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ABSTRACT: One of the objectives of electronic structure theory
is to predict chemical and catalytic activities. This is a challenging
target due to the large number of variables that determine the
performance of a heterogeneous catalyst. The complexity of the
problem has reduced considerably with the advent of single atom
catalysts (SACs) and, in particular, of graphene-based SACs for
electrocatalytic reactions such as the oxygen reduction (ORR), the
oxygen evolution (OER), and the hydrogen evolution (HER)
reactions. In this context we assist with a rapidly growing number
of theoretical studies based on density functional theory (DFT)
and with proposals of universal descriptors that should provide a
guide to the experimentalist for the synthesis of efficient catalysts.
In this Perspective we critically analyze some of the current problems connected with the prediction of the activity of SACs: accuracy
of the calculations, neglect of important contributions in the models used, physical meaning of the proposed descriptors, not to
mention some problems of reproducibility. It follows that the “rational design” of a catalyst based on some of the proposed universal
descriptors should be considered with caution.

KEYWORDS: hydrogen evolution reaction, descriptor, volcano plot, density functional theory, single atom catalyst, electrocatalysis,
reproducibility

1. INTRODUCTION

The explosion of studies on single atom catalysts (SACs),1−3

including several theoretical/computational studies, has
stimulated the search for some guiding principles that can
help in rationalizing the synthesis of new compounds and
explaining the behavior of existing systems.4 In particular, it is
desirable to be able to identify universal descriptors to predict
the behavior of SACs in a given reaction or, when this is not
possible, to find correlations with meaningful physical
parameters for a given subset of SACs.
In the last 3−4 years, several contributions appeared in the

literature where correlations or descriptors have been proposed
for electrocatalytic reactions such as the oxygen reduction
(ORR), the oxygen evolution (OER), and the hydrogen
evolution (HER) reactions, or N2 and CO2 reduction.5−16

Sometimes these descriptors correspond to a specific physical
property of a SAC, such as the electronegativity of the
transition metal center, number of d electrons, position of the
d states with respect to the vacuum level, computed charge of
the metal atom, electronegativity of neighboring atoms, energy
position of bonding or antibonding combinations, etc.
However, a simple direct correlation with just one of these
variables for a representative number of cases is missing. In the
work reported so far, combinations of variables are considered,

giving rise to more or less complex expressions in the attempt
to identify a single descriptor.
The underlying idea of these studies is to provide a

computational basis to screen potential electrocatalysts for one
of the reactions mentioned above in order to reduce the
experimental burden related to the synthesis and the catalytic
tests of new SACs. This process is extremely useful and
important, provided that the indications arising from the
computational studies are clear, transparent, reliable, and
possibly based on descriptors that have their roots in
fundamental physical observables.
One important aspect underlying any computational

prediction of catalytic activity is the level of reliability of the
method and, even more, of the models used to reach the
conclusions. Calculations can be trusted if the approximations
made and the contributions neglected are not so relevant to
invalidate the conclusions. So far, the majority of the
calculations reported to identify the existence of universal
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descriptors of SACs in electrocatalysis are based on density
functional theory (DFT). However, there are several variants
of DFT, each providing a different level of accuracy and
reliability, in particular when the quantity of interest is the
interaction energy between two units.17

The prediction of the activity of a new hypothetical
electrocatalyst is usually based on the calculation of the ΔG
of adsorption of a given atomic or molecular fragment (e.g., the
H atom adsorption energy in the case of the HER). When the
ΔG is close to a given value, then the catalyst is expected to be
active; otherwise, it is inactive.18 However, differences in ΔG
values of ±0.2 eV, the typical accuracy of a calculation, can
result in radically different measured activities in experiments.
Of course, even when a catalyst is expected to be particularly
active according to DFT estimates, there are currently no tools
to predict whether the synthesis of the new catalyst is
accessible or not.
One of the first and most cited examples of universal

correlations of SACs in electrocatalysis was reported by Xu et
al. in 2018.5 In this work the authors presented a universal
design principle to evaluate the activity of graphene-based
SACs toward the ORR, OER, and HER and concluded that the
activity is highly correlated with the local environment of the
metal center, in particular with its coordination number and
electronegativity and with the electronegativity of the nearest-
neighbor atoms. Using a relatively simple equation, they were
able to plot in a single graph the free energy of adsorption of
OH or H fragments for a large series of SACs and to predict
their behavior with an analytical function.5 The most
remarkable result is that for a wide series of graphene-based
catalysts the computed activities lie along the straight lines
defined by the equation, with no exception. The importance of
a similar message is apparent: the activity of a SAC can be
estimated without performing any simulation.
Since the publication of Xu et al.,5 other computational

studies have been reported on this subject, and often on the
same systems, and other expressions for a descriptor have been
proposed.6−11,19,20 These studies have been performed with
computational setups similar, although not identical, to that
reported by Xu et al.5 This resulted in a rich database that can
be used to further validate (or invalidate) the universal
principles introduced by Xu et al.5 and by others.
In this Perspective article we will critically reconsider the

problem. We will show that the identification of universal
descriptors for the activity of SACs in electrocatalysis is not as
simple as it is often assumed. We will focus on the HER
process, both for its importance but also for its relative
simplicity, but the conclusions apply to any kind of reaction
based on SACs.
The article is organized as follows. In section 2.1 we will

compare the results obtained by Xu et al.5 for a subset of 12
SACs (transition metal (TM) atoms stabilized in N-doped
graphene) with recent results from the literature and new
calculations done by us for this purpose using the computer
code VASP;21 while there is a general agreement among the
literature data and our new set, the results differ substantially
from those of Xu et al.5 obtained with a partly different
computational setup. Therefore, in section 2.2 we discuss
analytically all the “ingredients” of a DFT calculation to
identify the possible sources of the observed discrepancies,
identifying in the use of the DFT+U approach (and in general
of self-interaction corrected functionals) one of the potential
reasons for the different conclusions. In section 2.3 a set of 24

SACs (TM atoms bound to N-doped graphene and to a
carbon double vacancy in graphene) has been recomputed at
the DFT+U level using the same setup of Xu et al.5 However,
also the new DFT+U results differ substantially from those of
ref 5. Possible reasons for this discrepancy are analyzed, and
the universal descriptor proposed is questioned. In section 3 a
general discussion of the inherent uncertainties in the DFT
calculation of adsorption free energies and of the proposed
universal descriptors is presented. The final message is that the
problem of finding one or more universal descriptors that
provide physical insight into the activity of SACs in the HER
remains open.

2. RESULTS AND DISCUSSION
2.1. HER on TM@4N-Gr Revisited. Initially we will

restrict the analysis to a specific catalyst, nitrogen-doped
graphene where a C divacancy has been created, four C atoms
are replaced by four N atoms, and a TM atom is stabilized in
this coordination mode reminiscent of a pyridinic coordina-
tion, TM@4N-Gr (Figure 1(a)). The analysis includes first
row TM atoms from Sc to Zn with the addition of Pd and Pt,
for a total of 12 SACs.

According to a model proposed by Nørskov and co-workers
in 2005,18 the activity of a catalyst in the HER can be predicted
by computing the adsorption energy of a single H atom to a
metal electrode, ΔEH, and determining the corresponding free
energy, ΔGH.

18 If ΔGH is close to zero, then the system is a
potentially good catalyst with a small (ideally zero) over-
potential. The idea behind this model is that ΔGH = 0 eV
corresponds to the top of a volcano plot, where the catalyst
binds hydrogen neither too strongly nor too weakly. On the
contrary, a large positive or negative ΔGH indicates a poor
catalyst due to too weak or too strong bonding with hydrogen,
respectively. This model has been improved over the years22

but, due to its simplicity, is still widely used in the original
formulation. It should be mentioned, however, that the model
has been introduced for metal surfaces, and its use for SACs
may be questionable due to the possible formation of another
stable intermediate where two H atoms, and not only one, can
bind to the active center (see section 3).23 Nevertheless, here
we concentrate on the hypothesis that the reaction proceeds
with formation of a single TM-H intermediate, the condition
that has been used so far.5−11 The ΔGH values are obtained
from ΔEH by adding a zero-point energy (ZPE) and an
entropy term that can be approximated in the same way for all
systems; this results in a correction of 0.24 eV (ΔGH = ΔEH +
0.24 eV).

Figure 1. Side views of (a) TM@4N-Gr, (b) TM-H@4N-Gr, (c)
TM@DV-Gr, and (d) TM-H@DV-Gr. Rectangular cell.
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In Figure 2 we have plotted the original data of Xu et al.,5

(taken from Table S5 of the Supporting Information), versus
the descriptor proposed:

φ θ
α

=
+ +E n E n E

E
( )

d
M N N C C

O/H (1)

where EN and EC represent the electronegativity of nitrogen
and carbon elements, nN and nC are the number of nearest-
neighbor N and C atoms, and α is a correction coefficient set
to 1.25 for single TM-pyrrole-N4 coordination and to 1 for all
the other systems. θd and EM correspond to the valence
electrons in the d orbital and to the electronegativity of TM
atoms. Xu et al.5 found that the φ descriptor follows a linear
relationship when plotted vs the free energy, eqs 2 and 3, with
a discontinuity around φ = 27 (see Figure 2):

φ φΔ = − + <G 0.07 1.27 ( 27)H (2)

φ φΔ = − >G 0.04 1.43 ( 27)H (3)

In Figure 2 we also reported two additional sets of data (see
Table 1). One is taken from a recent work of Fung et al.,6 while
the second is from our group. The three set of results have
been obtained with a partly different computational setup but
with the same computer code, VASP. In particular, our results
are at the PBE+D3 level (D3 = dispersion interactions
included),24 the results of Fung et al.6 are at the PBE level,
while the original data of Xu et al.5 have been obtained at the
PBE+U level.
The PBE (Fung et al.6) and the PBE+D3 (present work)

values are in close agreement (Table 1 and Figure 2). This is
true also if one takes into consideration other recent studies on
the same systems11,19,20 (see Table 1). The common aspect of
all these results is that they have been obtained at the PBE
level. On the contrary, the PBE+U data by Xu et al.5 show
large deviations (Table 1 and Figure 2). The differences are
substantial, with discrepancies of up to 1.5 eV for the cases of
Ni, Sc, and Ti. In some cases, the ΔGH values have different
signs: while for Sc and Ti the reaction is predicted to be
exergonic at the PBE level, it is endergonic in the results of Xu
et al.5 The distribution of the values obtained at the PBE level
is totally different and does not follow the universal behavior
proposed by Xu et al.5 (Figure 2). This opens a serious
question about the generality of the universal behavior
proposed and the methods required to compute the activity
of SACs in electrocatalysis. In an attempt to solve the issue, in
the following section we will analyze in detail potential sources
of discrepancies between different sets of DFT calculations.

2.2. Effect of Computational Parameters on ΔGH.
Several parameters need to be considered to reproduce
quantitatively a DFT calculation. Often, some of these
parameters are assumed to be of little relevance and are not
specified in the original papers. In this section we analyze in
detail the role of these aspects. The attention is on two specific
TM atoms in 4N-Gr, Mn, and Ni which can be considered as
representative cases for the HER. The parameters considered
are plane wave cutoff and convergence thresholds, number of

Figure 2. Adsorption free energy of H versus the descriptor φ for
single TM atoms supported on N-doped graphene (TM@4N-Gr).
This work: PBE+D3, red triangle; Fung et al.:6 PBE, blue square; Xu
et al.:5 PBE+U, black dot. The connecting line is drawn using eqs 2
and 3. Data taken from Xu, H.; Cheng, D.; Cao, D.; Zeng, X. C. A
universal principle for a rational design of single atom electrocatalysts.
Nature Catal. 2018, 1, 339−348. Copyright 2018 Springer Nature;
Fung, V.; Hu, G.; Wu, Z.; Jiang, D. E. Descriptors for hydrogen
evolution on single atom catalysts in nitrogen-doped graphene. J. Phys.
Chem. C 2020, 124, 19571−19578. Copyright 2020 American
Chemical Society.

Table 1. Adsorption Free Energy ΔGH (eV) of H on TM in N-Doped Graphene (TM@4N-Gr): PBE and PBE+U Results

DFT DFT+U

PBE+D3 PBE PBE vdw-DF2-c0 PBE+D2 PBE+U U Φ
This worka Fung et al.b Hossain et alc Baby et al.d Zhou et al.e Xu et al.f eVg

Sc@4N-Gr −0.33 −0.19 0.92 2.11 6.15
Ti@4N-Gr −0.53 −0.50 −0.92 0.65 2.58 12.45
V@4N-Gr −0.16 −0.27 −0.28 0.14 2.72 18.80
Cr@4N-Gr 0.32 0.31 0.28 −0.12 2.79 31.41
Mn@4N-Gr 0.53 0.43 0.46 −0.28 3.06 31.16
Fe@4N-Gr 0.37 0.25 0.24 0.19 0.26 −0.25 3.29 38.15
Co@4N-Gr 0.13 0.15 0.13 0.12 0.10 0.10 3.42 44.67
Ni@4N-Gr 1.65 1.59 1.62 1.67 1.58 0.22 3.40 51.20
Cu@4N-Gr 1.71 1.68 1.75 1.45 0.98 3.87 63.91
Zn@4N-Gr 0.87 0.76 0.86 4.12 62.77
Pd@4N-Gr 1.94 1.84 1.86 1.82 0.91 65.27
Pt@4N-Gr 1.63 1.49 0.68 59.07

aThis work: Spin-polarized calculations done at the PBE+D3 level using the code VASP, hexagonal cell, position of all atoms optimized keeping
lattice constant fixed, pseudopotential recommended by VASP, cutoff 400 eV; the truncation criteria for electronic and ionic loops were set to 1 ×
10−5 eV and −1 × 10−2 eV/Å, respectively. A 5 × 5 × 1 Monkhorst−Pack k-point grid was used. bReference 6. cReference 11. dReference 19.
eReference 20. fReference 5. gSee text.
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k-points, pseudopotential, dispersion, spin polarization, super-
cell used and optimization of cell parameters, supercell size
(coverage effect), and exchange-correlation functional (com-
paring the PBE,25 PBEsol,26 PBE+U,27,28 PBE0,29 and
HSE0630 functionals).
The first two parameters considered, the cutoff of the plane

wave basis set (Table S1) and the convergence criteria (Table
S2), have virtually no effect as the H adsorption energy
remains the same with changes of at most 20 meV.
The effect of the number of k-point grids has been

considered by performing the calculations at the Γ point or
using a finer grid (Table S3). Since the supercells used are not
particularly large, 32 atoms, an effect on ΔGH is found for Ni@
4N-Gr (0.17 eV) when the calculations are done at the Γ point
while the use of 5 × 5 × 1 or 10 × 10 × 1 grids does not lead
to any further change.
In a similar way, the choice of the pseudopotential used to

represent the core electrons of the TM atom is not crucial.
One can adopt a small or a large core pseudopotential; the
difference is that the 3p6 electrons of the TM atom are treated
explicitly (small core) or are included in the effective core
potential (large core). For all atoms considered in this work we
used the pseudopotentials recommended by the VASP manual
(sometimes these correspond to a small core, sometimes to
large core pseudopotentials).31 However, the results of Table
S4 clearly show that for Mn and Ni the differences are
negligible, 30 meV at most.
Next, we considered the role of dispersion, using the

Grimme correction in the D3 formulation.24 Here we observe
some change (Table S5) between ΔGH computed with and
without dispersion, but this is always below 60 meV. Notice
that the inclusion of dispersion does not necessarily increase
the H adsorption energy (Table S5). This can be explained
with the fact that dispersion forces act also on the atoms of the
support, reinforcing their interactions. The adsorption of an H
atom can lead to local distortions with an impact on the
stability of the support and can result in small oscillations in
the binding energy. Not surprisingly the dispersion contribu-
tion to the H atom adsorption is negligible.
An important aspect that is often poorly discussed in

theoretical studies (including those on SACs) is the approach
followed to represent the support. For the specific case of 4N-
Gr, one can cut a hexagonal or a rectangular cell from
graphene; the number of atoms is the same, 32, but the way
the catalytic center is replicated in space is slightly different. A
hexagonal cell is used in most studies,6,11,19,20 while a
rectangular cell was adopted by Xu et al.5 Usually, the
calculations are performed by fixing the lattice parameters of
the original graphene support and optimizing the atomic
positions (lattice constant “from graphene”, Table S6). The
other possibility is to fully optimize the lattice constants and
atomic coordinates of both the reference system, TM@4N-Gr,
and the system with the H atom adsorbed, TM-H@4N-Gr
(lattice constant “fully optimized”, Table S6). This latter
procedure has been followed for both hexagonal and
rectangular cells. The results, however, show very small
changes, up to 20 meV for Mn@4N-Gr and up to 40 meV
for Ni@4N-Gr (Table S6). This shows that the choice of using
the lattice constants of the graphene support, which is
computationally simpler, is justified. The physical reason is
that the local defect created by incorporating a TM atom in the
graphene lattice induces only local perturbations.

In supercell calculations of reactions at surfaces, coverage
plays an important role.32 This is because adsorption
properties depend on the density of adsorbed species. This
effect can be evaluated by comparing the results for supercells
of different sizes (Table S7). Going from a 4 × 4 to a 5 × 5 and
a 6 × 6 supercell, more than doubling the number of atoms,
ΔGH changes at most by 20 meV. This is due to the local
nature of the interaction and the small size of the H atom.
The next aspect considered is spin polarization. TM atoms

incorporated in a graphene layer can give rise to magnetic
ground states. Even when the atom has a completely filled d or
s shell, such as Zn, the addition of a single H atom results in a
system with an odd number of electrons. For this reason, the
calculations must be performed at the spin-polarized level. A
non-spin-polarized calculation describes an unphysical sit-
uation. To show this, we have compared spin-polarized and
non-spin-polarized calculations for the cases of Mn and Ni
(Table S8). Not surprisingly, the effect can be significant.
Mn@4N-Gr is predicted to have completely different
reactivities if the H adsorption is computed with or without
spin polarization, with ΔGH that goes from 0.45 eV to −0.34
eV, respectively (Table S8). This is because in the ground state
of Mn@4N-Gr there are three unpaired electrons mainly
localized on the Mn 3d orbitals which reduce to two after H
adsorption. For Ni, on the contrary, the difference between the
spin-polarized and non-spin-polarized calculations is very
small, from 1.65 to 1.69 eV (Table S8). This can be
rationalized with the fact that the ground state of Ni@4N-Gr
is a singlet closed shell; the addition of a H atom results in an
unpaired electron which is partly delocalized, thus explaining
the similar results obtained with the two approaches. Spin
polarization is essential and indeed has been used in all the
studies reported to study this problem.
The last aspect analyzed is probably also the most important

one and is related to the choice of the exchange-correlation
functional. This has been widely discussed in the literature but
not so much for the specific case of SACs. While in the field of
semiconductors and insulators it is common to use self-
interaction corrected functionals, either hybrid functionals33,34

or DFT+U,35 in the field of catalysis by SACs the choice is
almost exclusively concentrated on the popular PBE functional,
which is not corrected for the self-interaction. The problem has
been addressed in a recent study by Patel et al.36 showing the
importance of using hybrid functionals to obtain more reliable
results on SACs. In particular, when dealing with systems with
localized unpaired electrons it is useful to check that the results
are not strongly dependent on the functional used. In Table 2
we have considered ΔGH for Mn@4N-Gr and Ni@4N-Gr

Table 2. Effect of Exchange-Correlation Functionala

ΔGH (eV) PBE PBEsol PBE+U PBE0 HSE06

Mn@4N-
Gr

0.45 (0.45) 0.32 (0.31) 0.97 (0.97) 1.00 1.01

Ni@4N-
Gr

1.72 (1.65) 1.60 (1.52) 1.70 (1.69) 1.73 1.73

aCalculations were done with graphene lattice parameters, the
position of all atoms optimized, cutoff 450 eV, and pseudopotential
recommended by VASP (LC Mn, SC Ni); the truncation criteria for
electronic and ionic loops were set to 1 × 10−5 eV and −5 × 10−2 eV/
Å, respectively. A 2 × 2 × 1 Monkhorst−Pack k-point grid was used.
Values in parentheses were obtained with a 5 × 5 × 1 Monkhorst−
Pack k-point grid.
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using five different functionals (the calculations have been
performed with a smaller grid of k points due to the high
computational burden associated with hybrid functionals).
Besides the standard PBE, we have considered the PBEsol
functional explicitly derived for solid systems. However, the
results are in line with the PBE ones with changes of ≈0.1 eV
(Table 2).
Next we considered the PBE+U approach. DFT+U has been

introduced in order to mitigate the problem of the self-
interaction error. In general, DFT+U is applicable for localized
open shell orbitals, such as the d and f orbitals of TM metal
elements, as in the case of strongly correlated materials. The
use of the DFT+U approach introduces a variable, the U
parameter. There is a wide discussion in the literature on how
to determine or chose this term,37 and it is well-known that the
results can critically depend on the U value adopted.38 For
insulators or semiconductors, U is selected to better describe
the band gap of these systems, a procedure that cannot be
applied to graphene. In the paper by Xu et al.5 U values
between about 2 and 4 eV have been used, as reported in the
Supporting Information, but no reference or justification for
the choice was given.5 However, from a literature search we
found that the same set of U values has been adopted in 2019
by Gong et al.39 in a study of CO2 reduction with SACs; also in
this case the U values are reported in the Supporting
Information,39 but nothing is said on their origin except that
they have been taken from a work of 2017 of Lin et al.40 on
TM atoms stabilized in covalent organic frameworks. Also Lin
et al. do not discuss the U values in the main text, and they
report them in the Supporting Information, making reference
to the work of 1994 of Solovyev, Dederichs, and Anisimov.
This is a LDA+U study of TM impurities in rubidium metal,
and the U values are given in a figure only for some TM atoms
(V, Cr, Mn, Fe, Co, Ni). The origin of the other U values (Sc,
Ti, Cu) is unclear. A possibility is that they have been
extrapolated from Figures 2 and 3 of ref 41. Indeed, in the
Supporting Information we report a set of U values derived in
this way from ref 41 (Table S13 and Figure S1). They are very
close to those used in the theoretical studies mentioned
above.5,39,40 This is a typical example of how an important
parameter that determines the validity of the results is
transferred from paper to paper without a critical assessment

of its role and sometimes even without making proper
reference to the original source.
Compared to PBE data, the PBE+U results (Table 2) follow

the trend found from the analysis of the spin polarization: large
effect on Mn and almost no effect on Ni. Once more, this is
related to the presence unpaired electrons in Mn@4N-Gr and
to the closed shell nature of Ni@4N-Gr. The consequence is
that ΔGH for Mn goes from 0.45 eV (PBE) to 0.97 eV (PBE
+U) (Table 2). The difference is not insignificant. In terms of
HER activity this means going from a moderately active
catalyst to a totally inactive one. On the contrary, no relevant
difference is found for Ni where ΔGH changes by a few
millielectronvolts going from PBE to PBE+U (Table 2).
This trend is confirmed when the PBE0 and the HSE06

hybrid functionals are considered (Table 2). The ΔGH values
are very close to the PBE+U ones, with Mn@4N-Gr showing a
ΔGH of about 1 eV and Ni@4N-Gr a ΔGH of about 1.7 eV
(Table 2). The fact that the different behaviors of Mn and Ni
are related to the spin distribution is confirmed by the analysis
of the spin localization, which is always more pronounced with
the self-interaction corrected functionals (see Table S9).
Of all the computational aspects considered, two emerge as

being more critical: (a) the necessity to use spin-polarized
calculations since TM atoms embedded in graphene may have
magnetic ground states and (b) the choice of the exchange-
correlation functional. In particular, significant deviations
emerge for high spin complexes when comparing standard
GGA with self-interaction corrected functionals. This aspect
has received relatively little attention so far in the discussion of
SACs.

2.3. HER from PBE+U Results: A Critical Analysis. Of
the effects considered, not surprisingly the choice of the
functional is the most important one. We have seen above that
substantially different conclusions are obtained when the
activity of SACs in the HER is computed at the PBE6,11,19,20 or
PBE+U levels, as done in the work of Xu et al.5 (see section
2.1). For this reason, we recomputed a subset of SACs at the
PBE+U level in order to compare the results with those
obtained with PBE (Table 1) and of ref 5. The same
computational setup used by Xu et al.5 has been adopted; in
particular, the lattice constants of TM@4N-Gr and TM-H@
4N-Gr have been fully optimized using a rectangular cell (see

Table 3. Adsorption Free Energy ΔGH (eV) of H on a TM in N-Doped Graphene (TM@4N-Gr) and a Double C-Vacancy of
Graphene (TM@DV-Gr): PBE+U Results

This worka Xu et al.b φ This worka Xu et al.b φ U, eVc

Sc@4N-Gr −0.28 0.92 6.15 Sc@DV-Gr 0.92 0.86 5.25 2.11
Ti@4N-Gr −0.33 0.65 12.45 Ti@DV-Gr 0.66 0.46 10.67 2.58
V@4N-Gr 0.18 0.14 18.80 V@DV-Gr 0.80 0.24 16.13 2.72
Cr@4N-Gr 0.71 −0.12 31.41 Cr@DV-Gr 0.78 −0.49 26.95 2.79
Mn@4N-Gr 0.98 −0.28 31.16 Mn@DV-Gr 1.16 −0.53 26.70 3.06
Fe@4N-Gr 0.96 −0.25 38.15 Fe@DV-Gr 1.12 −0.28 32.81 3.29
Co@4N-Gr 0.61 0.10 44.67 Co@DV-Gr 0.83 0.22 38.44 3.42
Ni@4N-Gr 1.73 0.22 51.20 Ni@DV-Gr 0.45 0.31 44.07 3.40
Cu@4N-Gr 1.93 0.98 63.91 Cu@DV-Gr 1.83 0.67 55.00 3.87
Zn@4N-Gr 1.03 0.86 62.77 Zn@DV-Gr 2.02 0.52 53.86 4.12
Pd@4N-Gr 1.80 0.91 65.27 Pd@DV-Gr 0.45 0.75 56.36 
Pt@4N-Gr 1.45 0.68 59.07 Pt@DV-Gr 0.24 0.20 51.05 

aThis work: Spin-polarized DFT+U calculations with VASP code, rectangular cell and lattice parameters fully optimized (V = CTE), cutoff 450 eV,
and pseudopotential recommended by VASP. The truncation criteria for electronic and ionic loops were set to 1 × 10−5 eV and −5 × 10−2 eV/Å,
respectively. A 5 × 5 × 1 Monkhorst−Pack k-point grid was used. bReference 5. cFor the origin of the U values, see the text.
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Tables S10 and S11). The computed ΔGH values are reported
in Table 3.
First of all, comparing Table 1 (PBE, this work) and Table 3

(PBE+U, this work), it appears that for several atoms the
results are similar (see e.g. Sc, Ti, Ni, Cu, Zn, Pd, Pt). The
effect of the U parameter is large for the atoms at the center of
the first row of TM atoms, i.e. for V, Cr, Mn, Fe, and Co.
However, the difference of ΔGH(PBE) and ΔGH(PBE+U) is
always below 0.6 eV.
In Table 3, our PBE+U results are compared with those of

Xu et al.5 With the exception of V@4N-Gr, there is a large
discrepancy between the two sets of data. The differences are
substantial, often of the order of 1 eV or more. For Sc@4N-Gr
we compute a ΔGH of −0.28 eV against a reported value of
+0.92 eV; particularly relevant is the discrepancy found for
Ni@4N-Gr, where our value is 1.73 eV while that reported by
Xu et al.5 is 0.22 eV. In terms of HER activity this means going
from a dead catalyst to a highly efficient one.
An effect not considered so far is that of strain in the 4N-Gr

support. To examine this contribution, we have introduced
tensile and compressive strains on the graphene cell. This is
done by expanding or compressing the graphene lattice
parameters by −2%, + 2%, and +4% in both crystallographic
directions, a and b. In this way a uniform strain is introduced in
the film. ΔGH has then been computed as a function of strain
for the two prototypical elements, Mn and Ni (Table S12).
For Mn@4N-Gr a ±2% strain, compressive or tensile, has a

moderate effect on ΔGH, <0.2 eV (Table S12). With a strain of
+4%, ΔGH goes from 0.97 to 1.50 eV (Table S12). The effect
is large also on Ni@4N-Gr but goes in the opposite direction.
A compressive strain of −2% results in an increase of ΔGH
from 1.69 to 1.92 eV; a tensile strain results in a decrease of
ΔGH (from 1.69 to 1.11 eV for a + 4% strain). In a personal
communication,42 the authors of ref 5 mentioned that their
calculations on Ni@4N-Gr were done using the following cell
parameters: a = 8.77 Å, b = 10.17 Å (Ni@4N-Gr), a = 8.66 Å,
b = 10.10 Å (Ni-H@4N-Gr). Indeed, with these values we
compute a ΔGH of 0.32 eV, close to that reported in the
original paper (0.22 eV).5 However, these lattice constants are
significantly strained compared to our optimized values: a =
8.38 Å, b = 9.95 Å (Ni@4N-Gr), a = 8.40 Å, b = 10.00 Å (Ni-
H@4N-Gr). This corresponds to a 3−5% strain along the a
direction and almost no strain along the b direction (0−2%).
With these strained lattice constants, the total energies of the
Ni@4N-Gr and Ni−H@4N-Gr systems are 2.42 and 0.76 eV,
respectively, higher than the minimum structures. Since the
strained reference structure, Ni@4N-Gr, is destabilized by 1.66
eV more than the H complex, this explains the higher reactivity
found toward hydrogen (small ΔGH). However, the reasons
why the supports used by Xu et al.5 are strained and how the
strain has been determined remain unclear.
The conclusion is that for the 12 SACs with N-doped

graphene structure, large discrepancies exist between the two
sets of PBE+U data. To check if this is restricted to the specific
SACs considered, the analysis has been extended to 12 SACs
where the same TM atoms, from Sc to Zn, Pd, and Pt, are
embedded in a carbon double vacancy in graphene (TM@DV-
Gr) (Figure 1(c and d) and Table 3). In this model the TM
atom is directly bound to four C atoms, and the chemical
environment is totally different from that of 4N-Gr; therefore,
also the values of the descriptor φ are different.
The general conclusions, however, are the same as for the 12

N-doped graphene SACs (TM@4N-Gr). Large discrepancies

exist between the presently computed values and the ΔGH
values of ref 5. For instance, for Cr@DV-Gr, Mn@DV-Gr, and
Fe@DV-Gr we found large positive ΔGH values of 0.8−1.2 eV,
while Xu et al.5 reported negative free energies of −0.3/−0.5
eV (Table 3). The only systems where the two set of data
agree are Sc@DV-Gr, Ti@DV-Gr, Ni@DV-Gr, and Pt@DV-
Gr. The consequence is that the data points do not follow the
universal rule proposed but are rather scattered (Figure 3).

To summarize, analyzing the performances of 24 models of
SACs in the HER, conflicting conclusions emerge from the
analysis of data reported in the literature. In particular,
significant differences exist between some recent re-
ports6,11,19,20 and the data reported by Xu et al.5 For this
subset of SACs the nice universal principle underlying the
reactivity of SACs proposed in ref 5 cannot be confirmed. The
computed free energies for H adsorption plotted versus the
universal descriptor proposed (eq 1) do not show the behavior
reported in the original paper (Figure 3). Furthermore, of the
24 cases examined, the data of Xu et al.5 are reproducible only
in 5−6 cases. This is an important warning since the data set
reported in ref 5 is being used as training set for machine
learning screening of SACs.6,43 The authors of ref 5 and the
Journal have been informed.

3. DFT MODELING OF SACS IN THE HER: A CRITICAL
VIEW

The field of theoretical modeling of SACs for electrocatalysis is
growing very rapidly, with several new contributions appearing
every week. This is largely due to the relatively simple nature of
SACs, in particular when based on graphene structures.
Differently from SACs stabilized on metal or oxide surfaces,
a single layer of graphene can be modeled with small
supercells. Furthermore, with respect to more complex
reactions, the study of the ORR, OER, and HER does not
require consideration of complex adsorbed species and several
isomers on the surface of the catalyst. A screening of the
reactivity can be done with simple models where the key
parameters are the adsorption free energies of some molecular
fragments.18 The HER case is also the simplest, since here it is
sufficient to adsorb a single H atom and compute the
adsorption energy to predict the activity of a SAC. This

Figure 3. Adsorption free energies of H (PBE+U results) versus the
descriptor φ for single TM atoms supported on N-doped graphene
(TM@4N-Gr) and on a carbon double vacancy in graphene (TM@
DV-Gr). This work: blue diamonds; Xu et al.:5 black dots. The
connecting line is drawn using eqs 2 and 3. Data taken from Xu, H.;
Cheng, D.; Cao, D.; Zeng, X. C. A universal principle for a rational
design of single atom electrocatalysts. Nature Catal. 2018, 1, 339−
348. Copyright 2018 Springer Nature.
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explains the large number of hypothetical catalysts (hundreds
and sometimes thousands) that have been tested. However,
this also raises a fundamental question for the experimentalist:
to what extent can these calculations be trusted? We have seen
cases where the results lead to conflicting conclusions. In this
section we will try to provide an answer to this question by
considering some aspects that are often underestimated in the
discussion of the problem.
3.1. Exchange-Correlation Functional. A general

problem, largely ignored in the discussion on this topic, is
the role of the exchange-correlation functional. The majority of
studies performed on graphene-based SACs in the HER are
done at the GGA level (e.g., using the PBE func-
tional).6−16,19,20 It is well-known that the calculation of
binding energies is probably the most delicate aspect of
modern DFT. In fact, depending on the functional used,
significant oscillations can be found in the stability of a
molecular complex. To establish an error bar on this quantity is
difficult, as this is largely system and method dependent.
Considering the examples analyzed in this work, we can
conclude that the oscillations can go up to 0.7 eV (Table 2).
This is a huge quantity when one aims at predicting the
expected overpotential for the HER. It is the difference
between a promising and a totally inert catalyst. Of course,
some exchange-correlation functionals are more accurate than
others in describing the physics of the process and its
energetics. When localized unpaired electrons are involved,
which is the case of several TM atoms stabilized in a carbon
matrix, the use of hybrid functionals is better justified.36 In this
respect, benchmark calculations with highly accurate quantum-
chemical approaches (coupled cluster) are highly needed in
order to assess the reliability of the computed values. In
general, the fact that ΔGH may depend significantly on the
method used should suggest some caution in predicting the
activity of single atoms in electrocatalysis.
3.2. Details of the Calculation. In every DFT calculation

some parameters need to be defined: plane waves cutoff,
convergence criteria, size of the supercells, number of k points,
choice of the pseudopotential, inclusion of dispersion, level of
optimization, etc. Each of these terms has a small but non-
negligible effect, of the order of 20−50 meV. One can hope
that contributions of opposite sign will lead to a cancellation of
error, but this is not guaranteed. An uncertainty of the order of
0.1 eV, if not more, is unavoidable and inherent in the
approach.
3.3. Number of Intermediates and Kinetic Model. The

model used to screen the activity of SACs in the HER is an
extension of that proposed by Nørskov et al.18 for metal
surfaces. However, there is a fundamental difference between a
metal surface and a SAC. SACs are reminiscent of coordination
compounds.44 While on metal surfaces the formation of the
MH complex is followed by desorption of 1/2H2 without
formation of other intermediates (with the exception of the
physisorbed H2 molecule, irrelevant for the kinetics), on SACs
besides MH intermediates also HMH stable complexes can
form where two H atoms are bound to the catalytic center
(dihydrogen or dihydride complexes).23 When this occurs, the
kinetics of the process changes, and the simple two-
dimensional volcano plot which is at the basis of the original
Nørskov model is no longer sufficient, as the reaction implies
that both ΔGH values for the two reaction steps are close to
zero, and not just one.23 Neglecting this second step can lead

to completely incorrect conclusions about the activity of a
SAC.

3.4. Thermodynamic Stability. SACs are not static
objects; they may change their position in the course of the
reaction.45 This opens an important aspect in the theoretical
evaluation of the activity of SACs, which is their stability in
different environments, such as in oxidizing or reducing
conditions. Ab initio thermodynamic analyses of surface phase
diagrams provide the conditions of O2 and H2 partial pressures
and the temperatures at which a given structure is stable,
showing that the stability of a given configuration of a SAC is a
critical function of the reaction conditions.46

3.5. Solvent Effects. All the electrocatalytic reactions we
are referring to occur in water, and the solvent can play an
important role in stabilizing (or destabilizing) a given surface
complex. The presence of a liquid/solid interface may change
in a nontrivial way the nature of the catalytic support. The
solvent can be included in various ways, through an implicit
representation of a continuous dielectric,47 or as the result of
the molecular interaction with explicit water molecules in
conjunction with molecular dynamics (MD),48 in static
simulations with a water layer,49,50 or with microsolvation
models.51 The computational approach chosen has important
implications for the H adsorption energy, which can change by
up to a few tenths of an electronvolt once the solvent is
considered.52,53 Thus, no matter whether explicit or implicit
solvent effects are considered, these can modify the reactivity,
leading to quantitatively, and possibly even qualitatively,
different predictions. The fact that the majority of the
descriptors proposed so far are based on “dry” models of the
catalyst implies the assumption that the role of the solvent is
negligible, an aspect that needs to be further investigated.

3.6. pH Dependence. HER reactions are pH depend-
ent.54,55 Nevertheless, it is common practice that the
experimentally observed behavior of catalysts for the HER in
variable pH conditions is rationalized based on DFT
calculations where the pH is not explicitly taken into
account.56,57 The pH contribution to the Gibbs free energy
can be included by considering a term of the type kbT ln(10)
pH, as reported by Nørskov and co-workers.58 While probably
this is not the most severe problem, it also contributes to some
uncertainty on the computed values.

3.7. Shift in the Volcano Plot. The general model
adopted to assess the potential activity of a SAC is based on
the condition that ΔGH is close to zero for zero overpotential η
(ΔGH = 0 eV at η = 0 V). This corresponds to a catalyst at the
top of the volcano plot that binds hydrogen not too strongly or
too weakly (Sabatier principle). Recently, this model has been
questioned.59 By linking microkinetics to the free-energy
diagrams for the HER, it has been suggested that in the high
overpotential regime, η > 0.10 V, the steady state is a better
approximation than the quasi-equilibrium condition. This
results in revised volcano curves for the HER which show
that the most active electrocatalysts in the HER do not bind
hydrogen thermoneutrally but rather stabilize the H inter-
mediate endergonically at zero overpotential. Thus, the best
catalytic materials in the HER do not correspond to the
condition ΔGH ≈ 0 but to ΔGH ≈ 0.2 once the applied
overpotential and kinetics are taken into account in the
analysis, as observed experimentally.60,61 So far, none of the
universal descriptors proposed from DFT screening takes this
fact into account.

ACS Catalysis pubs.acs.org/acscatalysis Perspective

https://doi.org/10.1021/acscatal.2c01011
ACS Catal. 2022, 12, 5846−5856

5852

pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c01011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.8. Comparison with Experiment. The natural way to
validate the results of a DFT calculation is to compare with
experiment. SACs are not an exception. For obvious reasons,
the results of a DFT calculation can be compared to
experiment only when the structure of the SAC is the same
as that of the actual catalyst. Even small changes in the
coordination can lead to substantially different results.62,63 A
precise definition of the structure of a SAC is challenging.
Electron microscopy, X-ray spectroscopies (XANES and
EXAFS), high resolution STEM, infrared spectroscopy of
adsorbed probe molecules, etc., often in combination and
supported by DFT results, can provide an accurate
identification of the structure of the catalyst.64−66 However,
in most cases the nature of the SAC is only partly clarified,
making a direct comparison with DFT purely tentative. From a
careful search of the literature, it turns out that the cases where
the nature of a TM incorporated in a graphene-based support
is unambiguously identified and the structure elucidated at the
atomistic level are scarce.67−69 Much more common are claims
of good agreement for calculated structures that, in principle,
could be rather different from the measured ones. When this is
the case, the agreement is probably the consequence of a lucky
cancellation of errors. Another aspect that is often neglected is
the dynamical nature of the catalyst under reaction
conditions.45 In this respect in situ/operando techniques
such as X-ray absorption spectroscopy, scanning tunneling
microscopy, and Fourier-transform infrared spectroscopy can
be extremely valuable to study the evolution of SACs.70

3.9. Universal Descriptors. This brief discussion should
have clarified that the use of DFT calculations to predict the
behavior of SACs in electrocatalysis is more problematic than
usually assumed. This contrasts with the growing number of
studies where universal descriptors or correlations are
proposed, based either on equations of various complexity or
on the analysis of large data sets with the help of machine
learning techniques.
In some cases, relatively simple relations are proposed, as in

the work of Huang et al.7 where the HER reaction has been
studied on SACs consisting of TM atoms stabilized on the
surface of MoS2, WS2, and ZrS2. The authors showed that the
catalytic performance is highly correlated with the electro-
negativity of the active site and its neighboring atoms as well as
with the distance between them. Here the notion of
electronegativity is introduced, a quantity which is not a
physical observable but is a very useful concept in chemistry.
However, if one tries to extend the model proposed by Hang et
al.7 to the 24 graphene-based systems considered in this
Perspective, the points are sparse and the correlation found is
not spectacular (R2 < 0.8). This suggests that while simple
correlations may be found, these are restricted to a given
subset of catalysts (in this respect, they are not universal).
In other studies, more complex formulas have been

proposed to identify a descriptor of the behavior of SACs.
For instance, Qi et al.8 introduced a function that depends on
the ratio between the product of the number of valence
electrons of the n atoms in the catalytic center elevated to 2/n
and the product of the electronegativities of the same centers
elevated to 1/n. The physical meaning of this equation cannot
be clearly identified. Furthermore, in some of the plots
reported (see e.g. Figure 4a in ref 8) the H adsorption energy
of a few SACs, although available, is not reported. Reducing
the number of points, of course, results in a better fit.
Sometimes there is simply a certain approximation in reporting

the data. In the study of Hossain et al.11 the ΔGH values are
not given in a table but are plotted in Figure 1 against the
reaction pathway and in Figure 2 against the energy of an
antibonding orbital. It turns out that ΔGH for Os@N-Gr is
about −0.8 eV in Figure 1 and about +0.8 eV in Figure 2.
While this is surely a small mistake, the reader is confused
about the thermodynamic balance of the HER for this
hypothetical catalyst.
Recently a universal descriptor for the HER on TM

dichalcogenides has been proposed where the main physical
quantity that enters in the definition is the “bond electro-
negativity”,9 a not widely used property that has been
introduced to rationalize bond strength in superhard
materials.71 The problem with these quantities is that they
(1) are not physical observables and (2) must be derived from
calculations (e.g., from Bader atomic charges),72 a procedure
not free from limitations and which is method dependent.
Another descriptor that is often used in this context is the d-

band center model.6,73 This successful model has been
introduced a long time ago by Hammer et al.74 to describe
the reactivity of metal surfaces where valence electrons occupy
wide bands. But SACs consist of isolated TM atoms
incorporated in a surrounding environment. The surface acts
as a giant ligand, resulting in the split of the five d orbitals of
the metal center due to the interaction with the orbitals of the
neighboring atoms. Since SACs are by definition isolated, their
d levels cannot form a band, and their properties are better
described in terms of molecular orbitals. In fact, macrocycle
ligands have been used to model the infinite graphene layer.6

In this respect, the notion of frontier orbitals, widely used in
coordination chemistry,75 is a much more appropriate
descriptor than the d-band center. In Figure 4 we report the

projected density of states (DOS) for a Ni atom embedded in
4N-Gr and for a Ni(100) surface: it is apparent that the two
systems have completely different DOS curves, with largely
localized and narrow states for the Ni SAC and broad bands
for metallic Ni. It should also be mentioned that the precise
evaluation of the position of the d-band center in graphene-
based SACs is not trivial, due to strong hybridization of the
metal and “ligand” orbitals.
Not surprisingly, given the possibility to produce large sets

of data, some authors have resorted to the use of machine
learning to extract useful information.43,76 Statistical learning
techniques can improve the search for descriptor-based

Figure 4. Density of states projected on 3d orbitals for a Ni atom
embedded in N-doped graphene, Ni@4N-Gr, and for a Ni(100)
surface.
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performance equations, but the black-box nature of these
methods makes a physical interpretation of the resulting
descriptors difficult when not impossible. In a recent study
Fung et al.6 analyzed a set of 3d, 4d, and 5d TM atoms
embedded in N-doped graphene. They found that the d-band
center correlates very poorly with the ΔGH values (not
surprisingly, see above). Therefore, they introduced ten other
descriptors and used a SISSO algorithm (sure independence
screening and sparsifying operator) to obtain an expression
which is a function of five variables only: the d-band center, the
Bader charge, the inverse of the covalent radius, the
electronegativity, and the square of the number of occupied
d states. Many of these quantities are not rigorously defined,
and most of them need to be calculated, which makes again the
expression method dependent. While useful in principle to
screen new potential catalysts, the complexity of the relation,
the number of variables, and the fact that some are not easily
defined limit our understanding of the physical reasons that
determine the chemical behavior of a given SAC. Nevertheless,
useful examples of applications of machine learning techniques
exist.77 Recently an interesting hybrid approach has been
proposed for a specific hydrodehalogenation reaction where
experimental activity and selectivity are analyzed as a function
of only two chemical descriptors from DFT.77

4. CONCLUDING REMARKS
We hope we have shown that the H adsorption energy on
single atom electrocatalysts is a delicate quantity and that
several factors can contribute to the computed values.
Screening of large data sets based on incomplete models (no
solvent, no inclusion of other intermediates than the MH one)
or on exchange-correlation functionals not corrected for the
self-interaction, just to mention the most important effects, can
lead to uncertain predictions. The effect of these contributions
is not the same for different active sites on different supports,
and some SACs may be affected more than others. To place an
error bar on the accuracy of the computed adsorption free
energies is not simple, as once more the error is system
dependent, but a prudential estimate is that the computed
ΔGH values have uncertainties that can go from 0.1 to 0.5 eV
or more. These are large quantities in terms of overpotential
for the reaction. Using predicted activities of new catalysts
coming from DFT calculations, these aspects should be
considered.
In an era where computing power has increased enormously,

perhaps the time has come to shift the attention from the
quantity of the data produced to the quality of the predicted
behaviors and of the descriptors used to rationalize the
chemistry of these systems. This could result in a better
understanding of the physical and chemical origins of the
catalytic activity and be of real help to the experimentalist in
designing new efficient catalytic systems.
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