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The GaN/ZnO alloy functions as a visible-light photocatalyst for splitting water into hydrogen and
oxygen. As a first step toward understanding the mechanism and energetics of water-splitting reactions,
we investigate the microscopic structure of the aqueous interfaces of the GaN/ZnO alloy and compare
them with the aqueous interfaces of pure GaN and ZnO. Specifically, we have studied the (1010) surface

10 of GaN and ZnO and the (1010) and (1210) surfaces of the 1:1 GaN/ZnO alloy. The calculations are
carried out using first-principles density functional theory based molecular dynamics (DFT-MD). The
structure of water within a 3 A distance from the semiconductor surface is significantly altered by the
acid/base chemistry of the aqueous interface. Water adsorption on all surfaces is substantially dissociative
such that the surface anions (N or O) act as bases accepting protons from dissociated water molecules

15 while the corresponding hydroxide ions bond with surface cations (Ga or Zn). Additionally, the hard-wall
interface presented by the semiconductor imparts ripples in the density of water. Beyond a 3 A distance
from the semiconductor surface, water exhibits a bulk-like hydrogen bond network and oxygen-oxygen
radial distribution function. Taken together, these characteristics represent the resting (or “dark”) state of
the catalytic interface. The electronic structure analysis of the aqueous GaN/ZnO interface suggests that

20 the photogenerated holes may get trapped on interface species other than the adsorbed OH™ ions. This
suggests additional dynamical steps in the water oxidation process.
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1. Introduction

Splitting water into hydrogen and oxygen using semiconductor-
based heterogeneous photocatalysis plays a key role in a
promising path to clean and sustainable energy production.' Pure
GaN can catalyze water splitting; however, it is active only under
UV irradiation owing to its large band gap (3.4 e¢V).>* Domen’s
group has reported that the band gap of GaN can be reduced from
the UV to the visible range by alloying it with ZnO.* The
resulting band-gap-narrowed semiconductor GaN/ZnO alloy has
been shown to be an efficient photocatalyst under visible light
irradiation,* although the structure of its aqueous interface is not
well understood. The microscopic structure of the aqueous
interface is crucial in determining the electrostatics and the redox
level alignment at the aqueous semiconductor interface.’
Additionally, the mechanism of photocatalytic reactions critically
depends on various local structural motifs, including the
hydrogen bond network at the aqueous semiconductor interface.*
7

In this work, we use density functional theory based molecular
dynamics (DFT-MD), to investigate the microscopic structural
and electronic properties of aqueous interfaces of representative
GaN/ZnO alloy structures and compare them with aqueous
interfaces of GaN and ZnO. Most of the water splitting
experiments are carried out using a GaN/ZnO photocatalyst in
powdered form having a wurtzite crystal structure, however, it is
not known which surfaces are photocatalytically active.* ® A
recent experiment on high quality GaN nanowires grown using
molecular beam epitaxy (MBE) has found that the non-polar
(1010) surface shows much higher photocatalytic activity
compared to polar surfaces.’ Therefore we have used the non-
polar wurtzite (1010) m- and (1210) a-planes as model surfaces
in our computational study. More specifically, we have studied
the (1010) surface of GaN and ZnO, and the (1010) and (1210)
surfaces of the 1:1 GaN/ZnO alloy.

Knowledge of the structure of the GaN/ZnO alloy has evolved
over the past several years.*?’ Our first systematic theoretical
study’ employed the special quasirandom structures (SQS)
method?' to generate candidate disordered structures, and the
candidate structure at each composition with the lowest energy
was taken to be representative of that composition. The exception
was for the 1:1 alloy, for which a more ordered structure than
those generated by the SQS method was found to have a lower
energy.”’ As pointed out by Wang and Wang, local order can
significantly influence the degree of band gap reduction.'" It was
later found in a combined cluster expansion/Monte Carlo study
based on DFT calculations'® that the 1:1 alloy is unique, having a
perfectly layered structure as its only stable low-temperature
phase, but having a band gap of ca. 3.1 eV, making it
uninteresting as a photocatalyst. The same Monte Carlo study
predicted that the high-temperature phase (>870 °C) is
predominantly disordered, but exhibits strong short-range order

100

up to 2™-nearest-neighbor interactions. In the present study, we
employ a sample taken from the disordered phase from the 1:1
Monte Carlo simulation (reflecting the high-temperature
synthesis conditions) that contains an equal number of Ga, N, Zn
and O atoms to represent the 1:1 alloy.

Turning to the interface with water, very little is known at the
atomic scale. With the possibility of important interface
reactions, such as water dissociation, it is desirable to tackle this
problem with an approach that inherently includes the role and
changes in local electronic structure, while still allowing for
sampling of the dynamics inherent to the liquid water. Here we
chose to use DFT-MD. These simulations are computationally
demanding and it is only in recent years that studies of selected
semiconductor-water interfaces have emerged. For example,
under ambient conditions, water adsorbs molecularly on the TiO,
anatase (101)* and rutile (110)* surfaces, dissociatively on Si-
terminated SiC (001)**, oxygen-rich GaP and InP (001)*°, and
GaN (1010)"* surfaces, while mixed molecular and dissociative
water adsorption is found on the ZnO (1010)* surface.
Furthermore, with reference to the long-term interest in catalytic
mechanisms, such simulations not only provide insight into
possible reaction center motifs, they also give important guidance
as to the role of “wet” water and a means to test more
phenomenological solvation models, effects of which have not
been taken into account in older studies.2*>'

This work addresses two key questions: (i) how does the acid-
base chemistry at the aqueous semiconductor interface affect the
structure of liquid water, and (ii) how far does the perturbation of
the water structure induced by the semiconductor surface extend
into the liquid. The aqueous interface chemistry is found to
profoundly affect the structure of water molecules in contact with
the surface. Water adsorption is substantially dissociative such
that the surface anions (N or O) act as bases accepting protons
from dissociated water molecules while the corresponding
hydroxide ions bond with surface cations (Ga or Zn). Beyond a 3
A distance from the semiconductor surface, water exhibits a bulk-
like hydrogen bond network and oxygen-oxygen radial
distribution function. This property of the aqueous interface
allows for the calculation of the redox level alignment using
reasonably sized model systems as shown in our recent work.*
Additionally, the MD simulations provide representative
structural models of the aqueous interface for mechanistic studies
of water splitting. The GaN/ZnO alloy is known to support
catalytic sites for water oxidation while a separate co-catalyst is
required for proton reduction.* ® Based on our earlier mechanistic
studies of water oxidation at the GaN-water interface, we expect
that a hole will localize on an adsorbed OH™ ion to initiate and
propagate a sequence of four proton-coupled hole-transfer steps
for the oxidation of water into oxygen.” ** In this paper, we also
investigate the propensity of localization of the photogenerated
holes on the adsorbed OH™ ions by analyzing the projected
density of states (PDOS) of various surface species sampled in
the MD simulations.
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The remainder of this paper is organised as follows. The
computational methods and model systems are described in
section 2. Section 3 presents the structural and electronic
properties of the various aqueous interfaces obtained from MD
simulations. Conclusions and future directions of this work are
outlined in section 4.

2. Computational methods and model systems
2.1 Computational details

The MD simulations are performed using the Vienna ab initio
simulation package (VASP)***® based on DFT with the projector
augmented wave (PAW) method®’. The 4s, 4p, and 3d electrons
of Ga and Zn, and the 2s and 2p electrons of N and O are treated
as valence electrons. Based on our prior experience, we have used
the DFT+U method within the Dudarev formulation® with the
on-site Coulomb interaction parameters Ug, = 3.9 eV and Uy, =
6.0 eV to correct the DFT underestimation of electron correlation
of the Ga and Zn d-orbitals.’ The Brillouin zone is sampled only
at the I'-point because all calculations presented here involve
large supercells.
We have used the non-local vdW-DF functional proposed by
Dion et al.*® to include the long-range van der Waals (vdW)
interactions, which were recently shown to be important to
accurately model liquid water under ambient conditions****. The
vdW-DF exchange correlation energy can be expressed as

Ey. = ES94 + EEPA + EX
where is an exchange functional in the generalized gradient
approximation (GGA), ELP4 is the local correlation energy in the
local density approximation (LDA) and EZ is the non-local
correlation energy describing the vdW interaction.”® We have
tested two versions of the vdW-DF functional based on the choice
of the GGA exchange functional: (i) PBE-vdW, obtained by
using the PBE exchange functional* and (ii) optB88-vdW,
obtained by using the optB88 exchange functional recently
proposed by Klimes et al.*’
All DFT-MD simulations are performed within the Born-
Oppenheimer (BO) approximation using a Nose-Hoover
thermostat and a Verlet integrator with a time step of 0.5 fs.
Initial water structures are obtained from classical MD
simulations within a NVT ensemble with the TIP4P potential
using the GROMACS simulation package.*® Following standard
practice, the deuterium mass is used for H atoms. All MD
simulations are carried out for 15 to 30 ps. The basis set size
(plane-wave cutoff energy) is determined by comparing DFT
calculations of water dimers with highly accurate CCSD(T)
calculations, which are performed using the Gaussian 09 code.”’
The MD simulation temperature is determined by comparing the
oxygen-oxygen radial distribution function (RDF) calculated
from MD simulation with that deduced from experiments at room
temperature. We find that good agreement with experiments is
achieved for a plane-wave cutoff of 600 eV and the slightly
elevated MD simulation temperature of 350 K.

GGA
Ex

2.2 Water dimer

To further calibrate the choice of functional, and to help
determine the plane-wave energy cutoff required, for accurate
description of the interaction between water molecules, we
consider representative water dimer configurations shown in the
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insets of Fig. 1. In the first configuration (Fig. 1a), the water
molecules are hydrogen bonded, while in the second
configuration (Fig. 1b), the water molecules are constrained in
such a way that lone pairs of electrons on oxygen atoms point at
each other resulting in a repulsive interaction. The geometry
optimizations are carried out using the MP2 method with the
large aug-cc-pVTZ basis set. These geometries are used in all
additional calculations. Both the MP2 and CCSD(T) calculations
were corrected for basis set superposition error (BSSE) and the
resulting energies were extrapolated to the complete basis set
(CBS) limit using the two point extrapolation scheme proposed in
ref. 48. For the hydrogen-bonded scan, all other degrees of
freedom are allowed to relax while keeping the distance between
the two oxygen atoms (O1 and O4) fixed. This permits the nature
of the hydrogen bonding to change at short distance (Ro_o
between 2.5 and 2.6 A, Fig. 1(a)), resulting in an abrupt wiggle in
the potential curve. In the repulsive scan, the distance between
the two oxygen atoms is fixed and the dihedral angles H2-O1-O4-
H5 and H3-O1-O4-H6 held at 90 degrees while all the remaining
degrees of freedom are allowed to relax. All optimized water
dimer geometries are provided in the Electronic Supplementary
Information (ESI).

The MP2-optimized water dimer geometries are used to calculate
the potential energy curves at the CCSD(T)/CBS level of theory
These potential energy curves are shown in Fig. 1. The MP2 and
CCSD(T) results are found to be in excellent agreement as shown
in Fig. S1 in the ESI. To calibrate the DFT calculations using the
vdW-DF functional against the CCSD(T) calculations, we
gradually increase the plane-wave cutoff until smooth potential
energy curves are obtained for the same MP2-optimized water
dimer geometries. We find that the relatively high-energy cutoff
of 600 eV is required to obtain smooth potential energy curves.
The comparison between the vdW-DF and benchmark CCSD(T)
potential energy curves is illustrated in Fig. 1. The optB88-vdW
results are in excellent agreement (within 20 meV) with the
CCSD(T) results, while the PBE-vdW functional significantly
overbinds water dimers. These findings are consistent with
previous  studies  performed  using  norm-conserving
pseudopotentials and plane-wave basis sets.*' Therefore we have
carried out all MD simulations using the optB88-vdW functional.

2.3 Liquid water

It is now well established that the BO DFT-MD simulation of
water at ambient conditions leads to significantly overstructured
RDFs and lower diffusivity compared to experiments. "> 4% 30
This discrepancy arises from the fact that the proton quantum
effects are not included in the BO MD, which treats the nuclear
motion classically. The quantum nature of nuclear motion can be
approximately accounted for by increasing the MD simulation
temperature. Higher simulation temperatures give softer RDFs
and higher diffusivity in better agreement with experiments. In
practice, the required simulation temperature is dependent on the
exchange-correlation functional. To determine the required
simulation temperature for the optB88-vdW functional, we use a
reference system containing 32 water molecules in a cubic box of
length 9.86 A with periodic boundary conditions, which
corresponds to the ambient density 1 g/cm® of liquid water. The
system is equilibrated for 5 ps followed by a 25 ps production
run.

This journal is © The Royal Society of Chemistry [year]
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TABLE 1. Dimensions of simulated cells

Lateral . # H,O
dimensions (A) Thickness (A)
L, L, L. t.
GaN (1010) 9.46 10.28 31.74 17.11 48
Zn0 (1010) 12.83 10.28 32.15 17.39 66
GaN/ZnO (1010) 9.56 10.33 31.22 16.42 48
GaN/ZnO (1210) 11.04 10.33 30.46 17.61 58

In terms of the primitive surface cells, the lateral dimensions of GaN and

GaN/ZnO cells are 3x2, ZnO cells are 4><}, and GaN/ZnO cells are
2x2. Along the thickness direction all (1010) cells consist of 12 atomic
layers while (1210) cell consists of 9 atomic layers.

The oxygen-oxygen RDFs (gpo(r)) calculated from the MD
simulations at 325 K and 350 K are shown in Fig. 2 along with
the experimental data at 298 K.>' The liquid water simulated at
325 K is overstructured as seen from the taller peaks and deeper
valleys in gpo(r) compared to the experimental result. The goo(7)
becomes softer with increasing temperature and the best
agreement with experiments is obtained for 350 K. We analysed
the hydrogen-bond network by calculating the number of
hydrogen-bonds per water molecule. Two water molecules are
considered hydrogen bonded when the O atoms are closer than
3.5 A and the OHO angle is greater than 140°. The number of
hydrogen bonds per water molecule decreases from 3.64 at 325 K
to 3.54 at 350 K. We analysed the dynamical properties of the
simulated water by means of the self-diffusion coefficient (Dy)
calculated using established procedures employing the Einstein
relation.* 3>** D, obtained from the 350 K simulation is found to
agree reasonably well with the experimental data for heavy water
(see ESI for further details). Additionally, we have investigated
the system-size dependence by comparing the 32 water molecule
system with a larger system containing 64 water molecules, and
we do not find significant differences (further details are provided
in the ESI).

2.4 Semiconductor-water interface

We have studied the (1010) surface of GaN, ZnO, and the 1:1
GaN/ZnO alloy and the (1210) surface of the GaN/ZnO alloy.
The structure of the aqueous interface of each surface is
investigated using a DFT-MD simulation of a repeated
orthorhombic supercell in which a semiconductor slab alternates
with a water filled region as shown in Fig. 3. The slabs of pure
GaN and ZnO (Figs. 3a and 3b) are constructed using the
optimized lattice parameters obtained from DFT. The optimized
lattice constants agree with the experimental values to within
1.3% (further details are provided in the ESI). Our earlier studies
using a DFT-based cluster expansion model and Monte Carlo
simulations have found strong short-range order (SRO) in
GaN/ZnO alloys."” A similar study by other authors has shown
that the structural and electronic properties of a GaN/ZnO alloy
with SRO are significantly different from the completely random
alloy."" To include realistic SRO in the DFT-MD simulations, we
cut GaN/ZnO slabs with 1:1 composition of GaN and ZnO (Figs.
3c and 3d) from a large 432 atom cell of composition
GaysZny 5Ny 505 generated by a Monte Carlo simulation using
the same cluster expansion model developed in ref. 10.

The dimensions (L,, L,, and L) of the supercells are given in

4s Table 1. The lateral dimensions of the GaN and ZnO supercells
are chosen based on the earlier studies of the structure of a water
monolayer on GaN and ZnO surfaces. An adsorbed water
monolayer forms (1x1) and (2x1) periodic structures on GaN
(1010) and ZnO (1010) surfaces, respectively.’™ ¢ To

so adequately sample such structures in MD simulations, we have
used GaN and ZnO supercells of sizes 3%x2 and 4x2,
respectively. The atom-type disorder on GaN/ZnO alloy surfaces
is expected to prevent the formation of ordered structures in the
adsorbed water layer. We have used (1010) and (1210)

ss GaN/ZnO supercells of lateral dimensions comparable to the
GaN and ZnO supercells. The thickness of semiconductor slabs
ranges from 12.82 to 14.76 A and it is sufficient to prevent
interactions between adsorbed water molecules on the two sides
of the slabs.

o To obtain the initial structure of the dry surface, we relax the

semiconductor slabs until the residual force on each atom is
smaller than 0.02 eV/A. All surfaces relax via the contraction of
surface anion-cation bonds accompanied by out-of-plane
displacement of anions, which is in agreement with the earlier
studies on pure GaN and ZnO surfaces.’” > Next, a slab of water
of density 1 g/cm® with the same lateral dimensions as the
semiconductor slab and thickness of about 15 A is inserted
between the surfaces in each supercell. The separation (%)
between semiconductor surfaces is chosen such that the minimum

a5

70 distance between atoms in the semiconductor and water slabs is

about 1 A. We have performed BO DFT-MD simulations of each
hydrated slab for 15 ps at 350 K using the simulation protocol
described in section 2.1.

3. Results and discussion

75 3.1 Interface equilibration

The starting configurations of our MD simulations consist of the
clean semiconductor surfaces abruptly brought into contact with
undissociated water molecules. As the simulations proceed,
surface anion and cation sites promote the dissociation of water

so molecules into protons and hydroxide (OH™) ions. The water

dissociation is facilitated by the long-range attractive interactions
between water molecules and surface anion and cation sites as
evidenced by the fact that many water molecules dissociate
before being adsorbed on the surface. The surface anions (N or

ss O) act as bases accepting protons from dissociated water

molecules while the corresponding OH™ ions bond with surface
cations (Ga or Zn). The acid-base chemistry results in a
hydroxylated surface, where the degree of hydroxylation varies
with the surface composition and crystal orientation as discussed

90 below.

The fractional occupancies of the surface anion and cation sites
during MD runs are shown in Figs. 4 and 5. We used the
following geometric criteria to obtain the statistical information
on various types of species at the aqueous interface and in the

os bulk water region. The water molecules, OH™, and H;O" ions are

identified based on the O-H bond distance cutoff of 1.2 A. The
surface N and O sites are considered protonated if the N-H and
O-H bond lengths are less than 1.2 A. Similarly, water molecules
and OH™ are considered bonded to the semiconductor surface if

100 the O-atom is within the cutoff radius of 2.5 A from a surface

4 | Journal Name, [year], [vol], 00—00
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cationic (Ga and Zn) site.

As seen in Fig. 4a, on the GaN (1010) surface the hydroxylation
initially proceeds very rapidly such that about 70% of N sites
become protonated within less than 0.5 ps. The hydroxylation
then continues, albeit at a slower rate, until the surface is fully
hydroxylated such that all N sites are protonated and all Ga atoms
are bonded to OH™ ions. The full hydroxylation is in agreement
with our earlier studies, which showed a negligible energy barrier
for the dissociation of a water monolayer on the GaN (1010)
surface.”® An earlier DFT-MD study on the aqueous GaN (1010)
interface by Wang et al. * reported = 83 % hydroxylation on the
GaN surface in contrast to the 100 % hydroxylation found in our
present DFT-MD study. However, further analysis by the same
authors confirms that the 100 % hydroxylated GaN (1010)
surface is indeed more stable compared to the 83 % hydroxylated
GaN (1010) surface.”’

The ZnO (1010) surface shows a very different hydroxylation
behaviour compared to the GaN (1010) surface. About 50% of O
sites become protonated within less than 1 ps (Fig. 4b). The
population of protonated O sites then fluctuates between 50 and
62.5% for the remainder of the MD run. The corresponding OH™
ions are bonded to surface Zn atoms while the remaining surface
Zn atoms bond with intact water molecules (Fig. 4d). The degree
of water dissociation in our MD simulations agrees well with
earlier low temperature experimental and theoretical studies that
found that in a water monolayer adsorbed on the ZnO (1010)
surface, about 50% of the water molecules dissociate forming
(2x1) structures.”® Each (2x1) surface cell consists of a pair of
alternating water molecules, one dissociated and one
undissociated, resulting in repeated XY-structures along the
[1210] direction.*® Here, X corresponds to the Zn site bonded to
an OH™ ion and Y corresponds to the Zn site bonded to an intact
water molecule as illustrated in the inset of Fig. 6a. Figure 6a
shows the time-averaged populations of various water
dissociation patterns along [1210] directed Zn rows obtained
from MD simulations. The repeated XY-structures, similar to
those observed in experiments, are also obtained in our MD
simulations. However, our MD simulations also exhibit XXYY-
and XXXY structures along Zn rows. Since the X motif
corresponds to local dissociation of water, the overall pattern can
also be probed by looking at the population of protons adsorbed
on O sites along the [1210] direction. Indeed, these exhibit a
strongly correlated pattern (Fig. 6b), although the quantitative
relative populations are slightly different.

Next, we consider the more complex non-polar (1010) and
(1210) surfaces of the GaN/ZnO alloy. Including the top and
bottom surfaces, the model supercell of the GaN/ZnO (1010)-
water interface (Fig. 3c) contains 4 Ga, 8 Zn, 6 N, and 6 O
surface sites. Similarly, there are 7 Ga, 9 Zn, 9 N, and 7 O surface
sites in the model supercell of the GaN/ZnO (1210)-water
interface (Fig. 3d). We find 75 % and 62.5 % hydroxylation on
(1010) and (1210) surfaces, respectively. To determine
qualitatively the relative acidity and basicity of different surface
sites, we plot their fractional occupancies as a function of the
simulation time in Fig. 5. As seen in Figs. 5a and 5b, all N sites
are protonated on both surfaces, while only 50 % and 14.3 % of
O sites are protonated on (1010) and (1210) surfaces,
respectively. This indicates that N sites show stronger basic
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character compared to O sites. Moreover, O sites on the (1010)
surface are stronger bases compared to O sites on the (1210)
surface. Among the cationic sites, Ga sites show stronger affinity
for OH™ ions indicating their stronger acidic character compared
to that of Zn sites (Figs. 5S¢ and 5d). Zn sites on the (1010)
surface appear to have stronger affinity for OH™ ions compared to
those on the (1210) surface. However, the very different relative
proportion of cationic sites (Zn vs. Ga sites) on our (1010) and
(1210) model surfaces prevents any definitive comparison of the
acidities of Zn sites on (1010) and (1210) surfaces.

We analyzed the RDFs to compare the bond lengths of various
Cat-O,, type bonds, where ‘Cat’ is a cationic site on the
semiconductor surface and ‘O,,” is an oxygen atom in an OH™ ion
or an intact water molecule. The RDFs obtained from the
equilibrated MD trajectories with duration from 10 to 15 ps are
shown in Fig. S4 in the ESI. The Cat-O,, bond lengths vary
within the range of 1.5-2.3 A such that lg.on < lzon < Lmoms
where / is the bond length.

3.2 Proton dynamics

In this section, we use occupancies of the surface anion and
cation sites by the protons, OH™ ions and water molecules (Figs. 4
and 5) to deduce qualitative features of the surface-dependent
proton dynamics, but defer their detailed quantitative analysis for
future work. We consider the MD simulation trajectories beyond
6 ps, where all surfaces have reached a steady-state in terms of
protonation of surface anions. The population of the protonated
anions on the (1010) surface of pure GaN and the (1010) and
(1210) surfaces of the 1:1 GaN/ZnO alloy is static, indicating
that anionic sites do not participate in proton transfer processes
on time scales less than 10 ps. On the ZnO (1010) surface,
however, the population of the protonated anions (O atoms)
fluctuates between 50 to 62.5 %. These fluctuations originate
from the dynamic dissociation/association of water molecules
adsorbed on the surface Zn sites. The proton transfer mechanism
corresponding to such dissociation/association is
illustrated in Fig. 7a. In the dissociation event, a proton donated
by an adsorbed water molecule protonates a nearby surface O
site. While in the association event, a proton donated by a surface
O site recombines with the OH™ ion bonded to a nearby Zn site.
Similar dissociation/association dynamics have been observed in
the combined experimental and computational studies on a water
monolayer adsorbed on a ZnO (1010) surface.’® Our first-
principles MD simulations show that these
dissociation/association processes are also present on the fully
solvated ZnO (1010) surface under ambient conditions, and they
take place on a picosecond time scale.

The populations of the OH™ ions and water molecules adsorbed
on surface Zn sites also exhibit fluctuations. These fluctuations
originate from proton transfer between surface-bound species and
from proton transfer between a surface-bound species and a water
molecule in the solvent region. As illustrated in Fig. 7, the proton
transfer processes between surface-bound species can be
classified in two types: (i) proton transfer between an O site and a
water molecule adsorbed on a nearby Zn site, which occurs only
on the ZnO surface, and (ii) proton transfer between an OH™ ion
and a water molecule adsorbed on adjacent Zn sites, which occurs
on ZnO and GaN/ZnO alloy surfaces. Additionally, these
fluctuations also include signatures of thermal variations in the

events

This journal is © The Royal Society of Chemistry [year]
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O-H bond length in the adsorbed OH™ ions and water molecules
because we have used a fixed O-H bond distance cutoff of 1.2 A
to distinguish between OH™ ions and water molecules. Our future
studies will include detailed quantitative analysis of various
dynamical proton transfer processes on these surfaces.

3.3 Thickness of interfacial layer

In this section, we investigate the structure of water as a function
of the distance from the semiconductor surface using MD
trajectories with duration from 10 to 15 ps for each of the four
surfaces. Results for the GaN/ZnO (1010) surface are
summarized in Fig. 8 while results for the other three surfaces are
provided in Figs. S5, S6, and S7 in the ESI. Figure 8a shows the
planar averaged density of water molecules and OH™ ions for the
GaN/ZnO (1010)-water interface. The OH™ ions are strongly
bound to the surface cations as indicated by the sharp peaks in the
density of OH™ ions close to the semiconductor surfaces. The
surface-bound water molecules give rise to a shoulder in the
density of water molecules close to the semiconductor surfaces.
Beyond the surface-bound layer, the density of water molecules
shows an oscillatory behaviour resulting from the layering effect
caused by the “hard-wall” boundary conditions at the
semiconductor surface. The other three surfaces also show similar
variations in the density of water molecules and OH™ ions (Figs.
S5a, S6a, and S7a). Owing to its more corrugated structure, the
GaN/ZnO (1210) surface induces much stronger oscillations in
the density of water. This type of layering effect has been
reported for several other surfaces, e.g., experimental studies on
the aqueous interface of a mica surface and theoretical studies on
aqueous interfaces of SiC,%* NaCL,® InP, and GaP,” etc.

In order to gain further insight into the structure of water, we
examine the hydrogen bond network of water molecules (Fig. 8b)
and OH™ ions (Fig. 8c). The hydrogen bonds are defined using the
same criteria as used for the bulk water simulations described in
section 2.3. The adsorbed water molecules mostly form donor
hydrogen bonds with bulk water as evidenced by the fact that,
close to the semiconductor surface, the number of donor
hydrogen bonds dominates over the number of acceptor hydrogen
bonds (Fig. 8b). The bulk-water-like hydrogen bond network
characterized by an equal number of donor and acceptor
hydrogen bonds is recovered beyond a 3 A distance from the
surface. In this bulk water or solvent region, the average number
of hydrogen bonds per water molecule is 3.46, which is in close
agreement with the value of 3.54 in our bulk water simulations
using a 32 water molecule cell. The surface bound OH™ ions form
both donor and acceptor hydrogen bonds with the water
molecules in the solvent region and with the OH™ ions and water
molecules adsorbed on nearby cationic sites (Fig. 8c). The
number of acceptor hydrogen bonds is higher than the number of
donor hydrogen bonds. A secondary peak around 20 A in Fig. 8c
arises from the OH™ ions created during proton exchange events
between a surface-bound species and a water molecule in the
solvent region. Such OH™ ions have a very short lifetime, and as a
result there is no corresponding peak in the planar and time-
averaged density of OH™ ions in Fig. 8a. The hydrogen bond
networks at the aqueous interfaces of the other three surfaces
(Figs. S5, S6, and S7) are also found to exhibit similar
characteristics.

Figure 8d shows the oxygen-oxygen RDF, goo(r) of water

a5

=]

S

S

&

S

b

=3

S

=3

molecules more than 3 A away from the GaN/ZnO (1010)

o surface. The gpo(r) of this thin water layer is calculated using a

modified normalization scheme proposed by Kaya et al.,®" and it
is found to compare well with the experimental gyo(r) and that
computed using our bulk water simulations using a 32 water
molecule cell. The other three surfaces are also found to show a
very similar goo(r) as shown in Figs. S5d, S6d, and S7d in the
ESI. Thus the structural analysis of all four semiconductor
surfaces suggests that the aqueous interface chemistry
significantly alters the structure of water within 3 A distance from
the surface. The oscillations in the density of water induced by
the semiconductor surface persist through the entire thickness of
the water layer indicating that such oscillations extend to longer
length scales compared to those included in the simulation
domain. In spite of the density oscillations, the structure of the
water layer beyond 3 A distance from the semiconductor surface
is very similar to that of bulk water in terms of the hydrogen bond
network and the oxygen-oxygen radial distribution function.

3.4 Electronic structure

Our earlier mechanistic studies of water oxidation at the GaN
(1010)-water interface showed that the water oxidation process
is driven by the localization of the photogenerated holes on the
OH" ions adsorbed on the Ga sites.” Water oxidation on ZnO and
GaN/ZnO alloy surfaces is expected to follow a similar
mechanism. To this end, we analyze the propensity of
localization of the photogenerated holes on surface OH™ ions by
means of the projected density of states (PDOS). Figure 9 shows
the PDOS for various atomic species at the (1010) surface of
GaN, ZnO, and the 1:1 GaN/ZnO alloy obtained by averaging the
results from 50 snapshots randomly selected from MD
trajectories over a period of 10 to 15 ps. To probe the local
electronic structure and avoid averaging over the potential
difference arising from the asymmetric surface dipoles caused by
the different degree of surface hydroxylation, the PDOS is
averaged over only one of the two (top or bottom) semiconductor
surfaces. The energy levels are aligned with the valence band
edge of the respective bulk material using the average
electrostatic potential as a common reference. The valence band
edge of the bulk material is obtained from a MD simulation using
the same semiconductor slab from the aqueous interface
simulation but with full periodic boundary conditions.

Figure 9a shows that near the valence band edge, states from the
GaN (1010)-water interface have a significant contribution from
the protonated N atoms and O atoms of the OH™ ions adsorbed on
Ga sites, with the latter more prominent. A thermal population of
holes would have somewhat more weight on the surface OH™
ions. At the ZnO (1010)-water interface, however, the density of
states on the non-protonated O atoms that are available due to
partial interface water dissociation falls higher in energy than that
on the Zn-bound OH™ (Fig. 9b). Relative to the bulk valence band
edge, this suggests trapping of holes on the non-protonated O
atoms, with activation needed to place holes in the OH™. The O
sites with protons passivating the dangling bonds on the surface
have a similar density of states to the protonated N atoms in the
GaN case (Fig. 9a). At the GaN/ZnO (1010)-water interface, the
density of states associated with the GaOH and the ZnOH are

s systematically pushed lower in energy. As a consequence, the

holes are most likely to localize on either the protonated N atoms
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or the non-protonated O atoms with the latter having higher
density of states per site (Fig. 9d). This PDOS analysis suggests
that the GaN (1010) surface should oxidize water more
efficiently on a per-generated-hole basis compared to the ZnO
and GaN/ZnO (1010) surfaces. However, future work will be
needed in order to probe hole localization and the response of the
interface structure.

4. Conclusions and future directions

To summarize, using first-principles DFT-MD, we have analyzed
the structure of aqueous interfaces of the non-polar wurtzite
facets of GaN, ZnO, and the 1:1 GaN/ZnO alloy. Specifically, the
(1010) surface of GaN, ZnO, and the 1:1 GaN/ZnO alloy as well
as the (1210) surface of 1:1 GaN/ZnO alloy are studied. We find
that water adsorption on all these surfaces is substantially
dissociative. The surface anions act as bases accepting protons
from dissociated water molecules while the corresponding OH™
ions bond with surface cations. Surface N sites show stronger
basic character and are protonated more readily than surface O
sites. All surface Ga sites are bonded to OH™ ions while surface
Zn sites are bonded either to OH™ ions or intact water molecules.
The strong perturbation in the water structure, induced by the
acid-base chemistry at the solvated surface, extends up to 3 A
distance from the surface. Additionally, the semiconductor
surface induces oscillations in the density of water. The water
layer beyond 3 A distance from the semiconductor surface
exhibits a bulk-like hydrogen bond network and oxygen-oxygen
radial distribution function. The electronic structure analysis of
(1010) surfaces shows that the valence energy levels of the
adsorbed OH™ ions are located below the valence energy levels of
some other surface species (particularly protonated N and non-
protonated O atoms). This indicates that the photogenerated holes
may become trapped by surface species other than the adsorbed
OH’ ions; consequently, the water oxidation process may involve
reaction barriers related to hole transfer from those surface
species to adsorbed OH™ ions.

The present work sets the stage for the following further studies
on the aqueous interfaces of the GaN/ZnO alloy. (i) Redox level
alignment: The fact that the bulk-like structure of water is
recovered beyond a 3 A distance from the semiconductor surface
indicates that there is a sufficiently thick (about 10 A) bulk water
layer to permit the structural and electronic properties of water to
be well converged in the MD simulations presented here. We
have developed a method based on first-principles MD to
calculate the redox level alignment at the aqueous semiconductor
interface and have applied it to the (1010) surfaces of pure GaN
and ZnO.* Our future work will involve applying the newly
developed method along with the MD simulations presented here
to compute the redox level alignment at the aqueous interfaces of
GaN/ZnO surfaces. (ii) Mechanistic studies of water oxidation:
For the mechanistic studies of water oxidation at the aqueous
GaN/ZnO interfaces, we will use the approach combining first-
principles MD and cluster models that was employed in our
earlier work on water oxidation at the aqueous GaN (1010)
interface.” The structural models of the catalytic sites will be
obtained from the MD simulations presented here. (iii) Proton
dynamics: As described in section 3.2, the MD simulations show
signatures of interesting surface-dependent proton dynamics. Our
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future work will involve quantitative analysis of various proton
transfer processes and calculation of relative acidity and basicity
of various surface sites to determine the stability of those surface
sites under varying pH conditions.
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labels are explained as follows. Ny protonated N site. Oyo: protonated O site. Opon-proi: NON-protonated O site. Ogaon: O in OH™ ion adsorbed on Ga site.
5 Oznon: O in OH™ ion adsorbed on Zn site. Oz,on,: O in intact water molecule adsorbed on Zn site.
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