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ABSTRACT

Potential not only governs the direction of electrochemical reactions, but also shapes the electronic prop-
erties of single-atom catalysts dramatically. However, it is a challenge to simulate the effects of potential
theoretically. Normally, DFT calculations are performed at a constant number of electrons, not a constant
voltage. In this work, we apply a new fixed-potential method (grand canonical method) in the DFT sim-
ulation to mimic the electrochemical processes, in which the total number of the electron in the system
was floated to match the “applied voltage,, or the electrode Fermi energy at the atomic level. Here, the
single-atom catalysts on two-dimension substrates for the oxygen evolution reaction process are used as
examples to test the fixed-potential method. This fixed-potential method changes the rate-determining
step and yields an overpotential difference of as much as 0.48 V in comparison with the conventional
charge-neutral method. The quantitative error in the overpotential is not as important as the qualitative
error in rate-determining steps. These errors can be avoided via the fixed-charge method with the proper
charge. We believe our work advances the understanding of the effects of potential on the catalytic pro-

cess in real electrochemical reactions and offers practical guidance for designing catalysts.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Electrochemical reactions, with interconversion of chemical
energy and electrical energy, occur widely in metallurgy, electro-
plating, batteries, and water splitting. The applied voltage is crucial
for these processes to occur. Obtaining the total free energy change
(AG) of every elementary step under the applied voltage, including
the electrical energy change (AG:) and chemical energy change
(AGepem), is vital for elucidating the underlying mechanism. So
far, the common practice of DFT calculation to simulate electro-
chemical reactions is based on a constant number of electrons or
constant charge state, not a constant voltage, which ignores the
effects of potential on the reactivity in the experiment (grand
canonical ensemble). The oxygen evolution reaction (OER), for
example, which consumes the major energy in many electrochem-
ical reactions, is the most important anodic reactions involving in
energy conversion and storage processes, such as water splitting
[1] and CO, reduction [2]. The widely-used four-charge-steps path-
way model of OER was first proposed by Ngrskov et al. to simulate
the catalytic properties of pure metals and metal oxidation [3,4]. A
computational hydrogen electrode (CHE) approach is proposed
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based on the idea that one electron will transfer from the
charge-neutral system into the electrode reservoir in each elemen-
tary step. In this scheme (we named it the charge-neutral method
(CNM)), it is only necessary to calculate the chemical formation
energies AGgenm Of *(bare substrate), OH*, 0%, and OOH* intermedi-
ate species once at neutral charge and get the energy values of
these intermediate states by adding the N. x U term for any
applied voltage U. More specifically, the U-dependent energy
comes fromAGeie: = Ne x U only, where N, is the number of elec-
trons transferring in each step (e.g., N = 1 for each elementary step
of OER). The thermodynamic overpotential 1 is derived from the
minimum electrode potential U required to convert the above four
steps exothermically. This CNM significantly reduces the cost of
calculations [5,6]. However, the above calculation ignores the
effects of U on the electronic properties of catalysts, or the U
dependence of AGqem and can introduce big errors, especially for
low-dimensional catalysts, as we will show later. There are some
modified models, such as the extrapolation scheme [7] and the
double reference method [8], converting the reactivity calculated
under the constant-charge condition to that under the constant-
potential condition. However, these models require some extra
experimental parameters and assumptions as benchmarks and
are difficult to follow.
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Ideally, the reaction chemical energy under applied voltage
should be calculated explicitly with constant U throughout the cal-
culation. This approach will be a grand canonical calculation. In
this approach, the electrode potential (Fermi energy) is fixed, while
the total number of electrons can vary at the atomic level. A few
prior works have applied this approach to investigate electrode
potential effects. Head-Gordon et al. have proved that the potential
effect changes the mechanism for C-C bond formation [9]. Liu et al.
have shown that the charge effects of different potentials have a
strong impact on the electrochemical reaction, especially in 2D
materials [10]. However, the present grand canonical calculations
are realized by adding an outside loop, which iterates the fixed-
charge calculations through different charge values until the
resulting Fermi energy reaches the desired value. Together with
the requirement for the solvent model, this makes the grand
canonical fixed-potential method (FPM) calculation rather expen-
sive, and have only been used in limited cases so far. In the current
work, a new computational approach, in which the orbital occupa-
tions in a self-consistent field (SCF) density functional theory (DFT)
calculation are calculated using the fixed Fermi level [11], will be
used to adjust the total charge of the system throughout the SCF
iterations. In this implementation, a finite number is used at the
G = 0 point, while 1/G? is used at the other G point in the metrics
during the Kerker preconditioning, and the Pulay charge mixing
is not changed significantly. By doing so, one can change the orbital
occupations. Note that one can use the auxiliary Hamiltonian
method instead of this self-consistent field method [11]. We
believe different codes favor different implementations. Based on
our calculations, the self-consistent field method works fine. This
direct grand canonical calculation, together with efficient imple-
mentation of the solvent model (including the linearized Pois-
son-Boltzmann  equation), allows fast fixed-potential
calculations. A proper expression for the total energy is required
to obtain the variation minimum solution of the SCF procedure
quickly. In addition, one can use the Hellman-Feynman force to
guide molecular dynamics, atomic relaxation, and NEB calcula-
tions. All these functionalities work fine in the PWmat code.

Single-atom catalysts, for example those dispersing the transi-
tion metal atoms on 2D substrates, have emerged as a new
research frontier for electrolytic water splitting, CO, reduction,
NO, reduction, etc. [2,12-16]. The low-coordinated isolated transi-
tion metals in these catalysts usually exhibit excellent activity
[17,18]. Meanwhile, these single-atom catalysts provide a rela-
tively easy platform for theorists to explore the intrinsic reaction
mechanisms due to their limited atomic configurations [6]. Combi-
nations of different transition metals and substrates provide a large
pool to deliver atomic-scale insight into the activity trends in a
wide range of catalysts, allowing the designs of more effective
and optimized catalysts [19]. The density of states of single-atom
catalysts, especially for the transition metal d-states, is more sus-
ceptible to environmental conditions (such as potential, pH, charge
states) than that of bulk or surface catalysts. At different U, the
reaction site electronic structures (e.g., state occupation and charge
state) will be different. That apparently will affect AGeject, AGchem,
and the reaction mechanism. Here, we use transition-metal- and
nitrogen-co-doped graphene (MN4@graphene) and transition-
metal-doped graphene (M@graphene) as examples to investigate
the OER process via the FPM. In the FPM, the system is charged
(not neutral) by accepting/donating electrons from/to the elec-
trode to match the catalyst Fermi level with the applied electrode
potential. The overpotentials obtained by the CNM and FPM can
differ by as much as 0.48 V (NiNj@graphene). The reaction-
driving force caused by the increase of the electrode potential is
greater in the FPM than in the traditional CNM. Based on the elec-
tronic properties of the M—O bond, we find that different electrode
potentials give different local electronic structures and binding
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environments, which changes the catalytic activities and energies.
Thus, one cannot use the local electronic structure at a neutral
charge to describe the reaction at the operando electrode potential.

2. Computational details

All calculations were performed using the PWmat code [20,21]
with norm-conserving SG15 pseudopotential. The PWmat is a
plane wave pseudopotential package for density functional theory
(DFT) calculations, which is designed to run efficiently on CPU/GPU
processors by a drastic redesign of the algorithm and moving all
the major computation parts into GPU. The exchange-correlation
interactions are treated by the generalized gradient approximation
in the form of the Perdew-Burke-Ernzerhof functional [22,23]. The
electron wave functions are expanded by plane waves with cutoff
energies of 680 eV, and the convergence tolerance for residual
force and energy on each atom during structure relaxation are
set to 0.005 eV A~ and 107> eV, respectively. The van der Waals
interaction is described using the empirical correction in Grimme’s
scheme, i.e., DFT + D, [24]. Here, we note that the hydrogen bond-
ing from the local water is also important to electrochemical reac-
tions [25]. However, it will make fixed-potential calculation much
more challenging if some water molecules are included in our
model. So the solid-water effect of the aqueous solution is approx-
imated via the self-consistent continuum solvation model with a
dielectric constant of 78 for both CNM and FPM calculations. Spin
polarization is applied in all the calculations as well. The magnetic
moment of the whole system or transition metal is calculated from
the difference between spin-up and -down atomic charges based
on the Hirshfield scheme. The Hubbard U (DFT + U) treatment is
used on the transition metal. The U values for Co and Ni are set
to 3.42 and 3.40, respectively, following the literature values [26].

The FPM, which can automatically adjust the total electrons of
the system to satisfy an applied electrode potential [9,27], is imple-
mented in the PWmat. Compared with fixed-charge (e.g., charge-
neutral) calculations, the FPM could be more expensive. First, an
implicit self-consistent continuum solvation model [28] together
with a linearized Poisson-Boltzmann equation [29] must be used.
The solvent model in PWmat is based on the framework of the
self-consistent continuum solvation model [30], which is similar
to the model used in VASPsol [28]. This solvation model uses a con-
tinuum mediate and a space variation dielectric constant &(r) to
represent the solvation effects, mostly the polarization effects.
The Poisson-Boltzmann equation is used to screen the effects of
free ions, provide a reference potential (0 V) far away from the sur-
face, and define the absolute potential of the electrode correspond-
ing to the experimental potential in the fixed-potential (fixed-
Fermi-energy) calculations. Second, in the previous literature, an
outside loop in an existing ab initio package (e.g., VASP [10]) was
used to adjust the total electron of the system until the desired
Fermi energy is reached. In the current study, we have used the
PWmat package, where a fixed-Fermi-energy self-consistent field
(SCF) procedure was implemented in the DFT electronic structure
calculation itself, so that it was not necessary to iterate through
the outside loop to adjust the total electrons of the system. Overall,
this has significantly speeded up the calculation. For a given U,
compared with the normal fixed-charge calculation, the fixed-
potential calculation is only about 50% more expensive. The
PWmat code also allows atomic relaxation at a given constant
potential U. The details of the computation for OER via the
charge-neutral method can be found in the Supporting Informa-
tion. The formulation of the fixed-potential method shown in the
manuscript is based on these equations with proper modifications.

In this work, the electrode potential (Uejectrode) OT the electrode
Fermi energy (Eg) used below is defined as the difference in elec-
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tronic energy between a point outside the electrolyte in which the
electrode is submerged (an electron at rest in the vacuum) and a
point inside the metal (Fermi level) of an electrode, or the opposite
values from absolute electrode potential, as illustrated in [31].
Also, note that Uejectrode = -(Unug + 4.40). Here, Unyg refers to the
normal hydrogen electrode (NHE) potential. The definition of elec-
trode potential connects the “relative” electrode potential to the
“absolute” physical quantities (Fermi level, Eg) of the calculated
model. This vacuum reference potential is also the far-away poten-
tial from our Poisson-Boltzmann solution in our calculation. So the
Er used in our FPM is equivalent to the potential Uejectrode applied in
the experiment.

3. Results and discussion

Fig. 1 presents the configurations of two types of single-atom
catalysts made by dispersing transition metal atoms on 2D
graphene-based substrates, transition-metal- and nitrogen-co-
doped graphene (MN,4@graphene) and transition-metal-doped gra-
phene (M@graphene), as studied in this work (M = Co or Ni). In
MN,@graphene, the single-atom transition metal is surrounded
by four nitrogen atoms, while in M@graphene, it is surrounded
directly by four carbon atoms. Both these two types are widely
studied and realized in the experiment [13,14]. The low-
coordinated isolated transition metals in these catalysts are con-
sidered as active sites due to their high activity.

The clean catalyst, OH*, O* and OOH* (* denotes the catalyst)
are considered as the four key stages of OER. Here, we choose
CoN4@graphene as an example to plot the DOS of these four stages
via normal CNM (see left panel, Fig. 2) and FPM (see right panel,
Fig. 2). In the CNM, the clean CoNs@graphene’s Fermi level is
—3.88 eV. With intermediate species adsorbing, the Fermi level
decreases to —4.27, —4.25, and —4.13 eV for OH*, O* and OOH*,
respectively. The variation in adsorbents tunes the Fermi level of
the neutral catalyst to variable values. On the other hand, if we
set the Fermi energy level to a constant value, —5.63 V (the ideal
OER potential level) in the FPM, the total net charges of these four
stages varied from + 1.25 to + 1.59e, which is far from zero. The
charge varies as the reaction proceeds under fix Fermi level due
to the oxidative state of transition metal changing during the pro-
cess. The same phenomena are also confirmed by other catalysts as
shown in Tables S1 and S2 in the Supporting Information. Also, the
DOS of Co obtained in these two methods are dramatically differ-
ent. Therefore, the CNM and FPM are performed under dramati-
cally different local Fermi energies and orbital occupations,
which create different microscopic environments for chemical
reactions. The FPM directly follows the experimental conditions.
Thus it should be more realistic.

In the following, we discuss how to use the FPM to calculate the
Gibbs free energetics of the elementary steps in an OER process.
The widely used four-charge-steps pathway model of OER via the

e N
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charge-neutral method is summarized in the Supporting Informa-
tion. Here, we take the first elementary charge step of OER as an
example to compare the difference in the Gibbs free energy calcu-
lation between the CNM and FPM. Within the CNM, the first reac-
tion can be written as

H,0(l) + + — e~ — OH" + H* (1)

In the CNM, the Gibbs free energy of this step (AGenm) is calcu-
lated as follows:

1
AGenm = GOH‘ + EGHZ +4.4e — GHZO(I) -G, — kTIn10 pH + eUelectmde
(2)

Here, an electron on the left-hand side is transferring from the
surface/catalysis system to the electrode reservoir with Fermi
energy at Ugjectrode- The lower the Ugjectrode, the smaller is the
AGcenm, and the more easily the reaction is realized. One can define
the first five terms in Eq. (2) as chemical reaction formation
energy: AGchem = Gon +3Gh, +4.4e — Gy,0 — G, — kTIn10 - pH.
Note that, in this CNM approximation, for every reaction step,
the charge transfer from the surface/catalysis system (for which
we calculated) to the electrode reservoir is always 1. Thus, one
can define the electrical (or electronic) energy, the energy of an
electron at rest in vacuum jumped down to the electrode potential:
AGeject = €Uelectrode- The total formation energy is thus the sum of
the chemical reaction formation energy AGgemand the electrical
energy AGeect. As we can see, AGcem and AGee; are well defined
by the above formulas and independent from each other in the
CNM.

Under the FPM, the various intermediates’ (OH*, O*, and OOH*)
adsorption onto catalysts involves oxidative state changing in the
transition metal at a constant potential, resulting in noninteger
charge transfer. Assume that, before the reaction, the total charge
is qq, and after the reaction, the total charge is g,; then the reaction
equation that balances both the elements and charges should look
like

H0(1) + " — (1+q, — q,)e” — OH™® + H* (3)

(where g, and q; are defined as the positive charge determined by
the Uelectrode)- In our FPM, what we calculated are the energies of
OH"%2and *%. As a result, the reaction Gibbs free energy under
FPM is

AGppy = qusz + %GH2 +4.4e — GHZO(I) - Ggl — kTIn10 - pH
4)

It is very interesting that in this elementary step, the charge
flowing to the reservoir (e.g., the total current flowing through a
wire connecting the electrode to the cathode) is not 1e (q,#q,).
Instead, it is (1 + g2 - gq1)e. This charge is different for each step,

+ (1 +q; — ql)eUelectrode~

Fig. 1. The geometric structures of transition-metal- and nitrogen-co-doped graphene (MN,@graphene, a), and transition-metal-doped graphene (M@graphene, b). M

represents Co or Ni.
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Fig. 2. The densities of state for CoN,@graphene and CoN,@graphene with OH*, O*, and OOH* adsorbing calculated by the normal charge-neutral method and the fixed-
potential method (Eg = -5.63 V). In all the calculations, the vacuum energy levels are set to zero.

although the sum of the total charge for the four steps will remain
4e. This difference can certainly change the balance between differ-
ent steps and the highest potential Uejectrode Tequired to make all
four steps exothermic. Following our definition in the CNM,
AGchem Of  this  elementary step is obtained by
G, +1Gy, + e x4.4— Gu,oq) — G — kTIn10 - pH, and the corre-
sponding AGee is expressed by +(1+ ¢, — q;)eUelectroge- BOth
terms are strongly dependent on Ugpectode- Therefore, there is a
strong correlation between AGehem and AGee. In calculating G,
we have included the contributions of vibrational entropy and
vibrational zero-point energy. Gu,o)is calculated by a vapor phase
of water with low pressure that is in equilibrium with the liquid
water. The gas-phase Gy, at 1 atmosphere standard condition is
calculated by its molecular energy plus the vibrational zero-point
energy and vibrational entropy term (see the Supporting Informa-
tion for more details).

Fig. 3 shows the free energy diagrams for OER of different
single-atom catalysts obtained by the charge-neutral method and
the fixed-potential method at different Ugjectrode- AS the Fermi
energy levels of neutral catalysts and their intermediate states in
CNM are close to —4.4 V as shown in Table S1 in the Supporting
Information, the energy paths obtained via the fixed-potential
method (black solid line) are very close to those in the CNM
(black dashed line), especially for the Co@graphene (Fig. 3b) and
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Ni@graphene (Fig. 3d) when Ugjectrode = -4.4 V (the ideal SHE poten-
tial). In CNM, it is assumed that the intermediate energies at this
Uelectrode COrrespond to the neutral charge results, However, in real-
ity, two factors make the CNM and FPM different even at this U.
First, in the FPM, the Uelectrode = -4.4 V does not correspond to
the exact neutral charge system. From the bare surface * to all
the intermediate states OH*, O*, OOH*, these systems are actually
charged. Second, the charges for these systems under the FPM cal-
culation are slightly different, which also causes energy differences
between CNM and FPM at different intermediate states. In the FPM,
g2 - q;1 can still be rather large, e.g., —0.39e for the * to OH* step for
CoNy@graphene. The AGe oObtained via CNM and FPM ((qz2 - q1)
*eUelectrode) Will give a 1.7-eV energy difference. There is no such
large difference between FPM and CNM, as shown in Fig. 3a. Thus,
the large electric energy AG... induced by this charge flow is com-
pensated for by AGchem.

When the potential decreases to Uejectrode = —5.63 V (the ideal
oxygen evolution potential), a larger amount of electron charge
in catalysts and their intermediates is donated to the reservoir of
the electrode. As a result, the catalytic systems are more positively
charged. This positive charge induces the different local orbital
occupations between FPM and CNM, and different OER pathway
curves. In reality, a potential lower than —5.63 V is required for
any catalysts to drive the OER (overpotential). Since at Uejectrode =
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Fig. 3. The free energy diagrams for the oxygen evolution reaction on CoN,@graphene(a), Co@graphene(b), NiN,@graphene(c), and Ni@graphene(d). The results obtained by
the fixed-potential method are plotted with solid lines, while the results obtained by the charge-neutral method are plotted with dashed lines. Uejectrode = 4.4 V is the ideal
hydrogen evolution potential, while Ugjectrode = -5.63 V is the ideal oxygen evolution potential.

—5.63 V, we already see a big difference between FPM and CNM
curves, we expect these two methods to give an even bigger differ-
ence under the real working condition (see the green solid lines vs.
the green dashed lines in Fig. 3). In the following, we analyze the
errors in CNM in two aspects: the overpotential error and the
energy error.

In the OER reaction, the thermal dynamic overpotential (#), in
which we ignore the effect of kinetic barriers, is the most impor-
tant parameter to evaluate the activities of catalysts. This overpo-
tential allows us to estimate the reaction threshold (instead of the
full Tafel plot). Computationally, the # can be calculated from the

highest Uelectrode (U‘;,ectmde) which makes all four reaction steps
exothermic:

h
n= -5.63 - Uelectrode (5)

Here, —5.63 eV is the theoretical ideal OER potential. In the
CNM, the free energy dependence on Ugjectrode iS Only based on
theAGeiect = NexUelectrode term, as the AGgem term is fixed. The

Ul croqeCan be obtained relatively easily from the highest AG step
in the Ugjectroge = —4.4 plot via Eq. (8) in the Supporting Informa-
tion. For FPM, one has to iterate the calculation with different Uegjec-

trode UNtil every elementary step is exothermic. In practice, when

the Uelectrode 1S Close to the Uglectmde, one can assume the N, is not

changed and use the AGeet = Ne*Uelectrode tO estimate the

Ul ectrode- Thus, a few iterations will be sufficient to find Ul ode-
Table 1 lists the overpotentials obtained via the CNM and FPM
(Mcnm and ) for different single-atom catalysts, as well as the
rate-determining steps. In both methods, the Co atoms exhibit
stronger interactions with the intermediate species than the Ni

atoms, regardless of the surrounding environment (the red curves
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in Fig. 3a are lower than those in Fig. 3b, and the red curves in
Fig. 3c are lower than those in Fig. 3d). However, the overstrong
interaction with intermediate species in Co@graphene is detrimen-
tal to its activity. As we can see, the overpotential for CoN,@-
graphene is lower than that for NiNs@graphene, while the
overpotential for Co@graphene is larger than that for Ni@graphene
in both methods (CNM and FPM). Thus, the activity trends of Co vs.
Ni are consistent between the two methods.

However, the rate-determining steps predicated by the CNM
and FPM are different. In Co@graphene, for example, the fourth
step is the rate-determining step in the CNM, while the FPM pre-
dicted that the third step is the rate-determining step. Meanwhile,
the 17w and 7y of the same catalyst are different as well, and the
difference can be as great as 0.48 V (NiN,@graphene, for example,
Henm = 0.86V and 7, = 1.34V). The CoN4@graphene has been
predicted theoretically to be an excellent catalyst with a small
overpotential calculated from the CNM [32,33]. Ref. [32] reports
a 0.37-V overpotential, and Ref. [33]] reports a 0.38-V overpoten-
tial, agreeing with #qyy = 0.55V based on CNM calculations within
the calculation uncertainties (e.g., magnetic movement and solvent
model). However, there is a conspicuous lack of experimental evi-
dence for its good catalytic properties. Our FPM result of
Nepm = 0.85V indicates that this indeed might not be a good cata-
lyst. On the other hand, the Ni@graphene is proven to be an excel-
lent catalyst experimentally [13]. Both the CNM and FPM predict
that the overpotential of Ni@graphene is low, 0.35 V and 0.39 V
respectively. Thus, overall, we find that the FPM provides good
agreement with experiments.

Fig. 4 plots the U-dependent energy (AGy,, ... — AG-44) for each
intermediate state when Upgectrode Shifts from —4.4 V to a lower
potential. Here, for each intermediate state, A means it is
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Table 1
The overpotential of OER on different single-atom catalysts calculated via the charge-neutral method, the fixed-potential method (V), and the fixed-charge method (FCM).
CoN4@graphene Co@graphene NiNs@graphene Ni@graphene
Neam 0.55(2) 1.01(4) 0.86(2) 0.35(3)
epm 0.85(1) 0.73(3) 1.34(1) 0.39(2)
Heewm 0.86(1) 0.67(3) 1.43(1) 0.41(2)

Note: The charge state of four intermediate species in the FCM (Qgcw) is fixed at the average charge of the four intermediate states from the FPM calculation at Ueq;oqe,25
shown in Table S4 in the Supporting Information. The rate-determining step numbers are also listed in parentheses.

0
~
d
<
N
Q 4
[

A
&6t
< o CoN,@graphene

A  Co@graphene
8 L v NiN,@graphene OOH*
Ni@graphene .

-5 -6

Uelectrode (V)

Fig. 4. The energy dependence (the electronic energy transfer from the electrode to
a catalyst, AGy,,... —AG-44) for each intermediate when Ugjectrode Tanges from
—4.4 V to lower potential. The energy dependence for OH*, 0% and OOH* obtained
by the charge-neutral method is plotted as a solid line, while that obtained by the
fixed-potential method is plotted as symbols.

-8

referenced from the corresponding * state. For the CNM, based on
Eq. (2), these U-dependent energies for different intermediates
state should be the straight lines plotted in Fig. 4 following the
equation

AGCNM = AGU - AG—4.4 = Ne X (Uelectrode + 44) (6)

For OH*, O* and OOH*, the N, is 1, 2, and 3, respectively. The U-
dependent energies in the FPM (AG™) do not follow a simple
expression. In Eq. (4), everything depends on the Ugjectrode- NEVET-
theless, they can be calculated directly, and have been plotted with
scatters in Fig. 4. As we can see, the values for each intermediate
species in different systems collapse into a single curve. Overall,
the curves are close to the ideal N. x (Uanode + 4.4) dependence
as in the CNM case. For OH*, O*, and OOH?, the slope is slightly
smaller than the ideal slope N. (Ne = 1, 2, and 3 for OH*, O*, and
OOH*, respectively). This slight reduction in slope might be a result
of Le Chatelier’s principle, which states that in a real system, under
external perturbation (here the change of the potential Ueiectrode)s
the effects of the adjustment of the system will reduce the effect
of this external perturbation (here this means to effectively reduce
Uelectrode *+ 4.4, hence reducing the slope).

Overall, the collapse into a single curve (for every kind of inter-
mediates in different systems), and the relative closeness to the
ideal slope are a bit surprising. If one used only the AGeq:
(1 + g2 - q1)eUelectrode to analyze the energy dependence on Ugjec.
trode» ONE could get a rather different result, as g2 - g1 is far from
zero, and g2, and q1 also depend sensitively on Ueectrode. IN
Fig. S1 in the Supporting Information, we show the effect of this
term (1 + q2 - q1)eUejectrode from the FPM calculation, compared
with that of the Ne x (Uetectrode + 4.4) term from the CNM calcula-

electrode
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tion. As we can see, the result scatters in Fig. S1 in a disorderly
fashion. However, when the AGgen are added, the total U-
dependent energies as shown in Fig. 4 are close to the CNM cases
due to the compensation between AGpen and AGe. That indicates
that the CNM is not completely wrong. However, we believe the
quantitative error in the free energies is not as important as the
qualitative error in rate-determining steps. We will prove that
the rate-determining steps obtained in the FPM can be confirmed
via the fixed-charge method with proper charge rather than the
charge-neutral state in the following.

We next use the Co—O bond in the CoN,@graphene with OH*
adsorbing as an example to illustrate how the M—O bond responds
to the potential change. Fig. 5 plots the DOS of Co-d and O-p orbi-
tals in the CoNj@graphene with OH* adsorbing under different
potentials. The orbitals of the Co—0 bond are labeled by their elec-
tron clouds. As we can see, the Co—O bonds mainly consist of two
compounds: & bond (hybridization of Co-d,? and O-p,) and © bond
(hybridization of Co-d,, and O-p,). The ¢ bond is stronger as the
density state of the hybridization of Co-d,? and O-p, disperses from
—8 to —4 eV, while the density state of the weaker 1 bond is very
local. The contribution of the Co-d,, orbital to the © bond decreases
gradually as the applied potential shifts from —4.40 V to a lower
energy level, —5.63 V, which weakens Co—O bond strength. When
the Uelectrode shifts further to —6.55 V, the Co-d,, orbital becomes
empty. Meanwhile, the local magnetic moments of Co also jump
from 0.58 V (Uelectrode = —5.63 V) to 1.55 V (Ueiectroge = —6.55 V;
see Table S6 in the Supporting Information). That indicates that
the applied potential changes the Co—0O bond substantially. There-
fore, different electrode potentials will give different local elec-
tronic structures and binding environments, which change the
catalytic activity and energy. Similar results are also observed in
recent fixed-potential work by Liu and co-workers[10]. Therefore,
the difference between CNM and FPM is mainly due to the active
site’s local electronic structure changes at different potential (or
different total charge). Thus, one cannot use the local electronic
structure at a neutral charge to describe the reaction at the oper-
ando electrode potential.

The compensation phenomenon between AGcenm and AGeec
indicates that the difference between FPM and CNM (e.g., for the
overpotential difference) may not be caused only by noninteger
charge transfers from one intermediate state to another intermedi-
ate state (from g1 to g2) while the potential is fixed. The total
charge states that change the local electronic structure of catalysts
may be the main factor that induced the overpotential difference
from the traditional charge-neutral method. In other words, it does
not matter whether it is a fixed-charge (canonical) or fixed-
potential (grand canonical) calculation. What matters is the charge
value to be fixed (not neutral charge). In the FPM case, to get the
overpotential, it is clear the most relevant calculation is the one

with Ugjectrode €quals to UP Thus, for the fixed-charge method

electrode*

(FCM), the issue is that we should have the calculation at the non-
neutral charge (hence, not CNM) where the resulting Fermi energy

is not far away from U" Instead, the charge value we used for

electrode*
FCM fits the average Fermi energy of the four intermediate states

equal or close to U" One can consider this a self-consistent

electrode*
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Fig. 5. The density of state of Cod and Op orbitals in the CoN,@graphene with OH*
adsorbing under different potentials.

procedure, since the U"_.q. value in this procedure will in turn

depend on the charge value used in the FCM. Furthermore, if the
average Fermi energy is close to the U" the final result will

electrode’
not so sensitively depend on the method we used any more
(FCM or FPM). Guided by this assumption, we have calculated

the FCM using the average charge of the four intermediate states
from U obtained by the FCM. The average charges used for

electrode
the four systems (CoNs@graphene, Co@graphene, NiN,@graphene,
and Ni@graphene) are + 2.15, +1.60, +2.53, and + 1.15, respectively
(as listed in Table S4 in the Supporting Information). Equation (2) is
used to calculate the Gibbs free energy, while Goy+ and G- are cal-

culated with the above total charge state. The resulting energy
curves atU" = -6.55, —6.36, —6.97, and —6.02 for the four sys-

anode
tems are shown in Fig. 6, in comparison with the FPM at these
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potentials. We see that the corresponding curves are rather similar
except for Co@graphene. The difference in Co@graphene is caused
by the free energy of * obtained by the FCM being lower by about
0.3 eV than that obtained in the FPM. The overpotentials of the
FCM from these curves are 0.86, 0.67, 1.43, and 0.41 V, as shown
in Table 1, which agree very well with the FPM results. In addition,
the rate-determining steps obtained via FCM and FPM are the same
for all the systems. Note that it is also possible that this FCM could
still be wrong if the charges from one intermediate state differed
significantly from another intermediate state in the FPM calcula-
tion (Table S5 in the Supporting Information). Conversely, if the
Fermi energies of the four intermediate states at the above FCM
are very different, this FCM can also break down. In our case, these
variations are relatively small; thus the FCM works fine. Therefore,
the traditional NCM will cause errors in both rate-determining
steps and overpotentials in the real operando local environments
simulation. These issues can be improved via the FCM with proper
charge. However, it is still a challenge to determine the charge
state that should be used by these methods themselves.

4. Conclusions

In summary, we have used the fixed-potential grand canonical
method to simulate the electric charging effects between an elec-
trode and single-atom catalysts during OER processes at different
electrode potentials. The FPM automatically adjusts the total sys-
tem charge to satisfy an applied electrode potential. At this applied
potential, the system can have dramatically different local orbital
occupations at the catalytic site than in the neutral charge system,
resulting in different microscopic environments for catalytic chem-
ical reactions. The grand-canonical-FPM-calculated overpotential
can differ from the traditional CNM results by as much as 0.48 V,
and can also yield different rate-limiting steps. On the other hand,
this difference is not really from the difference between fixed-
potential or fixed-charge calculations (through the four steps),
but from the local electronic configuration difference used to cal-
culate the chemical reactions. This assumption is demonstrated
by a test using the FCM calculation (the same charge for the four
steps), but with the charge that yields the desired average Fermi
energy corresponding to the operando applied electrode potential
(instead of the neutral charge). This FCM calculation yields almost
the same results as the FPM calculation. Therefore, the traditional
NCM will cause errors in both rate-determining steps and overpo-
tentials in the real operando local environments simulation. These
issues can be improved via the FCM with proper charge values.
However, it is still a challenge to determine the total charge value
that should be used in the FCM. The fixed-potential method (grand
canonical method), in which the total number of electrons in the
system is floated automatically to match the given electrode Fermi
energy, is a better model to simulate the electrochemical reactions
in a more straightforward way. We believe our work advances the
understanding of potential effects on the catalytic process in real
electrochemical reactions and offers practical guidance for design-
ing catalysts.

As analyzed in our study, the major difference between the FPM
and the NCM comes from the occupation of the local density of
state at different electrode potentials. This effect is probably stron-
gest for 2D material due to its relatively low density of states. In
the bulk electrode, even if the potential changes significantly rela-
tive to the vacuum level, the Fermi energy relative to the density of
states in the bulk should not change. Nevertheless, for oxides such
as TiO,, SrTiO3, and WOs, the surface density of state occupations
can still change significantly due to the existence of a surface den-
sity of states near the Fermi energy. As a result, there could still be
a significant FPM effect. On the other hand, for metal, due to the
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Fig. 6. The free energy diagrams for the oxygen evolution reaction on CoN,@graphene(a), Co@graphene(b), NiN,@graphene(c), and Ni@graphene(d). Uejectrode = -4.4 V is the
ideal hydrogen evolution potential, while Ugjectrode = -5.63 V is the ideal oxygen evolution potential. Q"M is the average charge of the four intermediate states from the FPM
calculation at U"

electrode (@S listed in Table S4 in the Supporting Information).

high bulk density of states near the Fermi energy and the relatively
simple electronic structure for the surface, the effect could be
rather small. That said, there could be other effects, caused by
the change of charge in the reaction species themselves, for exam-
ple, during the energy barrier calculation, when the molecule has
different structures. Such change is not related to the substrate,
but the species themselves. Such effects can significantly alter
the results for energy barrier calculations, and will be studied in
the future.

The supporting information provides the following: A brief
instruction to PWmat code, the solvent model, and the Poisson-
Boltzmann equation. The process of OER for the charge-neutral
method. The Fermi energy levels of different neutral catalysts
and intermediates. The charge states of different catalysts and
intermediates when the Fermi energy level is set to —4.4 eV and
—5.63 V via the fixed-potential method. The charge states of differ-

ent catalysts and intermediates when the Fermi energy level is set
to U (V) via the fixed-potential method, The Fermi energy levels

of different catalysts and intermediates when the charge is set to

the average charges at U (V) via the fixed-charge method. The

energy dependence obtained from the electron transfer energy
term (AG*™ — AG®5%,) for each intermediate when Ueiectrode Shifts
from —4.4 V to lower potentials, and the total magnetic moment

and local magnetic moment of Co in CoN,@graphene with OH*
adsorbing under different Ugjectrode and neutral states.
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