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ABSTRACT: Transition metal single-atom catalysts supported on N-doped graphene (TM—
N—C) could serve as an ideal model for studying orbital dependence in electrocatalytic
reactions because the atom on the catalytic active site has discrete single-atom-like orbitals. In
this work, the catalytic efficiency of Fe—N—C for the oxygen evolution reaction (OER) under a
small structural perturbation has been comprehensively investigated with density functional
theory calculations. The results suggest that the subtle local environment of a single atom can
significantly modulate the catalytic reactivity. Further analysis demonstrates that the energy
level of the TM d,> orbital center, rather than the d-band center, is responsible for the OER
catalytic efficiency as the d? orbital participates mainly in the reactions. Essentially, the d-band
theory can be extended to the sub-d orbital level, and a small perturbation of the crystal field,
induced by lattice strain or z-direction displacement of the TM atom, can prominently change
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the sub-d orbital associated with the reaction and in turn affect the catalytic activity. *  ¥OH *O *OOH *O; Oy(gas)

n chemical catalysis, the d-band model proposed by

Hammer and Nerskov has been proven to be extremely
successful in understanding bond formation and predictinég the
reactivity trends on transition metal surfaces (TMS).'”® On
the basis of the Newns—Anderson model and effective medium
theory, the d-band model proves that the d-band center is a
fairly effective descriptor for the activity of different ligands
and/or molecules on a variety of TMS.””!'! When atoms or
simple molecules are adsorbed onto TMS, bonding and
antibonding states are formed below the adsorbate valence
states and above the TMS d states. The strength of the
interaction between the adsorbate and TMS depends on the
filling of the antibonding states, and the filling in turn is given
by the energy of the antibonding state relative to the Fermi
level. Because the d-band center correlates well with the
position of the upper d-band edge, the d-band center rules the
energy position and filling of the adsorbate—metal antibonding
states. Hence, the variation in the adsorption energy of the
adsorbate on different TMS is correlated with their d-band
center with respect to the Fermi energy. The shallow d-band
center in energy relative to the Fermi level suggests the
increased bond energy, vice versa. In addition to pure TMS,
the d-band model has also been extended to many other
transition metal (TM) systems, such as uniform coatings and
heterogeneous surface layers of TM alloys, TMS with steps and
strains, and TMS with toxic substances and accelerators.>** In
recent years, improved descriptors other than the d-band
model have been sought. Vojvodic et al. found that the upper-
edge position of the d states'* can serve as a good descriptor of
the absorption energy as an extended version of the d-band
model. Bhattacharjee et al. proposed the spin-polarized d-band
center model for TMS with a large spin polarization by
considering two d-band centers.'
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According to the molecular orbital bonding framework, the
interaction between the adsorbed molecular orbitals and the
surface orbitals needs to meet the symmetric matching and
maximum overlap principles; hence, the adsorbate—surface
interaction is dependent on the orbital. Suntivich et al. report
that the e, orbital occupancy of surface TM ions is an excellent
descriptor for the oxygen evolution reaction (OER) activity of
the perovskite oxides, as the o-bonding e, orbital, other than
the 7-bonding t,, orbital, of surface TM ions overlaps more
with the oxygen-related adsorbate.'® In fact, the early version
of d-band theory hints at the existence of orbital dependence,
which is inexplicitly contained in the coupling matrix.’
Previously, the catalysis community mainly studied the metals
and ionic conlpounds,17_23 in which the d orbitals form
broadened bands. It is difficult to distinguish the contribution
of each sub-d orbital in catalytic reactions. In single-atom
catalysts (SACs), the orbitals split into discrete single-atom-
like energy levels, so that it becomes easier to cagture the
orbital dependence in the catalytic reaction.”*"*® Clearly
analyzing the orbital dependence requires a simple and highly
symmetric atomistic configuration in real space to decouple
each orbital; e.g,, if orbitals are aligned with the direction of the
adsorbate—catalyst bond, they are likely to make contributions
to this very bond. Moreover, the regulatory mechanism should
be simple. Fortunately, TM single-atom catalysts supported on
N-doped graphene (TM—N—C) can satisfy the requirments
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mentioned above and can serve as an ideal model system

for studying the orbital dependence in catalytic reactions such
as water splitting.

The water splitting through the hydrogen evolution reaction
(HER) and OER is widely considered to be the most
promising way toward a renewable hydrogen source for
efficient energy conversion.”””*” Meanwhile, they are the
simplest catalytic reactions with clear reaction pathways.
Therefore, the OER of Fe—N—C is employed in this work
to study orbital dependence in catalytic reactions. The
calculation results demonstrate that catalytic efficiency can be
significantly regulated by adjusting the magnitude of the z-
direction displacement (Az) between the TM single atom and
the N-doped graphene substrate. It is found that the d > orbital
participates primarily in the catalytic reaction, and the catalytic
performance is determined mostly by the d: orbital. The
findings are expected to be generic according to our orbital-
dependent formulization of the d-band theory. In addition, we
have also investigated the HER and OER of TM—N—C (TM =
Ti, V, Cr, Mn, Fe, or Co) systems via the density functional
theory (DFT) approach and found that the Mn—N—C and
Fe—N—C systems are the two best catalysts for HER and
OER, which is consistent with some experiments. This work
demonstrates that the catalytic reaction is indeed orbital-
dependent, and the d-band theory could further be evolved by
take orbital dependence into account. In this work, the energy
position refers to the energy position relative to the Fermi level
unless otherwise noted.

The TM—N—C system is gaining in popularity because of its
high electrical conductivity and superior electrochemical
stability in electrocatalytic applications.”**”**~*" In most
cases, the TM single atom combines with the graphene
double-vacancy sites containing four N substituents to form a
porphyrin-like coordination environment and has a very good
catalytic activity for various chemical reactions such as HER,
oxygen reduction reaction (ORR), OER, etc.’”*"*** As
shown in Figure 1a, the TM single atom is located in the center
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Figure 1. Atomic structure and d-band splitting diagram of TM—N—
C. (a) Top and side views of the atomic structure of TM—N—C. (b)
d-Band splitting of TM—N—C when there is a small displacement
along the z-direction. The TM, nitrogen, and carbon atoms are
colored blue, white, and gray, respectively.

of the crystal field formed by the four surrounding N atoms in
the TM—N—C structure. Figure 1b shows that the degenerated
d states of the TM single atom can be split into five d orbitals
with different energies in the rectangular planar crystal field.
The d,>_ orbital has the highest energy because it is in a
position opposite to the head of the N, ligand, which causes
greater electrostatic repulsion of the electrons in the d;_p
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orbital than four other orbitals, while the other four orbitals are
in the gap position of the N, ligand where the electrostatic
repulsion of the electrons is weaker and the orbital energy level
is lower. However, in most cases, the crystal field is not a
rectangular plane because the TM single atom pops out to
some extent as the atom is too large to fit into it. Moreover,
when there is a small displacement along the z-direction (Az #
0) between the TM single atom and N-doped graphene
substrate in Figure la, the energy of the five orbitals will also
change with the variation of Az (Figure 1b). The energies of
the d,,, d,,, and d.> orbitals change obviously with an increase
in Az, while those of d,, and d,»_,> orbitals change slightly. The
charge distributions of the d orbitals shift along the z-direction
with the variation of Az; then, the electrostatic repulsion of the
d electrons changes, and finally, the energies of the d orbitals
vary.

As the d orbitals can be adjusted via the crystal field, and the
d states are single-atom-like (discrete lines, not bands) in
TM—-N-C. Hence, we expect it will provide us a feasible
model structure for clearly investigating the orbital dependence
of electrocatalytic reactions. In most of the ionic compounds,
there is a hybridization between the orbitals between the TM
and anion. The hybridization blends the electron of the d shell
from the cation with the p shell from the anion together;
hence, it is not easy to distinguish the d suborbitals. The TM—
N—C system serves as an excellent model system to
demonstrate the orbital dependence as the orbitals are
single-atom-like. Therefore, in this report, we explore the
orbital dependence in single-atom electrocatalytic reactions by
studying the OER of water decomposition catalyzed by the
Fe—N-—C system.

Fe—N—C as the best catalyst for OER is chosen to unveil
the underlying relationship between Az and catalytic activity,
and the OER catalytic efficiency versus Az is investigated for
Az values in the range of 0—0.15 A. Figure 2a shows the free
energy diagram of the OER, and one can see that in the four
steps (¥*OH, *O, *OOH, and *O,) of OER, the free energy
(AG) of *OOH increases with Az; in the other three steps
(*OH, *O, and *0,), AG decreases with Az. More
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Figure 2. Catalytic efficiency of Fe—N—C regulated via vertical
displacement. (a) Free energy diagram of Fe—N—C with Az in the
range of 0—0.15 A. The illustration shows the stable structure of each
step in the OER process. (b—e) E,q, values of four intermediate states
(*OH, *O, *OOH, and *0O,) that vary with the Az of Fe—N—C.
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Figure 3. Only the d. orbital participates in the OER. (a—d) Partial density of states (PDOS) and orbital hybridizations of the four intermediate
states (*OH, *O, *OOH, and *O,, respectively) in the OER process of Fe—N—C. (e) O atom adsorption energies correlate with the Fe d,? orbital
center and the d-band center as Az of Fe—N—C gradually increases from 0 to 0.15 A. The illustration shows the shape of the Fe d,’ orbital varies

with Az.

importantly, the AG values of *O and *OOH decrease when
Az increases from 0 to 0.15 A. The overpotential increases
from 1.23 to 1.64 V when Az varies from 0 to 0.15 A. The rate-
determining step (RDS) is *OOH, but it will be replaced by
*0 if Az continues to increase. In other words, the catalytic
efficiency of the OER is fairly sensitive to the Az of the TM
single atom, and we can regulate the catalytic efficiency by
adjusting Az. As shown in Figure 2b—e, the adsorption
energies (E,) of the four intermediate steps in OER all
decrease linearly with Az, which satisfies the “scaling relations”
to some extent, but E 4, changes as a function of Az at different
rates, E g4, of *OH decreases from 2.16 to 1.97 eV, and E 4 of
*OOH decreases from 6.99 to 6.79 eV. However, E
decreases from 4.53 to 3.91 eV and from 8.25 to 7.77 eV for
*O and *O,, respectively, much more quickly than that of
*OH and *OOH. Hence, the AG values drift in the opposite
direction for the *O and *OOH steps.

The d-band model states that the adsorption energy of an
atom or a molecule on surface is a function of the d-band
position.” The higher the d-band center in energy, the greater
the adsorption energy. In most cases, the d-band of the catalyst
is a wide band, composed by several broad d orbitals, and the
broadening of the d orbitals is caused by the crystal field as well
as the orbital hybridization between atoms. Hence, it is difficult
to quantitatively analyze the magnitude of the participation of
each sub-d orbital in the traditional catalytic reactions.
However, in a single-atom catalyst, such as TM—N—C, the
d-band of the TM single atom splits into discrete energy levels
(d orbitals), and each sub-d orbital has a distinct energy level;
therefore, the single-atom catalyst serves as an ideal model
system to showcase which sub-d orbital participates in how
much in the catalytic reactions. Because the TM atom may pop
out of the planar configuration of TM—N-—C, such structural
symmetry breaking could degenerate d orbitals and shift their
energy levels and, in turn, change the catalytic performance of
the system. Therefore, we can further study the orbital
dependence of catalytic reactions under structural perturba-
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tion. As presented below, Fe—N—C is adopted as it has good
catalytic activity that has been confirmed experimentally’~*°
and theoretically (reported in this work), and the underlying
mechanism is generally applicable for other absorption
intermediates throughout the entire OER/HER process of
any system.

The interactions between the molecule and surface occur
primarily through the formation of bonding and antibonding
states between the molecular orbitals and surfaces. For the
OER of Fe—N—C, the four intermediate states interact with
the surface via the hybridization of the O p, and Fe d orbitals
upon formation of very strong antibonding states at the energy
position near 2.5 eV, as shown in Figure 3a—d. The other four
Fe orbitals (d_, d,,, d,, and d,,) have no obvious interaction
with the adsorbed molecules, which means that only the d
orbital participates in the reaction during the OER process. In
addition, it is found that the energy position of the d > orbital
changed more significantly than the other four orbitals when
Az was gradually changed. The adsorption energy of *O has a
linear correlation with the energy position of the d: orbital
center, as shown in Figure 3e, which is an extension of d-band
theory. The higher the energy of the d orbital center, the
lower the adsorption energy of the O atom. Figure 3e shows
the charge distribution of the d orbital is pulled out of the
surface as the Az of the Fe single atom increases from 0 to 0.15
A. As a result, the overlap between the Fe d,2 and O p, orbitals
increases, and thus, the interaction between the adsorbed O
atom and the Fe—N—C surface is enhanced.

When an O atom is adsorbed on the surface, the 2p states of
O hybridize with the 3d states of TM by forming bonding and
antibonding states, as shown in Figure 3b. To give a
quantitative description of the relationship between the oxygen
adsorption energy and electronic structure of TM—N—C, on
the basis of the effective medium theory, a quantitative
description, AE,,, the energy difference due to the O 2p state
coupled with the TM d-band state in the freezing potential
approximation, is obtained by introducing an approximate

https://doi.org/10.1021/acs.jpclett.2c01381
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Figure 4. Lattice strain regulates the OER catalytic reactivity of Fe—N—C. (a) OER catalytic efficiency of the Fe—N—C system with change in
strain from 0% to 3%. (b) Relationship between lattice strain and Az of the *O step.

reactivity measure.”® For the adsorption of an O atom on the
TM—N-C surface, AE,; is calculated as follows:

VZ
AEts = Z —2(1 —f)i + Z (/ﬂ/v2
i Y i

(1)

where €5 and g, represent the energy positions of the O 2p

and TM 3d states, respectively, and f is the filling degree of the
antibonding state. The first term of eq 1 describes the energy
gain due to the hybridization between the O 2p and TM 3d
states, and our calculations show that only the d,> states of TM
can hybridize with the O 2p states, so d; contain only d2. The
second term is the repulsion due to the orthogonalization of
the O 2p and TM 3d states. V is the coupling matrix element,
which can be written in the following form:

MoMy

r’ ()
where Mg and M, are given by the potential around the oxygen
and TM, respectively, which depend on only the element
type,” 7 is a constant independent of the TM, and r is the
distance between the O and TM atom. Upon substitution of eq
2 into eq 1, it is found that the energy position of the d > orbital
is the most important parameters for determining the OER
reactivity. Therefore, the center of the d,> orbital is chosen as
the descriptor of the OER reactivity.

In general, a fairly complete picture can be illustrated here
for TM single-atom catalysts: the catalytic activity of TM
single-atom catalysts for the OER is correlated with the
strength of the oxygen—TM bond. The energy position of the
unperturbed TM d> orbital center can be used as a good
indicator of OER reactivity. The conventional d-band model
still works but may not be accurate enough in this regime as
the reaction has orbital dependence.

The results presented above prove that the catalytic
reactivity can be significantly modified by changing the Az
between the TM single-atom catalysts and the N-doped
graphene substrate. It is our hope that the theoretical scheme
can provide a possible route via the structural perturbation for
tuning of experimental catalytic activity. For example, the
structural perturbation (Az) can be achieved by applying a
certain surface stress or external magnetic field. To
demonstrate such a phenomenon, the OER catalytic efficiency
of the Fe—=N—C system under strain is calculated, as shown in

V=n
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Figure 4. The OER catalytic efficiency of Fe—N—C changes
significantly after tensile stress is added to the N-doped
graphene surface. The overpotential decreases from 1.24 to
1.14 eV with an increase in strain from 0% to 3%, as shown in
Figure 4a. This is true because once stress is added to the
substrate, the TM single atom is pulled out of the substrate
surface during the reactions. Figure 4b shows the relationship
between the lattice strain and Az for the *O intermediate state
in the OER of Fe—N—C. One can see that the lattice strain is
linearly related to Az, and the Az of *O decreases from 0.34 to
0.26 A with an increase in strain from 0% to 3%. Then the
regulation of the catalytic activity is achieved by means of
strain.

It is worth mentioning that, in the same way, the external
magnetic field can also be used to regulate the catalytic activity.
In a recent paper, Jin et al. discovered that the ORR activity of
isolated Fe—N, single-atom catalysts changes as a function of
the intersite distance.”’ It is likely that the intersite distance
modulates the strain in the system and in turn adjusts the
catalytic performance according to our theory. We will be
performing further calculations to confirm it in a separate
work.

In the TM surface system, the d state is a band with a certain
width and participates as a whole in the catalytic reaction.
Thus, the energy position of the d-band center is a good
descriptor to reflect the electrocatalytic reactivity. However, in
the TM—N—C system, the d-band split into five partial d
orbitals due to the rectangular planar crystal field, and only the
d,> orbital participates in the catalytic reaction. Therefore, the
energy position of the d,? orbital center is a better descriptor of
the electrocatalytic reactivity than that of the d-band center,
which can be observed in Figure 3e. The energy position of the
d-band center does not change when Az of Fe—=N—C increases
from 0 to 0.15 A, while that of the d? orbital center obviously
varies with Az.

Previous studies have reported that the catalytic activity of a
TM single atom is mainly related to the participation of d
electrons.*” It is clear that the catalytic activities of TM SACs
are dependent on the TM species as they have distinct radii
and numbers of d electrons. We first explore the catalytic
activities (HER and OER) of TM—N—C with six different 3d
TM species, which are Ti, V, Cr, Mn, Fe, and Co. As described
previously,”’ we assume a two-step HER mechanism through
*H and *H, and a four-step OER mechanism through *OH,

https://doi.org/10.1021/acs.jpclett.2c01381
J. Phys. Chem. Lett. 2022, 13, 5969—-5976


https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01381?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01381?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01381?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01381?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c01381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

*0O, *OOH, and *O,, as shown in Figure SI, and the AG
values of the reaction intermediates are calculated to evaluate
the catalytic activity. Two cases were considered here: allowing
and disallowing the structural relaxation of TM—N—C during
catalytic reaction. When the adsorbate is weakly bonded with
the surface of TM—N—C and does not cause much structural
deformation, all of the atoms, except the small molecule, of
TM—-N-C are fixed during the structural optimization. As
shown in panels a and b of Figure S2, one can observe that the
catalytic activity is TM-dependent for both the HER and the
OER. For the HER, Mn—N-—C has the highest catalytic
activity with an overpotential of 0.13 V while Cr—N—C has the
lowest catalytic activity with an overpotential of 0.83 V. For the
OER, Fe—N—C is the best catalyst with an overpotential of
1.23 V while V-N—C is the worst with an overpotential of
3.55 V. When the adsorbate is strongly bonded with TM—N—
C, as observed in the real world, the structure of TM—N—C is
deformable as the reaction occurs; therefore, the position of
atoms should be relaxed freely to capture structural
deformation. Panels ¢ and d of Figure S2 show the free
energy diagram of HER and OER on fully relaxed TM—N—-C,
and the overall trend is fairly close to the fixed structure case.
Mn—N-C and Cr—N-C with overpotentials of 0.04 and 0.73
V are still the best and worst catalysts, respectively, for the
HER, while Fe—N—C and V—N—C with overpotentials of 1.78
and 3.07 V remain the best and worst catalysts, respectively, for
the OER. Upon combination of the results of the two cases,
Mn—N-C and Fe—N—C are likely the best catalysts for HER
and OER, respectively, which is in good agreement with some
experimental observations.**™>°

Upon comparison of these two cases, the catalytic efficiency
of each TM—N—C changes notably. For the HER and OER,
the overpotentials of Ti—N—C change from 0.15 to 0.50 V and
from 3.11 to 1.92 V, respectively, which has the largest AG
shift among the six TM—N-—C systems, while the over-
potentials of Co—N—C change from 0.23 to 0.33 V for the
HER and from 2.11 to 2.15 V for the OER, which is the
smallest AG shift among the six TM—N—C systems. DFT
calculations demonstrate that, in TM—N—C systems, the local
environment of the catalytic active site undergoes a structural
deformation and a TM single atom moves back and forth along
the z-direction during the reaction and in turn affects the
catalytic activity significantly. The change in amplitude of the
catalytic activity is positively correlated with the Az of a TM
single atom (see Figure S3). The magnitude of Az for different
TM—-N-C systems is actually related to the atomic radius of
the TM single atom. The larger the atomic radius, the larger
Az, vice versa (see Figure S3). Therefore, Az can be utilized to
tune the catalytic performance of TM—N-C.

In summary, we propose that TM—N—C can be used as an
ideal model system to study the orbital dependence in the
water splitting catalytic reaction and provide a strategy for
adjusting the electrocatalytic activity by changing the =z-
direction displacement between the TM single atom and N-
doped graphene substrate. The DFT results show that the
OER catalytic reactivity can be significantly modified with the
variation of the z-direction displacement, and such modifica-
tion breaks the “scaling relations” in catalytic chemistry. We
have also investigated the microscopic mechanism behind the
regulation of the OER catalytic activity. It is found that only
the d; orbital of the TM single atom participates in the
reaction, and the energy position of the d orbital center can
be used as a good indicator of OER reactivity. In addition, our
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calculations also indicate that lattice strain can be used as a
good way to tune the z-direction displacement and thus
regulate the catalytic activity. The results are expected to be
generally applicable to other TM SACs, which provide an
efficient way to tune the catalytic efficiency and achieve their
applications in industrial catalysis.

B COMPUTATIONAL METHODS

The plane-wave pseudopotential DFT calculations are
performed by using the “Vienna ab initio Simulation Package”
(VASP) code.”' ™ The geometry optimizations are performed
with the Perdew—Burke—Ernzerhof (PBE) functional with
generalized gradient approximation (GGA),** and the total
energy and electronic structure calculations are performed with
the Heyd—Scuseria—Ernzerhof (HSE) hybrid functional.***°
The electron—ion interaction is described by using the
projector-augmented wave method.”” The atomic structures
are relaxed by using a conjugate gradient scheme until the
maximum force on each atom is <0.02 eV A™), and the energy
cutoff is 500 eV. TM—N-C is simulated using a 6 X 6
graphene sheet (14.806 A X 14.806 A) with a TM single atom
bonding to four N atoms in the double vacancy of graphene. A
vacuum space of ~20 A along the z-direction is used to
separate the interaction between the neighboring slabs. The 1
X 1 X 1 k-mesh is chosen to sample the Brillouin zone during
PBE geometry optimization, while the 3 X 3 X 1 k-mesh for
the HSE electronic structure calculation.

The HER has a two-step mechanism through *H and *H,,
and the OER has a four-step mechanism through *OH, *O,
*OOH, and *O,. For each step of the HER and OER, AG is
defined as the difference in free energy between the initial and
final states, and the rate-determining step (RDS) and
overpotentials can be obtained by examining the reaction
free energy of the different elementary steps. The HER
includes the following steps:

#* 4+ H +e - sH 3)

*H + H" + e > Hy(g) + * (4)
The OER occurs via the following steps:

H,0 + % > *OH + H + e~ (s)

*OH — %O + H + ¢~ (6)

*O + H,0 —» *OOH + H" + &~ (7)

*O0H — # + 0,(g) + H" + e~ (8)

where * represents the adsorption site of the intermediate on
the TM—N—C surface. The adsorption energies (E,4) of
*OH, *O, *OOH, and *O, are calculated by using the
following equations:

E,1.(*OH) = G(+OH) — G(x) — [G(H,0) — 1/2G(H,)]

)
E4(*¥0) = G(xO) — G(*) — [G(H,0) — G(H,)]

(10)
E,, (*OOH) = G(*O0H) — G(*) — [2G(H,0) — 3/2G(H,)]

(11)
E4(*¥0,) = G(x0,) — G(*) — [2G(H,0) — 2G(H,)]

(12)
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where G(*), G(*OH), G(x0O), G(xOOH), and G(*0O,) are
the ground state energies of a clean TM—N—C surface and
surfaces adsorbed with the four intermediate states, respec-
tively, and G(H,0) and G(H,) are the DFT-calculated
energies of H,O and H,, respectively.

The free energy difference (AG) of each step is calculated by
the following equation:

AG = AE + AZPE — TAS + AGy + AGpy (13)
where AE is the total energy difference between the reactants
and products of the reactions, AZPE is the zero-point energy
correction, AS is the vibrational entropy change at finite
temperature T, AGy = —eU, where e is the elementary charge
and U is the potential difference from the standard electrode
potential, and AG,y represents the effect of pH on the free
energy. In this report, the U value of HER is 0 V and the U
value of OER is 1.23 V.

Overpotential # of HER and OER can be evaluated from the
AG of each step as

_ AGy
n= . (14)
max{AG,, AG,, AG;, AG,}
n, =

e (15)

where AGy is the free energy difference for HER and AG,,
AG,, AG;, and AG, are the free energy differences for the
OER. More details of the calculations can be found in the
Supporting Information.
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