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ABSTRACT: Photoelectrochemical water splitting plays a key
role in a promising path to the carbon-neutral generation of
solar fuels. Wurzite GaN and its alloys (e.g, GaN/ZnO and
InGaN) are demonstrated photocatalysts for water oxidation,
and they can drive the overall water splitting reaction when
coupled with co-catalysts for proton reduction. The present
work investigates the water oxidation mechanism on the
prototypical GaN (1010) surface using a combined ab initio
molecular dynamics and molecular cluster model approach
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taking into account the role of water dissociation and hydrogen bonding within the first solvation shell of the hydroxylated
surface. The investigation of free-energy changes for the four proton-coupled electron-transfer (PCET) steps of the water
oxidation mechanism shows that the first PCET step for the conversion of —Ga—OH to —Ga—O°~ requires the highest energy
input. The study further examines the sequential PCETs, with the proton transfer (PT) following the electron transfer (ET), and
finds that photogenerated holes localize on surface —NH sites, and the calculated free-energy changes indicate that PCET
through —NH sites is thermodynamically more favorable than —OH sites. However, proton transfer from —OH sites with
subsequent localization of holes on oxygen atoms is kinetically favored owing to hydrogen bonding interactions at the GaN
(1010)—water interface. The deprotonation of surface —OH sites is found to be the limiting factor for the generation of reactive
oxyl radical ion intermediates and consequently for water oxidation.

KEYWORDS: water oxidation, density functional theory, GaN, photocatalysis, aqueous interface, AIMD

B INTRODUCTION

Water splitting powered by sunlight provides a carbon-neutral
framework for the generation of solar fuels.' > The design and
synthesis of more efficient solar water splitting systems require
a deeper understanding of the key process of the catalytic
oxidation of water to molecular oxygen,* which involves the
transfer of four protons and four electrons with concomitant
0O—0 bond formation (eq 1):

2H,0iq) = Oy + 4H + 4e 1)

Domen and co-workers synthesized wurtzite GaN/ZnO
alloys as photocatalyts for water oxidation, which, when
coupled with proton reduction co-catalysts, split H,O into O,
and H,.>~” The holes generated by absorption of light migrate
to the GaN/ZnO nanoparticle surface, where oxidation of
water to molecular oxygen occurs (2H,0 + 4h* — O, + 4H"),
whereas the electrons are consumed on the co-catalyst surface
for the proton reduction reaction (4H* + 4e~ — 2H,).” The
net outcome is the use of four electron—hole pairs generated by
incident photons to split two H,O into O, and two H,. Because
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GaN/ZnO alloys have narrower band gaps than either GaN or
ZnO and have significant visible light absorption,® " they
could be employed as photoanodes in photoelectrochemical
cells for solar water splitting.>*'* Additionally, successful water
splitting has also been demonstrated using GaN'*'* and InGaN
alloys." Therefore, it is crucial to understand the fundamental
features of water oxidation on the prototype GaN surface.

In earlier work, Shen et al.'® studied the water oxidation
mechanism on the GaN (1010) surface using cluster models
generated from snapshots of ab initio molecular dynamics
(AIMD) simulations of the GaN (1010)—water interface.'”
The proposed mechanism consists of four proton-coupled
electron-transfer (PCET) steps resembling those proposed
earlier by Norskov et al. for other materials."®'? The highest
energy requirement was found to be associated with the first
PCET step leading to the generation of the reactive oxyl radical
ion intermediate from a surface-bound hydroxide ion (*OH~
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— *#0*" + e~ + H"). Recently, Akimov et al.”® investigated the
evolution of a photogenerated hole and the following proton-
transfer step at the GaN (1010)—water interface by combining
non-adiabatic molecular dynamics and time-dependent density
functional theory (TDDFT) methods and found that the hole
localizes on the surface nitrogen atoms and promotes proton
transfer from —NH groups to either surface —OH or bulk H,O
molecules.”® This observation is quite interesting and presents a
puzzle because the splitting of water and formation of an O—O
bond require the hole to be localized on an oxygen atom.'®

Turning to GaN/ZnO alloys, Kharche et al*' recently
studied the structure of aqueous interfaces of the nonpolar
(1010) and (1210) wurtzite facets of the 1:1 GaN/ZnO alloy
using AIMD simulations. This study found that, similar to the
GaN (1010) surface, water also dissociates spontaneously on
the (1010) and (1210) surfaces of the GaN/ZnO alloy. The
degree of water dissociation, however, is dependent on the
surface composition. That work also reports similar hydrogen
bonding patterns of the surface-adsorbed protons and
hydroxide ions with the bulk water layer at the aqueous
interfaces of GaN and GaN/ZnO alloys,>" which suggests that
the water oxidation mechanism on the GaN/ZnO alloy surfaces
should closely resemble that on the GaN surface.

In the present work, we employ AIMD simulations to
investigate the atomic structure of the GaN (1010)—water
interface and use snapshots from these simulations to
investigate the water oxidation mechanism following PCET
steps using molecular cluster models. In addition to the coupled
PCETs, we also investigate sequential electron-transfer (ET)
followed by proton-transfer (PT) steps. We find that
photogenerated holes localize on surface —NH sites, confirming
the result from refs 20 and 21 that the top of the valence band
at the GaN (1010)—aqueous interface consists of N(2p) states
and, furthermore, that the PCET through —NH sites is
thermodynamically more favorable than that through —OH
sites. However, when we investigate the pathway for proton
transfer, we find that proton transfer from —OH sites and
subsequent localization of holes on oxygen atoms occur at a
faster rate, compared to the —NH sites, because of hydrogen
bonding interactions at the GaN (1010)—water interface. This
provides an explanation for how the holes localize on oxygen
atoms to promote water oxidation catalysis. Our calculations
show that the deprotonation of surface —OH sites is the
limiting step for the generation of reactive oxyl radical ion
intermediates, which are required for the critical step of O—O
bond formation through nucleophilic attack by water
molecules.

B COMPUTATIONAL METHODS

Ab Initio Molecular Dynamics. The GaN—water interface
is simulated using a repeated supercell in which a 12-layer slab
of (1010) oriented wurtzite GaN with a 3 X 2 lateral cell
alternates with a water-filled region containing 81 water
molecules (Figure 1ab). The MD trajectory for this supercell
was simulated in our earlier study.”* The simulation
protocol*"** is summarized here for completeness. In brief,
DFT calculations are carried out using the projector augmented
wave (PAW) method™ as implemented in VASP.>***> On the
basis of prior experience,” the semicore 3d levels for Ga are
explicitly treated, and the DFT+U method within the Dudarev
formulation® is employed with Ug, = 3.9 eV for the 3d orbitals.
The Brillouin zone is sampled only at the I'-point, which is
sufficient for the large supercells involved in this study. The
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Figure 1. Atomistic schematics of (a) a snapshot from the equilibrated
portion of the MD simulation illustrating the unit cell, (b) a magnified
view of the aqueous interface illustrating interface hydrogen bonds,
and (c) the cluster model highlighting the reactive —Ga—OH site in
the ball-and-stick representation. The hydrogen bond network is
depicted by the dashed orange lines.

Born—Oppenheimer MD simulations are performed using a
Nose—Hoover thermostat and a Verlet integrator with a time
step of 0.5 fs. The functional optB88-vdW,*”*® including long-
range van der Waals interactions, together with a slightly
elevated temperature (T = 350 K), gives an accurate O—O pair
distribution function and diffusivity.”"** Converged results
require a cutoff energy of 600 eV. The MD simulation is run for
16 ps, and structural analysis is performed for a 6 ps
equilibrated window.

Molecular Cluster Model. The GaN (1010) surface model
was built from a representative structure obtained from ab initio
molecular dynamics simulations, as detailed in the previous
section. The 3 X 2 GaN (1010) surface model contains 28 Ga
and 28 N atoms, 12 of which form —Ga—OH and —NH surface
species upon dissociation of 6 H,O molecules (Figure 1c). In
addition to that, 7 H,O molecules are included in the model to
preserve the H-bonding interactions and first-shell solvation
effects. The dangling bonds formed at terminal positions of the
model were passivated with H atoms to complete the
coordination number of Ga and N atoms. The details of the
comparison of the present cluster model with previous models
in ref 16 are presented in the Supporting Information.

All geometries were fully optimized at the M11-L level of
density functional theory””?° with the SMD aqueous
continuum solvation model®' surrounding the entire cluster
using the Stuttgart ECP28MWB contracted pseudopotential
basis set on Ga>>>® and the 6-31G(d) 5d basis set*>* on all other
atoms. Nonanalytical integrals were evaluated using the
integral=grid=ultrafine option as implemented in the Gaussian
09 software package.> The nature of all stationary points was
verified by analytic computation of vibrational frequencies,
which were also used for the computation of zero-point
vibrational energies, molecular partition functions, and
determining the reactants and products associated with each
transition-state structure (by following the normal modes
associated with imaginary frequencies). The transition state
structures were optimized using the “opt=(ts,noeigentest)”
keyword starting with guess structures, and final optimized
transition state structures were verified to be associated with a
single imaginary frequency. Partition functions were used in the
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computation of 298 K thermal contributions to the free energy
employing the usual ideal-gas, rigid-rotator, harmonic oscillator
approximation.’® Free-energy contributions were added to
single-point M11-L electronic energies computed at the
optimized geometries obtained with the above-mentioned 6-
31G(d) basis set using the SDD basis set on Ga and the 6-
311+G(2dfp) Sd, 7f basis set on all other atoms to arrive at
final composite free energies.

As mentioned above, solvation effects associated with bulk
water as solvent were accounted for using the SMD aqueous
continuum solvation model.>* A 1 M standard state was used
for all species in solution; thus, an adjustment for the 1 atm to 1
M standard-state concentration change of RT In(24.5), or 1.89
kcal/mol, was added to the computed free energies. In the case
of water, the 1 atm gas-phase free energy is adjusted by the sum
ofalatmto 1M (1.89 kcal/mol) and 1 M to 55.6 M (2.38
kcal/mol) standard-state concentration change, 4.27 kcal/mol
in total, and the experimental 1 M to 1 M self-solvation free
energy, —6.32 kcal/mol, yielding an overall correction of —2.05
kcal/mol to the gas-phase free energy. The 1 M to 1 M
solvation free energy of the proton was taken from experiment
as —265.9 kcal/mol.>’~*° The free-energy changes are reported
at pH 4.0 as representative of the range of experimental
conditions™® and denoted AG*’, which includes a correction of
—546 kcal/mol (—4RT In(10)) for the free energy of the
solvated proton.

Standard reduction potentials were calculated for various
possible redox couples to assess the energetic accessibility of
different intermediates at various oxidation states. For a redox
reaction of the form

Ox(aq) + Yle@) g Red(aq) (2)

where Ox and Red denote the oxidized and reduced states of
the redox couple, respectively, and n is the number of electrons
involved in redox reaction, the reduction potential Eggp.q
relative to NHE was computed as

Ang\Red - AGIK\)IHE - _ AnglRed + AG;}HE
nF nF F

EOxIRed =

()
where AGE g.q is the free-energy change associated with eq 2
(using Boltzmann statistics for the electron), AGyy, is the free-
energy change associated with

- 1
Hyg) + e = EHZ(aq) (4)
which is —4.28 eV with Boltzmann statistics for the
electron,®*"** and F is the Faraday constant.

To investigate the choice of density functional on reaction
energetics, we performed single-point calculations at the
B3LYP* level of theory using M11-L optimized structures of
cluster models. Free-energy contributions from MI11-L
calculations were added to single-point B3LYP electronic
energies computed with the SDD basis set on Ga and the 6-
311+G(2dfp) Sd, 7f basis set on all other atoms to arrive at
final free energies. The comparison of computed potentials for
PCET steps of the proposed water oxidation mechanism
indicate close agreement between M11-L and B3LYP for all of
the steps (Scheme S2 and Table S1). In addition to the above,
we performed single-point B3LYP electronic energies com-
puted with the SDD basis set on Ga and the 6-311G(d,p) 5d, 7f
basis set on all other atoms to compare with potentials
computed by Shen et al.'® in an earlier work (Table S2).
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B RESULTS AND DISCUSSION

Atomic Structure of the GaN (1010)—Water Interface.
Ab initio MD simulations allow us to characterize the atomic
structure of the aqueous interface of the (1010) surface of GaN
in the resting (or “dark”) state. In agreement with earlier
studies,'®**>** all adsorbed water molecules on the GaN
surface are found to dissociate spontaneously into protons (H*)
and hydroxide ions (OH™) during the MD run. Surface N
atoms accept protons from the dissociated water molecules,
forming —NH species, whereas the corresponding hydroxide
ions bond with surface Ga atoms, forming —Ga—OH species.
Thus, under ambient conditions the aqueous GaN (1010)
interface is fully hydroxylated (Figure lab).

The strong perturbation in the structure of water, induced by
the water dissociation resulting from the acid—base chemistry
at the solvated GaN surface, extends up to 3 A distance from
the surface. The water layer beyond 3 A distance from the
surface exhibits a bulk-like hydrogen bond network and
oxygen—oxygen radial distribution function.”” In the bulk
water region, the average density is 1.08 g/cm?, slightly larger
than the ambient density of water (1.00 g/cm?). The interfacial
water layer up to 3 A distance from the surface includes surface
adsorbed protons and hydroxide ions as well as the first
solvation shell of the hydroxylated surface (Figure 1b). These
species are explicitly included in our cluster model (Figure 1c).

The hydroxylated surface interacts with the water layer via a
hydrogen bond network, indicated by the dashed orange lines
in Figure la,b. An adsorbed hydroxide ion can form at most
one donor and two acceptor hydrogen bonds, whereas an
adsorbed proton can be involved in at most only one donor
hydrogen bond. The number of hydrogen bonds of each kind
depends on how they are defined. Here, two species are
considered to be hydrogen bonded when the distance between
donor (D) and acceptor (A) atoms, dp.4, is <3 A and the DHA
angle is >140°. Quantitative analysis of the equilibrated portion
of the MD trajectory over long periods (ca. 6 ps) indicates that
substantially more hydrogen bonds are formed by the —Ga—
OH species compared to the —NH species (Figure 2). Similar
quantitative results for dp o = 3.25 and 3.5 A are included in
Figure S1 in the Supporting Information. The fewer donor
hydrogen bonds involving the —NH species with smaller dp 4
indicates that these hydrogen bonds are relatively weaker
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Figure 2. Time dependence of the number of hydrogen bonds
between the hydroxylated GaN surface and the bulk water layer from
the equilibrated portion of the MD simulation. Instantaneous and
time-averaged traces are depicted by thin continuous and thick dashed
lines, respectively.
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Table 1. System and Reservoir Species for the Various Steps of the Water Oxidation Catalytic Cycle”

system reservoir
—Ga—OH 2H,0iig)
—Ga—0°" 2H,0Oiq)s H e
—Ga—OOH Hzo(liq)) 2H+, 2e”
—Ga—00°*~ H,01iq)s 3HY, 3e”
—Ga—OH Oy 4H', 4e”

net sys rxn: —Ga—OH — —Ga—OH net res rxn: 2H,O0(;q) —

Oy + 4H" + 4e”

rel AG*  rel AG* (eV vs

G*y (Ha) G0 (Ha) G¥ " (Ha) (eV) NHE)?
—2611.9859 —152.8648 —2764.8507 0.00 0.00
—2611.3073 —153.3042 —2764.6114 6.51 2.23
—2687.1083 —=77.3112 —2764.4195 5.22 0.94
—2686.4785 —77.7506 —2764.2291 5.18 0.90
—2611.9859 —152.0805 —2764.0664 4.43 0.15

21.34 1.06

“Associated free energies (G*') in units of hartree and free-energy changes (AG*’) in units of eV from cluster model calculations are reported at pH
4.0. "Absolute free energies with respect to zero on the vacuum reference potential scale. “Values of absolute free energy with respect to zero on the
vacuum reference potential scale relative to —Ga—OH + 2H,0Oj). “Values of absolute free energy with respect to zero on the normal hydrogen

electrode scale relative to —Ga—OH + 2H,O ).
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Figure 3. Atomistic models and unpaired spin densities for the one-electron oxidized cluster model along with transition state and product structures
associated with deprotonation through —Ga—OH (top) and —NH (bottom) sites.

compared to those involving the —Ga—OH species, where the
number of donor hydrogen bonds is virtually independent of
dp.a. The different strength of —Ga—OH versus —NH donor
hydrogen bonds has important implications for the water
oxidation mechanism as discussed in the following sections.
Water Oxidation via Proton-Coupled Electron-Trans-
fer (PCET) Steps. In the cluster model study of water
oxidation at the GaN (1010) surface by Shen et al,'® which
employed smaller clusters than the one considered in the
present work, several (four or six, depending on the model)
explicit water molecules formed a hydrogen-bonded layer over
the dissociated water on the surface. Two of these water
molecules were consumed in the water oxidation cycle, leaving
a cluster with two fewer water molecules than it originally had.
To return this final state to the initial state to complete a
catalytic cycle, the two water molecules had to be replaced, and
the free energy associated with this process was assessed equally
to that of the two steps in which a water molecule was
consumed. In the present work, a water molecule is added to
the cluster model system before optimization of the geometry
in the steps that consume water molecules. This is clear in
Table 1, which presents the calculated data for the cluster
model employed in the present work, by the definition of the
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“system” (the current state of the active catalyst) and a
“reservoir” that initially contains two water molecules and to
which is added every species removed from the previous states
of the system. As appropriate for a catalytic process, the catalyst
(“system”) returns to its initial state at the end of the cycle, and
the net reaction occurs in the reservoir.

Using the cluster model approach (see Computational
Methods for details), the obtained free-energy changes for
the four PCET steps of water oxidation at the GaN (1010)
surface at pH 4.0 are 2.23, 0.94, 0.90, and 0.15 eV, respectively,
at the M11-L level of theory (Table 1). The single-point
calculations using the B3LYP functional on M11-L optimized
structures also yielded similar free-energy changes for the
PCET steps differing only by about 0.10 eV (Table S1).
Comparison with the previous results by Shen et al.'® indicates
agreement within 0.15 eV for the PCET steps using the same
basis set for H, O, and N atoms (Table S2). Moreover, the
computed standard water oxidation potential is 1.06 V versus
NHE at pH 4.0, in good agreement with the experimental
potential of 0.99 V versus NHE at pH 4.0. The calculated AG*’
for the present cluster model (2.23 eV) shows that the first
PCET step is the rate-limiting step, which determines the
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thermodynamic overpotential required to make all PCET steps
downbhill (see the next section).

Water Oxidation Mechanism via Decoupled PCET
Steps. Now we turn our attention to examining the mechanism
of water oxidation via decoupled PCET steps at the aqueous
GaN (1010) interface via cluster models. We started the
investigation with the first oxidation step, which occurs with an
associated free-energy change of 1.30 eV. The hole generated
by this oxidation delocalizes onto N atoms in the resulting
positively charged system as displayed by unpaired spin density
plots (Figure 3). This finding is consistent with the top of the
GaN valence band being composed of N(2p) states in the
periodic DFT calculations at the PBE level of theory,® but is
surprising in the sense that the proposed water oxidation
mechanisms for several molecular and heterogeneous catalysts
involve hole localization on oxygen atoms to generate reactive
species for the critical step of O—O bond formation.

Following this observation, we examined possible subsequent
deprotonation steps from either an —NH site or a —Ga—OH
site of the oxidized cluster. The calculated free-energy changes
indicate that deprotonation from an —NH site is favored over a
—Ga—OH site by 0.35 eV (0.59 eV vs 0.94 eV). In contrast, the
located transition-state (TS) structures for the deprotonation
events exhibit free energy of activation (AG¥) values of 1.40
and 0.98 eV for —NH and —GaOH sites, respectively (Figure 3;
Scheme 1). We also performed single-point calculations at the
B3LYP level of theory for the first PCET step and found very
good agreement with the M11-L results (Scheme S2).

Scheme 1. Energetics of Proton-Coupled Electron Transfer
from —NH and —Ga—OH Sites

OH
Na, | . «Ga
/'"Ga—N”\
N Ga
AG =1.89 eV .| AG=1.40ev
“e,-Ht MY Ag=o0s9ev
OH H oH H It
N, | | G2 Ag=130ev Nu, | | Ga
/Ga—N\ —— /“Ga—N
N Ga N \Ga
AGt=0.98 eV
AG =0.94 eV

-e,-H* -H*
AG =223 eV

N ] ]G

a
""'mGa_Nx"'
N/ \

Ga

Closer inspection of the TS structures reveals that the —NH
deprotonation proceeds via proton transfer to a neighboring
H,O molecule above the —NH site, resulting in the generation
of an H;0" intermediate (Figure 4a), whereas the —Ga—OH
deprotonation involves proton transfer to a neighboring —Ga—
OH site assisted by a H,O molecule (Figure 4b). This
difference essentially stems from the difference between the
hydrogen-bonding network involving —NH and —Ga—OH
sites as observed during the AIMD simulations in which —Ga—
OH sites are always associated with water molecules as
hydrogen-bonding partners, whereas —NH sites do not strongly
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Figure 4. Transition state structures for deprotonation from (a) a
—NH site and (b) a —Ga—OH site. Proton transfer pathways are
depicted by the thick black dashed lines.

interact with H,O molecules. As a result, H,O molecules are
aligned in a favorable way to accept a proton from —Ga—OH
(Figure 4b), whereas deprotonation from —NH involves
disturbing those favorable interactions and bringing a single
water molecule into close contact with a —NH site (Figure 4a).
Therefore, we propose that although deprotonation from an
—NH site is favored thermodynamically, the positions and
hydrogen-bonding interactions of water molecules render
—Ga—OH sites more favorable kinetically toward deprotona-
tion following the oxidation step. The spin density data indicate
that upon deprotonation, the hole localizes on the oxygen atom
of —Ga—O, resulting in an oxyl radical ion species, —Ga—0"*~
(Figure 3). Similar hole dynamics upon changes in the
hydrogen-bonding pattern and deprotonation were also
shown for anatase TiO,.*> The calculated AG*’ for the first
coupled-electron and proton-transfer step is 2.23 eV at pH 4.0
(Table 1) and constitutes the step with the highest energy
requirement for the proposed water oxidation mechanism as
shown in Scheme 2, in which the free-energy changes
associated with sequential PCETs, with the proton transfer
(PT) following the electron transfer (ET), are presented for the
overall water oxidation mechanism. Therefore, the deprotona-
tion of surface —Ga—OH sites in the first oxidation step will be
the limiting factor for the generation of reactive —Ga—O°~
intermediates and consequently for overall water oxidation
cycle.

The second oxidation step requires 1.32 eV and results in a
delocalized hole on N atoms similar to the first oxidation step,
but now with a reactive —Ga—O®" intermediate also on the
surface so that a total of two oxidizing equivalents is stored in
the cluster. The subsequent addition of a water molecule to
generate an O—O bond is downhill by 043 eV. This
nucleophilic addition of the H,O molecule results in the
formation of a —Ga—OOH hydroperoxide intermediate and
involves a proton transfer to a nearby —Ga—OH site to form a
transient —Ga—OH,, from which a proton could be transferred
to the bulk solution. Sequential oxidation (AG*' = 1.27 eV)
and deprotonation (AG*’ = —0.35 eV) of —Ga—OOH leads to
a —Ga—O0O0°®" superoxide intermediate, which, upon an
additional oxidation, evolves molecular oxygen and regenerates
the initial —Ga—OH species by the addition and dissociation of
another water molecule.

B CONCLUSION

We studied the GaN (1010)—water interface with AIMD
simulations and examined the water oxidation mechanism
following PCET steps by performing DFT calculations on
cluster models. The calculated free energies for the four PCET
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Scheme 2. Proposed Water Oxidation Mechanism at pH 4.0 Using Molecular Cluster Models”
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?(Ga—OH,) refers to the protonation of a neighboring —Ga—OH site.

steps of the oxygen evolution reaction indicate that the first
PCET step for the conversion of —Ga—OH to —Ga—0°" is
associated with the highest energy requirement. Investigation of
electron-transfer (ET) and proton-transfer (PT) steps sepa-
rately for the first PCET reveals that deprotonation is rate
limiting and that the hole localizes on an oxygen atom to
generate a reactive oxyl radical ion intermediate upon
deprotonation. Our calculations show that although deproto-
nation from —NH sites is thermodynamically more favorable
upon photogenerated hole creation, the hydrogen-bonding
network at the GaN (1010)—water interface renders deproto-
nation from an —OH site to be kinetically preferred. Therefore,
the oxygen evolution activity will be enhanced by increasing the
rate of deprotonation from —OH sites while limiting the —NH
deprotonation, especially for the case of GaN/ZnO alloys for
which removal of a proton from —NH sites may not be as
disfavored kinetically as for GaN. Furthermore, the present
work displays the strength of the coupled approach of using
periodic ab initio molecular dynamics and cluster models for
the investigation of the mechanism of electrocatalytic reactions
on surfaces of semiconductors.
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