
RESEARCH ARTICLE
www.advtheorysimul.com

Modeling Hydrogen and Oxygen Evolution Reactions on
Single Atom Catalysts with Density Functional Theory: Role
of the Functional

Ilaria Barlocco, Luis A. Cipriano, Giovanni Di Liberto, and Gianfranco Pacchioni*

The most widely used approach to predict catalytic activity is density
functional theory, whose results however depend on the adopted
exchange-correlation functional. In this work, the role played by the functional
in predicting the activity of single atom catalysts (SAC) in the hydrogen and
oxygen evolution reactions (HER and OER) is studied. 16 transition metal
(TM) atoms embedded in N-doped graphene are simulated and the
performance of the widely adopted Perdew–Burke–Ernzerhof (PBE) functional
against the hybrid PBE0 functional is assessed. The PBE+U approach, a
computationally less complex way to correct for the self-interaction error in
density functional theory, is also considered. The predictions obtained with
PBE have a substantial deviation from PBE0 for first row TMs, i.e., 3d
systems, while smaller deviations are found for the 4d and 5d series. The
PBE+U results represent an improvement with respect to PBE, although
some differences from PBE0 remain. This study underlines the importance of
the choice of the DFT functional in screening new catalysts and in predicting
catalytic activities. The use of PBE appears acceptable for 4d and 5d metals,
while in the case of 3d systems PBE+U or PBE0 approaches are
recommended, in particular for magnetic ground states.

1. Introduction

Electrochemical water splitting is one of the most relevant chem-
ical processes that can contribute to solve the formidable issues
related to the generation of clean and sustainable fuels. The pro-
cess involves the conversion of water molecules into molecular
oxygen and hydrogen. The hydrogen evolution reaction (HER)
occurs at the cathode of the system (2H+ + 2e– → H2) and the
oxygen evolution reaction (OER) at the anode (2H2O → O2 +
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4H+ + 4e–).[1–3] The reaction is endergonic
with a cost of 4.92 eV for each molecule
of oxygen released[4,5] and it is often cat-
alyzed by noble metals, such as Pt.[6,7] The
last aspect is critical in terms of sustain-
ability of the process, given the problematic
issues of critical raw materials.[8] For this
reason, research is intensively dedicated to
the development of catalyticmaterial requir-
ing smaller amounts of preciousmetals and
lower overpotentials.
Single-atom catalysts (SACs) can ad-

dress both aspects.[9–12] SACs consist of
isolated metal atoms stabilized on a sup-
port, maximizing the exposed active sites.
Moreover, their behavior is better de-
fined than supported metal nanoparticles,
strongly depending on the surrounding of
the single atom[13] and showing behav-
iors that are reminiscent of coordination
compounds,[9,14] allowing in principle to en-
gineer and tailor the catalytic activity in a de-
sired way.
Given the intrinsic atomistic nature of

SACs, computational chemistry can be of
help to predict, understand and rationalize the behavior of these
species. The state-of-the-artmethodology reliesmostly on density
functional theory (DFT) since this approach represents a good
compromise between accuracy and computational effort. In this
respect, DFT is used nowadays for the screening of large sets of
materials for both HER and OER.[14–18] It should be mentioned,
however, that validations of this choice based on systematic com-
parisons of different methods are scarce.
The prediction of reaction energies requires a significant ac-

curacy of the modeling techniques, a nontrivial aspect within
DFT.[19,20] In fact, the results depend critically on the choice of the
exchange-correlation (XC) functional adopted. The most popular
class of functionals is based on the generalized gradient approxi-
mation (GGA). One of themost famous parameterizations of this
type is the Perdew–Burke–Ernzerhof (PBE),[21] widely adopted
for the treatment of SACs. It is curious that this functional has
been widely adopted in the study of the chemistry of SACs and
that the examples of validation of the PBE functional for this class
of systems are rare.[22,23] For instance, in a study of Ag1 and Cu1
adatoms on Fe3O4(001) it has been shown that hybrid functional-
based calculations accurately predict the experimental geometry,
while DFT+U approaches perform poorly.[24] It is well known
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that generalized gradient approximation (GGA) functionals, in-
cluding PBE, are affected by the self-interaction error and lead to
underestimation of semiconductors band gap and important un-
certainties in reaction barriers and energies. This problem is well
known, and a way proposed 30 years ago by Becke to solve this
issue was to add a fraction of the exact Fock exchange to the DFT
functional,[25–28] giving raise to the family of hybrid functionals.
Related to the PBE formulation,[29] Adamo and Barone in 1999
proposed the PBE0 model, a hybrid functional containing 25%
of exact Fock exchange.[30–35] The improved accuracy of hybrid
functionals has a cost in terms of increased computational ef-
fort required. On another hand, a more pragmatic approach that
does not imply a relevant computational effort is the DFT+U ap-
proach, where an on-site Coulomb interaction term (U) between
electrons is introduced.[36,37] However, the choice of the “best”
U value is not trivial. In general, the choice is done empirically
by fitting some quantity of interest. In some cases it possible to
adopt well-grounded methodologies.[38]

Given the increase of computational power and the devel-
opment of artificial intelligence techniques, several studies are
based on the screening of hypothetical catalysts at the level of
DFT with the PBE functional. In this work we investigate the per-
formance of PBE on a set of SACs and we compare this with the
PBE+U and the PBE0 functionals. Several other formulations of
the XC functional have been proposed, but PBE0 remains one of
the more robust.[39] The data set is made by 16 transition metal
atoms, i.e., TM= fromCr to Cu; fromMo to Ag; fromW toAu (Re
was not included since we encountered convergence problems,
while Tc is radioactive and unstable). The TM atomswere embed-
ded in a nitrogen doped graphene, a widely studied support for
SACs.[40–46] The results show that, in many cases, the predictions
for the HER and OER reactions obtained with the PBE functional
present a substantial deviation from those computed at the PBE0
level. This is true in particular for light transition metals, while
for the heaviest ones the adoption of PBE looks reasonable. The
picture can be improved with DFT+U.
The purpose of this study is thus to alert theorist interested

in the prediction of the new single atom catalysts of the impor-
tance of properly choosing the exchange-correlation functional,
in particular when dealing with TM atoms at the right of the first
TM row.While the adoption of the standard PBE functional looks
fine for some 4d and 5d TM atoms, a PBE+U approach is recom-
mended when the use of more well-grounded hybrid functionals
is not possible due to the dimensions and number of systems to
investigate.

2. Results and Discussion

2.1. H Adsorption on TM@4N-Gr

We first compare the electronic structure of the TM atoms ad-
sorbed in nitrogen-doped graphene (4N-Gr) by looking at the
spin-density and the atomic magnetizations (𝜇B). Figure 1 shows
the different magnetizations of the TMs considered with PBE,
PBE+U and PBE0. Inmost cases PBE deviates significantly from
the PBE0 results, providing more delocalized solutions. This is
particularly evident for Co@4N-Gr, Ag@4N-Gr, and W@4N-Gr,
Figure 1. This is not surprising, given the well-known problem
of charge delocalization of GGA functionals. However, a proper

Figure 1. Spin density plot (Δ𝜌) of TM supported onN-doped graphene at
the different levels of theory. Differences in spin polarization are reported
in yellow and blue (iso-surface equal to 5×10–3 eÅ–3).

treatment of spin localization is important and it depends on the
level of treatment (in particular, in hybrid functionals it depends
on the amount of exact Fock exchange).[47] Next we investigated
the performance of PBE+U. Most of the PBE+U values of the
first two periods are in good agreement with those observed with
PBE0 (mean absolute error, MAE = 0.06 𝜇B), with the only excep-
tion of Rh@4N-Gr. In the case of 5d TMs there are substantial
deviations in the case of Os@4N-Gr and Ir@4N-Gr.
The different magnetization of Rh, Os and Ir at PBE+U and

PBE0 levels shown in Figure 1 is due to the existence of vari-
ous electronic configurations with different spin but very similar
energies. However, once a H atom is adsorbed, Table 1, the near
degeneracy of the electronic states is removed and the samemag-
netization is found at the PBE+U and PBE0 levels. In particular,
for the TM-H complexes Co, Rh, Ir all show the same zero net
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Table 1. Gibbs energy of H on single TM atom supported on N-doped
graphene at different levels of theory. In all cases, dispersion is included
and the reported magnetization value is after hydrogen adsorption.

ΔGH [eV] TM magnetization

TM-H PBE PBE+U PBE0 PBE PBE+U PBE0 U

Cr@4N-Gr 0.32 0.65 0.67 2.64 2.92 2.88 2.93

Mn@4N-Gr 0.53 0.99 1.02 2.17 2.41 2.30 3.06

Fe@4N-Gr 0.37 1.02 1.05 0.94 1.18 1.15 3.29

Co@4N-Gr 0.13 0.60 0.57 0.00 0.00 0.00 3.42

Ni@4N-Gr 1.65 1.61 1.79 0.40 0.91 1.05 3.40

Cu@4N-Gr 1.71 1.95 2.31 2.31 0.66 0.65 4.18

Mo@4N-Gr −0.41 −0.14 −0.03 1.64 2.12 1.22 2.30

Ru@4N-Gr −0.47 −0.16 −0.26 0.04 0.79 0.80 2.79

Rh@4N-Gr −0.24 −0.29 −0.59 0.00 0.00 0.00 3.04

Pd@4N-Gr 1.88 2.00 2.17 0.09 0.15 0.19 3.33

Ag@4N-Gr 0.78 0.79 0.79 0.00 0.00 0.00 3.57

W@4N-Gr −1.05 −0.76 −0.84 0.91 1.05 1.00 2.08

Os@4N-Gr −0.62 −0.51 −0.71 0.58 0.89 0.79 2.51

Ir@4N-Gr −0.35 −0.40 −0.74 0.00 0.00 0.00 2.74

Pt@4N-Gr 1.54 1.58 1.98 0.00 0.00 0.03 2.95

Au@4N-Gr 2.17 2.19 2.31 0.09 0.08 0.09 3.17

magnetization while Fe, Ru and Os, with one electron less, ex-
hibit a net magnetization close to 1, Table 1.
The screening of promising good catalysts for HER is largely

based on the Nørskov approach,[48] where the formation of an
intermediate made by an adsorbed hydrogen atom (MH) on the
catalytic site is considered. This approachwas originally proposed
for extendedmetal surfaces, obtaining an impressive success. In-
deed, in this case it is possible to use the Gibbs energy of the
MH intermediate, ΔGH, as a unique descriptor for the catalytic
activity.[49] In particular, a ΔGH close to zero corresponds to an
active catalyst (top of the volcano plot) while very positive or very
negativeΔGH values correspond to inactive catalysts that bind hy-
drogen too weakly or too strongly, respectively. This approachwas
transferred without change to the study of SACs in recent years.
However, there are many important aspects that one should ac-
count for a reliable prediction of SACs chemical activities, such as
the formation of other intermediates (on SACs dihydrogen com-
plexes can also form, HMH[14]), the overpotential,[50,51] and sol-
vation effects.[52] Here, we focus on a primary aspect of the simu-
lation: the impact of the DFT functional adopted on the predicted
activity of SACs.[22] Notice that we are not interested here in the
definition of the best catalysts, but only in the assessment of the
role of the functional. For this reason, effects related to other in-
termediates, solvent and external potentials are not included.
We limited our evaluation of the Gibbs energy of MH inter-

mediates using the working equation adopted by Nørskov and co-
workers,[48] where the entropic contribution of solid-state species
is neglected, the entropy of gas phase H2 at 298 K is taken as
0.40 eV, and the zero-point energy correction term is approxi-
mated to 0.04 eV[48]

ΔGH = ΔEH + 0.24 eV (1)

Figure 2. Gibbs energy of hydrogen adsorbed on SACs at different levels
of theory.

Given the very large range of calculated ΔGH values, these ap-
proximations can be considered acceptable and, in any case, do
not affect the conclusions.
A hydrogen atom was adsorbed on the different SACs and the

Gibbs energy was obtained by applying Equation (1) (ΔGH), Ta-
ble 1. Themagneticmoment of the TMafter hydrogen adsorption
is also reported in Table 1.
Setting PBE0 as a benchmark, the PBE estimates of the Gibbs

energy are often rather different, particularly for 3d and 4d TMs,
with an MAE = 0.36 eV. However, the computed Gibbs ener-
gies with the PBE+U approach are in much better agreement
in most of the cases, MAE = 0.12 eV. The highest deviation
is found for Cu@4N-Gr and Rh@4N-Gr (Figure 2a,b) where
the differences are of 0.39 eV and 0.30 eV, respectively. To un-
derline the importance of the chosen XC functional, one can
observe that at the PBE level Cr, Fe, and Co are predicted to
be good catalysts for HER (ΔGH is 0.32, 0.37, 0.13 eV, respec-
tively), while the picture changes if one considers the free energy
computed with the PBE0 functional, where the three systems
are predicted to be rather inactive (ΔGH = 0.67, 1.05, 0.57 eV,
respectively).
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Table 2.Magnetic moment of TM supported on N-doped graphene at dif-
ferent U values.

Catalyst

U [eV] 0.0 1.0 2.0 3.00 4.0 5.0

TM magnetization

Mn@4N-Gr 2.94 3.02 3.10 3.17 3.24 3.37

Fe@4N-Gr 1.86 1.91 1.95 1.97 1.98 1.99

Table 3.Gibbs free energy of H adsorption onMn and Fe atoms supported
on N-doped graphene at different U values. The magnetization values re-
ported refer to the complex with adsorbed H.

U [eV] 0.0 1.0 2.0 3.0 4.0 5.0

ΔGH [eV]

Mn@4N-Gr 0.57 0.64 0.81 0.98 1.14 1.30

Fe@4N-Gr 0.33 0.55 0.76 0.96 1.16 1.36

TM magnetization

Mn@4N-Gr 2.17 2.26 2.34 2.41 2.45 2.47

Fe@4N-Gr 0.94 1.04 1.12 1.16 1.23 1.31

A different trend is found for the 5d TMs, where the results
obtained with the PBE functional look more reasonable (MAE
= 0.25 eV). In this case, the highest deviation is observed for
Ir@4N-Gr, 0.39 eV, which however once more corresponds to go
from an active catalyst,ΔGH(PBE) = −0.35 eV, to an inactive one,
ΔGH(PBE0) = −0.74 eV (Table 1, and Figure 2c).

2.2. Role of the U Parameter: Mn@4N-Gr and Fe@4N-Gr

The choice of the U parameter in DFT+U calculations is a deli-
cate issue.[19,53] Therefore, we decided to analyze the effect of this
term in the specific case of the prediction of HER for two repre-
sentative cases, Mn@4N-Gr and Fe@4N-Gr. We chose these two
systems because they present unpaired electrons both before and
after H atom adsorption. We sampled theU values ranging from
U = 0 eV, corresponding to a standard PBE calculation, to U =
5 eV, a rather high value. We observe from Table 2 that increas-
ingU results in the enhancement of the metal magnetization, as
expected.
Next, the Gibbs energies of hydrogen adsorption have been

computed for different U values, Table 3. A linear correlation
between U and ΔGH is obtained (Figure 3), indicating that in-
creasing U implies a less favorable (more endergonic) interac-
tion between hydrogen and TM@4N-Gr. Figure 3 shows that the
choice of U is critical, since by tuning the value of U one can go
from a very small ΔGH (strong interaction) to a very large one
(weak interaction). This is an aspect that should be critically con-
sidered when DFT+U is adopted to predict the activity of SACs.
We also observe that theΔGH values obtained withU parameters
taken from Ref. [54] are in good agreement with the PBE0 re-
sults (Figure 2a), providing a validation for the adoption of these
U values.

Figure 3. Gibbs energy of hydrogen adsorbed on Mn@4N-Gr and
Fe@4N-Gr as a function of the U parameter.

2.3. Oxygen Evolution Reaction on TM@4N-Gr

In the previous section we showed that the use of different func-
tionals can have a strong effect on the calculatedΔGH and the pre-
dicted catalytic activity in HER.We now consider the OER but we
restrict the analysis to four representative cases, i.e., Mn@4N-Gr,
Fe@4N-Gr, Co@4N-Gr, and Ni@4N-Gr, and we evaluate the ef-
fect of the functional on the predicted activities. Oncemore, these
catalysts are chosen for their importance in this kind of reactions
and because they present large differences in HER depending on
the functional adopted.
We model OER according to the well-known path occurring

on metals that implies the formation of OH*, O*, and OOH*
intermediates (the active site is labeled with *)

∗ +H2O → OH∗ +H+ + e−− (2)

OH∗ → O∗ +H+ + e−− (3)

O∗ +H2O → OOH∗ +H+ + e−− (4)

OOH∗ → O2 +H+ + e−− (5)

The related equations to compute the Gibbs energy of each in-
termediate are reported in Section S1 (Supporting Information).
The calculated Gibbs energies of the intermediates are reported
in Table 4, assuming to apply a voltage V = 1.23 V. The model-
ing of OER is clearly more complicated given the higher num-
ber of species involved. In this scenario, we observe again how
fundamental, and impacting is the choice of the DFT functional.
Starting from the first intermediate, OH*, Table 4 and Figure 4a,
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Table 4. Gibbs energy of OH*, O*, and OOH* intermediates on single
TM atoms supported on N-doped graphene at different levels of theory.
In all cases dispersion is included and the magnetization value is after the
intermediate adsorption.

ΔG [eV] OER (V = 1.23 eV) TM magnetization

OH* PBE PBE+U PBE0 PBE PBE+U PBE0

Mn@4N-Gr −0.60 −0.21 −0.12 2.34 2.01 1.89

Fe@4N-Gr −0.56 0.06 0.21 1.05 1.25 1.10

Co@4N-Gr −0.15 0.20 0.31 0.00 0.00 0.00

Ni@4N-Gr 0.87 0.93 1.24 0.37 0.46 0.45

O* PBE PBE+U PBE0 PBE PBE+U PBE0

Mn@4N-Gr −1.41 −0.54 −0.03 -0.48 2.62 0.84

Fe@4N-Gr −0.97 −0.18 0.15 1.22 1.51 1.39

Co@4N-Gr 0.18 0.24 0.59 1.90 2.40 2.49

Ni@4N-Gr 1.59 1.58 2.12 −1.59 1.66 −1.39

OOH* PBE PBE+U PBE0 PBE PBE+U PBE0

Mn@4N-Gr 0.14 0.20 1.00 2.03 3.53 1.94

Fe@4N-Gr 0.05 0.77 1.14 2.03 1.17 1.08

Co@4N-Gr 0.64 0.89 1.32 0.29 1.41 0.00

Ni@4N-Gr 1.31 1.38 1.84 0.26 0.25 0.23

Figure 4. Gibbs free energy of OH*, O*, and OOH* intermediates ad-
sorbed on SACs at different level of theory (V = 1.23 V).

for most of the TMs considered the Gibbs energy obtained at
the PBE+U level resembles the PBE0 ones (MAE = 0.17 eV; the
only deviation is Ni@4N-Gr where the two values are 0.93 eV
and 1.24 eV, respectively). On the contrary, the adoption of the
PBE approach implies significant deviations, MAE = 0.52 eV.
Particularly relevant is the case of Mn@4N-Gr, where ΔGH(PBE)
= −0.60 eV corresponds to a poor catalyst, while ΔGH(PBE0) =
−0.12 eV indicates an excellent one.
When we move to the second intermediate, O*, the adoption

of PBE implies an even higher deviation from PBE0: the MAE is
very high, 0.86 eV, and the maximum deviation reaches 1.38 eV,
Table 4. It is clear that the two DFT approaches lead to com-
pletely different predictions. The picture improves when work-
ing with PBE+U, since the mean deviation decreases to 0.43 eV.
However, some differences remain, as for the case ofMn@4N-Gr
(ΔGH(PBE+U)=−0.54 eV,ΔGH(PBE0)=−0.03 eV, Table 4). The
situation is consistent evenwhen looking at the last intermediate,
OOH*, although the performances of PBE+U are not as good as
for other systems. The average deviation is 0.79 eV when work-
ing with PBE, and 0.52 eVwith PBE+U. Large discrepancies with
the PBE0 functional remain (once more, Mn@4N-Gr is a critical
case).
This brief discussion demonstrates the critical role played by

the choice of the functional in describing the performance of a
SAC in OER.

3. Computational Details

Spin polarized DFT calculations were performed with the
VASP[55–57] code. We used the Perdew–Burke–Ernzerhof
(PBE)[21] and the PBE0[29,34] formulations of the exchange-
correlation functional. The PBE+U approach[36,58] has been
adopted as well, taking the Hubbard’s U terms from the Lit-
erature. More specifically, we considered the values reported
by Anisimov,[54] and already adopted to study SACs (see Ta-
ble 1 for the values and the discussion in ref. [23]). Dispersion
forces have been included according to the Grimme’s D3
parameterization.[59] The following valence electrons were
treated explicitly: H (1s), C (2s,2p), N (2s, 2p), O (2s, 2p), Cr
(3p, 4s, 3d), Mn (3p, 4s, 3d), Fe (4s, 3d), Co (4s, 3d), Ni (4s, 3d),
Cu (4s, 3d), Mo (4p, 5s, 4d), Ru (4p, 5s, 4d), Rh (4p, 5s, 4d),
Pd (5s, 4d), Ag (5s, 4d), W (6s, 5p, 5d), Os (6s, 5d), Ir (6s, 5d),
Pt (6s, 5d), and Au (6s, 5d). They have been expanded on a set
of plane waves with a kinetic energy cutoff of 400 eV, whereas
the core electrons were treated with the projector augmented
wave approach (PAW).[60,61] The threshold criteria for electronic
and ionic loops were set to 10−6 eV and 10−3 eV/Å, respectively.
A 5×5×1 Monkhorst−Pack k-point grid[62] was used to sample
the reciprocal space when working with the PBE and PBE+U
functionals, and it was reduced to 2×2×1 when the PBE0 was
adopted because of the large computational effort required by
hybrid functionals.
First, a 4×4×1 supercell of graphene was created considering

the pristine graphene lattice parameters (a= b= 2.468 Å, and 𝛾 =
120°). The supercell was fully optimized with the three function-
als. A vacuum layer of 15 Å was added in each calculation to avoid
spurious effects due to interaction between periodic replica of the
system along the non-periodic direction. The optimized lattice
parameters are: a = b = 9.870 Å, 𝛾 = 120°,[23,63] and a = b = 9.811

Adv. Theory Simul. 2023, 6, 2200513 2200513 (5 of 7) © 2022 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Å, 𝛾 = 120° for PBE and PBE0 functionals, respectively. Then, we
created a pyridinic defect by generating a C divacancy and replac-
ing four C atoms with N atoms. The TM atoms were embedded
in this coordination site, giving rise to the TM@4N-Gr systems.
The atomic coordinates were always fully relaxed keeping the lat-
tice constants fixed to those of graphene. We have shown in fact
that the optimization of the lattice constants for each TM atom
incorporated in the doped graphene layer has very little effect of
the total energies.[23]

4. Conclusions

In this work we studied the impact of three different DFT func-
tionals on the prediction of the catalytic activity of SACs consist-
ing of TM atoms embedded in nitrogen-doped graphene in two
relevant reactions, theHER and the OER.We assessed the perfor-
mance of PBE, which is commonly adopted to study the activity
of SACs, the PBE0 hybrid functional, and PBE+U approach often
used to study semiconducting materials but more rarely adopted
in the study of SACs. We simulated a set of 16 transition metal
atoms (from Cr to Cu; from Mo to Ag; from W to Au, with the
exception of Re and Tc). Regarding HER, the calculation of the
Gibbs free energies for HER and OER indicate that, taking PBE0
as a reference, the predictions of PBE are often substantially de-
viating from the results of the hybrid functional. This is partic-
ularly true for some 3d, while the error is smaller for 4d and 5d
elements. In fact, the mean average deviation is largest for the
first TM series, MAE = 0.45 eV (3d), compared to the second and
third raw of TM atoms, MAE = 0.25 eV (4d) and 0.25 eV (5d).
Notice that there is not only a quantitative problem in reproduc-
ing the Gibbs free energies, but also a qualitative difference, with
some SACs that are predicted to be very active at the PBE level
and totally inactive using the PBE0 hybrid functional. Consider-
ing the large number of screening studies to predict new SACs
appeared in the literature which are entirely based on DFT-PBE
or similar functionals, this is an important warning.
The picture can be improved by adopting the PBE+U ap-

proach, since the deviation (MAE) becomes acceptable and de-
creases to 0.11 eV, 0.14 eV, 0.23 eV for 3d, 4d, and 5d metals re-
spectively. The overall deviation is 0.15 eV, to be compared with
MAE = 0.33 eV of the PBE results. Once more, the average de-
viation is not so relevant as the analysis of the individual cases:
for instance, Fe@4N-Gr is predicted to be a good HER catalyst
at the PBE level (ΔGH = 0.37 eV) and a very poor catalyst at the
PBE+U level (ΔGH = 1.02 eV). Similar conclusions have been
obtained on the OER. Here we selected a representative set of 3d
metals finding that PBE significantly deviates from PBE0, while
the adoption of the PBE+U approach mitigates the problem. It
is interesting to note that the U values adopted in this work have
been derived for TM atoms embedded in a Ru metal,[54] while
here we are dealing with TMs formally in positive oxidation state.
It remains to be investigated if U values specifically derived for
different atomic configurations can further improve the DFT+U
results.
The main message of this study is thus that more attention

should be given to the adopted functional in computational stud-
ies of the activity of SACs. We have shown that the results may
critically depend on this choice. While for some atoms using a
standard GGA functional such as PBE is not so critical, e.g., for

some 5d elements, the treatment of SACs with magnetic ground
states and in particular with localized d electrons, as for atoms at
the right of the first TM raw, can lead to completely wrong con-
clusions.
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