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CcO cytochrome c oxidase.
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CCU carbon capture and utilisation.
CHE computational hydrogen electrode.
CNTs carbon nanotubes.
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DASs dual atom sites.
DF density functionals.
DFT density functional theory.
ESC energy storage and conversion.
FED free energy diagram.
HER hydrogen evolution reaction.
HOR hydrogen oxidation reaction.
M–N–C metal–nitrogen–carbon.
ML machine learning.
MM molecular mechanics.
MOF metal-organic framework.
NEB nudged elastic band.
NPs nanoparticles.
OER oxygen evolution reaction.
ORR oxygen reduction reaction.
PGMs platinum group metals.
RHE reversible hydrogen electrode.
SASs single atom sites.

Nomenclature

Ulim – the limiting potential, the lowest potential required to make all electro-
chemical steps downhill in energy.

η – overpotential, a deviation from the equilibrium potential.

ASE – software for setting up, manipulating, running, visualising, and analysing
atomistic data in Atomic Simulation Environment (ASE).

GPAW – software for electronic structure calculations using Grid-based Projector-
Augmented Waves (GPAW).
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3. INTRODUCTION

The structure and geometry are similar yet different concepts. In the following
discussion, by structure, we understand an immutable set of connections of atoms
that are chemically unchanging through the reaction. Therefore, the structure is
a discrete quantity that constrains the activity and selectivity of electrocatalysis.
In contrast, geometry is the spatial arrangement of the atoms within the fixed
structure and can be surprisingly flexible. The intrinsic nature of the geometry to
adapt provides an excellent opportunity to affect electrocatalytic behaviour in a
continuous fashion.

From a modelling perspective, we can understand both structure and geometry
through their effects on reactions.

• First, I describe the structural effect on electrocatalysis of CO2 reduction
reaction. The performed calculations allow us to predict the selectivity of
active sites (also observable via structural characterisation), thus explaining
observed experimental results.

• Second, I explore the geometrical effect on electrocatalysis of the oxygen
reduction reaction. The modelled geometrical effect reveals a control over
the activity and a possibility for bypassing the scaling relations, which, upon
experimental confirmation, can break through the current limits in oxygen
electrocatalysis.
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4. COMPUTATIONAL BACKGROUND

The standard in computational methodology in modern electrocatalysis was es-
tablished in the 2000s in a series of publications by the Danish school of electro-
catalysis [1–6]. Descendant methods utilise the computational hydrogen electrode
(CHE) as the reference in predicting catalytic activity and selectivity. With the ex-
ponential increase in computing power, CHE approaches have become affordable
to many researchers, who can now calculate models from classical papers within
minutes on their laptops. The low computational cost and acceptable predictive
ability are the main reasons why CHE continues to lead the competition with al-
ternative approaches, such as generalised computational hydrogen electrode and
grand canonical ensemble modelling [7–10]. Recent reviews list the successes and
challenges of CHE-based approaches [11–13], yet they avoid explaining technical
details like in best practice protocols for modelling [14, 15].

This chapter introduces our CHE-based computational approach (as used in
Papers I–III) with details on models, theory, and technical aspects.

4.1. Computational Hydrogen Electrode

The CHE-based approaches are applicable when a reaction can be written in terms
of proton–electron (H++e– ) transfer: A+ z(H++e– ) −−⇀↽−− HzA. For example, in
the following reversible reactions involving H2, O2, and CO2:

2(H++ e−)−−⇀↽−− H2 (4.1)

O2 +4(H++ e−)−−⇀↽−− 2H2O (4.2)

CO2 +2(H++ e−)−−⇀↽−− CO+H2O (4.3)

CO2 +2(H++ e−)−−⇀↽−− HCOOH (4.4)

These equations describe equilibrium in the hydrogen evolution reaction (HER)
and the hydrogen oxidation reaction (HOR) [3, 16], the oxygen reduction reaction
(ORR) and the oxygen evolution reaction (OER) [17, 18], and the CO2 reduction
reaction (CO2RR) [19].

The CHE refers to the chemical potential of the proton in solution (µH+) and
electron at the Fermi level of the electrode (µe−). At equilibrium conditions:

1
2

µH2
= µH+ +µe− + eURHE (4.5)

where µH2
is the chemical potential of H2 gas at standard temperature and pres-

sure, and URHE is the potential difference between the working electrode and
the reference reversible hydrogen electrode (RHE). The inclusion of the variable
URHE is how standard density functional theory (DFT) calculations of neutral in-
terfaces are extrapolated to the electrochemical conditions of electrified interfaces.
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In other words, all CHE-based approaches neglect the dependency of the interfa-
cial structure on the applied URHE. Instead, they assume a linear dependence of
free energies (∆G) on effective URHE value:

∆G(URHE) = ∑nfGf −∑niGi − zeURHE (4.6)

where z is the number of proton–electron transferred, nf/i and Gf/i are amounts
and free energies of the final and initial components, respectively. The subtraction
of sums is the standard way of calculating a reaction energy change, where the
chemical potential (µH2

) is substituted by the free energy of hydrogen gas (GH2
)

for convenience.
Condition ∆G(URHE) = 0 defines the equilibrium potential (U�) of a given re-

action. For HER it is 0 V, for ORR it is 1.23 V, for CO2RR to CO it is −0.10 V,
and for CO2RR to HCOOH it is −0.11 V [20]. Depending on the electrode ma-
terial, these and other reactions happen with an overpotential (η) – a difference
between the applied electrode potential and the equilibrium potential [21]. That
difference originates from the energy penalty for breaking and creating bonds at
the electrode surface. In reality, it is the energy barrier for the rate-limiting step,
while in the CHE-approaches, it is commonly approximated either as the energy
barrier or as the difference between adsorption energies of reactive species. Both
quantities describe the reaction-free energy landscape with maxima and minima
corresponding to transition states and chemical species. Besides reactants and
products, these chemical species include intermediates adsorbed at the catalyst’s
surface.

In the CHE-based approaches, the intermediates must be formed via proton-
coupled electron transfer, which, on the one hand, considerably limits their choice
and, on the other hand, eases their modelling. Recent reviews provide a fair and
square description of coupled and separate proton and electron transfers with fur-
ther details [22–25]. Let us focus on the specific example of proton-coupled elec-
tron transfer in ORR (Fig. 1).

Figure 1. Illustration of variety of ORR mechanisms involving proton and electron trans-
fers. The CHE method limits the choice to a single mechanism with proton-coupled
electron transfers.

The constraint of coupling proton with electron excludes charged species, which
require counter-charge in modelling with periodic boundary conditions, while
molecular intermediates (O, OH, OOH) can be modelled directly using mod-
els of infinite surfaces with adsorbed radicals. Differently from the CHE-based
approaches, alternative methods allow for decoupled electron transfer, like in
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O2 + e– −−→ ∗O –
2 , but require more complex computational techniques [26].

Note that in Fig. 1 and below, an asterisk (∗) indicates an adsorption site on the
electrode surface, and a chemical species with an asterisk (e.g., ∗O –

2 ) stands for
an adsorbate.

4.2. Computational workflows

There are two distinct approaches to modelling electrocatalytic reactions. The
first approach comprehensively describes the entire electrocatalytic environment,
specifically focusing on the reaction itself. The second approach breaks down
the reaction into specific fragments, which are then reassembled into a general
process.

Comprehensive approach. One of the objectives of computational studies is
to simulate reality in order to enhance our understanding of reactions observed
experimentally. This understanding requires that experiments and calculations fo-
cus on the same process under identical conditions. On the one hand, experiments
should be conducted under strictly controlled conditions, using well-defined elec-
trodes and highly pure electrolytes and reagents. On the other hand, simulations
must utilise realistically sized interface models and be extended over sufficient
duration to capture the atomic-level dynamics of electrochemical reactions. Con-
ducting such detailed experiments and simulations requires an extraordinary level
of effort, resulting in only a few reactions being accurately described both empir-
ically and theoretically [27].

Fragmented approach. Rather than modelling processes as a whole, most elec-
trocatalysis studies divide processes into elements that can be modelled with cer-
tain assumptions. These elements are then compared to distinguishable experi-
mental features, such as limiting steps, specific effects, and structural characteris-
tics.

For this work, we choose the common fragmentation depicted in Fig. 2: the
mechanism of the reaction (involving different species and pathways), the com-
plexity of the model system (in terms of type, size, duration, and computational
methods), and the exploration of the free energy landscape (addressing both ther-
modynamics and kinetics). In a comprehensive approach, such as generalised
CHE [8], all these are accessed simultaneously in DFT-based Molecular Dynam-
ics. In the standard CHE-based approach, each part is approached in a step-wise
workflow.

The Fig. 3 outlines our workflow used in Papers I–III. In all studies, we be-
gan with narrowing the compositional space and used Atomic Simulation Envi-
ronment (ASE) as a Builder tool to create the surface of the studied catalysts,
considering their composition and geometry. The next step involved using a Cal-
culator tool to determine the formation energy of the catalyst, employing density
functionals (DF), molecular mechanics (MM), or machine learning (ML). After
testing various DF-based and DF tight-binding methods, MM, and several ML

12



Figure 2. Fragmented approach to studying electrocatalysis with the distinction between
possible products and pathways, choosing appropriate models and methods, and interpret-
ing calculated data based on thermodynamics and kinetics.

models from the open catalyst project, we choose open source GPAW code as
the Calculator tool and DFT as the Approach to predict stability and adsorption
energies. To identify thermodynamically preferred reaction pathways and predict
overpotentials, we used a common free energy diagram (FED). Instead of plotting
a full phase diagram analysis, we compared energies of selected models, which is
justified by assuming that all single atom sites are covered (as in Paper I). Instead
of applying a comprehensive microkinetic analysis, we compared barriers on se-
lected models, which is enough to account for the oxygen dissociation step (as in
Paper II).

Figure 3. Diagram illustrating the workflow used in papers I–III. There are seven ele-
ments: from computational space (input) to potentials and current density (outputs). Tools
enable the transition from one element to the next one by employing suitable approaches.
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4.3. Atomic Simulation Environment builder

Model creation is the basic routine in computational electrochemistry. A pro-
grammable approach to building models from atoms is a good practice as it offers:

• Reproducibility of results and reduction of errors;
• Scalability to a larger number of calculations;
• Flexibility in modifying and reusing models;
• Integration with automated workflows and high-throughput calculations.

In our work, we used the ASE – an open-source package written in Python
for setting up, manipulating, running, visualising, and analysing atomistic simu-
lations [28]. From the user’s perspective, the following features make ASE par-
ticularly useful as a Builder tool:

• Simple and intuitive Python interface;
• Variety functions to build atomic structures;
• Support for algorithms for molecular dynamics, structure optimisation, ther-

mochemistry, nudged elastic band, and external calculators; simulations;
• Bayesian error estimation;
• Integrated database.

All input files for calculations in Papers I–III were written in Python using
ASE functionality. For example, a Co–N–C model – a 2D periodic graphene with
4 nitrogen atoms and 1 cobalt atom – can be created in seven lines:

Listing 4.1. Creating a graphene model with 4 Nitrogen atoms and 1 Cobalt atom
from a s e import Atom
from a s e . b u i l d import g r a p h e n e
MNC = g r a p h e n e ( s i z e = ( 4 , 4 , 1 ) )
c o o r d s = (MNC[ 1 1 ] . p o s i t i o n +MNC[ 2 0 ] . p o s i t i o n ) / 2

MNC. append ( Atom ( ’Co ’ , p o s i t i o n = c o o r d s ) )
[MNC[ i ] . symbol = "N" f o r i in [ 1 0 , 1 3 , 1 8 , 2 1 ] ]
d e l MNC[ [ 1 1 , 2 0 ] ]

For calculations in Papers I–III we required build-in features of ASE: the
Broyden–Fletcher–Goldfarb–Shanno algorithm [29] with a line search mecha-
nism, vibrational analysis [30], Bayesian error estimation [31], reading and writ-
ing ASE database, nudged elastic band method [32].

In supplementary materials to Ref. [33], we provide example Python scripts for
DFT optimisation and vibrational analysis along with a database for single-atom
M-N-C models. FAIR data on the modelled structures, total energy values, and
analysis scripts from Papers II and III are accessible on the webpages https://
nano.ku.dk/english/research/theoretical-electrocatalysis/katladb/
surface-curvature-effect-on-oxygen-electrocatalysis/ and https://
nano.ku.dk/english/research/theoretical-electrocatalysis/katladb/
geometry-adaptive-catalysis/.
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4.4. Density Functional Theory calculator

DFT calculations are, at present, the main approach to obtaining stability and ad-
sorption descriptors. DFT codes with periodic boundary conditions – allowing to
model surfaces as slabs – are common for the CHE-based approaches. We used
GPAW code – an open-source package written in Python for electronic structure
calculations. [34, 35]. GPAW and ASE are supported by large intercepting com-
munities that provide regular updates, bug fixes, detailed documentation, and sup-
port. From the user’s perspective, the following features make GPAW particularly
useful as a Calculator:

• Implemented projector-augmented wave method – a well-established ap-
proach for electronic structure calculations;

• Native integration with ASE, offering a flexible and dynamic user interface;
• Support for a variety of functional from LibXC and LibvdWXC;
• Parallelization over OPENMPI and OPENMP.

For calculations in Papers I–III, we required the most basic features of GPAW,
like plane-wave calculations, periodic boundary conditions, k-point sampling, and
0.9.2 pseudo-potentials. All variable parameters were tested for convergence.

Comparison of solid-state DFT codes showed a reasonable ∆-value of 1.5 meV
per atom between GPAW and WIEN2k with Perdew–Burke–Ernzerhof functional
(see [36]). Due to pseudo-potentials, GPAW is less precise than its commercial
analogue VASP [37]. However, unlike VASP and many other codes, Python usage
allows for writing inputs ASE and GPAW as a single file to execute any number of
calculations and analyses in a single run. For instance, it is convenient to vary den-
sity functionals and include dispersion in tests and production runs by changing a
single line of Python code.

GPAW gives access to any functional implemented in LibXC with over and
LibvdWXC [38, 39]. In a preliminary methodological study, we have tested
various functionals and chose the revised Perdew–Burke–Ernzerhof functional
(RPBE, see [40, 41]). Foremost, among alternative functionals recommended
in the literature, some are numerically ill-behaved (see [42]) and more complex
functionals are computationally more demanding (such as BEEF-vdW [43]) while
providing similar accuracy in predictions. RPBE is fast, robust, and shows the
lowest root mean square and mean absolute deviations for prediction adsorption
energies vs experimental data for chemisorption of 26 molecules [44]. In Papers
I–III, we performed calculations of chemisorption. To eliminate the systematic
error with CO2, we applied a known literature correction of 0.45 eV [45, 46].
We also adapted the ASE code to perform Bayesian error estimation with RPBE
(see Refs in [47]). Overall, for Papers I–III we used RPBE functional with D4
dispersion [48] correction and Bayesian error estimation [47] as a more efficient
alternative to the more complex BEEF-vdW functional [43].
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4.5. Technical aspects of calculations

The specific G value in the above equations can be obtained from potential energy
(E) value, which is in turn calculated using DFT as well as, for example, MM
[49], and ML [50]. In any case, the potential-to-free energy conversion for an
adsorption state ∗A can proceed as follows:

G = E +ZPE+
∫

CP dT −T S+Solv , (4.7)

where E is the DFT calculated energy, ZPE is the zero point energy correction,∫
CP dT is the enthalpy correction, T S is the entropy term, and Solv is the solvation

correction.
The corrections (ZPE, entropy, enthalpy) can be applied in several ways. First,

one can take them from empirical data reported in the literature. Second, they
can be precisely calculated for each studied model using DFT. The second way
is computationally non-trivial; thus, for high-throughput calculations, it must be
well justified – meaning that the results should be clearly more improved, com-
pared to not doing these additional calculations. In Paper I, we calculated all
corrections and tested implicit and explicit solvation as in Refs. [51, 52]. In Pa-
pers II–III, we compared with intrinsic DFT errors (via Bayesian error estimation
(BEE)) and noticed that the deviation from precisely calculated corrections and
ones taken from previous studies is comparatively small compared to the intrin-
sic relative errors from DFT approach. Thus, we used the literature values for
corrections [53].

By using CHE, one can calculate the adsorption energy for a given surface
state ∆G∗A, as

∆G∗A = G∗A −G∗−
n
2

GH2
, (4.8)

where n is the number of overall electrons involved in reduction (1 for ∗H, ∗COOH,
∗OCHO; and 2 for ∗CO), with GH++e− = 1

2 GH2
.

4.6. Free energy diagram and predicted potentials

Despite inherent limitations, the CHE successfully describes electrocatalytical
processes in a variety of predictive tools, such as surface Pourbaix diagrams, ad-
sorption isotherms, and FED [54]. The latter describes the free energy landscape
along a pathway of a chosen reaction mechanism involving specific intermediates:
Minima are calculated using Eq. 4.6; Maxima are estimated, for example, using
the nudged elastic band (NEB) method [55–57].

In a schematic free energy diagram of ORR and OER (Fig. 4), thermodynamic
minima correspond to the stable states of reactants, intermediates, and products
at variable potential (URHE). The transition between two neighbouring states is
a reaction step, characterised by a change in free energy and a kinetic energy
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barrier – a maximum at the corresponding transition state. That diagram presents
the following four steps with corresponding energy changes at URHE = 0V:

O2 +∗+(H++ e−)−−→ ∗OOH ∆G1 = ∆G∗OOH −GO2
(4.9)

∗OOH+(H++ e−)−−→ H2O+∗O ∆G2 = ∆G∗O −∆G∗OOH (4.10)

∗O+(H++ e−)−−→ ∗OH ∆G3 = ∆G∗OH −∆G∗O (4.11)

∗OH+(H++ e−)−−→ H2O+∗ ∆G4 =−∆G∗OH (4.12)

where the adsorption free energy of ∗OH, ∗O, and ∗OOH adsorbates are defined
relative to reagents and products as:

∆G∗OH = G∗OH −G∗−
(

GH2O − 1
2

∆GH2

)
, (4.13)

∆G∗O = G∗O −G∗−
(
GH2O −∆GH2

)
, (4.14)

∆G∗OOH = G∗OOH −G∗−
(

2GH2O − 3
2

∆GH2

)
. (4.15)

Free energy changes for each ORR step are defined by Eq. 4.6 as:

∆G1(URHE) =−eURHE +G∗OOH −GO2
−G∗−

1
2

GH2

=−eURHE +∆G∗OOH −GO2
, (4.16)

∆G2(URHE) =−eURHE +GH2O +G∗O −G∗OOH − 1
2

GH2

=−eURHE +∆G∗O −∆G∗OOH, (4.17)

∆G3(URHE) =−eURHE +G∗OH −G∗O − 1
2

GH2

=−eURHE +∆G∗OH −∆G∗O, (4.18)

∆G4(URHE) =−eURHE +GH2O +G∗−G∗OH − 1
2

GH2

=−eURHE −∆G∗OH . (4.19)

Before we discuss calculating the quantities in the above equations, let us fi-
nalise the qualitative analysis of the free energy diagram in Fig. 4. The ideal
catalyst has zero free energy differences and barriers at the equilibrium poten-
tial (1.23 V for ORR). For the ideal catalyst, ∆G1 = ∆G2 = ∆G3 = ∆G4 and
∆G∗OOH = 3∆G∗OH with ∆G∗O = 2∆G∗OH. The model catalyst has non-zero free
energy differences and barriers at the equilibrium potential. For the model cata-
lyst, all energy changes become smaller than zero (in the indicated ORR and OER
directions) at overpotential values (in this example, at η = 0.37V). The barrier
values scale with the variation of free energy changes according to the Brønsted–
Evans–Polanyi relation, as discussed in Sec. 6.3.2.
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Figure 4. Free energy diagrams with thermodynamic minima and kinetic maxima at
variable URHE for ideal and model catalysts.

The limiting potential (Ulim) is the lowest potential required to make all elec-
trochemical steps downhill on the FED. For oxygen electrocatalysis, it is defined
as:

UlimORR = min
∣∣∣∣∆Gi

e

∣∣∣∣ and UlimOER = max
∣∣∣∣∆Gi

e

∣∣∣∣ (4.20)

where |∆Gi| is the absolute value of the change in free energy for the i-th reaction
step – either minimum for ORR or maximum for OER (see Fig. 4).

Ulim is most useful for reactions with variable products, like CO2RR. In the
case of simpler oxygen electrocatalysis, overpotential is commonly used to de-
scribe catalysts’ activity as:

ηORR =U�−UlimORR and ηOER =UlimOER −U� (4.21)
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5. STRUCTURAL EFFECT IN CARBON DIOXIDE
ELECTROREDUCTION

This chapter is about selectivity in electrocatalysis and wishful thinking in re-
search. Let us first elaborate on the last component. Wishful thinking is common
in electrocatalysis in the form of attributing the ability to catalyze specific reac-
tions to certain elements. For example, it is known that metallic copper catalyzes
C +

2 reduction of CO2. On that basis, many researchers focus on various com-
pounds of copper, some of which do show high activity at first sight [58]. How-
ever, under closer inspection, it turns out that it is still metallic copper formed in
preparation. For example, some works report Cu-N-C materials as good catalysts
[58, 59], yet one work questions this conclusion simply by showing the formation
of copper nanoparticles from Cu-N-C during operation [60]. Similarly, the moti-
vation of my colleagues was extrapolating the exceptional selectivity of metallic
bismuth to Bi-N-C in catalysing CO2 reduction to HCOOH in Paper I. However,
the computational modelling predicted that bismuth nanoparticles are responsible
for selectivity, whether Bi-N-C remains relatively inactive spectator.

5.1. Literature overview

The valorization of CO2 is an ongoing effort to mitigate climate change. The ne-
cessity is evident by the wide range of recently emerging carbon capture and
storage (CCS), and carbon capture and utilisation (CCU) technologies [61–63].
In particular, a contrast must be made between the utilisation and storage part,
meaning that the CO2 is not only stored and kept away from reentering the atmo-
sphere (thus, stored) but used and reused to yield valuable products (thus, utilised)
[64, 65].

Of significant importance in CCU is the CO2 electroreduction, enabling the
use of renewable energy to yield a range of valuable fuels, hydrocarbons, and
other highly desired C-compounds in a net carbon-neutral way [66–68]. While
the range of the possible products is vast, it also means that certain problems
arise when considering the selectivity of the electrocatalysts. Thus, to simplify
the problem, certain rules of thumb have been formulated based on experimental
measurements and computational predictions [69]. In general, the selectivity of
CO2 electroreduction can be divided into three major categories: (1) reduction to
carbon monoxide, (2) reduction to formic acid, and (3) reduction beyond carbon
monoxide (methanol, methane, ethanol, etc.) [19]. To make matters worse, not
only do the (good) electrocatalysts have to be highly selective towards the wanted
product, but also the parasitic HER has to be sufficiently disfavoured to obtain
acceptable electrocatalytic efficiency [70, 71]. As the space of possible products
and electrocatalysts is surprisingly large, computational modelling is a necessary
part of developing CO2 electroreduction.
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The DFT modelling has been successfully applied to CO2 electroreduction
to predict and/or explain the activity [72–74]. In this context, we highlight the
key CO2 electroreduction pathways to carbon monoxide and formic acid. Let us
note that the CO pathway under specific circumstances (notably, on copper-based
catalysts) can continue to other C1 products, such as formaldehyde, methanol or
methane, or even C2+ products, such as ethanol, ethane or others [75–77].

In Paper I, we applied computational modelling to explain the structural ef-
fect on carbon dioxide electroreduction by considering two of the key pathways
on common moieties found in carbonised catalysts – metal–nitrogen–carbon (M–
N–C) species and metal nanoparticles (NPs). Specifically, the effect is shown on
metal-organic framework (MOF)-derived catalyst pyrolysed at several tempera-
tures, allowing the observation of various structural changes with experimental
and computational methods.

5.2. Structural models

Pyrolysis-derived catalysts contain a variety of NPs and M–N–C species [78,
79]. To model key structures present in these catalysts, several structures were
constructed and optimised. The calculations were performed for 2D-periodic
slabs with at least 14 Å vacuum layer in a non-periodic direction, using 2×2×1
Monkhorst–Pack k-point sampling.

Metal nanoparticle modelling. To represent the surface of bismuth NPs, the
Bi(111) facet was used due to it being the most common cleavage plane and the
stablest Bi facet [80–82]. For Bi(111) models, a 3×3×4 supercell was used, with
the two bottom layers constrained thorough the calculations. The supercell size
was chosen to balance the avoidance interaction between modelled adsorbates yet
keep the calculations reasonably fast.

M–N–C modelling. To represent Bi-N-C moieties in the M–N–C active sites,
three models were constructed: (1) BiN4 embedded in graphene layer, (2) BiN2C2
site embedded in graphene layer with nitrogen in cis positions, and (3) BiN2C2
site embedded in graphene layer with nitrogen in the trans positions. For all three
structures, the model was constructed from a 3×3×1 graphene supercell, and the
active sites were introduced by replacing up to 6 carbon atoms in the structure (as
described in Sec. 4.3).

Adsorbates. The models were combined with adsorbates, denoted as ∗Ads, to
obtain information about the relevant CO2 reduction pathways to CO (∗COOH,
bound to surface via C atom, and ∗CO intermediates) and HCOOH (∗OCHO,
bound to surface via O atom, intermediate). In addition, the competing HER
pathway was considered (∗H intermediate).
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Pathways. The electrochemical reactions considered are as follows:
CO pathway:

∗+CO2 +H++ e− −−→ ∗COOH , (5.1)

∗COOH+H++ e− −−→ ∗CO+H2O , (5.2)

∗CO −−→ ∗+CO . (5.3)

HCOOH pathway:

∗+CO2 +H++ e− −−→ ∗OCHO , (5.4)

∗OCHO+H++ e− −−→ ∗+HCOOH . (5.5)

HER pathway:

∗+H++ e− −−→ ∗H , (5.6)

∗H+H++ e− −−→ ∗+H2 . (5.7)

5.3. Results and discussion

Computational results. The DFT calculation results are given in the Table 1
and predicted Ulim are summarised in Fig. 5. The following facts can be ob-
served: (1) In all cases CO pathway is less favourable than HCOOH pathway
(Ulim HCOOH <Ulim CO). (2) The HCOOH pathway is the most favourable (the low-
est Ulim) on BiN2C2-cis structure. However, when comparing the absolute ener-
gies of BiN2C2-cis and BiN2C2-trans structures (that are isoelectronic), BiN2C2-
trans turns out to be more stable, thus, more likely to be formed. (3) Bi(111) is
more selective towards formic acid (higher ∆Ulim) and active (lower Ulim).
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To further analyse the data, we need to consider FED, which are shown in
Fig. 6. FED provide additional insights: (1) BiN4 binds both ∗COOH and ∗OCHO
intermediates stronger. Interestingly, this causes the CO pathway to become more
favourable, but HCOOH pathway less favourable – explaining the significant drop
in the ∆Ulim and, therefore, lower selectivity when compared to Bi(111). (2) The
strong adsorption of ∗OCHO intermediate on BiN4 could, over time, poison the
active sites as the second reduction step to yield HCOOH has a comparably higher
reaction barrier.
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Table 1. Table of DFT calculated adsorption energies (in eV) for all relevant species.
A comparison data is added for the corrections with previously used literature values
[83].

Species E∗A ZPE
∫

CP dT T S Solv G∗A

BiN4 -523.84 0 0 0 0 -523.84
BiN2C2-trans -524.32 0 0 0 0 -524.32
BiN2C2-cis -524.21 0 0 0 0 -524.21

Bi(111) -168.10 0 0 0 0 -168.10
BiN4–COOH -550.00 0.63 0.09 0.15 -0.30 -549.73

BiN2C2-trans–COOH -549.46 0.61 0.10 0.20 -0.30 -549.25
BiN2C2-cis–COOH -549.95 0.65 0.08 0.13 -0.30 -549.65

Bi(111)–COOH -193.75 0.61 0.10 0.21 -0.30 -193.54
lit. comparison 0.62 0.10 0.18
BiN4–OCHO -551.48 0.67 0.07 0.12 0.00 -550.87

BiN2C2-trans–OCHO -550.37 0.64 0.09 0.18 0.00 -549.82
BiN2C2-cis–OCHO -550.99 0.64 0.09 0.16 0.00 -550.42

Bi(111)–OCHO -194.73 0.65 0.09 0.18 0.00 -194.17
lit. comparison 0.62 0.10 0.23

BiN4–CO -538.83 0.18 0.08 0.16 0.00 -538.73
BiN2C2-trans–CO -539.31 0.18 0.09 0.19 0.00 -539.23
BiN2C2-cis–CO -539.16 0.22 0.06 0.12 0.00 -538.99

Bi(111)–CO -183.15 0.21 0.06 0.11 0.00 -182.98
lit. comparison 0.19 0.08 0.15

BiN4–H -526.68 0.15 0.01 0.02 0.00 -526.54
BiN2C2-trans–H -526.35 0.17 0.01 0.01 0.00 -526.19
BiN2C2-cis–H -526.71 0.17 0.01 0.02 0.00 -526.56

Bi(111)–H -170.42 0.15 0.02 0.02 0.00 -170.30
lit. comparison 0.16 0.01 0.01
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Comparison to experimental data. The computational data explains the exper-
imental observations of CO2RR behaviour on three differently prepared bismuth
MOF-derived catalysts. The relevant summary of experimental results is given in
Table 2. Here, we can note the following: (1) TAL−33−400 experiences a sig-
nificant drop in Faradaic efficiency in 4 hours, which can be attributed to the very
high presence of Metal-Nx species (in computational modelling corresponding to
Bi-N-C surfaces), consistent with the strong binding of ∗OCHO intermediate on
BiN4 surface. (2) The best selectivity (Faradaic efficiency) is observed for the cat-
alyst with the highest metal to Metal-Nx ratio. Consistent with the computational
results that Bi(111) has the highest selectivity towards HCOOH.

Table 2. Summary (for full data and experimental conditions refer to Paper I) of exper-
imental data for bismuth MOF-derived catalyst. FEinitial – Initial Faradaic efficiency for
HCOOH formation, FE4 hours – Faradaic efficiency after chronoamperometry measure-
ments at −1.0 V vs RHE for 4 hours, Surf. Bi – Bismuth surface content as measured by
XPS, Metal-Nx content as measured by XPS.

Designation FEinitial / % FE4 hours / % Surf. Bi / at% Metal-Nx / %
TAL−33−400 90 52 2.6 33.7
TAL−33−500 95 93 2.3 17.0
TAL−33−600 98 94 2.4 7.6

5.3.1. Summary and perspectives

The studied structural effect clarifies the selectivity observed in bismuth MOF-
derived catalysts. Computational modelling demonstrates that a higher mass con-
tent ratio of bismuth NPs compared to M-N-C species results in greater HCOOH
selectivity. This finding underscores the importance of accurately identifying ac-
tive sites and understanding structural effects in electrocatalysts. It also highlights
the pitfalls of wishful thinking in research, where assumptions about catalytic abil-
ities based on elemental properties can lead to incorrect conclusions. The study
emphasises the critical role of computational modelling as a method for predicting
and explaining effects, ensuring more reliable and effective catalyst development.
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6. SURFACE CURVATURE EFFECT IN OXYGEN
ELECTROCATALYSIS

6.1. Literature overview

6.1.1. Oxygen electrocatalysis

Oxygen electrocatalysis, including ORR and OER, is an important set of elec-
trochemical reactions required for electrochemical energy storage and conversion
(ESC) devices [84, 85].

The benchmark catalysts in oxygen electrocatalysis are based on platinum
group metals (PGMs), namely, for ORR, it is Pt, while for OER, it is IrO2 or
RuO2 [86, 87]. The associated problems, such as low abundance and high costs,
with PGMs use are well recognised, leading to a significant amount of research
in alternatives [88, 89]. In particular, M–N–C are of great interest, providing sig-
nificantly better atom utilisation due to the single atom sites (SASs), and much
higher abundance of the commonly used metals, Fe, Ni, Mn, and other first-row
transition group metals [90–94].

From a theoretical perspective, oxygen electrocatalysis is interesting due to
its 4e– mechanism with non-trivial thermodynamics and well-established limita-
tion – scaling relations [95–99]. As it is fundamentally important to understand
and consider what is scaling relations and how they can be dealt with, the next
subsection will focus on it in more detail.

6.1.2. Scaling relations

Mechanisms. To begin the discussion about scaling relations, we must intro-
duce the relevant mechanisms. The most prevalent and most studied oxygen elec-
trocatalysis mechanism is associative mechanism, occurring on SASs, for which
the elementary steps are shown in Eq. 4.9. In contrast, on dual atom sites (DASs),
another common type of mechanism, dissociative mechanism, is possible:

2∗+O2 +H++ e− −−→ ∗O+∗OH , (6.1)

∗O+∗OH+H++ e− −−→ ∗OH+∗OH (6.2)

or ∗O+∗OH+H++ e− −−→ ∗O+∗+H2O (6.3)

∗OH+∗OH+H++ e− −−→ ∗OH+∗+H2O , (6.4)

or ∗O+∗+H++ e− −−→ ∗OH+∗ (6.5)

∗OH+∗+H++ e− −−→ 2∗+H2O . (6.6)

While other possible mechanisms exist and can be found in the literature [100,
101], the aforementioned two form the best basis for our further discussion and
are consistent with the models considered later in the dissertation. First, because
there is a limited set of how adsorbates can transform into one-another via proton-
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coupled electron transfer. Second, because these intermediates are observed by
characterisation techniques in experiment [102].

Scaling relations. In general, the adsorption energies of different adsorbates,
A and B, on the same catalyst are correlated via the expression

∆GA = αA,B ·∆GB +βA,B , (6.7)

where the α is the slope and β is the intercept for a given scaling relation. The
literature offers an explanation for the origin of these parameters; namely, the
slope is determined by the number of bonds between the adsorbate and the surface
(commonly referred to as electron counting rules), while the intercept has a more
complex origin, including neighbouring coordination numbers and nature of the
active site, approximately following a dependence also on the slope, as

βA,B = αA,Bβ1 +β2 . (6.8)

In relation to oxygen electrocatalysis, two scaling relations play an important
role in describing (and limiting) the activity, shown in Fig. 7. First, the most
well-known one links the associative intermediates ∗OOH and ∗OH so that

∆G∗OOH = 1 ·∆G∗OH +3.2±0.2 . (6.9)

The slope is close to 1 due to the hydroxide and peroxide adsorbates, both of
which are of single-bond character, thus consistent with electron-counting rules.
The intercept can be explained in two ways:

1. A standard explanation relates the β value to the free energy difference
between HO –

2 and HO– in an aqueous solution. This difference can be
estimated from the equilibrium potential and dissociation constants as β ≈
[4 ·1.23−2 ·0.69+0.059 · (11.6−14.0)]≈ 3.4eV .

2. An alternative estimation can be obtained by considering Eq. 6.8, as the
slope is 1, it can be simplified to β = β1 +β2. Here, β2 is the free energy
of formation for H2 and H2O (2.46 eV) and β1 is the difference in going
from double bond in O2 to single-bond in ∗OOH. This value can be derived
from the difference in bond dissociation energy values (from literature val-
ues of O2, H2O, and CH3CO3H the estimated range for β1 is from 0.40 to
0.84 eV). Thus, (without considering additional contributions from bonding
and solvation) the estimate for intercept is β ≈ 3.1±0.2eV .

A more contentious one is linking ∗O and ∗OH intermediates, so that

∆G∗O = 2 ·∆G∗OH +0.5±0.7 . (6.10)

The explanation for slope is as follows from electron counting rules, and con-
sidering that ∗O has a double bond, while ∗OH has a single bond to active site,
thus clearly the expected value is around 2. For the intercept, the estimated value
is β ≈ 0.5±0.7eV, agreeing with the fit shown in Fig. 7.
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Figure 7. Scaling relations for key oxygen reduction intermediates, ∗OOH and ∗O vs
∗OH. The solid lines illustrate the commonly accepted slopes and intercepts, while the
shaded region indicates spread in Eqs 6.9 and 6.10. Adsorption energies taken from the
literature [96, 103].

Similarly, we can also consider the scaling for dissociative mechanism (using
the shorthand ∗O/OH to describe DASs with ∗O+∗OH):

∆G∗O/OH = 3 ·∆G∗OH +0.5±0.7 , (6.11)

where the slope of 3 corresponds to the 3 bonds (2 from ∗O and 1 from ∗OH),
while the intercept is from sterical repulsion between the adsorbed on the active
sites.

6.2. Surface curvature effect

6.2.1. Flat or curved?

In computational modelling mostly all materials are considered as flat surfaces.
To give an example, we can consider the vast research on metal surfaces [104],
reviews on the development and screening of M–N–C catalysts [53], studies on
MX-enes [105], or many others [106, 107]. Case in point, the models discussed in
the previous Sec. 5 are all flat 2D structures with periodicity in two dimensions.
The flatness of models is highly convenient and, in a lot of cases, sufficiently
captures the main governing effects of catalytic activity. Nevertheless, as catalyst
design evolves to meet the increasing need for more and more active (and stable)
materials, the edge cases where subtle effects that distinguish curved catalysts
from flat ones become increasingly more interesting.
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A minireview [108] published in 2021 highlights that "Recently, scientists
found that the surface curvature of electrocatalysts could play an important role
for the improvement of catalytic performance and the optimisation of intrinsic cat-
alytic activity during electrocatalytic process". In some way, this is surprising, as
surface curvature is an intrinsic property of many catalysts and, therefore, should
have become an essential consideration a long time ago. The unexplored nature
becomes more apparent when one considers the difficulties of modelling the cur-
vature in comparison to flat catalysts. In particular, introducing curvature in the
models changes the periodicity (or requires unwieldy large models to represent
the curvature periodically), which widely differs from the classical slab models
standard in electrocatalysis [109]. The specific details on introducing curvature
in models depend on the type of catalyst, and further, the discussion is limited to
M–N–C catalysts.

Even within M–N–C catalysts, the curvature can arise in different ways. One
of the first models in the context of M–N–C catalysts that were investigated for
curvature were carbon nanotubes (CNTs) [110–112]. One of the reasons why that
is the case is that this simplifies the modelling because CNTs can be represented
as molecules or straightforward 1D systems. The limitation of focusing on only
CNTs is twofold; first, the system size significantly depends on the size of CNTs,
and so, for large curvatures, the model gets prohibitively large, and second, the
CNTs does not allow modelling concave curvature, commonly observed in amor-
phous catalysts [113]. In contrast, the modelling of general M–N–C catalyst is
rather different, and in literature, has been achieved via modelling strain effect
[114, 115].

6.2.2. Effect of curvature

In general, we can distinguish two ways the curvature can affect a catalyst com-
pared to a reference of flat catalyst. These two effects to be discussed are not
unique to curvature and apply to all catalysts, yet note that curvature allows modi-
fying them more incrementally compared to alternatives (e.g. change of structure).

Geometric effect. This effect reflects the geometric changes in structure due to
a change in curvature. With respect to oxygen electrocatalysis, this can correspond
to a change in active site proximity, thus enabling the alternative pathways (e.g.
switch from the associative pathway to the dissociative one).

Electronic effect. This effect reflects the chemical changes due to atoms be-
ing differently coordinated within a structure due to a change in curvature. The
resulting change in the chemical environment thus causes changes in the, for ex-
ample, electronic structure, which is highly correlated to the adsorption energies
of oxygen intermediates.

In general, both of these are important (and highly coupled), and thus, to ex-
plore both effects in more detail, let us consider the dual-site M–N–C model for
oxygen electrocatalysis.
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6.2.3. Modelling surface curvature effect

Model considerations. A typical M–N–C model can be constructed from a
graphene supercell by replacing 6 of the carbon atoms in the supercell with MeN4
site, as, for example, described in Sec. 5.2. However, to introduce curvature, a 2D
graphene supercell can be replaced with a nanoribbon that is periodic only in one
direction (similar to CNTs). When it comes to nanoribbons, several possible struc-
tures are possible and have been studied for oxygen electrocatalysis. Nevertheless,
in this case, we focus on specific general M–N–C model properties, and nanori-
bon hydrogens serve only to cap the non-periodic direction. Therefore, specific
considerations should be taken into account so that the constructed model resem-
bles a regular M–N–C model system. This is achieved via a sufficient number of
carbon atoms along the non-periodic carbon plane so that resulting MeN4 sites
do not interact with the capping atoms significantly. Additionally, the armchair
nanoribbon is chosen as it provides convenient symmetry.

Introducing curvature. Given that we have a model with one non-periodic di-
rection that we can adjust, the curvature can be introduced by considering a line
in the graphene plane perpendicular to the axis of the periodic direction. Using
a coordinate transformation, this line can be mapped to a circle with a selected
radius r, and accordingly, the atom positions can be moved to correspond to the
new coordinates – resulting in a curved plane of atoms with a specific curvature
radius. Afterwards, the created structure is optimised by keeping selected edge
atoms constrained to keep the curvature yet allow the overall structure to relax.
As it is observed from the calculations, the resulting optimisation doesn’t signifi-
cantly change the introduced curvature.

Oxygen electrocatalysis considerations. As the main focus of the surface cur-
vature effect, as studied here, is oxygen electrocatalysis, a specific choice of the in-
troduced metal sites must be taken. Accordingly, using previous literature knowl-
edge, it seemed interesting to consider two models with (1) two CoN4 sites and (2)
one CoN4 site and NiN4 site. To explain this choice, CoN4 sites are conveniently
close to ideal adsorption energy for ∗OH intermediate, and NiN4 sites have lower
oxygen affinity (higher adsorption energy), and thus a more clear picture of the
secondary effects from the secondary site can be identified. This leads to a model
for the surface curvature effect, where the curvature is induced by changing the
curvature radius.

Model specific considerations. The model with the variable curvature radius
r (thus fixing also angle θ and metal atom distance dr) is shown in Fig. 8. The
descriptor for geometric effect is the metal atom distance; therefore, it is important
to relate this distance with the curvature. Let us consider the distance between
metal centres in the planar configuration as d∞ and the metal atom distance at
pore radius r (and thus specific curvature) as dr. dr can be expressed in terms of r
and θ to yield

dr = 2r sin(θ) . (6.12)
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Figure 8. Computational model for surface curvature effect studies with the relevant
variables.

The chord of the marked circle corresponds to d∞ and therefore in terms of r
and θ , we have that

d∞ =
2θ

2π
·2πr = 2θr . (6.13)

We can solve for θ , so that θ =
d∞

2r
and insert in Eq. 6.12:

dr = 2r sin
(

d∞

2r

)
=

d∞

d∞

·2r sin
(

d∞

2r

)
= d∞ sinc

(
d∞

2r

)
. (6.14)

However, since only a certain range of r makes physical sense (corresponding to
experimentally observable curvatures with the possibility to accommodate adsor-
bates, thus r >3 Å), we can apply Taylor expansion to the Eq. 6.14 so that

dr = d∞ − d3
∞

24
· 1

r2 . (6.15)

We can visually verify the approximation, as shown in Fig. 9. To obtain appropri-
ate spacing in the linearization with respect to 1

r2 , models with curvatures of ∞ (flat
model, reference state), 8.5, 8.0, 6.0, 4.0 Å were created and further optimised.

Figure 9. Inter-site distance dr dependence on the curvature radius r.
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6.2.4. Results of surface curvature effect

Effect on adsorption energies. The primary question with regards to the sur-
face curvature effect is, "How does the curvature affect adsorption energies?". The
effect of surface curvature on oxygen electrocatalysis intermediates is shown in
Fig. 10. We can understand the results by considering both electronic effect from
the curvature and geometric effect, as described above. First, for the electronic
effect we can observe that the adsorption energies increase with the curvature.
From an electronic perspective, it is attributed to the fact that inducing curvature
changes the electronic structure of the active site and, therefore, destabilises the
intermediate adsorption. Furthermore, noticeable is also the fact that for disso-
ciative intermediates, the slope is steeper than that of associative intermediates.
This is an obvious result, as we destabilise the adsorbates on two sites for a dis-
sociative mechanism in comparison to a single site in the associative mechanism.
Nevertheless, an interesting feature is that for the dissociative mechanism on the
2×CoN4 model, the dissociative ∗O/OH adsorption intermediate fit line crosses
the ideal adsorption energy for that intermediate. This leads to a broader inter-
est in the geometric effect and the possibilities of switching the mechanism from
associative to dissociative.

Figure 10. Effect of curvature radius r on the adsorption energies. The green lines indi-
cate the ideal adsorption energy for the given adsorbate.

We find that surface curvature affects adsorption energies with a linear depen-
dence on the inter-atomic distance of the active sites. For significant arising results
from that, we will return in Sec. 6.3. For now, let us consider the implications of
surface curvature on oxygen electrocatalysis in the context of overpotential volca-
noes.

31



Effect on overpotential volcano. The overpotential volcano is a convenient tool
to easily inspect and correlate the adsorption energies to overpotential for oxygen
electrocatalysis. The results for the present study are shown in Fig. 11, from which
we can immediately draw several interesting results. Namely, that:

• For both 2×CoN4 and CoN4 +NiN4, the associative mechanism energies
closely follow the classical scaling relation. Yet it allows fine-tuning the
energy along the scaling relations.

• A more interesting behaviour is observed for the dissociative mechanism
adsorption energies. The dissociative mechanism nicely shows different
scaling relations; we can discuss the slope and intercept in some detail.

Figure 11. Overpotential volcanoes for (a) ORR, (b) OER, and (c) bifunctional oxygen
electrocatalysis. Markers identify the structures calculated in the present study, while the
magenta fit line is used to show the literature data for a general MeN4 active site.

Nevertheless, even though the overpotential volcano is a nice rule-of-thumb
and allows the filtering of the most promising structures, a full analysis in the
form of a FED is needed to precisely determine overpotentials (as the scaling
relations are not holding 100% strictly).

Effect on FED. To obtain a full thermodynamic picture of oxygen electro-
catalysis, FEDs were constructed for the dissociative mechanism on the 2×CoN4
model, as shown in Fig. 12. The main difference from the overpotential volcano
picture is that FEDs consider the exact energies instead of using the scaling rela-
tion approximation (∆GO ≈ 2 ·∆GOH) that are used to construct volcanoes. Thus,
an interesting feature arising from considering the full FED picture is that the pre-
dicted bifunctional overpotential (0.45 V) is noticeably lower than that predicted
just by the overpotential volcano picture (≈0.7 V). Nevertheless, even the FED
does not capture all the aspects of oxygen electrocatalysis. In reality, the disso-
ciative mechanism can instead be limited by the dissociation of O2, which is not
an electrochemical step. To explore the possibility of splitting O2, NEB analyses
were performed to obtain an estimate for the kinetics of dissociation.

32



Figure 12. FED at oxygen reduction and evolution equilibrium potential for 2×CoN4
model with dissociative mechanism.

Geometric effect and NEB. Up to now, we have stated that the geometric effect
of surface curvature can bring the two sites closer together and thus induce the
switch to a dissociative mechanism. The geometric effect of the switching can be
quantified by a descriptor – here, we use the energy barrier as obtained from NEB
to switch from ∗OOH intermediate to ∗O/OH intermediate. The energy changes
along the reaction coordinate when switching between these intermediates are
shown in Fig. 13. The peak of the interpolated free energy approximates the
dissociation barrier needed to switch the mechanisms.

Figure 13. Nudged elastic band calculations for the oxygen dissociation.

An interesting comparison can be made between the dissociation barrier (ki-
netic effect) versus the obtained gain with respect to scaling relations (GO/OH −
GOOH, thermodynamic effect). These results are summarised in the Table 3. With
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the aid of this table, we can clearly distinguish the geometric effect with the de-
crease in dissociation barrier Ga as the curvature increases, and electronic effect
with the change of intermediate adsorption energy difference changing.

Table 3. NEB calculation results contrasted with the change in adsorption energies for
dissociative and associative intermediates. More negative GO/OH −GOOH indicates more
favourable dissociative mechanism, while smaller Ga indicates more favourable dissocia-
tion barrier.

r / Å Ga / eV GO/OH −GOOH / eV
∞ 0.97 −0.45

8.5 0.78 −0.19
8.0 0.68 −0.18
6.0 0.51 −0.18
4.0 0.32 0.07

6.2.5. Summary and perspectives

The surface curvature effect on M–N–C catalysts affects the adsorption energies
(via the change in electronic structure – electronic effect) and the reaction pathway
(via the change in the intersite distance – geometric effect).

In relation to oxygen electrocatalysis, this means that a curved M–N–C cata-
lyst can bring two active sites close enough to enable the dissociative pathway and,
therefore, break the scaling relations leading closer to the apex of the overpotential
volcano at the same time further increasing the bifunctional activity. The surface
curvature effect further allows to fine-tune the dissociative mechanism intermedi-
ate adsorption energies to optimise the overpotential for the given mechanism.

Additionally, of particular importance is the finding that the adsorption ener-
gies are linearly changing with the curvature. This leads to fascinating predictions
in the context of dynamic catalysts, as we will discuss in the next section.

We can also imagine the perspectives that the surface curvature could apply
to the discussion in Sec. 5. Particularly, the electronic effect part of the surface
curvature effect could be used to raise the adsorption energy of ∗OCHO interme-
diate, thus reducing the Ulim for the limiting step of ∗OCHO reduction to formate.
However, the application requires a few more considerations that have not been
researched; for example, how would the other pathway intermediates, ∗H and
∗COOH, be affected by the curvature? Here, only the adsorbates that bind to the
surface via oxygen atoms have been considered, yet from a theoretical perspec-
tive, the behaviour of adsorbing via carbon or hydrogen can result in different
dependence (and magnitude) of the change in adsorption energy with curvature.
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6.3. Geometry adaptive catalysts

6.3.1. Static or geometry adaptive?

The structure of catalysts is always in thermal motion. The atoms translate, rotate,
and vibrate. The speed of these motions is comparable to catalytic turnover fre-
quencies. In computations, a general focus is on stable, thermodynamic minima.
The adsorbate kinetics in reactions are also considered important. The structural
changes of the catalyst during the reaction are less explored.

A common strategy in electrocatalysis for observing interesting phenomena is
by referring to nature citebarrioBioinspiredBioderivedAqueous2023. The phe-
nomena of structural changes during catalysis is no exception. A well-known
reference molecule is cytochrome c oxidase (CcO), inspiring many research di-
rections in an attempt to mimic its activity [116]. Notably, looking closely at
the mechanism explaining the CcO activity, one can observe a change in Fe–Cu
distance during the reaction, which is a sign of geometry adaption.

To note examples of artificial catalysts where geometry adaption has been
shown to play an important role, we can refer to platinum nanoclusters [117].
Sufficiently small Pt-nanoparticles are highly dynamic and, during the reaction,
can adjust their shape according to the adsorption intermediate. In this particular
example, the dynamics depend on the size and concentration of the nanoparti-
cles (with a highly complex energy landscape) and also on the temperature of the
reaction.

The perspective of dynamic electrocatalysis made us reevaluate the surface
curvature effect in a new light of the possibility of geometry adaptive catalysts.
An interesting note is that compared to other forms of geometry adaptation, the
surface curvature provides a straightforward linear relation between geometry and
adsorption energy. Thus, it can be considered an ideal model system to explore
geometry adaptive catalysis.

6.3.2. Results of geometry adaptive catalysis

Taking previous results from the Sec. 6.2 and augmenting with two new curvatures
(4.5 – ideal curvature from fit for ∗OH intermediate, and 21.2 – ideal curvature
from fit for ∗O/OH intermediate) provides a dataset to begin the discussion of
geometry adaptive catalysts.

First, we can evaluate the fit of the adsorption dependence on curvature, which
proved to be rather precise, as indicated by the fact that the newly calculated points
almost perfectly correspond to ideal adsorption energies as shown in Fig. 14 (as
expected).

Second, we can imagine a catalytic cycle that involves both of these ideal
states, illustrated in Fig. 15. This is possible as both of the states have the same
structure, and the only difference between them is in their geometry. In Fig. 16
we consider the FED for the resulting cycle. Notably, the resulting diagram for
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Figure 14. Adsorption energies for 2×CoN4 model at different curvatures with BEE
estimates. The coloured dots indicate the newly calculated points (magenta – curvature
radius of 21.2 Å, blue – curvature radius of 4.5 Å).

the adaptive state is almost flat, with some slight deviation from completely flat
due to the natural uncertainty in the adsorption energies from the fit. Additionally,
we note that the location of blue states, located around 2.6 eV above the magenta
states, indicate the energy needed to change between the states.

Figure 15. Atomic rendering of geometry adaptive catalysis cycle for oxygen electro-
catalysis.

Thus, while it is possible to bypass the scaling relations by having two catalytic
states during the reaction. One problem remains – the energy needed to change
between the states. Accordingly, in the next section, we explore the effect of the
energy needed to change the states to the magnitude of the observed effect in the
change of overpotential in more detail.
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Figure 16. FED at oxygen reduction and evolution equilibrium potential for geometry
adaptive catalysis. The energy levels for the adaptive pathway, shown in Fig. 15, are
raised in energy by 0.5 eV to distinguish the path graphically.

6.3.3. Pareto analysis

The predicted catalyst, perfectly bypassing scaling relations, requires high curv-
ing energy for operation. Herewith, there is an infinite number of switching be-
tween other geometric states with a lower curving energy penalty. In Paper III,
we considered pairwise combinations of calculated curved states. We showed the
overpotential (estimated from scaling relations using fit lines) dependence of cur-
vature energy (energy needed to change between the two states) for a selected
range of combinations in Fig. 17. Noticeably, a Pareto front is observed, which
describes the trade-off between mechanical (curvature energy) and electrochemi-
cal costs (overpotential).

With respect to the Pareto front, one can note two interesting features:
• To reduce the overpotential by around 0.1 V, a significantly less amount of

curvature energy of 0.6 eV is necessary. This improvement by 0.1 V is gen-
erally comparable to that of other strategies to circumvent scaling relations,
and the energy needed is comparable in scale to the relevant energies (e.g.
oxygen dissociation energy). Also to note, as previously mentioned, the
overpotential estimated from scaling relations is somewhat overestimated
when compared to complete FED analysis.

• The slope of the Pareto front has a specific meaning that can be used as a
descriptor in geometry adaptive catalysts. In general, the slope corresponds
to the "difficulty to change the structure", where catalysts that are easier
to geometrically adapt would show steeper slopes. For example, in the
ideal case, very little mechanical energy should be needed to achieve zero
overpotential.
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Figure 17. Pareto plot for geometry adaptive catalysts. The markers represent possible
combinations of geometric states in the reaction circle, and the colour gradient marks
the distance from the Pareto front (marked with a blue line). The transparent blue lines
indicate possible improved Pareto fronts for future catalysts.

Even though we exemplify the geometry adaptive catalysis on M–N–C cat-
alysts via surface curvature, other possibilities are imaginable. For example, in-
stead of using the energy of curving (which, unfortunately, is rather high), one can
use rotational degrees of freedom of carbon nanotubes or C60, cis-trans isomerism
from N−−N bonds, metal nanocluster rearrangement, and many others [118, 119].
Furthermore, an interesting point to explore in future is whether the curving en-
ergy is reversible or irreversible, which likely depends on the catalyst.

6.3.4. Summary and perspectives

We show that geometry adaptive catalysts can potentially bypass the scaling re-
lations and, in theory, reduce the thermodynamic overpotential almost to 0 V.
In turn, the limiting factor becomes the energy needed for geometry adaption.
Thus, of significant interest is potential research for geometry adaptive catalysts
with less energy required to adapt geometry.

38



7. CONCLUSION

Density functional theory (DFT) calculations have been employed to study the
structural effect on the CO2 reduction reaction and the geometrical effect on the
O2 reduction reaction. Contrasting these separate studies has revealed a new per-
spective on discrete and continuous changes in electrocatalysis.

The discrete changes are typical for varying composition and structure, as il-
lustrated by CO2 reduction to CO and HCOOH at Bi(111) and Bi-N-C surfaces.
The modelled structural effect clarifies the selectivity observed in bismuth MOF-
derived catalysts. Namely, a higher mass content ratio of metal nanoparticles
compared to M–N–C species results in higher HCOOH selectivity. From the mod-
elling perspective, this is explained by limiting potentials.

The continuous changes induced by varying geometry (namely curvature) have
been predicted for the first time for O2 reduction at Ni/Co-N-C surfaces with dual-
atom sites. This work introduces curvature as a new variable in electrocatalysis.
First, the geometrical effect of has been evaluated in the context of strategies to
break scaling relations, where it can enable the switching of mechanisms via the
geometrical effect, resulting in better bifunctional activity and lower overpoten-
tials. Second, based on the revealed linear dependence between curvature and
adsorption energy, the principles of geometry adaptive catalysis have been for-
mulated. It is predicted that achieving zero thermodynamic overpotential at the
mechanic cost of switching between two geometric states is possible.

A deliberate application of the geometrical effect and experimental realisation
of geometry adaptive catalysis can significantly increase the efficiency of cru-
cial reactions: oxygen evolution (in electrolysers and batteries), oxygen reduction
(in fuel cells and batteries), carbon dioxide reduction (for power-to-X and carbon
neutrality), and nitrogen reduction (for green ammonia production).
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SISUKOKKUVÕTE

Struktuuriliste ja geomeetriliste efektide modelleerimine
süsinikdioksiidi ja hapniku elektrokatalüüsis

Doktoritöö eesmärk on uurida struktuuriliste ja geomeetriliste muutuste mõju elekt-
rokatalüütilistele reaktsioonidele, kasutades tiheduse funktsionaalse teooria (DFT)
arvutusi. Doktoritöö uuringud on keskendunud CO2 redutseerimisreaktsioonile ja
O2 redutseerimisreaktsioonile, pakkudes uusi perspektiive elektrokatalüüsi disk-
reetsetele ja pidevatele muutustele.

Diskreetsed muutused on iseloomulikud erineva koostise ja struktuuriga kata-
lüsaatoritele. Näiteks on CO2 redutseerimist CO-ks ja HCOOH-ks uuritud Bi(111)
ja Bi-N-C pindadel. Modelleeritud struktuurilised efektid selgitavad vismuti-põhisest
metall orgaanilisest võrestikust saadud katalüsaatorites täheldatud selektiivsust.
On leitud, et suurem metalli nanoosakeste massisisaldus võrreldes M-N-C tsent-
ritega toob kaasa kõrgema HCOOH selektiivsuse. Modelleerimise seisukohalt on
see seletatav piirpotentsiaali kaudu.

Pidevaid muutusi, mis tulenevad geomeetrilisest erinevusest (eelkõige kõve-
rusest), on ennustatud O2 redutseerimise reaktsioonil kaheaatomiliste tsentritega
Ni/Co-N-C pindadel. Antud doktoritöö tutvustab kõverust kui uut muutujat elekt-
rokatalüüsis. Geomeetrilist efekti hinnatakse skaleerimisseoste katkestamise või-
me kontekstis, kus see võib võimaldada mehhanismide muutmist geomeetrilise
efekti kaudu. Selle tulemusel võib saavutada parema bifunktsionaalse aktiivsuse
ja madalama ülepinge.

Lisaks on geomeetrilise kõveruse ja adsorptsioonienergia vahelise lineaarse
sõltuvuse põhjal sõnastatud geomeetria kohandamise katalüüsi põhimõtted. Eel-
datakse, et termodünaamilise ülepinge nulli saavutamine kahe geomeetrilise oleku
vahel vahetamisega on võimalik. Geomeetrilise efekti tahtlik rakendamine ja geo-
meetria kohandamise katalüüsi eksperimentaalne teostamine võib märkimisväär-
selt suurendada oluliste reaktsioonide tõhusust, sealhulgas hapniku eraldumine
(elektrolüüsiseadmetes ja akudes), hapniku redutseerumine (kütuseelementides ja
metal–õhk akudes), süsinikdioksiidi redutseerumine (energiamuundamisseadmed
ja süsinikuneutraalsus) ja lämmastiku redutseerumine (rohelise ammoniaagi toot-
mine). Kokkuvõttes toovad need uuringud esile uued võimalused ja strateegiad
elektrokatalüüsi täiustamiseks läbi struktuuriliste ja geomeetriliste muutuste.
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