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The rational design of catalysts from first principles remains a central but still elusive goal
of modern quantum chemistry. Although advances in computing power and electronic-
structure methods have made predictive modelling increasingly feasible, accurately
forecasting catalytic activity from theory alone remains challenging. Single-atom
catalysts (SACs), with their more defined active sites, offer in principle simplified models
compared with conventional heterogeneous systems, yet in many cases discrepancies
between theoretical predictions and experimental results persist. Using the hydrogen
evolution reaction (HER) as a prototypical case, this study analyses the limitations of
current computational approaches, particularly those based on the computational
hydrogen electrode (CHE), and the problems arising when theoretical predictions are
compared with experimental evidence. Factors contributing to these discrepancies
include the sensitivity of reaction thermodynamics to the local atomic environment, the
often-unknown experimental structure of SACs, and the neglect of reaction
intermediates that form on SACs and not on extended metal surfaces. Additional
challenges arise from solvent effects, catalyst evolution under operating conditions, and
the potential instability of theoretically designed materials under realistic
electrochemical environments. Furthermore, intrinsic approximations in density
functional theory introduce uncertainties that hinder quantitative accuracy. Overall, the
CHE model, while valuable for identifying general trends, does not include many critical
terms that contribute to the activity of untested catalysts. Progress toward the true
rational design of catalysts will require integrating these chemical complexities and
uncertainties, potentially through artificial intelligence and data-driven methods, to
develop more robust descriptors and predictive frameworks.

1 Introduction

One of the most challenging goals of computational chemistry is the design in
silico of new materials with unprecedented properties. In the field of catalysis, this
implies the ability to predict the activity (and the stability!) of a novel catalyst in
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a given chemical reaction. Over the past 15 years, there has been an explosion of
computational studies devoted to single-atom catalysts (SACs), systems where the
active sites correspond to highly dispersed transition-metal (TM) atoms anchored
on solid supports.’™ SACs are particularly attractive for several reasons: (a) every
metal atom is isolated and exposed as an active site, meaning 100% utilization of
precious metals (e.g., Rh, Pd, Pt); this drastically reduces cost and waste; (b) single
atoms exhibit different electronic configurations compared to bulk metals or
nanoparticles; this can create unusual reactivity and selectivity not accessible in
conventional catalysts; (c) since the active sites are better defined and more
uniform, SACs can achieve higher selectivity in chemical transformations,
avoiding side reactions common with nanoparticles; (d) the coordination envi-
ronment (support interactions, neighbouring atoms, defects) can be precisely
engineered to control catalytic performance; (e) properly anchored single atoms
(on supports like graphene, metal oxides, MOFs) can resist sintering or leaching
better than nanoparticles, improving catalyst lifetime; (f) finally, SACs combine
advantages of homogeneous catalysts (single sites, high selectivity) with hetero-
geneous catalysts (stability, reusability, easy separation).*

Another key reason for the strong interest of theoretical chemists in SACs is
that they provide ideal model systems for studying catalytic mechanisms at the
atomic scale, enabling direct correlations between structure and reactivity. This is
especially true for SACs in which TM atoms are stabilized on two-dimensional
supports such as graphene, MoS,, etc. In such cases, modelling is greatly
simplified: the bulk properties of the material need not be reproduced, and
a single atomic layer is often sufficient to capture the relevant chemistry. This
structural simplicity, compared to the complexity of supported metal nano-
particles, has spurred a surge of first-principles studies aimed at screening and
designing new catalysts. By reducing computational complexity while retaining
essential chemical accuracy, SACs serve as powerful platforms for theory-driven
catalyst discovery.

Another factor driving the growth of computational studies in this field is the
(apparent) relative simplicity of key reactions central to the energy transition: CO,
and N, reduction, and above all, water splitting, where the hydrogen evolution
(HER), oxygen evolution (OER), and oxygen reduction (ORR) reactions play pivotal
roles. The popularity of these topics is closely linked to the computational
hydrogen electrode (CHE) model, an elegant and powerful framework introduced
by Nerskov and co-workers® that greatly simplifies the theoretical treatment of
electrochemical processes. Thanks to this approach, electrochemical reaction
energetics can be evaluated without explicitly modelling the electrode potential or
the solvated proton, which dramatically reduces computational complexity while
preserving predictive power. The impact of the CHE model is evident: more than
100 000 DFT studies on the HER alone have been published to date, of which
around 5000 focus on SACs.*

The large volume of computational studies has naturally produced a high
number of predicted catalytic systems. The key question, however, is how many of
these predictions are actually confirmed by experimental validation. To explore
this point, we focus on a specific case of SACs, TM atoms stabilized in nitrogen-
doped graphene (TM@N-Gr).” Graphene itself is chemically inert but possesses
excellent electrical conductivity. When doped with nitrogen, it provides strong
anchoring sites capable of stabilizing isolated metal atoms. Moreover, different
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Table 1 Measured versus calculated overpotentials, n, for the HER on various TM@4N-Gr
systems. The calculated overpotentials correspond to Gibbs free energies of H adsorption
on the TM site by considering the formation of the MH intermediate (") (see next section
for further details). Measured overpotentials are taken at current density equal to 10 mA

cm

Exp 7°P/mV Ref. DFT(PBE) n™/mv
V@N-Gr Unreactive 8 160
Co@N-Gr 230 9 130
Co@N-Gr 30 10 130
Ni@N-Gr 530 9 1650
Rh@N-Gr 29 (acid)-45 (alkaline) 11 280
Ru@N-Gr 32 12 460
Ru@N-Gr 34 13 460
Ru@N-Gr 11 (acid)-54 (alkaline) 14 460
W@N-Gr 590 9 1050
Pt@N-Gr 30 15 1630
Pt@N-Gr 47 16 1630
Ce@N-Gr =40 17 270
N-Gr 508 16 1630

nitrogen configurations, pyridinic or pyrrolic, create distinct electronic environ-
ments, making nitrogen-doped graphene (N-Gr) a versatile support. The literature
already reports hundreds of DFT studies on TM@N-Gr applied to the HER.

The number of experimental studies on TM@N-Gr is considerably smaller.
Nevertheless, we identified at least a dozen cases where the activity of TM@N-Gr
SACs has been reported. We discuss the applied overpotential (Table 1) at 10 mA
em ™2 as a proxy to quantify the catalytic activity. This is a common practise,
although one should keep in mind that a proper treatment would require the
study of the dependence of the measured current density on the applied over-
potential. Nevertheless, the analysis of the overpotential at a fixed current density
provides, in principle, a basis for assessing the reliability of theoretical predic-
tions. For the sake of comparison, Table 1 lists the computed overpotentials
corresponding to the experimentally known systems. These values were obtained
at the DFT level using the PBE functional (see below for further details), which
remains the most widely adopted in this field. For the structural model we worked
under the assumption that the TM is incorporated into a pyridinic cavity. Both the
choice of functional and the assumed coordination environment introduce
uncertainties in the reported values, as we will discuss in detail in the rest of the
paper. Nevertheless, pyridinic coordination is by far the most common structural
model employed in theoretical studies of SACs based on N-Gr.

Experimental overpotentials for the HER have been reported for V, Co, Ni, Rh,
Ru, W, Pt, and Ce @N-Gr.*” In one case, even the activity of the N-Gr support
itself has been investigated.'® For Co@N-Gr, different overpotentials have been
reported, 230 mV® and 30 mV,** probably due to voltammograms being obtained
in H,SO, 0.5 M at different scan rates, 10 versus 2 mV s~ ', respectively. Over-
potentials close to 0 mV correspond to active catalysts, and vice versa. The
comparison between theory and experiment, however, proves disappointing.
With the exception of Co, and, to some extent, Ce, for which DFT(PBE)

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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calculations predict relatively high activity, the results diverge significantly. The
most striking discrepancies concern Pt and Ru: both are experimentally highly
active, yet DFT calculations classify them as completely inert. Conversely, V is
predicted to be an efficient catalyst but has been found experimentally to be
inactive. For Ni and W, large quantitative differences emerge between computed
and measured overpotentials (Table 1).

The focus of this article is to understand the origin of these significant deviations.
We will argue that applying the CHE approach to SACs without accounting for
additional key factors can lead to misleading predictions of catalytic activity. These
limitations come on top of well-known challenges in modelling solid systems,
including uncertainties in identifying the true active site, possible structural and
chemical evolution of the catalyst under operating conditions, stability issues, and the
inherent variability introduced by different exchange—correlation functionals. Only by
carefully addressing all these effects together can reliable predictions be made
regarding the structure and activity of a given catalyst.

2 Modelling the hydrogen evolution reaction
2.1 The computational hydrogen electrode (CHE) model

In electrochemistry, the overpotential () of a reaction is defined as the extra
potential (voltage) that must be applied to an electrode, beyond the thermody-
namic equilibrium potential, in order to drive the electrochemical reaction at
a desired rate:

n= Uonset - Ueq (1)

where Ugnse is the actual electrode potential under operating conditions and Ueq
is the equilibrium (or Nernst) potential, which is the thermodynamically required
potential for the reaction to occur without kinetic hindrance. The CHE approach®
sets the chemical potential of a proton-electron pair (H" + €~) equal to half the
chemical potential of an H, molecule under standard conditions (T = 298 K,
p(H,) = 1 bar):

W(H' + ) = 172 u(Hy) @)

This provides a convenient computational reference for electrochemical
reactions involving protons and electrons, such as the HER. The hydrogen
evolution reaction (in acidic medium) is:

2Hug) " + 266 — Hag 3)

Using the CHE, instead of modelling solvated protons and the electrode
explicitly, one references the free-energy change of adding one (H' + e~) couple to
half the energy of H,. Thus, the free-energy change for hydrogen adsorption, H*,
on a catalyst surface is written as:

AGH = AEH + AEZPE - TASH (4)

where AEy is the DFT-calculated adsorption energy of H, and the reference for the
proton-electron pair is 1/2 E(H,). In this way, the H adsorption energy becomes
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the key descriptor of the activity of a catalyst in the HER. In particular, if AGy =0,
there is no thermodynamic barrier for the HER, and the catalyst is expected to be
optimal, with its AGy at the apex of the classical volcano curve. Catalysts on the
left-hand side (strong-binding region) have limited activity because intermediates
bind too strongly, poisoning the surface; catalysts on the right-hand side (weak-
binding region) have low activity because the intermediates bind too weakly to
stabilize transition states or form reactive species. In this framework, only species
at the apex of the volcano correspond to an optimal binding energy where the
trade-off is balanced, leading to the highest catalytic activity, following the
Sabatier principle.

To simulate the electrode potential U, one shifts the free energy of each
transferred (H' + e7) couple by —eU. This makes it possible to compute reaction
free-energy diagrams for the HER and other electrocatalytic reactions from DFT
data without directly simulating an electrochemical interface. For a reaction
involving n proton—-electron coupled transfer steps, the onset potential is given by

Uopnset = Max{AG,,..., AG,}/e (5)

This is referred to as the potential determining step (PDS). Determining n and
the PDS allows one to predict the performance of a given electrochemical reac-
tion, such as the HER. In the following we discuss more in detail the factors that
affect the calculation of AGy, the key quantity in the CHE model of HER.

2.2 Details of the calculations

For the results reported in this paper, we performed spin-polarized density
functional theory (DFT) calculations as implemented in the Vienna Ab-initio
Simulation package (VASP)."*** If not differently mentioned, the Perdew-Burke-
Ernzerhof (PBE) exchange and correlation functional was adopted.” The effect of
core electrons on the valence electron density was accounted for by means of the
projector augmented wave (PAW) method.”* The valence electron density was
expanded on a plane-wave basis set with a kinetic cutoff equal to 400 eV. The
threshold criteria for electronic and geometry loops were set to 10> eV and
1072 eV A7, respectively. A 2 x 2 x 1 Monkhorst-Pack k-point grid® was used to
sample the reciprocal space. Grimme’s D3 parametrization scheme was adopted
to account for dispersion interactions.”

The N-Gr support was modelled starting from a graphene nanosheet, with a (4
x 4) supercell, where a carbon divacancy was created and four carbon atoms were
replaced by four nitrogen ones. The metal atoms have been incorporated in the
resulting cavity. The atomic coordinates were fully relaxed. Artificial interactions
within the slab plane, along with their effects on the electronic structure and
atomic relaxations, are minimized, though not entirely eliminated, by the 4 x 4
unit cell. A vacuum layer of 15 A was added to avoid spurious effects due to
interaction between periodic replicas of the system.

3 Results and discussion
3.1 Role of the local coordination

In the Introduction, we have shown that the use of AGy as a proxy of the activity of
a catalyst in the HER does not produce reliable results when one compares the

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fd00112a

Open Access Article. Published on 28 April 2026. Downloaded on 4/29/2026 10:17:45 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

theoretical values with the limited existing experimental data (Table 1). Several
reasons can contribute to this discrepancy, but we will show in the following that
the application of the CHE approach for SACs has intrinsic limitations that can be
surmounted if one carefully considers other contributions and possible situations
arising during the reaction.

A major challenge in comparing theory with experiment in heterogeneous
catalysis lies in the fact that the true nature of the active site is rarely known with
certainty. This has nothing to do with the CHE model, yet it remains a critical
aspect. In recent years, several advanced techniques have been employed to
achieve atomistic characterization of the local environment around active species.
These include microscopy methods such as high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) and aberration-corrected
STEM, as well as spectroscopic approaches such as X-ray absorption spectroscopy
(XAS), X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance
(EPR), and infrared (IR) spectroscopy with probe molecules.?*** Despite these
advances, the precise coordination of a single atom on a solid support often
remains unresolved, complicating direct comparisons with theoretical models.
This is even more challenging if one considers that the observed catalytic activity
often arises from the combination of different factors due to a non-homogeneous
dispersion of the active phase.”®

Focusing on the case of N-Gr, the TM is coordinated to four nitrogen atoms
(4N-Gr), typically forming a square-planar or slightly distorted geometry. Two
distinct arrangements are possible in this configuration: pyridinic and pyrrolic. In
both cases the TM is coordinated to four N atoms, but in the pyridinic structure
the N atoms are at the apex of a six-membered ring of C atoms, while in the
pyrrolic form they are part of a five-membered pentagonal ring. Other coordina-
tion motifs are also plausible, in which the metal atom is bound to only three or
two nitrogen atoms. Experimental measurements may in fact probe a mixture of
such sites, adding further complexity to the interpretation of results.

Even when restricted to the square-planar cases (pyridinic vs. pyrrolic), the
structural differences are sufficient to influence catalytic performance. Ye et al.””
systematically compared these two arrangements, demonstrating that they can
yield distinct values of AGy (Table 2). For some TMs (e.g., Co, Fe, Ni), AGy

Table 2 DFT Gibbs free energies of H adsorption (AGy, eV) on SACs with pyridine-4N-Gr
and pyrrole-4N-Gr coordination. From ref. 27

SAC Pyridine-4N-Gr Pyrrole-4N-Gr
Co 0.147 0.185
Cr 0.290 0.462
Cu 1.533 1.913
Fe 0.440 0.420
Mn 0.335 0.611
Ni 1.394 1.353
Sc —0.394 —-0.314
Ti —0.662 —0.313
v —0.387 —0.016
Rh -0.307 —0.547
Ru —0.606 —0.524

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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remains nearly identical across both structures. However, for others (e.g., V, Ti,
Mn, Cu, Rh), the difference can exceed 0.3 eV. Within the CHE framework, this
translates into dramatic differences in catalytic activity. For example, V@4N-Gr in
the pyrrolic configuration exhibits an overpotential as low as 16 mV, qualifying as
an excellent catalyst, whereas the pyridinic counterpart performs poorly with an
overpotential of 387 mV (Table 2).>

Even more important is the role of the coordination sphere if one replaces
the N ligands with other light atoms, such as C or O. In a computational exper-
iment,?® 24 different TMs were incorporated into 4N-Gr and their catalytic activity
toward the HER was evaluated. Then, a Pt atom was chosen as a representative
metal centre and embedded in the same 4N-Gr framework but the N atoms
surrounding Pt were then systematically substituted with C or O atoms, gener-
ating more than 20 distinct structures. Thus, in the first case, the HER activity was
assessed as a function of the TM by keeping the support fixed, while in the
second, the metal centre was held constant while varying its local coordination
environment (Fig. 1).

These two strategies reveal an important insight: comparable variability in
catalytic performance can arise either from changing the active metal centre or
from altering the chemical nature of its surrounding environment. In particular,
AGy was observed to shift from +2.1 eV (Au@4N-Gr) to —1.0 eV (Hf@4N-Gr) as the
TM was varied, with Co, V, and Rh exhibiting especially low overpotentials, an
outcome consistent with the wide variability of TM properties. Similarly, when
changing the nearest neighbours, Pt@C,N,0,-Gr displays AGy values ranging
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Fig.2 OCO bond angle of CO, adsorbed on TM@N-Gr, TM@Au(111) and TM@TIN (TM =
Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt). The deviation from 180° is a proxy of the extent of CO,
activation. Reproduced from ref. 30 (distributed under the terms of the Creative Commons
CC BY license).

from +1.5 eV to —1.5 eV, covering a span of 3 eV, comparable to the range obtained
by changing the TM (Fig. 1). These results highlight that similar reactivity trends
can be achieved either by varying the TM while keeping the support fixed, or by
fixing the metal centre and tuning the support through local doping.*®

These results clearly demonstrate that the specific coordination environment
of the TM strongly influences its chemical properties.>® Even subtle variations in
the surrounding atoms can lead to significant shifts in the calculated
overpotentials.

The role of the support in determining the activity of supported TM atom is
shown also by the analysis of bonding and activation of CO, to nine TMs (Fe, Co,
Ni, Ru, Rh, Pd, Os, Ir, Pt) embedded on three different supporting materials:
nitrogen-doped graphene (4N-Gr), the Au(111) surface, and titanium nitride
(TiN).** The O-C-O bond angle provides a particularly robust descriptor of CO,
activation: the greater the deviation from 180°, the stronger the activation. In
general, CO, activation on SACs is challenging, as only a limited number of metal
atoms can effectively bind and activate the molecule. SACs supported on 4N-Gr
and Au(111) displayed poor binding ability, whereas TiN emerged as a highly
promising support, markedly enhancing CO, activation (Fig. 2). Notable trends
include the following: Ru and Os can activate CO, on all supports; Rh and Ir are
inactive on 4N-Gr but become active when stabilized on Au(111) or TiN (in either
Ti or N vacancies); Fe, Co, Ni, Pd, and Pt show activity exclusively when supported
on TiN.** These findings highlight the strong synergistic effect between the TM
atom and its surrounding environment in governing the overall catalytic activity.

To summarize, in this section we have provided strong evidence that the
catalytic activity of a SAC depends delicately on the local structural arrangement,
the atoms directly bound to the SAC, and the electronic nature of the support. In
this sense, there is no truly “isolated” single-atom catalysis, since chemical
activity arises from the interaction of the active site with its surroundings. A
meaningful comparison between theory and experiment is only possible when the
theoretical models used in simulations closely resemble the actual experimental

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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structures. At the same time, even the prediction of highly active catalysts can be
difficult to translate into practice, as it requires controlling the outcome of
synthetic procedures with atomistic precision.

3.2 What is the active site?

SACs can be supported on a wide range of materials, including oxides, sulfides,
MXenes, nitrides, and metals.® In certain cases, the term single-atom alloy is
used to describe systems where a TM atom substitutes host metal atoms within
a metallic support.®* In such situations, it is expected that the TM impurity is not
the sole active site for stabilizing reaction intermediates. For example, we have
shown that hydrogen atoms can bind with comparable strength to neighboring
atoms surrounding the TM site in both metals and TiN surfaces.**** Similarly, on
oxide supports, hydrogen atoms can interact with surface oxygen atoms to form
hydroxyl (OH) groups. This leads to the occurrence of direct and reverse hydrogen
spillover phenomena,* resulting in a complex and dynamic behavior of surface
species.

An important question is whether the same effect occurs in SACs stabilized on
carbon-based matrices, such as graphene or doped graphene. Some studies have
suggested that this may indeed be the case.?” To investigate this, we computed the
free energy of H adsorption on the bare support (4N-Gr) and on two SACs, Ti@4N-
Gr and Rh@4N-Gr (see SI, Tables S1-S5 and Fig. S1-S20). We then compared the
binding strength of H at different surface sites (Fig. 3). Specifically, in addition to
the TM site, we examined adsorption on the nearest-neighbor N atom and on
three C atoms located in the second and third coordination shells (Fig. 3).

Hydrogen binds strongly to the N site of the bare 4N-Gr support, with a free
energy of adsorption AGy = —1.63 eV (Table 3). This strong binding is not
surprising due to the undercoordinated nature of the N atom (see also Fig. S1). In
contrast, all C sites exhibit large positive AGy; values. Overall, DFT calculations
predict that 4N-Gr would require a prohibitive overpotential of 1630 mV for the
HER, according to the CHE model. Experimentally, an overpotential of 508 mV
has been reported for N-doped graphene,'® which corresponds to an inactive
catalyst. Direct comparison between theory and experiment is challenging,

C2-site

Fig. 3 Various adsorption sites for H atoms near the TM in TM@4N-GCr.

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Table 3 DFT Gibbs free energies of H adsorption (AGy, eV) on different sites of SACs with
pyridine-4N-Gr structure

4AN-Gr Ti@4N-Gr Rh@4N-Gr
TM-site — —0.85 —0.29
N-site —1.63 0.82 Unbound
C-site 1.55 0.38 1.31
C1-site 1.31 0.36 0.82
C2-site 0.94 0.89 0.74

however, because the precise atomic structure of the material is not well defined.
Moreover, processes such as electrochemical oxidation or defect formation can
generate new active sites during operation. In such cases, the observed exchange
current may reflect not only the intrinsic activity of the pristine carbon matrix but
also that associated with potential-driven structural modifications and
degradation.

Next, we analyzed the case of Ti@4N-Gr (Table 3). In this system, H binds
preferentially to the Ti site, with AGy = —0.85 eV. There is no competition with
the N or C sites of the surrounding matrix, as AGy at those sites remains positive.
Interestingly, the C and C1 sites near the Ti active centre exhibit significantly
reduced AGy values compared to the pristine 4N-Gr matrix (decreasing from
about 1.3-1.5 eV in 4N-Gr to around 0.4 eV in Ti@4N-Gr), highlighting the strong
electronic influence of the Ti dopant on the surrounding atoms.

A particularly interesting case is Rh@4N-Gr. It has been proposed that, on this
SAC, H binding at the Rh site competes with binding at the adjacent N site, with
both exhibiting nearly identical theoretical overpotentials.>” However, our new
results do not support this conclusion. We investigated the binding behavior of
Rh@4N-Gr toward H and found that H indeed binds to Rh with AGy = —0.29 eV
(in excellent agreement with the previously reported value of —0.31 eV, ref. 27)
(Table 3). In contrast, no local minimum is observed for H adsorption at any of the
four N sites. When H is initially placed near one of these sites, H spontaneously
relaxes toward the Rh centre. It is possible that in ref. 27, the calculation got stuck
in an unphysical local minimum.

This finding is significant, as it indicates that in carbon-based matrices
functionalized with TM atoms, the TM itself serves as the primary active centre.
While it cannot be ruled out that in some cases the matrix might exhibit higher
activity than the TM, such scenarios for carbon-based supports are likely excep-
tions rather than the norm.

3.3 HER mechanism on SACs: binding multiple H atoms
When a proton is reduced on a metal electrode, the reaction is:
H"+e +* 2 H* (6)

where * is the adsorption site, and H* denotes an adsorbed H atom on the surface
(Volmer step). In order to form H,, the reaction can follow two different paths.
According to the Heyrovsky mechanism, a second proton is reduced on the same
metal site:
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H*+H"+e — *+H, 7)

According to the Tafel mechanism, two H atoms bound to two different * sites
diffuse and recombine:

H* + H* — 2% + H, 8)

Once H, is formed, it interacts only weakly with the surface through dispersion
forces. In this physisorbed state, its energy is nearly identical to that of the
separated * + H, system. Consequently, on metal surfaces, this step can be
neglected in the overall thermochemistry of the reaction. The overpotential can
therefore be described solely by AGy, regardless of whether the reaction proceeds
via the Volmer-Heyrovsky or Volmer-Tafel pathway. This principle also under-
pins the CHE model: on metal surfaces, only isolated H* intermediates are
relevant, since once H, forms, it readily desorbs into the gas phase. Thus, AGy is
the key descriptor of the thermodynamic barrier of the process.

For SACs, however, the situation differs. SACs share important analogies with
organometallic complexes. In their elegant study, Ye et al.*” demonstrated that the
AGy values calculated for TM@4N-Gr pyridine and TM@4N-Gr pyrrole SACs show
a linear correlation with those of the corresponding TM-phthalocyanine and TM-
porphyrin complexes. This correlation arises from the similar nitrogen coordi-
nation environments present in both solid-state and molecular systems.

In coordination chemistry, the existence of stable dihydride, H*H*, and di-
hydrogen, (H,)*, complexes, where two hydrogen atoms rather than just one are
bound to the TM, is well established.***” By tuning the ligands around the metal
centre, the degree of H, activation can be modulated, yielding either a dihydride
complex or the less conventional dihydrogen complex, in which the H-H bond
remains only partially activated (typical H-H distance: 0.8-0.9 A). In a recent
study,*® we demonstrated that analogous H*H* and (H,)* intermediates can also
form on SACs. Most of the SACs examined indeed stabilize dihydride or di-
hydrogen species, thereby introducing an additional reaction step in the HER that
is not present in the classical CHE framework. The appearance of these new
intermediates has direct relevant implications. Instead of a single step governed
solely by AGy, two distinct steps, the formation of H* and the formation of
a hydrogen complex (either dihydrogen or dihydride), must now be considered
before H, release. As a result, catalytic activity is more accurately represented by
a three-dimensional volcano plot, as the number of intermediates increases from
one to two.*®

Notably, the ability of SACs to bind more than one hydrogen atom has also
been observed in other theoretical studies.** Moreover, as we discussed above, on
certain supports the surface atoms can compete with the TM for binding
hydrogen and other intermediates, giving rise to a complex interplay of adsorp-
tion and diffusion processes. This dynamic behaviour can critically influence the
overall catalytic performance of SACs.

3.4 Is water just a solvent?

Electrochemical reactions can take place in water or in other solvents, including
non-aqueous molecular solvents, ionic liquids, solid electrolytes, and molten
salts. Among these, water is the most commonly used solvent, despite its relatively
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limited electrochemical potential window. In many computational studies of the
HER, including high-throughput screening of potential new materials, water is
often not explicitly included in the model. This simplification relies on the
assumption that water primarily acts as a high-dielectric, polar medium that
screens charges and stabilizes ions. To more accurately account for the role of
water, several modeling approaches have been developed. Implicit solvent models
treat water as a polarizable dielectric continuum characterized by a dielectric
constant (¢ = 78),**' but they do not capture its molecular structure or hydrogen-
bonding network. Explicit solvent methods include a few or many water mole-
cules near the electrode or adsorbates, sometimes combined with ab initio
molecular dynamics (AIMD) to account for dynamic effects.”” Intermediate
approaches, such as micro-solvation models,** have also been introduced to
balance computational cost with a more realistic description of solvent-solute
interactions. While screening a large number of novel catalysts without explicitly
considering the role of water can help narrow down the list of potential candi-
dates, it is clear that neglecting the solvent is a rather crude approximation. This
simplification can have direct and significant effects on the calculated theoretical
overpotentials. Here we discuss the role of water not merely as a solvent, but as
a ligand capable of coordinating to TM centres and modifying their properties.

SACs embedded in graphene or N-doped graphene often show highly revers-
ible redox switching under reaction conditions (e.g., cycling between TM®" and
™D during the ORR, OER, CO, reduction, HER, etc.). Compared to nano-
particles, SACs exhibit more discrete and tunable redox states, largely due to
strong interactions with the support. Accurately describing the relative stability of
different oxidation states is therefore essential for reliable theoretical predictions.
However, this task is often less straightforward than commonly assumed.

To illustrate this challenge, we consider Fe atoms stabilized in phthalocyanine
(FePc).* FePc complexes are active in the reduction of CO, and NO; ™, as well as in
the OER, which constitutes the anodic half-reaction of water splitting. In hetero-
geneous catalysis, Fe@N-Gr SACs are widely employed for the OER and are regarded
as the solid-state counterparts of homogeneous FePc catalysts.** As noted above, the
reactivity of Fe@N-Gr SACs correlates linearly with that of FePc molecular systems,
which justifies focusing the analysis on FePc.”” For this purpose, we performed
calculations with the Gaussian molecular code,*® using the PBEO hybrid func-
tional” to properly capture the magnetic character of Fe>" and Fe®* ions. Our aim is
to determine the redox potential (V) of the Fe**/Fe** couple.

In FePc, Fe donates two electrons to the phthalocyanine (Pc) ligand, resulting in
Fe(n) (4s°3 d°). In the square-planar ligand field, the 3d orbitals split into
the (3d4)*(3d2)*(3d+)"(3dy)"(3dx>_y?)° triplet configuration. Under oxidative
conditions, such as at the OER equilibrium potential, the active species is Fe(u).
This is consistent with experimental observations of the Fe**/Fe®" redox transition,
which occurs around 0.6-0.8 V vs. SHE.®*?° In the Fe(um) state, the electronic
configuration becomes (3d.2)*(3d,,)"(3d.,)"(3d,.)'(3d,>_y?)° (quartet spin state). The
Fe(n) configuration can also be described as d°L, where L represents the ligand
shell. Accordingly, Fe(m) in FePc is classified as d’L, since experimental data indi-
cate that electron removal from the neutral system involves the Fe centre directly.

DFT modeling of this seemingly simple process reveals a more intricate
picture.** Calculations predict that electron removal from FePc occurs primarily
on the organic ligand, while the Fe centre remains in the +II oxidation state. This
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Fig. 4 Orbital energy diagram and [FePc] (a), [FePc(H,0)4] (b) and [FePc(H,O),] (c) at the
PBEO level.

result contradicts experimental evidence and may lead to misleading interpre-
tations of both the reaction mechanism and the associated energetics. The origin
of this discrepancy lies in the electronic structure of FePc: the highest occupied
molecular orbital (HOMO) is localized on the ligand (Fig. 4), a feature that persists
regardless of the specific DFT functional applied. Consequently, removing one
electron depletes the HOMO, producing a d°L™" configuration in which Fe
remains in the +II oxidation state, at odds with experimental observations.

The root of the problem lies in the physical model itself, specifically, the
coordination environment of the Fe atom in carbon-based SACs and Fe-based
complexes. Water plays a crucial role in defining the redox properties of the
Fe”*/Fe’" couple, as it acts as a ligand that modifies the relative stability of Fe 3d
orbitals with respect to ligand-based electronic levels. To illustrate this effect, we
considered FePc complexes with explicit water coordination. In the ground state
of FePc(H,0),, with one H,0 molecule added, Fe is still in the +II oxidation state
(triplet ground state). However, upon electron removal, the electron is now taken
from the Fe centre, yielding Fe’" in a d°L configuration. Thus, the coordination of
even a single water molecule is sufficient to reconcile theory with the experi-
mentally observed redox behavior. Water coordination destabilizes and raises the
energy of the occupied frontier molecular orbital, which is dominated by Fe 3d
contributions, making it nearly isoenergetic with the ligand-based orbital (Fig. 4).
When two water molecules coordinate in a pseudo-octahedral geometry,
[FePc(H,0),], the same effect is observed, but even more pronounced.

Further evidence for the critical role of water as a ligand comes from the
calculated oxidation potential:

Vit e = AEppr — TAS + AEzpg = (E[FePc]* — E[Fepc]) — T(S[FePcr — S[FePc])
+ (ZPE[FCPC]" - ZPE[FCPC]) (9)
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where Epepc and Efpepcpr are the DFT energies of the FePc systems, TS[pepc and
TSirepqp are the entropic corrections and ZPE[pepe) and ZPEpgcpq are the corre-
sponding zero-point energies of the complexes. Since the atomic coordinates of
the complex and the water cluster have always been relaxed, the energetic terms
related to the change in oxidation state of the metal atoms, and to some extent the
reorganization energy of the water clusters, are included in the AEpgr contribu-
tion. The DFT(PBEO)-calculated redox potential for FePc without water coordi-
nation is ~1.2 V, significantly overestimating the experimental range of 0.6-0.8 V.
Consequently, reaction profiles involving the Fe(u)/Fe(m) transition are strongly
affected by this discrepancy. For FePc(H,0),, the oxidation correctly involves the
Fe atom and not the Pc ligand, but the calculated potential remains close to 1.2 V.
However, upon coordination of a second water molecule, yielding FePc(H,0),
with a coordinatively saturated Fe centre, the Fe**/Fe®* redox potential decreases
to ~0.7 V, in excellent agreement with experiment. The addition of further water
molecules produces only minor fluctuations in this value (£0.2 V, Table 4).

The key conclusion is that the catalytically active species is not the four-
coordinate Fe centre in the bare FePc complex, but rather the five- or six-
coordinate Fe present in FePc(H,0);_,. Therefore, accurate quantum chemical
modeling of FePc chemistry must explicitly include water coordination. This
insight extends beyond FePc to Fe@N-Gr and, more broadly, to all TM atoms
embedded in two-dimensional supports.

3.5 Evolution of the catalyst under operating conditions: (1) stability

“If you can identify it, it is probably not the catalyst”.>* With this remark, Jack
Halpern, a chemist who devoted his career to unravelling the mechanisms of
homogeneous catalysis, highlighted a central challenge: structural characteriza-
tion efforts are often frustrated by the fact that catalysts may undergo dynamic
changes during the reaction. Indeed, it is not uncommon for the active phase to
emerge only under catalytic conditions. This realization has driven the develop-
ment of operando spectroscopies, which provide crucial insights into the true
nature of active sites and the species that form under working conditions.*> The
dynamic evolution of catalytic sites is therefore of paramount importance in the
modeling of catalytic reactions. In principle, sufficiently long ab initio molecular
dynamics simulations could capture these transformations. However, the

Table 4 Calculated oxidation potential, V vs. RHE of the Fe?*/Fe** couple in FePc
complexes (Gaussian code, PBEO+D3 functional).*4

System V(Fe**/Fe’) v
[FePc]/[FePc] 1.22
[FePc(H,0)]/[FePc(H,0)]" 1.24
[FePc(H,0),]/[FePc(H,0),]" 0.72
[FePc(H,0),)/[FePc(H,0),]" 0.72
[FePc(H,0)c)/[FePc(H,0)6]" 0.54
[FePc(H,0)s)/[FePc(H,0)g]" 0.46
[FePc(H,0);0)/[FePc(H,0)10]" 0.51
[FePc(H,0),,]/[FePc(H,0)4,]" 0.58

Exp 0.6-0.8 (ref. 48-50)
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timescales involved remain prohibitive with current computational technologies.
While significant advances are anticipated through the application of machine-
learning-derived interatomic potentials, current approaches to catalyst evolu-
tion remain largely confined to the construction of specific, simplified models.

The discussion of catalyst changes under operating conditions can be divided
into two key aspects. The first concerns the intrinsic stability of the catalyst itself.
The second relates to the formation of species that bind to the active site, either
poisoning or promoting it, but in all cases altering its activity. Both aspects are
critical for establishing a meaningful comparison between theoretical predictions
and experimental observations.

This paper focuses on SACs in the context of the HER. Accordingly, we restrict
the discussion to catalyst stability under electrochemical conditions. In addition
to atom diffusion and aggregation, two processes well known in thermal catalysis,
electrocatalysis introduces further degradation pathways. The metal atom may
undergo changes in oxidation state, interact with the solvent, or form stable
complexes that ultimately lead to metal leaching and dispersion into the elec-
trolyte (dissolution). Recently, we proposed a simple approach to estimate the
relative stability of a SAC under specific electrochemical conditions of pH and
applied potential.®® The method, based on the Pourbaix diagram formalism,
involves constructing a thermodynamic cycle from which the redox potential of
a SAC, typically unknown, can be derived. This is achieved by combining tabu-
lated experimental data with one theoretically accessible quantity: the binding
energy of the TM atom to its support (Fig. 5).

Depending on the electrochemical environment, the metal atom may dissolve
by forming aquo-complexes, or, under certain pH and potential conditions,
generate new oxide or hydroxide species that either precipitate or remain in
solution (Fig. 5). Throughout these processes, the metal centre can undergo
changes in oxidation state, yielding a wide variety of products. The associated
free-energy changes, AG,_, (Fig. 5), represent the target quantities of interest and
can be obtained through the thermodynamic cycle by decomposing the overall
process into intermediate steps, each with Gibbs free energies either experi-
mentally available or derivable from DFT.

AG, 5=
(2) TM(g) + Sy + mH,0 (3) TM() + S5 + mH,0
- Ecoh(exp)
4Gy, = AG3 4=
EB(DFT) nFAEredox(exp)

AG,,=?=  (4a) [TM(H,0),]"" + ne” + Ss)
(1) TM@S,,) + mH,0

A6reaox(SAC)  (4b) TM(OH), ) + ne™+ NH* gy + Sy

Fig. 5 Thermodynamic cycle to determine the Gibbs free energy of the dissolution
process (redox process) of a generic SAC, TM@S (TM = transition metal, S = support) in
aqueous solution. For the sake of simplicity, the diagram shows only the formation of
solvated ions and hydroxides, but in reality also complex oxoanions can form.
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The first step of the thermodynamic cycle is the detachment of the metal atom
from the support, denoted as AG;_,. This step represents the binding energy of
a gas-phase TM atom to the support site S where it is stabilized. While this
quantity is difficult to measure experimentally, it can be computed with high
accuracy using quantum-chemical methods. Importantly, it is the only variable in
the thermodynamic cycle that requires theoretical evaluation. The second step,
AG,_3, corresponds to the inverse of the bulk metal sublimation process and is
equivalent to the cohesive energy of the metal. This quantity is well established
and available from experimental data. Finally, the closing step of the cycle, AG;_,,
describes a classical redox process in which the bulk metal is oxidized to form
aquo-complexes, oxides, hydroxides, or related species. The corresponding free-
energy change is also known experimentally, as it coincides with the redox
potential of the metal.

This information can be integrated with Pourbaix diagrams,* which indicate
whether the active site corresponds to the as-prepared catalyst or is instead
covered by species formed under reaction conditions. To do so, one must
compute the free energy of the adsorbates as a function of pH and applied
potential, using the CHE approach:

AG, = AGY — nVsug — nky,TIn(10)pH (10)

(n is the number of exchanged electrons). The stability diagrams are constructed
by taking the most stable species for each value of pH and voltage, V. To illustrate
this, we report the case of Ni atoms embedded in carbon nitride, C;N,, Ni@C3N,.

One of the most commonly reported models for TM atoms in C;N, involves the
coordination of the active metal species within heptazine cavities, bound to four
non-equivalent nitrogen atoms (Fig. 6a).> This model has been extensively
employed to simulate and predict the reactivity of TM@C;N, systems.*® However,
stability analysis of Ni@C;N, using the Pourbaix diagram approach described
above indicates that the system is highly unstable (Fig. 6b). Under HER conditions
(V~ 0V at pH = 0), the catalyst in its clean state (no adsorbed species), indicated

Fig. 6 (a) Structure of a Ni atom in the heptazinic cavity of CsNg4. (b) Pourbaix diagram of
Ni@CsNy4. The pH-voltage window where the catalyst is stable in the SAC state, either
clean of covered by some intermediate, is reported with colors identifying H*, * (free
catalyst), Ni2* (aquo cation), and Ni(OH), (hydroxide). Black dashed lines indicate the redox
levels of H*/H, and O»/H,O couples.
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with *, is unstable and dissolves into Ni*" ions in solution. Under a strongly
reducing applied potential it becomes covered by H atoms, H*. Even at the
equilibrium potential for the O,/H,O™ redox (V ~ 1.23 V at pH = 0), Ni@C;Nj is
unstable and dissolves or, at alkaline pH, it forms hydroxide species; see Fig. 6b.
Therefore, Ni@C;N, can exist only in a narrow window of low voltage and neutral
pH, while it tends to form Ni** ions in solution or Ni(OH), at moderate applied
voltages. In short, Ni supported on the heptazine pore of a C;N, nanosheet is
expected to be very labile. This example highlights that performing calculations
on systems that would not be stable under operando conditions offers limited
value for understanding the true catalytic behavior.

In a recent study, we demonstrated that the actual structure of Ni@C;N, is
indeed different.” During the synthesis, Ni*" ions become trapped by melem
units, the precursor molecules for C;N,, during polymerization. As the melem
units polymerize, they pair up to form filaments that incorporate Ni in a square-
planar coordination environment. A combination of spectroscopic data and DFT
calculations confirms the robustness of this structural assignment, showing that
the as-prepared catalyst contains charged Ni** ions.””

In general, the binding energy of an isolated metal atom to the support, Ey,
serves as a simple yet reliable descriptor of SAC stability. Using the thermody-
namic cycle illustrated in Fig. 5, one can calculate the minimum E}, required to
ensure that a SAC remains stable under specific conditions.*® More precisely, for
given external conditions of pH and applied potential, it is possible to determine
a threshold value of E;, that prevents dissolution of the metal centre. This
approach provides a straightforward first estimate of SAC stability, which can be
further refined by employing higher-accuracy DFT methods or more sophisticated
models to account for the stability of reactive species. Importantly, we emphasize
that evaluating the stability of a SAC is just as critical as analysing its reactivity.

3.6 Evolution of the catalyst under operating conditions: (2) changes of active
site

Unlike the old “rigid site” view (where one imagined the catalyst as having a fixed
set of sites), we now know that the active site can evolve during the reaction,
adapting to the environment and reactants. For instance, reactants, intermedi-
ates, or even spectator molecules can adsorb onto the catalyst surface and modify
the electronic or geometric structure of the active site. In electrocatalysis,
adsorbed oxygen, hydrogen, or hydroxyl groups can “decorate” the active site,
resulting either in poisoning or, more rarely, promoting the catalytic reaction.

Recently, we explored the formation of unconventional intermediates in the
OER.*** While on metal electrodes the reaction is typically assumed to proceed
through OH*, O* and OOH* intermediates, on SACs the chemistry is more
complex, allowing for the formation of additional species (see Fig. 7).

Some of these adsorbed species form exceptionally stable bonds with the TM,
resulting in deep minima on the potential energy surface. For example, on
Mn@4N-Gr, the O* species binds with a AG of about —1.5 eV, corresponding to
a very stable configuration. In this case, the adsorbed oxygen atom is so strongly
bound that it suppresses further reactivity at the site.

Under oxidative potentials, water can split, with formation of an OH group
adsorbed on the surface:

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Fig. 7 Possible OER intermediates on SACs embedded in N-doped graphene (4N-Gr).
Reprinted from ref. 58, Copyright 2023, with permission from Elsevier.

H,O + * - H" + OH* + e~ (11)

On Sc@4N-Gr, the OH group forms with a AG of —3 eV, giving rise to a species
in which the Sc-OH bond is very difficult to break. A similar result was reported by
Ye et al., who investigated the nature of the active site in SACs for the HER across
the full pH range: they found that Sc@N-4Gr is always poisoned by OH groups
regardless of pH.>”

However, reactive species formed under realistic conditions are not always
detrimental to catalytic activity. We recently found that SACs based on TMs that
bind reactants too strongly, thus forming overly stable intermediates that block
the reaction, can regain activity by bonding to other molecular fragments.* In this
case, the TM becomes coordinated with additional ligands, which decreases its
binding strength toward reaction intermediates according to the bond-order
conservation principle.®* Through this mechanism, a SAC can be shifted from
the strong-binding left side to the apex of the volcano plot, where intermediates
are bound neither too strongly nor too weakly. This results in labile complexes,
a fundamental requirement for efficient catalysis.

This discussion highlights that predicting catalytic activity based solely on the
hypothetical structure of the as-prepared catalyst can be highly misleading. For
example, it has been suggested that the discrepancy between the high HER
activity of V@4N-Gr predicted by DFT and the experimentally observed inert
behaviour (Table 1) arises from the strong poisoning effect of OH* species.>”
Neglecting such dynamic effects can therefore lead to entirely erroneous
conclusions.

3.7 Last but not least: role of the functional

At the conclusion of this analysis of factors affecting the predicted reactivity of
SACs, it is important to address a fundamental limitation of DFT calculations: the
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dependence of chemical bond strengths on the choice of exchange-correlation
(XC) functional. Among the most widely used XC functionals in the catalysis
community are the local density approximation (LDA),** representing the first
rung of Perdew and Schmidt’s “Jacob’s ladder” of DFT,* and the generalized
gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) form,*
which corresponds to the second rung. Hybrid functionals, such as PBE0,* are
classified on the fourth rung.

An alternative strategy to mitigate the self-interaction errors inherent to LDA
and GGA is the DFT + U approach, in which DFT is augmented with a Hubbard-
like U parameter.®* This correction, originally introduced in the Hubbard
Hamiltonian to account for inter-electron repulsion, improves the description of
localized electrons in systems where standard XC functionals are insufficient.

The accuracy of different computational approaches for studying TM chem-
istry, ranging from DFT to highly sophisticated wavefunction-based methods,
such as coupled-cluster theory, has long been a central topic of discussion within
the quantum chemistry community.*>*® For example, Patel et al. investigated Cu-
modified covalent triazine framework catalysts for the oxygen reduction reaction
and benchmarked a variety of DFT methods against coupled-cluster calcula-
tions.*” Their results showed unambiguously that hybrid functionals provide the
most accurate description of ORR adsorbate adsorption energies on these
complex systems.

Despite the rich literature on the subject, the impact of the choice of XC
functional is often underestimated when predicting SAC reactivity in the HER
using the AGy = 0 criterion for optimal catalysts. We recently compared PBE,
PBE+U, and PBEO functionals for a series of TM@4N-Gr SACs.®® For certain
systems, the AGy; values obtained with these functionals differ substantially. For
example, for Co@4N-Gr, AGy = 0.13 €V at the PBE level compares with 0.62 eV

Table 5 Gibbs free energy, AGy, of adsorption of an H atom on TM@4N-Gr SACs [eV]

AGy (eV)
SAC r2SCAN PBE®® PBE+U®® PBEO ©®
Ti@4N-Gr —0.63 —0.86 —0.58 —0.74
Cr@4N-Gr 0.54 0.31 0.65 0.67
Mn@4N-Gr 0.71 0.53 0.99 1.02
Fe@4N-Gr 0.67 0.37 1.04 1.12
Co@4N-Gr 0.45 0.13 0.62 0.48
Ni@4N-Gr 1.62 1.65 1.63 1.65
Cu@4N-Gr 1.64 1.72 1.98 2.14
Mo@4N-Gr —0.30 —0.42 —0.14 —0.03
Ru@4N-Gr —0.34 —0.46 —0.16 —0.26
Rh@4N-Gr —0.30 —0.28 —0.29 —0.59
Pd@4N-Gr 2.02 1.97 2.00 2.17
Ag@4N-Gr 0.90 0.76 0.79 0.79
W@4N-Gr —0.87 —1.05 —0.76 —0.84
Os@4N-Gr —0.67 —0.70 —0.51 —0.71
Ir@4N-Gr —0.38 —0.42 —0.40 —0.74
Pt@4N-Gr 1.76 1.63 1.58 1.98
Au@4N-Gr 2.19 2.10 2.19 2.31
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(PBE+U) and 0.48 eV (PBEO) (Table 5). This is not merely a quantitative difference,
it changes the qualitative assessment of the catalyst, from active (PBE) to inactive
(PBE+U and PBEO). However, this behavior is system-dependent. For Ni@4N-Gr,
all three functionals yield very similar AGy values: 1.65 eV (PBE), 1.63 eV
(PBE+U), and 1.65 eV (PBE0).*® The difference arises from the electronic config-
uration: Co@4N-Gr has unpaired electrons in its ground state, whereas Ni@4N-Gr
adopts a d® closed-shell configuration. Self-interaction-corrected functionals,
such as PBE+U or PBEO, better describe localized unpaired electrons, like those in
the 3d orbitals of TM atoms, leading to significant variations in the calculated H
adsorption energy.

In 2015, Sun, Ruzsinszky, and Perdew proposed the Strongly Constrained and
Appropriately Normed (SCAN) meta-GGA,* on the third rung of Jacob’s ladder. To
enhance its numerical efficiency, Furness et al. proposed the restored-regularized
SCAN (r2SCAN).” Since their introduction, SCAN and r2SCAN have attracted
considerable attention due to their improved performance and small additional
computational cost compared to PBE.

We have recomputed a set of 17 SACs containing TM atoms from the first,
second, and third rows of the periodic table using the r2SCAN functional and
compared the new results with those obtained previously (Table 5). For the critical
case of Co@4N-Gr discussed earlier, r2SCAN predicts AGy = 0.45 €V, very close to
the PBEO value of 0.48 eV. For Ni@4N-Gr, AGy is 1.62 eV at the r2SCAN level, in
excellent agreement with the other functionals. However, this agreement is not
universal. For Fe@4N-Gr, r2SCAN yields AGy = 0.67 €V, which lies between the
lower value from PBE (0.37 eV) and the higher value from PBEO (1.12 eV). For
second- and third-row TMs, r2SCAN generally provides results similar to those
from other functionals, with a few exceptions, for example, Mo@4N-Gr and
Ir@4N-Gr, where PBEO predicts significantly different values. Overall, however,
the uncertainties associated with the choice of XC functional are less pronounced
for these heavier elements, making the functional choice less critical (Table 5).

Large variations are observed for first-row TMs, particularly Cr, Mn, Fe, and Co.
As noted above, the presence of unpaired 3d electrons leads to functional-
dependent differences in AGy. In general, r2SCAN provides values intermediate
between those obtained with PBE and PBEO. The only reliable way to determine
which functional is most accurate is to perform high-level post-Hartree-Fock
calculations, such as the coupled-cluster singles and doubles (CCSD) method, on
molecular analogs of the SACs. Patel et al.®” investigated the reactivity of a Cu
complex in the ORR at the CCSD(T) level of theory. The Cu complex features
a bonding environment similar to that of SACs on carbon supports. They found
that binding energies of various intermediates predicted by the PBEO hybrid
functional were in close agreement with the CCSD(T) results, with a mean abso-
lute error of 0.1 eV. In contrast, GGA functionals exhibited significantly larger
errors (0.6-0.7 eV), as hybrid functionals provide a more accurate description of
the electronic structure and bonding in these systems. Patel et al. concluded that
“the blind use of GGA functionals to describe single-atom catalysts may produce
inaccurate results,” a caution often overlooked by theoretical chemists in this
field.®” In the absence of high-level benchmarks, it is advisable to test the stability
of results by comparing multiple functionals, particularly for first-row TM SACs.
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4 Conclusions

The rational design of new catalysts from first principles is often cited as one of
the ultimate goals of modern quantum chemistry. The enormous increase in
computing power and the development of highly sophisticated electronic-
structure codes have made this objective more attainable than ever before.
Nevertheless, despite the undeniable progress achieved, the question of to what
extent it is truly possible to predict the activity of a given catalyst from electronic-
structure calculations remains open.

The field of single-atom catalysis (SAC), where the presence of an isolated
metal atom reduces complexity compared with more traditional heterogeneous
catalysts based on supported metal particles, offers new opportunities in this
direction. The catalytic properties of nanoparticles depend strongly on factors
such as particle size, shape, adsorption site, and the presence of defects, not to
mention the dynamic effects that make metal clusters fluxional at finite
temperatures, all of which are difficult to model accurately. In principle, SACs,
comprising isolated metal atoms embedded in a solid matrix, offer more
favourable conditions for predictive modelling. This is one of the reasons for the
large number of studies devoted to predicting the properties of SACs supported
on carbon-based materials (graphene, carbon nitride, carbon nanotubes, etc.).
Today, with hundreds of such predictive studies reported in the literature and
a smaller but significant number of systems tested experimentally, it is possible to
attempt a critical assessment. However, as discussed in the Introduction, the
results so far have been far from encouraging (Table 1).

In this work, we analysed the origin of this partial failure. The hydrogen
evolution reaction (HER) in electrocatalytic processes serves as a prototypical
case. The prediction of new catalysts is typically based on the computational
hydrogen electrode (CHE), a powerful yet simplified approach to this problem. We
discussed several reasons why comparisons between predicted and measured
catalytic activities based on the CHE often lead to disappointing results.

First, even minor changes in the local environment of the active site can cause
substantial differences in the thermodynamics of the process. This is a critical
issue because, while the structure of a SAC is perfectly defined in theoretical
models, its actual configuration is often unknown experimentally, or inferred only
approximately, without the same level of structural detail. A second, though
somewhat less critical, aspect is that theoretical models tend to focus exclusively
on the metal site, even though atoms in the surrounding matrix may also
participate in the reaction. In other words, all potentially reactive sites should be
considered in the analysis.

The same reasoning applies to reaction intermediates. It is commonly
assumed that the same intermediates formed on extended metal electrodes (e.g.,
H* in the HER; OH*, O* and OOH* in the OER) also occur on SACs. However,
SACs can bind a broader variety of chemical species and form a wider range of
intermediates than metal surfaces. Neglecting these species can therefore limit
the comparability between theory and experiment.

Another crucial aspect of electrochemical reactions is the role of the solvent. In
aqueous environments, water can interact with the active site like any other ligand
and even react with it. This exemplifies the dynamic evolution of a catalyst under
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operating conditions. For instance, under specific potentials, water can form OH
groups that bind strongly to TM atoms, thereby blocking or altering the chemical
properties of the active site. Predicting the activity of a SAC at a given state does
not guarantee that it will remain unaltered throughout the reaction.

In many cases, the discrepancy between predicted and experimental activity
arises simply because the newly designed catalysts are unstable under realistic pH
and potential conditions, leading to dissolution, aggregation, precipitation, or
other degradation phenomena that destroy the catalytic material.

Finally, one must bear in mind that DFT provides only an approximate solu-
tion to the Schrodinger equation. Different exchange-correlation functionals can
yield noticeably different reaction free energies. This intrinsic uncertainty
sometimes prevents reliable quantitative predictions of catalytic activity.

Considering all these factors (and the list is by no means exhaustive), it is not
surprising that elegant but simplified approaches that omit key aspects of catalyst
chemistry often fail to deliver reliable predictions for previously untested systems.
At best, they can suggest general trends or narrow down the range of candidate
materials, though even this requires caution. As we enter the promising new era of
artificial intelligence applied to the design of materials with unprecedented
properties, it becomes essential to identify clearly all the factors contributing to
the overall chemical activity of SACs and their relative importance. Doing so will
facilitate the identification of robust descriptors and simple correlations, helping
to advance the field toward the long-sought goal of the rational design of new
catalysts from first principles.
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