IR corrected cathode potential against RHE   / VRHEܧ

 ௩௦Ǥ��ோ:  Applied potential against the reference electrode   / Vܧ

 ோ�௩௦Ǥ��ோுா:  Reference electrode potential measured against NHE   / Vܧ

 pH-value of the electrolyte   :ܪ

 Total current of the experiment (absolute value)   / A   :ܫ

ܴ:   Ohmic resistance between cathode and reference electrode  ͬ�ё 
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Product analysis 
 

A Shimadzu 2014 on-line GC is utilized for product quantification. The gas stream is separated by the 

Hayesep Q + R columns and then analyzed by the TCD (Thermo Conductivity Detector) and FID (Flame 

Ionization Detector). The TCD detects the volume percentage (%VOL) of the H2 product, and the FID 

measures the CO after being methanized. On the all Ni-N-C type catalyst, no liquid product is found after 

the electrolysis. Calculations of the production rate (Eq. S2), partial current density (Eq. S3), and faradaic 

efficiency (Eq. S4) are given below. The calculation of the TOF is given in (Eq. S5). 

 

��� ሶ݊ ௗ௨௧ ൌ ሶ ೌ�ൈ�ುೝೠ
�ൈ�ಾೀಽ

       Eq. S2  

 

ሶ݊ ௗ௨௧:  geometric reaction rate of each product    / mol cm-2 s-1 

ሶ்ܸ௧ : Exhaust stream flow rate     / mL s-1 

 ௗ௨௧:  product concentration (volumetric ratio) detected by GC / %VOLܥ

 geometric area of the electrode     / cm2   :ܣ

ெܸை:  volume of gas per mole at ATM      / mL mol-1 

 

 

݆ௗ௨௧ ൌ ሶ݊ ௗ௨௧ ൈ ܨ ൈ   Eq. S3       ݖ

 

݆ௗ௨௧:  partial current density of each product      / A cm-2 

 faradaic constant       / C mol-1   :ܨ

 charge transfer per product molecule   :ݖ

 

 

ௗ௨௧ܧܨ ൌ �ುೝೠ
ೌ

ൈ ͳͲͲΨ      Eq. S4  

 

 % /     ௗ௨௧:  faradaic efficiency of each productܧܨ

்݆௧:  total current density      / A cm-2 
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ܨܱܶ ൌ �ሶ ೀ
ெೌ�ൈ�௫ಿషಿೣΨೌǤൈ�ಳಶ�      Eq. S5  

 

CO Turnover Frequency normalized by active Ni-Nx area   / mol m  :ܨܱܶ
-2

 s
-1

 

ሶ݊ ை:   geometric CO reaction rate      / mol cm
-2 

s
-1

 

ௗ:  catalyst loading       / mg cmܯ
-2

 

ா்:  specific N2 adsorption area measured using BET   / mܣ
2
 mg

-1
 

 .ேିே௫Ψ௧Ǥ:  atomic ratio of total exposed Ni-Nx on surface   / %atݔ
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Computational methods  
Density functional theory calculations were performed using Vienna Ab-initio Software Package (VASP).

[4]
 

Core electrons were described using Projector Augmented Waves (PAW) potentials.
[5]

 Valence electrons 

were described using plane-waves with kinetic energy up to 500eV. Gaussian smearing with a width of 

0.1eV was used. The RPBE
[6]

 functional was used for all calculations. All calculations were run with spin-

polarization.  

Structures were prepared using the Atomic Simulation Environment (ASE).
[7]

 The lattice constant of 

graphene was optimized using a 12x12x12 Monkhorst-Pack k-point mesh grid.
[8]

 A 3W3 single-layer 

graphene structure was made with the obtained lattice parameter. All structures were then treated with 

Ă�ϰпϰпϭ�DŽŶŬŚŽƌƐƚоWĂĐŬ�Ŭ-point mesh with at least 10 X of vacuum. Depending on the vacancy type, 

carbon atoms in the graphene structure were replaced by nitrogen and Nickel atoms. The structure 

obtained after creating vacancies and doping was subjected to an optimization of positions before adding 

an adsorbate to the unit cell. All geometries are optimized until forces are less than 0.025 eV X
-1

. The 

density of states were obtained by using Gaussian smearing of 0.1 eV. 

The computational hydrogen electrode (CHE)
[9]

 was used to determine reaction energies as a function of 

potential for reactions with an electron in the reactant or product. The chemical potential of the proton 

and electron is related to that of H2 at 0 V vs RHE using:  

ୌశߤ    �షୣߤ ൌ ଵ
ଶ  ୌమ        Eq. S6ߤ

Microkinetic modelling was performed using CatMAP.
[10]

 The rate of a given elementary step was: 

  ���� ൌ ݇ାȫߠȫ െ� ݇ିȫߠȫ      Eq. S7 

where  indicates the forward reaction and Ȃ the reverse reaction. The rate constants can be given as 

݇ା ൌ ��� ቀെ ீೌǡశ
ಳ்ቁ and  ݇ି ൌ ��� ቀെ ீೌǡష

ಳ்ቁ. In the absence of electrochemical barriers, the free energy is 

used, which is given as ܩ߂� ൌ ܩ߂�  ܷ݊݁  ȟܩ୧ୣ୪ୢ, where  ܩ߂
 is the free energy for the reaction at the 

potential of zero charge (pzc),  ݊�is the number of proton-electron pairs transferred and ȟܩ୧ୣ୪ୢ is the 

dipole-field contribution. 

A multi-precision Newton root finding algorithm was used to determine the steady-staterates and 

coverages. A decimal precision of 100 along with a convergence tolerance value of ͳͲିଶହ
 was used. 
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Supplementary figures and tables 
 

Characterization of TpDt-COF  

 

 

Figure S1. Schematic representation of the synthesis of TpDt-COF. 
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Figure S2. (a) N2 absorption-desorption isotherms, (b) pore size distribution, (c) SEM image and (d) XRD 

pattern of TpDt-COF.  
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Figure S3. FT-IR spectroscopy of TpDt-COF, Tp and Dt. 

 

 

 

Figure S4. 
13

C solid state NMR of TpDt-COF. *- corresponds to the solvent DMF. 
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Figure S5. The TGA curve of TpDt-COF. 

 

 

Synthesis and characterization of TpPa-COF 

 

Figure S6. (a) Schematic representation of the synthesis of TpPa-COF. (b) XRD pattern, (c) N2 absorption-

desorption isotherms and (d) pore size distribution of TpPa-COF. 
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Characterization of C-TpDt-Ni-family candidates 
 

 

Figure S7. TEM images of (a, b) C-TpDt-Ni-800 and (c, d) C-TpDt-Ni-1000. 

 

 

 

Figure S8. (a) Low magnification TEM image and (b) HAADF-STEM image of C-TpDt-Ni-900.  
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Figure S9. (a) N2 absorption-desorption isotherms and (b) pore size distributions of C-TpDt-Ni-800, C-

TpDt-Ni-900, C-TpDt-Ni-1000, C-TpPa-Ni-900, PANI-Ni-900, and NiPc/CNT.  

 

Table S1. The BET specific surface areas and pore volume of all the samples involved. 

Samples Specific surface area (m2 g-1) Pore volume (cm3 g-1)  

TpDt-COF 253 0.597  

TpPa-COF 571 0.369  

C-TpDt-Ni-800 192 0.335  

C-TpDt-Ni-900 188 0.380  

C-TpDt-Ni-1000 184 0.359  

C-TpPa-Ni-900 135 0.162 
 

PANI-Ni-900 414 0.413 
 

NiPc/CNT 85 0.296 
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Figure S10. (a-d) HAADF-STEM images of C-TpDt-Ni-800 and (e) the corresponding EELS spectrum acquired 

at Ni single atom region circled in red from S10d.  

 

 

 

Table S2. Conductivity of TpDt-COF, C-TpDt-Ni-800, C-TpDt-Ni-900, C-TpDt-Ni-1000. 

Samples Conductivity (S cm-1) 

TpDt-COF * 

C-TpDt-Ni-800 0.24 

C-TpDt-Ni-900 1.98 

C-TpDt-Ni-1000 3.45 

The power samples were pressed between steel cylinders in a PE-die. 

* Resistance is too high, out of measurement range.  
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XRD patterns of all CO2RR catalysts 
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Figure S11. XRD patterns of C-TpDt-Ni-800, C-TpDt-Ni-900, C-TpDt-Ni-1000, C-TpPa-Ni-900, PANI-Ni-900, 

and NiPc/CNT. The profile of PANI-Ni-900 is identical with our earlier work.[3] 
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XPS analysis  
 

 
Figure S12. (a) XPS C 1s spectra, (b) XPS N 1s spectra, and (c) XPS Ni 2p spectra for TpDt-Ni, C-TpDt-Ni-800, 

C-TpDt-Ni-900, C-TpDt-Ni-1000, C-TpPa-Ni-900, NiPc/CNT, and PANI-Ni-900. The PANI-Ni-900 is analogous 

with our earlier work.
[3]

 

 

Here, the fitting of the XPS profiles is according to the previous studies.  

The C1s spectra are fitted as Ref
[11]

: 

Group I:  284.4 eV to 284.8 eV; 

Group II:  286.2 ± 0.2 eV, FWHM ~ 1.5 ± 0.2 eV; 

Group III:  288.2 ± 0.2 eV, FWHM ~ 1.5 ± 0.2 eV;  

 

The N1s spectra are fitted  following the Ref
[12]

: 

Group I:  398.1 ± 0.2 eV, FWHM ~ 1.5 ± 0.2 eV; 

Group II:  398.7 ± 0.2 eV, FWHM ~ 1.5 ± 0.2 eV; 

Group III:  399.6 ± 0.2 eV, FWHM ~ 1.5 ± 0.2 eV;  

Group IV:  401 ± 0.2 eV, FWHM ~ 1.5 ± 0.2 eV; 

Group V:  402.8 ± 0.2 eV, FWHM ~ 1.5 ± 0.2 eV; 
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Group VI:  > 404 eV.  

 

The Ni2p spectra are fitted following the Ref[13]: 

Group 0:  852.6 ± 0.2 eV; 

Group I:  854.4 ± 0.2 eV, FWHM ~ 1.5 ± 0.2 eV; 

Group II:  855.3 ± 0.2 eV, FWHM ~ 1.5 ± 0.2 eV; * 

 

* The chemical state of NiPc/CNT is ~0.5 eV positive than other candidates, consistent with previous 
studies.[13c, 14] 

 

Note: 

In the C1s spectra, it is seen that the intensities for carbon atoms bound to hetero-atoms (C=O/C=N at 

288.2 ± 0.2 eV, C-O/C-N at 286.2 ± 0.2 eV, Figure S12a) drop along with increasing pyrolysis temperatures. 

Aromatic ring formation was revealed by the peak shift from 284.4 eV to 284.8 eV.[11]  

The fitted high-resolution N 1s profiles of the pyrolyzed catalyst precursors are shown in Figure S12b 

(detailed fitted parameters are presented in Table S3-5). The fitted group I (398.1 ± 0.2 eV) and group II 

(398.7 ± 0.2eV) cover two sp2-hybridized nitrogens bound to carbons, such as imine, pyridinic, or triazinic 

type N. The group III (399.6 ± 0.2 eV) indicates sp2 hybridized N in Metal-N coordination (Ni-N), OC-NH-C 

partial double bonds, or multiple graphitic N motifs in a single aromatic ring. Group IV (401 ± 0.2 eV) and 

V (402.8 ± 0.2 eV) cover the in-plane N-H, graphitic N(-H), and out-of-plane N-H, such as protonated-

pyridinic, pyrrolic, graphitic, and quaternary N. Species in group VI (404 eV) should be assigned to oxide N 

moieties.[12] Clearly, the pyrolysis temperature controls the resulting N species in all C-TpDt-Ni samples. 

In the unpyrolyzed TpDt-Ni sample, the group I and III signals can be assigned to imine and amine groups. 

The pyrolysis treatment significantly transformed those into the in-plane sp2 hybridized N moieties. 
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Table S3. Content (at%) of Ni, N, C and O elements for all the samples as measured by XPS. 

Samples Ni N C O 

TpDt-Ni 0.50 15.15 66.24 18.11 

TpPa-Ni 0.35 10.09 71.81 17.74 

C-TpDt-Ni-800 0.66 10.28 80.62 8.45 

C-TpDt-Ni-900 0.97 11.27 82.11 5.65 

C-TpDt-Ni-1000 0.48 4.63 90.85 4.04 

C-TpPa-Ni-900 0.21 5.13 89.27 5.39 

PANI-Ni-900 0.47 4.8 91.22 3.51 

NiPc/CNT 0.36 3.65 95.44 0.55 

 

 

  



 Appendix: Supporting Information – Covalent organic framework (COF) derived Ni-N-C catalysts for electrochemical CO2 reduction: 
unraveling fundamental kinetic and structural parameters of the active sites 

26/34 
 

Table S4. The atomic ratio of various N species fitted by XPS analysis. 

Samples Group I. 
BE~398eV 

Group II. 
BE~398.7eV 

Group III. 
BE~399.6eV 

Group IV. 
BE~401eV 

Group V. 
BE~403eV 

Group VI. 
BE>=404 

TpDt-Ni 18.32 22.14 41.75 8.23 9.56 0 

TpDt-Ni-800 3.81 46.12 3.27 33.82 4.08 8.89 

TpDt-Ni-900 0 47.08 2.56 34.49 5.52 10.39 

TpDt-Ni-1000 0 33.06 1.06 42.50 12.59 10.79 

TpPa-Ni-900 14.43 13.11 2.24 49.18 6.25 14.79 

PANI-Ni-900 0 30.88 3.12 43.55 8.89 13.50 

NiPc/CNT 0 52.34 40.53 7.12 0 0 

 

 

 

Table S5. The atomic ratio of various Ni species fitted by XPS analysis. 

Samples Group 0. 
BE~852.6eV 

Group I. 
BE~854.4eV 

Group II. 
BE~855.3eV 

Satellites 
BE > 856eV 

C-TpDt-Ni-800 0 44.35 35.20 20.44 

C-TpDt-Ni-900 5.10 32.32 38.66 23.93 

C-TpDt-Ni-1000 2.29 47.83 29.09 20.79 

C-TpPa-Ni-900 0 49.19 15.04 35.77 

PANI-Ni-900 0 55.58 24.38 20.04 

NiPc/CNT 0 0 100 
(BE~856.1eV) 0 
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Figure S13. (a) BET derived specific N2 adsorption area, (b) XPS derived surface nitrogen atomic ratio, (c) 
surface Ni-Nx atomic ratio, estimated upon XPS derived Ni2+ and Ni+ species (ݔேିே௫Ψ௧Ǥ ൌ ேశΨ௧Ǥݔ 
ேିே௫ܣ) ேమశΨ௧Ǥ), and (d) the surface area contributed by Ni-Nx moietiesݔ ൌ ேିே௫Ψ௧Ǥݔ ൈ  ா்; unitܣ�
is transferred into cm2 mg-1).  
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XAS analysis 
 

 

Figure S14. Results of linear combination fitting of experimental Ni K-edge XANES for sample (a) pyrolyzed 

at 800
o
C (C-TpDt-Ni-800) and (b) 900

o
C (C-TpDt-Ni-900). Reference spectra for Ni foil and Ni 

phthalocyanine used for linear combination analysis are also shown (scaled by their corresponding weight 

in linear combination).   

 

 

 

 

 

Figure S15. (a) EXAFS spectra for Ni foil, NiO, NiPc, TpDt-Ni, C-TpDt-Ni-800 and C-TpDt-Ni-900. XAFS data 

fitting in (b) k-space and (c) R-space. 

 



 Appendix: Supporting Information – Covalent organic framework (COF) derived Ni-N-C catalysts for electrochemical CO2 reduction: 
unraveling fundamental kinetic and structural parameters of the active sites 

29/34 
 

For quantitative EXAFS analysis we perform non-linear least square fitting to theoretical standards, as 

implemented in FEFFIT code, see Figure S14.[15] Theoretical phases and amplitudes were obtained in self-

consistent ab-initio calculations with FEFF8.5 code[16] for reference materials. The complex exchange-

correlation Hedin-Lundqvist potential and default values of muffin-tin radii as provided within the FEFF8.5 

code were employed. 

&ŝƚƚŝŶŐ�ŽĨ��y�&^�ƐƉĞĐƚƌĂ�ʖ(k)k2 was carried out in R-space in the range from Rmin = 1.0 Q up to Rmax, where 

Rmax was set to 3.0 Q for NiO and NiPc and to 2.5 Q for metallic Ni, unpyrolyzed Ni COF and Ni COF pyrolyzed 

at 9000C. For Ni COF pyrolyzed at 8000C we set Rmax to 1.8 Q to exclude from fitting the contributions 

beyond the first coordination shells which are too weak in this sample to be reliably identified. In all cases 

Fourier transform was carried out in the k range from 3.0 Q-1 up to 12 Q-1. 

Guided by the insight from WT-EXAFS analysis in Figure 2c, following paths were included in the fitting: 

Ni-Ni path for metallic Ni, Ni-O and Ni-Ni paths for NiO, Ni-N, Ni-C and longer Ni-N path for NiPc, Ni-O path 

for unpyrolyzed sample, Ni-N path for sample pyrolyzed  at 8000C, and Ni-N and Ni-Ni paths for sample 

pyrolyzed at 9000C. For each path the refined parameter were coordination number N, bond-length R and 

disorder factor ʍ2͘� /Ŷ� ĂĚĚŝƚŝŽŶ͕� ĐŽƌƌĞĐƚŝŽŶ� ƚŽ� ƉŚŽƚŽĞůĞĐƚƌŽŶ� ƌĞĨĞƌĞŶĐĞ� ĞŶĞƌŐǇ� ȴE0 was also fitted. 

Amplitude reduction factors due to many-electronic processes (S0
2 factors) were estimated based on the 

fitting of EXAFS samples for reference materials with known coordination numbers. 

The results of such fitting are summarized in Figure S15 and Table S6. Good agreement between 

experimental and modeled data (Figure S15), and low values of fit R-factors (Table S6) give us confidence 

in the chosen fitting models. 

It is challenging to distinguish between EXAFS contributions from elements that are neighbors in Periodic 

Table (such as N, O and C). Valuable information in this case can be obtained from interatomic distances. 

As evident from Table S6, significant difference between the bond-lengths in the first coordination shell 

can be observed for unpyrolyzed and pyrolyzed samples. In the former case, the obtained bond length 

(2.04 ±0.03 Q) is in a good agreement with Ni-O bond length in NiO reference sample (2.08 ±0.01 Q). In 

the latter case, the bond between Ni and its nearest neighbor is shorter, (1.87 ±0.01 Q), and agrees with 

Ni-N bond length in NiPc (1.879 ±0.009 Q). Thus one can conclude that in the pyrolyzed samples (unlike 

the unpyrolized one), the main Ni-containing structural motifs are Ni-Nx units, similar to those in NiPc. 

Moreover, for unpyrolyzed sample the 1st shell coordination number is close to 6, suggesting octahedral 

coordination of Ni species in this sample, in agreement with conclusions from XANES analysis. For 
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pyrolyzed samples, the 1st shell coordination number is significantly lower, making plausible hypothesis 

that Ni-N4 structural motifs are dominating moieties. 

In addition to these structural motifs, the existence of metallic Ni clusters in pyrolyzed samples is 

confirmed by EXAFS data fitting. In particular, for sample pyrolyzed at 900 0C the inclusion of Ni-Ni 

scattering path was found to be necessary to obtain a good fit. The obtained value of Ni-Ni interatomic 

distance (2.458 ±0.006 P) is close to Ni-Ni distance in fcc metallic nickel (2.481 ±0.001 P). The fact that Ni-

Ni distance is slightly shorter in pyrolyzed Ni COF sample in comparison to that in bulk Ni metal, may imply 

the small sizes of formed Ni clusters and/or their strongly disordered nature. 

Due to the low contribution of Ni-Ni scattering path, the obtained Ni-Ni coordination number has large 

uncertainty and cannot be used for a reliable estimation of the concentration of metallic Ni clusters. 

However, the fraction of metallic Ni can be estimated indirectly from Ni-N coordination number. Since the 

measured EXAFS signal is averaged over all Ni species in the sample, in the case when Ni-Nx motifs coexist 

with metallic Ni, the Ni-N coordination number obtained in the EXAFS fitting ேܰିே differs from the true 

number of N neighbors ෩ܰேିே , and is related to the concentration of metallic Ni w as ேܰିே ൌ ሺͳ െ

ሻݓ ෩ܰேିே. Assuming that in Ni-Nx motifs Ni is coordinated with 4 N atoms (i.e., ෩ܰேିே ൌ Ͷ), the fraction 

of metallic Ni can be estimated as ͳ െ ேܰିேȀͶ. As a result, we can estimate that in the sample pyrolyzed 

at 8000C, concentration of metallic Ni is ca. 22%, while in the sample pyrolyzed at 9000C concentration of 

metallic Ni increased to ca. 33%. These estimates are in a good agreement with the aforementioned 

estimates from XANES analysis. Good agreement between EXAFS and XANES results indicates the validity 

of our assumption that Ni-N4 motifs are the main N-Nx species in the pyrolyzed catalysts. 
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Table S6. ^ƚƌƵĐƚƵƌĞ�ƉĂƌĂŵĞƚĞƌƐ�;ĐŽŽƌĚŝŶĂƚŝŽŶ�ŶƵŵďĞƌƐ�E͕�ŝŶƚĞƌĂƚŽŵŝĐ�ĚŝƐƚĂŶĐĞƐ�Z͕�ĚŝƐŽƌĚĞƌ�ĨĂĐƚŽƌƐ�ʍ2), 

obtained in fitting of experimental Ni K-edge EXAFS data. Uncertainties of the last digit are given in 

parentheses. 

 

  

Sample ିࡺࡺȀࡺȀିࡺࡾ ࡻȀࡺȀିࡺ࣌ (()�ࡻȀࡺȀࡻ
 ࡺିࡺ࣌ (()�ࡺିࡺࡾ ࡺିࡺࡺ (2()��

 ��()2) ઢࡱ�(eV) R factor 

Ni foil - - - 12 2.481(1) 0.0064(1) 2.8(1) 0.1% 

NiO 6 2.08(1) 0.009(2) 12(2) 2.95(1) 0.007(2) 3.4(8) 1.3% 

NiPc (1st shell, Ni-N) 4 1.879(9) 0.001(1) - - - 2.1(9) 2.0% 

NiPc (2nd shell, Ni-C) 8 2.95(2) 0.003(3)      

NiPc (3rd shell, Ni-N) 6 3.32(4) 0.007(7)      

TpDt-Ni 6.9(7) 2.04(3) 0.010(2) - - - 1(2) 0.6% 

C-TpDt-Ni-800 3.1(4) 1.87(1) 0.008(2) - - - -3(2) 0.8% 

C-TpDt-Ni-900 2.8(2) 1.875(6) 0.0079(9) 1(1) 2.458(6) 0.0017(9) -0.7(8) 0.2% 
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Figure S16. Projected density of state (PDOS) of our studied Ni-N-C catalysts. Those are NiPc 

(Phthalocyanine), DV-Ni-N1, DV-Ni-N2, DV-Ni-N3, and DV-Ni-N4.  
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Figure S17. (a) FECO as a function of overall geometric current density on various Ni-N-C catalysts. (b) 
Schematic illustration of CO2 mass transfer limitation due to in-pores OH- formation (by electrochemical 
H2 and CO evolution) and retention.  
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