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Theoretical simulations on complex electrochemical processes have been developed on the basis of the understanding in elec-
trochemistry, which has benefited from quantum mechanics calculations. This article reviews the recent progress on the theory
and applications in electrocatalysis. Two representative reactions, namely water electrolysis and oxygen reduction, are selected
to illustrate how the theoretical methods are applied to electrocatalytic reactions. The microscopic nature of these electro-
chemical reactions under the applied potentials is described and the understanding of the reactions is summarized. The ther-
modynamics and kinetics of the electrochemical reactions affected by the interplay of the electrochemical potential, the bond-

ing strength and the local surface structure are addressed at the atomic level.
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1 Introduction

The first-principles methods have been widely utilized to
describe and predict significant quantities in chemistry, e.g.
the geometrical structure, the bonding energy and the reac-
tion barrier of elementary reactions. Much progress has
been made in the understanding of catalytic reactions at the
solid/gas interface [1-3]. Electrocatalysis at the solid/liquid
interface remains a highly challenging field where the first-
principles simulation is increasingly utilized. Despite the
intrinsic complexity of the many-body problem in electro-
catalysis (water, ions, adsorbates and electrodes), theoretical
simulation methods based on first-principles theory have
been developed for investigating the reactions under elec-
trochemical conditions [4—7]. This review aims to summa-
rize the theoretical models and their applications in typical
electrochemical reactions.

Electrocatalysis is closely related to new energy genera-
tion [8—11], necessitating an atomic-level understanding of
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the reactions at the electrode/solution interface. The con-
ventional theories in electrochemistry [12], such as Gouy-
Chapman theory, Nernst equation and Butler-Volmer model,
often meet difficulties in rationalizing the microscopic
mechanism in electrocatalysis, not least because of the
complex nature of the geometrical and electronic structure
of the electrode and solution. Advances in both computa-
tional facilities and theoretical methods [13, 14] have en-
abled the quantum mechanics (QM) treatment of the elec-
trochemical interface in a much more realistic way, where
the electrochemical potential, the water environment and the
electrode are all taken into account explicitly. The combina-
tion of the modern experimental techniques with the theo-
retical modeling made it possible to reveal the atomic-level
details of the reaction at the electrode/solution interface.
With the aim to establish a predictive basis for the design
and optimization of electrocatalysts, a number of elemen-
tary electrochemical reactions have been studied utilizing
first principles density functional theory (DFT) calculations.
Among those reactions, water electrolysis and oxygen re-
duction reaction (ORR) perhaps have been most frequently
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studied because of their relevance to fuel cell applications.
The former is an oxidation reaction occurring on an anode,
and the latter is a reduction process occurring on a cathode.
These two reactions provide insights on how the current
theoretical framework is applied for understanding electro-
catalytic reactions in general.

2 General background on DFT methods for
simulating reactions

An accurate description of molecule-surface interaction is
the first step toward a fundamental understanding of reac-
tions on an electrode surface. The modeling of the surface
using the first-principles methods was, however, a formida-
ble task for many years [15], and a breakthrough was only
made with the advent of DFT and powerful computers in
the late 1980s [16]. In general, DFT starts with a considera-
tion of the entire electron density of the system based on the
foundation work of Hohenberg and Kohn [17, 18], in which
the ground-state total electronic energy is demonstrated to
be a function of the electron density. In the framework of
DFT, the non-classical part of electron-electron interaction
energy, namely electron-electron exchange and correlation,
is expressed as a unified function of a single variable, i.e.
the total electron density, which is much simpler compared
with the conventional Hartree-Fock approach. Although the
exact form of the exchange-correlation functional is yet
unknown, many approximate functionals have been pro-
posed in practice, such as local density approximation
(LDA) and its derived version of generalized gradient ap-
proximation (GGA) [19, 20]. It has been demonstrated that
GGA reproduces satisfactory structures up to the experi-
mental accuracy and bond energies with errors within a few
percents compared with experimental results [21].

To model extended surface systems, two different mod-
els, the cluster and the supercell, were often utilized. While
the cluster approach could be treated with highly accurate
QM methods beyond DFT, the cluster size is often limited
and the metal surface is often represented by dozens of at-
oms. The supercell approach [22] developed in the 1980s is
based on Bloch’s theorem [23] in solid physics, in which
the delocalized wavefunction is split into a local part (Bloch
function) and a plane-wave part. By integrating DFT, Bloch’s
theorem, and many other elegant methods/algorithms, such
as the ultrasoft pseudopotential method [24], the iterative
minimization scheme [22], and Broyden’s method for den-
sity mixing [25], the state-of-the-art computational package
is able to efficiently solve the electronic structure of sys-
tems up to hundreds of atoms.

Using DFT, the forces on atoms are evaluated based on
the Hellmann-Feynman theorem. The structure optimiza-
tion techniques, such as BFGS method [26], molecular dy-
namics [22], and transition state (TS) search techniques are
utilized to determine the possible states along a reaction
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pathway, e.g. the initial state (IS), TS and the final state
(FS)). The calculated pathways and energetics provide sig-
nificant information on the reaction kinetics. The TS is of
particular significance for kinetics as it determines the bar-
rier height of the reaction. Several methods have been util-
ized to locate the TS for heterogeneous catalytic reactions,
e.g. constrained minimization method [27-29], nudged elas-
tic band method [30] and the dimer method [31, 32].

3 Theoretical methods for electrochemical re-
actions

The electrode/solution interface phenomena have been a hot
subject of theoretical simulations, to which various theo-
retical approaches based on classical mechanics have been
applied, such as Canonical Monte Carlo [33, 34], Wer-
theim—Lovett—-Mou-Buff (WLMB) integral equation [35,
36], modified Poisson-Boltzmann [37-39], and molecular
dynamics [40, 41]. Using these approaches, some features
of the electrode/solution interface, such as the dynamic
ordering of the interfacial water [41, 42] and the structure of
the electrochemical double layer, [33] have been elucidated.
However, they are unsuitable for electrochemical reactions
which are sensitive to both the atomic structure of elec-
trodes and the distribution of solutions and charges at the
interface as influenced by the applied potential. The
rigorous QM treatment is essential for obtaining the reliable
energetics for electrochemical reactions. Some theoretical
methods based on first-principles calculations have been
developed to treat the electrochemical interface, and their
applications for understanding the mechanism of electro-
catalytic reactions have been reported. The details of these
methods will be elaborated as follows.

To correctly describe the electrochemical environment,
the effect of the electrochemical potential is first taken into
account. A direct approach to model the induced electric
field in electrochemistry is via the addition of a homoge-
nous external field perpendicular to the surface in simula-
tion. This is implemented straightforwardly by adding an
extra potential term to the Hamiltonian. The potential is
tuned by changing the strength of the external field. This
technique has been widely adopted to investigate the elec-
tric field dependence of adsorption, such as CO/Pt(111) by
van Santen [43], H,O and OH/Ag(111) by Patrito [44, 45].
The oxygen-related electrochemical reaction, e.g. oxygen
reduction, has also been studied by directly applying the
electric field [46—48]. This approach is simple to be imple-
mented, however, it is not straightforward to quantitatively
correlate the applied field with the electrochemical potential
induced by the charged electrode and the counter ions in
solution.

An alternative way of modeling potential-dependent in-
terface developed by Anderson and coworkers involves a
semiempirical Atom-Superposition and Electron-Delocali-
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zation Molecular Orbital theory (ASED-MO) [49, 50]. In
the approach, the electrochemical potential is calculated
with a band shift method by relating the diagonal element of
Hamiltonian matrix of the metal with the applied potential.
Later Anderson’s group developed a charge self-consistent
model to describe the reversible potentials and the reaction
energies for electrochemical redox reactions [4, 51-58].
They utilized a small cluster to represent the reaction center
(as shown in Figure 1(a)). Two approaches to calculate the
reversible potential have been implemented. In the first ap-
proach, the reversible potential (U°) is calculated by using
the equation AG® = —nFU°, where the free energy change
AG is obtained by the reaction energy between reactants
and products. The second approach is more complex, in-
volving the calculation of the ionization potential (IP) and
the electron affinity (EA) of the reaction system, where both
the reaction coordinates and the charge of the system vary
during the oxidation/reduction. Using this method, the po-
tential and potential-dependent activation energy are esti-
mated. This model is the first major step towards under-
standing the elementary electrocatalytic reaction under the
electrochemical potential. The contribution from the elec-
trolyte has been reported [4, 57-59] by incorporating into
Hamiltonian a Madelung sum over the assumed average
point-charge ions. The major limitation of the approach is
that the metal electrode is solely modeled by one or two
atoms, which is not valid for addressing the effects of sur-
face structure and composition.

Norskov and coworkers have explored the thermody-
namics of electrochemical reactions via a simple approach
[6, 60-62]. Their method takes advantage of the equality of
the free energy of a gas phase hydrogen molecule with that
of a proton and an electron at standard conditions. In this
way, the free energy for the reaction *AH —~ A+H" +¢” is
transferred as the free energy of the reaction *AH — A +
1/2H,. The presence of the potential U could shift the free
energy of a state by —neU magnitude (AGy). By combining
the thermodynamics with the DFT calculations, the free
energy of each intermediate becomes comparable after cor-
recting the energy of extra protons, electrons and water. The
solvation interaction was modeled by including 2/3
monolayer of water (hexagonal ring structure) on the metal
surface as suggested by Ogasawara [63]. A simple estimate
of the effect of electric field AGgeq Was considered [48, 64]
by calculating the coupling between the dipole moment of
the adsorbed state and the average electric field just outside
the surface. Finally, the free energy of the reaction is de-
rived as AG (U, pH, pu,=1 bar, T) = AGy + AG,, + AGy +
AGpy + AGyieia , where AG,,, AGy, AGpy and AGgq are Te-
spectively the effects of water, potential, pH and external
electric field, as determined by DFT calculations.

The first practical scheme for performing DFT calcula-
tions for a charged slab was developed by Lozovoi et al.
[65, 66], in which a reference electrode is introduced in the
supercell to compensate the charge. The solvation effects
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have not been considered. Neurock and coworkers proposed
a double-reference method to describe the metal/water in-
terface (Figure 1 (b)), in which the water layers outside the
metal surface are explicitly included [7, 67-71]. The elec-
trode surface is represented by the standard slab model,
while several layers of water molecules fill the vacuum gap
in between the slabs. The metal/water interface is polarized
by altering the number of electrons included in the simula-
tion cell, and the overall charge neutrality is maintained
with a homogeneous background countercharge, whose
contribution to the total energy and potential is subtracted
afterwards. The double reference approach has been used to
describe the potential dependence of various elementary
reactions in fuel cell applications.

We developed a more simple approach based on the pe-
riodic DFT calculation [72], which is described in detail as
follows. As shown in Figure 2, the metal slab is placed in
the center of the cell and a 30 A vacuum is introduced along
the z direction. The adsorbed species and water layers, if
any, are added/subtracted symmetrically on both sides of
the slab. The slab is charged by adding or subtracting a
predetermined number of electrons. Since there are two
symmetric surfaces in the slab, excess charges are evenly
divided onto two surfaces (Q/2). To balance the excess
charge Q, the counter charge is added as two charge planes
in the form of Gaussian distribution along the z direction,
each with —Q/2. One plane is near the top surface, and the
other is near the bottom surface. The Gaussian charge plane
centers are either at the first water layer (with water) or at a
fixed z-height (typically about 3 A) away from the outmost
surface atom (without water). In order to calculate the elec-
trochemical potential (U) of a system, the following eqgs. (1)
and (2) are used according to the definition of the absolute
electrochemical potential [73].

UV =(®, —4.6)/eV (1)
djw = @ref _@f (2)

@, is the work function, which is related to the electro-
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Figure 1 Illustration of the reaction center model, Pt-H-- H(OH,)(OH,),
for H, formation (a), the periodic slab employed with the double-reference
method to determine the potential (b). (a) and (b) are respectively from refs.
[59] and [69].
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Figure 2 (a) Symmetric slab model with the counter charge (CQ) plane
in vacuum; (b) electrostatic potential averaged in the xy plane above Pt(111)

surface (z-height=0) for systems with different charges per p “3x3)
unit cell. The workfunction @, and the electrochemical potential are sub-

sequently obtained.

chemical potential by eq. (1) considering that the typical
hydrogen electrode (NHE) has a measured work function of
~4.6 eV experimentally [74]. In theory, the work function
@, is obtained by measuring the difference between @y, the
Fermi level of system, and a pre-defined reference level of
zero potential, i.e. the potential level in solution far away
from the surface. However, it is practically impossible for
first principles calculations to obtain the accurate reference
level because of the difficulty in treating the long-range
screening effect of water and counter ionic charge in solu-
tion. However, we could adopt an indirect approach, in
which the experimental value for the potential of zero
charge (pzc) is used to correct the calculated workfunction
@,' to yield a more reasonable @,, as described by eq. (3).

_ d)exp (3)

pzc pzc

D, =, ~(P,

where the @°F is the average experimental pzc value for

pzc

Pt(111), which is about 4.85 eV (0.25 V NHE) [75, 76].
@' is the theoretical workfunction for neutral Pt(111) at

W pzc

the approximated reference level. For example, we could
calculate a finite layer of H,O covered Pt(111) surface and
use its workfunction as @’ Alternatively, we may to-

W pzc*
tally omit the H,O layer, i.e. the largest approximation, and
use the calculated workfunction of Pt(111) as @' (~5.5eV

W pzc
from DFT, consistent with experimental values [77, 78]).
For any other systems (charged or neutral), the similar con-
dition as utilized in calculating @’ _ is used to obtain

W pzc
@’ and subsequently U (NHE).

To compare the total energy of phases with different
charges, the DFT-calculated energy is corrected following
eq. (4). As suggested previously by Neurock’s group [7],
two extra energy contributions are removed from DFT total
energy, i.e. (i) the energy of the countercharge itself (Ecq)
and its electrostatic interaction with the charged-slab
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(Ecq-siab) and (ii) the energy of the excess charge in the slab
(noEr). This is expressed as

E E

correted

ECQ + ECQ—slab) - nQEF “)

DFT(nq ,ncq ) - (

Using the method, we have investigated the mechanism
of oxygen evolution on differently structured Pt surfaces.

To better account for the solvation energy, Anderson’s
[79, 80] group and our group [81] further implemented a
continuum-solvation method based on the Poisson-Boltz-
mann (PB) theory [37] to model the electrode/solution in-
terface. Different from previous theoretical models, the con-
tinuum-solvation approach describes the distribution of the
diffuse ionic charges close to the interface and obtains more
accurate solvation energy by fitting parameters of PB equa-
tion. A smooth dielectric model function [82] is utilized in
solving the Poisson-Boltzmann equation numerically. With
the empirical models, Anderson’s group took into account
the finite size effect of the ions and the nonelectrostatic sol-
ute-solute and solute-electrode interactions. Using the
modified PB theory, Anderson’s group have analyzed the
potential of zero charge on Pt(111) and the redox potentials
of hydrogen oxidation reaction (HOR) and ORR [79, 80].
Our group [81] utilized this approach to study the formic
acid decomposition on Pt surface under electrochemical
conditions, where the solvation energy’s contribution to the
reaction barrier is corrected by solving the PB equation.

4 Applications of the theoretical methods

4.1 Water electrolysis

Water splitting in electrochemistry is one of the most sig-
nificant anodic reactions involved in many applications
concerning energy storage/conversion [83, 84]. Because the
reaction causes the major energy loss, the mechanism of the
electrochemical process has been consistently pursued for
years [85-87] with the aim to design better catalysts. The
oxidative species, such as OH,4 and O, from H,O, appear
on the electrode at certain positive potentials. By further
increasing the potential, O, was generated from these sur-
face oxidative species. However, the detailed mechanism
for water electrolysis on the electrode falls far short of ex-
pectation. The aforementioned theoretical methods have
been utilized to shed light on the microscopic nature of the
process.

Anderson and coworkers made the first attempt to simu-
late the dissociation of water on small metal clusters
[88-92]. The formation energy of the adsorbed OH (OH,,)
and its activation energy on Pt have been studied using the
semiempirical ASED-MO model. They concluded that the
H,O (H,O, — OH, +H,q) and OH (OH,q — O, + H,4) ho-
molytic cleavage is unlikely to occur below 0.6 V due to the
high reaction barrier (1.35 eV) [88]. They utilized the local
reaction center model to investigate the OH,4 formation in
the acid and base solutions [57, 93]. In the latter, water split
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to hydroxyls through an oxidative deprotonation pathway:
H,0,4 = OH,q + H" + €7 (U) [57]. Such a pathway for the
dissociation of H,O,q has a lower activation energy above
0.57 V than that of the homolytic cleavage pathway. In ad-
dition, OH,y formation on the Fe and alloy surface, i.e.
Pt;Cr(111), Pt3Co(111), was calculated [92, 94-96], which
showed that the oxidative deprotonation pathway on these
surfaces is favored.

By applying an excess of charges to the periodic slab,
Neurock’s group investigated the electrochemical response
of water and its derived products. Filhol and Neurock con-
sidered H,O interaction with Pd(111) based on the double
reference method [7] and determined the phase-diagram
which correlates the surface species with the applied elec-
trochemical potential. At strong positive potentials, water
molecules tend to align with their oxygen ends towards the
surface. Above 1.1 V (experimental value 0.7-0.9 V), the
free energy of the hydroxide phase becomes lower than that
of the water phase, which leads to a phase change. By con-
trast, at low potentials the hydrogen end of water points
toward the surface. The change from the water phase to the
hydride phase is calculated to occur at 0.5 V (experimental
value ~ 0.4 V [97, 98]). The same approach was later ex-
tended to investigate the phase diagram over different metal
substrates including Cu(111) [99], Ni(111) [68] and Pt(111)
[64]. The results show that the phase diagrams have the
same trend with that of Pd. Water is activated to form ad-
sorbed hydroxyls, oxygen and finally a surface oxide layer.
In addition, the geometric changes were observed with the
change of the electrochemical potential. For example, the
bond length between the oxidative species (oxygen on water,
hydroxyls and oxygen atoms) and metal surface (Cu(111)
and Ni(111)) decreases as the surface gets more positively
charged.

Ngrskov’s group focused on the thermodynamic aspects
of the electrochemical reactions, in which the effect of the
electrochemical potential is simplified and taken into ac-
count by the equation AGy=-neU. They explored the ther-
mochemistry of water splitting as a function of potential
bias on a series of surfaces including metal surfaces and
oxide surfaces [61, 62, 64, 100]. The solvation effect of
water was simplified and modeled by covering the surface
with a few water molecules. The methods from Neurock
and Ngrskov yield consistent phase diagrams for Pt in con-
tact with H,O: the adsorbed hydrogen formation occurs at
0.09 V and the oxidative species formation starts at 0.8 V.
The calculated phase transition potentials are in agreement
with experiment observation [60, 101]. According to ther-
modynamics, they proposed that the difficult step in the
water splitting process is the formation of superoxy-type
(OOR) species on the surface, which may be formed by the
dissociation of a water molecule on top of an adsorbed
oxygen atom. They further proposed a linear relationship
between the catalytic activity of the electrode and the bind-
ing energy of oxygen (AEp). With this simple descriptor for
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the activity, it is expected that better anode materials may
be designed and optimized.

Focusing on the oxygen coupling kinetics, we utilized the
Gaussian-charge-plane model to understand the oxygen
evolution process [72], where the effects due to the surface
structure, the electrochemical potential and the solvation are
considered. The surface phase diagrams for the Pt(111) and
the stepped (211) surfaces were determined, as shown in
Figure 3. The phase-diagrams show that stepped surface
sites better accumulate oxidative species (O and OH), which
leads to higher local O coverage compared with terrace sites
at the same potential condition. The effect of the water en-
vironment on surface phase diagram is quantitatively evalu-
ated and found to be small. All oxygen coupling reaction
channels on Pt surfaces at different potentials were exam-
ined. It is shown in Figure 4 that the local surface coverage
and the surface structure are much more significant. At low
potentials the oxygen coupling reaction is the rate-deter-
mining step and an O + OH — OOH reaction eventually
occurs at a high local coverage of the stepped sites (at ~1.4 V,
when the oxidation of the metal surface starts to evolve)
with the calculated barrier lower than 0.7 eV (Figure 4). By
contrast, no facile O coupling channels exist on Pt(111) as
the barriers are no less than 1 eV.

We have shown that the variation of the electric field (the
charged surface) only marginally influences the barrier of
oxygen coupling reactions. As shown in Figure 5, the effect
of the electric field induced by the excess surface charges
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Figure 3 Surface phase diagram of Pt(111) (a) and Pt(211) (b).
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Figure 4 Located TS structures and the calculated barrier on Pt(111) for
(a) O+0 reaction at 0.75 ML O coverage; (b) O+ OH reaction at 0.75 ML
0+0.0625 ML OH coverage; (c) O+ O reaction at 0.83 ML O coverage;
(d) O + OH reaction at 0.83 ML O +0.17 ML OH coverage.
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Figure 5 Oxygen coupling barrier on charged surfaces as influenced by
the change of the electric field. The zero in the x-axis corresponds to the
neutral situations.

on the barrier is below 0.1 eV per change of 10° V/m. This
is consistent with the results of other theoretical studies
showing that the barrier of oxygen reduction reaction is
slightly affected by electric fields [48, 61]. Considering that
the electric field at the anode is typically in the range of
108-10" V m™, we concluded that the shift of the electro-
chemical potential does not significantly change the reac-
tion barrier in a direct manner. Instead, the potential varia-
tion could adjust the surface coverage of oxidative species,
which effectively reduces/increases the barrier of oxygen
coupling reactions.

Through theoretical analyses, we outlined two factors
affecting the electrocatalytic activity for water electrolysis:
(i) the adsorption energy of oxidative species, and (ii) the
surface local structure. We showed that Pt surface has a
strong oxygen bonding ability at low coverages. The over-
potential is required for increasing the surface coverage and
reducing the adsorption energy of oxidative species. The
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adsorption energy of oxidative species is thus the essential
thermodynamic factor. Perhaps more significantly, an opti-
mum surface structure was found to be essential for oxygen
coupling reaction kinetically. Provided with the similar O
adsorption energy, stepped surface sites facilitate the cou-
pling between O and OH, largely due to the fact that the
oxygen atom on (111) surface shifts from its original fcc
hollow site to the atop site in order to couple with another O
or OH species, which induces a significant energy cost.

4.2 Oxygen reduction reaction

The oxygen reduction reaction (ORR)is a key step in hy-
drogen fuel cells [102, 103]. However, the ORR at the cath-
ode requires a high overpotential (i.e. ~ 300 mV on Pt-based
electrocatalysts), which is one of the major obstacles hin-
dering practical applications of fuel cells [9, 104]. To
improve the cathode’s catalytic efficiency, fundamental
research has been carried out to elucidate the mechanism
and the origin of the overpotential [47, 105, 106]. Although
there is no consensus on the exact ORR mechanism [107-109],
the reaction was generally believed to follow roughly the
path shown in Scheme 1, where the four-electron transfer
occurs stepwisely. In the reaction, the OOH intermediate is
a key reaction intermediate, the formation of which might
be the rate-determining step on Pt [48, 53, 54, 101, 110-112].
However, according to the Sabatier principle the rate-de-
termining step is not always unchanged on different materi-
als. For metals which strongly bind oxygen, the electro-
chemical removal of O or OH could take over to be the
rate-determining step. A good catalyst needs to have desir-
able oxygen binding ability. Since most theoretical studies
focused on the Pt electrode, which is one of the most effi-
cient metals for the ORR reaction, our brief review will
concentrate on the understanding concerning Pt surfaces.
The first QM analysis of the oxygen reduction process at
applied potentials was performed by Anderson and Albu
using their reaction center model [52]. They studied the
unsupported, single Pt atom supported and dual-Pt sup-
ported oxygen reduction at potentials from O to 2 V (SHE)
by considering all possible intermediate species (O,, HO,,
H,0,, and OH) in contact with a hydronium ion solvated
with two water molecules [53, 54, 58]. Compared with the
unsupported case, the presence of Pt decreases the reduction

e
0O,(gas) & x@ OH(ad) ¢
solution y’
O,(ad) %_. OOH(ad) H,0
4
H*'+e ‘,"
Wy H20ed)
desorption
HZOZ

Scheme 1 Possible mechanism of oxygen reduction reaction.
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activation energies for O, and H,0,. They found that O,
bound to a Pt, site does not dissociate before the first elec-
tron and proton transfer to form OOH. The step to form
OOH has the highest activation barrier and thus is the
rate-determining step, in agreement with the proposed ki-
netic model in the literature [113, 114].

Norskov and coworkers have compared the thermody-
namics of the dissociative and associative reaction paths
[6, 61]. The dissociative path refers to the combination of
the adsorbed atomic oxygen, originated from molecular
oxygen dissociation, with the proton/electron to form OH,y
and further H,O. The associative path is the direct channel
in which the proton/electron transfer to the adsorbed mo-
lecular oxygen before its dissociation (Oyuq + H + €™ =
HOy,q4)). They found that both pathways are possibly ther-
modynamic, but the increase of the local electric field [48]
would favor the associative path. The initial stages of oxy-
gen reduction at the Pt(111)/water interface were also in-
vestigated by Neurock’s group with the double-reference
method. They suggested that the reaction is through (i) the
electron transfer to the adsorbed molecular oxygen and (ii)
the addition of protons which are diffused toward the elec-
trode to form OOH* [112].

On the basis of the mechanism on Pt(111), Norskov et al.
calculated the adsorption energies of the surface intermedi-
ates, such as the oxygen atom, over a number of metal sub-
strates and utilized this database to predict the rate of the
cathodic reaction. Their investigation showed that Pt and Pd
are the best pure metal catalysts for oxygen reduction [6, 48].
They pointed out that metals or alloys with a slightly lower
oxygen binding energy than Pt could have the highest rate
for oxygen reduction. In combination with experimental
studies, it was found that the Pt-skin alloys between Pt and
3d late transition metals or early transition metals have
much higher activity [115, 116] than pure Pt metal.

In addition to the catalytic activity, the cathode stability
is another key issue concerned for oxygen reduction reac-
tion. The high concentration of surface OH or O species has
vital destructive effect on the Pt electrode [117, 118], which
leads to the dissolution (loss) of Pt due to the corrosion.

Figure 6 Identified most stable structures for the surface adsorption
phase and subsurface O phase for the 0.75 ML O covered Pt(111) surface.
It was shown [72] that at such a high coverage, equivalent to 1.4 V vs.
NHE, the (111) surface already prefers the oxidation as evidenced by the
subsurface O formation. Large ball: subsurface Pt atoms; small yellow ball:
top layer Pt atoms; small red ball: O atoms.
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Although at low O coverages there is a high kinetic barrier
for atomic O to penetrate into the subsurface (<0.25 ML)
[119], theoretical studies indicated that high surface cover-
ages are more relevant to surface oxidation at high electro-
chemical potentials [72]. By exploring the possible subsur-
face O phases, where an oxygen atom per cell sits at the
subsurface, and subsequently comparing their stability with
that of the surface O phases, we showed that the O subsur-
face phase is already slightly stable at the stage of 0.75 ML
O (by 0.79 eV) and 0.75 ML O+0.0625 ML OH (by 0.31 eV)
coverage of Pt(111). The structure of 0.75 ML O and the
subsurface O is shown in Figure 6. This implies that the
surface oxidation on (111) terraces is already thermody-
namically favored at about 1.4 V. Pt surface oxidation has
been observed by Jerkiewicz et al. and Tian et al., which
showed that the oxidation of Pt occurs at about 1.2 V [8, 117].

Norskov and coworkers found that many Pt alloys which
have high predicted activity for the ORR were thermody-
namically unstable at high potentials associated with the
ORR. Only the Pt and Pd bulk alloys’ “skin” structure may
be active and stable for the ORR [120]. However, it was
reported that after 4000 CV cycles, the CV measurement
showed a loss of 30% in the electrochemically active sur-
face area for the Pt-Pd electrode [9]. Alternatively, Zhang et
al. demonstrated that the Pt electrode for the ORR becomes
much more anti-corrosive after the deposition of Au clusters
[102].

5 Concluding remarks

This paper reviews the progress on the theoretical simula-
tion of electrochemistry based on first-principles methods.
The understanding of the microscopic mechanisms of two
key reactions in electrocatalysis, i.e. water splitting and
oxygen reduction reaction, is summarized. The key points
are summarized as follows.

(1) The electrochemical potential strongly affects the
surface coverage of oxidative species, which effectively
changes the barrier of surface reactions.

(2) The electric field induced by the excess surface
charges plays a minor role in influencing the barrier of sur-
face coupling reactions.

(3) It is possible to identify a simple descriptor to de-
scribe the catalytic activity, which is particularly useful for
designing new electrocatalysts. For example, in oxygen
reduction reactions, an appropriate oxygen binding energy
is essential to achieve a high activity.

(4) The surface local structure could be significant for the
electrocatalytic activity.

(5) The Pt surface electrochemical corrosion occurs with
high O coverage, accompanied with the oxygen reduction
reaction. The anti-corrosion ability of the electrode material
needs to be explicitly considered in order to optimize the
ORR activity of electrocatalysts.
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