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First principles studies on the redox ability of
(Gaq_,Zn,)N,_, O, solid solutions and thermal reactions
for H, and O, production on their surfaces

Yaojun A. Du,* Yun-Wen Chen and Jer-Lai Kuo*

The (Ga;_,Zn,)N;_,O, solid solution has been emerging as an effective photocatalyst for water splitting
utilizing the visible solar spectrum, regarded as a host GaN bulk doped with ZnO impurities. H, and O,
production occur simultaneously and stoichiometrically on the surface of (Ga;_,Zn,)N;_,O, particles. In
this work, we characterize the redox ability of (Ga;_xZn,)N;_xOx and find that a solid solution with a
Zn0O concentration of 0.125 < x < 0.250 is optimal for water splitting. This is consistent with the
experimental finding that the maximum photocatalytic activity of (Ga;_,Zn,)N;_ O, is achieved at
x = 0.13. The thermal reactions of water splitting are modeled on both the GaN and an idealized
(Gay_xZn)N1_,O, (1070) surface. The computed activation barriers allow us to gain some clues on the
efficiency of water splitting on a specific photocatalyst surface. Our results suggest that the non-polar
(1070) and polar (0001) surfaces may play different roles in water splitting, i.e., the (1070) surface is
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1 Introduction

In recent years, considerable efforts have been devoted to
producing H, and O, via water-splitting using semiconductors
as photocatalysts.'” The original idea is to use a semiconductor
catalyst to absorb solar energy, and photon-excited electrons and
holes will enable reduction and oxidation reactions of water to
generate H, and O,.% It demonstrates a promising approach for
massive production of completely clean hydrogen fuel from
water with zero CO, emissions. In order to efficiently split water
into H, and O, using the visible solar spectrum, one may employ
a suitable semiconductor catalyst with a narrow energy band gap
of <3 eV, since a semiconductor with such a narrow band gap
can absorb visible light that makes up a major part of the solar
spectrum. Moreover, its energy gap edges should be correctly
positioned to facilitate the reduction and oxidation reactions of
water. In addition to the issue of the energy band gap, the
semiconductor catalyst should have a stable surface in contact
with water, so that a sustainable production of H, and O, is
possible. These requirements for a suitable semiconductor
catalyst have restricted the applicability of many candidates;
for instance, many metal-oxide catalysts®>° can be active only
under UV (ultraviolet) radiation due to their wide energy band
gaps. Some visible-light active metal-oxides such as WO; (ref. 30)
and BiVO, (ref. 31) can only produce O,, as they are incapable of
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responsible for O, production, while hydroxyl groups could dissociate on the (0001) surface.

producing H, probably because of the unsuitable position of
band edges.

Recently, Maeda and co-workers®*> have developed the
(Ga; _xZn,)N; _,O, solid solution as a visible-light-active photo-
catalyst for water splitting. With the pre-loaded nanoparticle
co-catalyst such as RuO,, the maximum photocatalytic activity of
(Ga;_,Zn,)N;_,O, is achieved at x = 0.13, and H, and O, can be
produced stoichiometrically and stably. The solid solution is based
on the GaN bulk which has an energy band gap of 3.4 eV.**?* The
doping of ZnO (with a bulk band gap of 3.4 eV**) impurities can
reduce the energy band gap of (Ga; _,Zn,)N;_,0, to <3 eV, so
that the solid solution may be active for water splitting under
visible-light exposure, despite that both ZnO and GaN crystals
have a wide energy band gap.®>*® So far, there have been
extensive theoretical studies on water absorption and dissocia-
tion on the (1010) surface of ZnO**' and GaN.*>** Note that
both theoretical and experimental studies**™*° suggest that the
(1010) surface is one of the most stable surfaces for both ZnO
and GaN. Shen and coworkers have shown that the GaN (1010)
surface will split a water molecule into a dissociative form,
namely, a hydroxyl group and an isolated H, via an exothermic
reaction.”” In contrast, a partially dissociative form of water
molecules is found to be energetically favorable under a high
coverage on the ZnO (1010) surface by Meyer and coworkers.*®
Moreover, Chen and coworkers have shown that a water mole-
cule can be split into a H, and an O ion on the polar GaN
surfaces with an energy barrier as low as 1.42 eV>° using first-
principles calculations. However, a comprehensive theoretical
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investigation of the thermal reaction for producing both H, and
O, on a given catalyst surface is still lacking.

Experimentally, the (Ga;_,Zn,)N;_,O, catalysts are prepared as
sub-micron particles, and the Zn concentration at the particle
surface is believed to play an important role in enhancing photo-
catalytic activity.? In this work, we first characterize the redox ability
of (Ga; _,Zn,)N; _,O, solid solutions at various ZnO concentrations x.
Next, the surface of a (Ga;_,Zn,)N; _,O, solid solution is modeled as
a GaN (1010) surface doped with ZnO impurities, ie., we construct
some idealized surfaces for the (Ga,; _,Zn,)N; _,O, solid solution and
perform subsequent density-functional theory (DFT)*™** simula-
tions. The water absorption on these idealized surfaces is examined
in terms of their energetics and geometries. The most reactive and
stable surface is then used to model the thermal reactions for
producing H, and O,; namely, the associated activation energies for
water splitting are computed. This could provide us with some
insight into the efficiency of water splitting on a specific surface,
although it is understood that splitting of water on the photo-
catalyst surface is triggered by the photo-excited electron-hole pairs
within the (Ga;_,Zn,)N;_,O, photocatalyst.

The paper is organized as follows. The computational
method is detailed in Section 2. The redox ability of
(Ga;_xZn,)N; _,O, is discussed in Section 3. In Section 4, we
illustrate the procedure for modeling a stable and reactive
(Ga; _xZn,)N; O, surface based on the GaN (1010) surface.
The water adsorption on the GaN and (Ga,; _,Zn,)N; O, surfaces
is also studied in Section 5. The detailed mechanisms of water
dissociation and thermal reactions for H, and O, production on
these 2 model surfaces are discussed in Section 6. Our results are
discussed and summarized in Sections 7 and 8, respectively.

2 Methods of calculation

The semiconductor (Ga; ,Zn,)N; ,O, catalyst is structurally based
on a wurtzite (WZ) GaN crystal (space group P6;mc) as shown in
Fig. 1. The projector augmented-wave (PAW) method®*** as imple-
mented in the VASP code®*”® is employed for all DFT calculations.
The generalized gradient approximation (GGA) was used for the
exchange correlation functional.”” We use a kinetic energy cutoff
of E., = 500 eV for all systems, and the Brillouin zone integra-
tion was performed using the Monkhorst-Pack>® scheme for the
k-mesh with a partition length of 0.06 Bohr™ ' or smaller in each
direction. The above choice of E., and k-mesh ensures that the
energetics of various structures are converged within 30 meV.
Our PAW potentials include 4s4p, 3d4p, 2s2p, and 2s2p electrons
as valence electrons for Ga, Zn, N and O, respectively.

We determined thermal activation energies for water splitting
on idealized surfaces of photocatalysts employing the nudged-
elastic band (NEB) method.>*"®" Here, the reaction paths for
water splitting are represented by several intermediate images
between two fully relaxed end points. Each image is relaxed until
the perpendicular forces with respect to the reaction path are
less than a given tolerance, which was set to be 0.05 eV A~* in our
calculations.

For the WZ GaN crystal shown in Fig. 1, we have computed
the lattice constants to be @ = 3.25 A and c/a = 1.63, in good
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Fig. 1 The structure of wurtzite GaN and ZnO crystals. Both GaN and ZnO have the
same wurtzite structure (space group P6smc). The big gray sphere and the small red
sphere represent Zn(Ga) and O(N) atoms in the ZnO(GaN) crystal, respectively.

agreement with the experimental values of a = 3.190 A and c/a =
1.627.%% For the WZ ZnO crystal also represented in Fig. 1, our
computed lattice constants of @ = 3.30 A and c/a = 1.60 also
compare well with the experimental values of a = 3.296 A and
c/a = 1.580.°® The computed perfect Ga-N and Zn-O bonds in
the pertinent WZ crystal have the length of 1.99 A and 2.02 A
along the [0001] direction, respectively. The a, b, and ¢ axes in
Fig. 1 are in the crystallographic directions of [1210], [1010],
and [0001], respectively.

3 The redox ability of (Gaj_,Zn,)N;_,O,
solid solutions

Using the partial self-consistent GW corrections, Dou and Persson®
have determined the energy band gap of (Ga; ,Zn,)N; ,O, as

E, =3.67(1 — x) +3.10x — 7.31x(1 — x) (eV), (1)

which suggests that the energy band gap of GaN can be reduced
from 3.41 eV to 2.80 and 2.16 eV, respectively, for the ZnO doping
concentration of x = 0.125 and x = 0.250. A suitable doping
concentration will allow (Ga;_,Zn,)N; _,O, to have an energy band
gap of <3 eV so as to be able to absorb the visible solar spectrum.
However, as mentioned above, the conduction band minimum
(CBM) and valence band maximum (VBM) of the photocatalyst
must be correctly positioned in order to reduce H' to H, and
oxidize H,O to produce O,, respectively. The absolute position of
the CBM and VBM can be determined as follows:*>

1
EVB =x— Ec + EEgv (2)

Ecp = Evg — Eg, (3)

where Eyp and Ecg are the position of VBM and CBM, respec-
tively, E. = 4.5 eV is the standard electrode potential on the
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hydrogen scale, E, is the energy band gap of (Ga; _,Zn,)N;_,O, as
given by eqn (1); x is the electronegativity of (Ga;_,Zn,)N; O,
and can be calculated as the geometric mean of the electro-
negativities of the constituent species, namely,

7= (zearm)™ znzo)). (4)

Here, xca, I~ Xzn, and xo are the electronegativities of Ga, N, Zn,
and O, respectively. For a specific element, the electronegativity
is the algebraic average of the first ionization potential and
electron affinity which are set to the experimental values.®®
Therefore, the electronegativities of Ga, N, Zn, and O are
computed to be 3.21, 7.27, 4.70, and 7.54 eV, respectively. We
hereby point out that there exists another method as adopted
by Li et al® for computing the position of VBM and CBM.
Within their scheme, the VBM can be determined as

¢ = V() - Er, (5)

where V(o0 ) and Ey are the electrostatic potential in the vacuum
region (the vacuum level) and the Fermi level of the system,
respectively. The H'/H, level and O,/H,O level are set to be at
—5.67 and —4.44 €V, respectively, with respect to the vacuum
level. However, it is computationally costly to accurately deter-
mine the band edge alignments of (Ga;_,Zn,)N; ,O, as a
function of concentration x using a supercell approach based
on eqn (5). In our work, we have used the first scheme as
detailed by eqn (2)-(4) to determine the band edge alignments,
although eqn (4) is an approximation. The computed VBM and
CBM for various (Ga; _,Zn,)N; O, are schematically illustrated
in Fig. 2. We define AEcpgy+ and AEygo, to be the difference
between the CBM and H'/H, level and the difference between
the VBM and O,/H,0 level, respectively. With the presence of
photo-excited electron-hole pairs, a system with a more negative
AEcpy+ can reduce H' to H, more efficiently, while a system

-1.50—— CBM
-0.94—— CBM
., X -0.49—— CBM
0.00 — M, 000 — H'H, 0.00 —— H'MH,
1.23 |—— O/H,0 123 —— O/M0 423 | O/HO
1.86 —— VBM 167 [==" VEW
217 |—— VvBM
x=0 x=0.125 x=0.250
-0.15 CBM 00 H*/H,
0.00 —— H'H, 0.08 —— CBl
123 —— O/MH0 423 | O/HO
1.60 —— VBM 1.64 —— VBM
x=0.375 *=0.500

Fig. 2 The energy diagram of VBM and CBM of various (Gaq_xZn,)N_,O, solid
solutions. The H*/H, and O,/H,0 levels are at 0 and 1.23 eV, respectively.
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Fig. 3 The computed £y, AEcg+ and Afygo, of (Gay_Zn,)N;_,O, as a function
of x. Two vertical lines delimit the optimal concentration x range of 0.125 < x <
0.250. For a suitable photocatalyst, the (Ga;_xZn,)N;_,Oy is expected to have an
energy band gap of £5 < 3.0 eV, and a suitable band edge position with a
reasonably negative AEcg -+ and a reasonably positive AEygo,
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with a more positive AEypo, can more easily oxidize H,O to
produce O,. On the other hand, a system with a positive AEcp.p5+
and/or a negative AEyg.o, might not be suited for water splitting.
The computed Eg, AEcp+ and AEyg.o, of (Ga;_,Zn,)N;_,O, as
a function of x are shown in Fig. 3.

As shown in Fig. 2 and 3, GaN has a too big energy band to
be a suitable visible-light active photocatalyst. For the ZnO
doping concentration of x = 0.125 and x = 0.250 the solid
solutions possess a small energy band gap of 2.80 and 2.16 eV
and have a reasonable negative AEgg -+ and positive AEyg o, as
illustrated in Fig. 2. Hence, a (Ga;_,Zn,)N;_,O, solid solution
with a doping concentration of 0.125 < x < 0.250 should be a
suitable photocatalyst for water splitting. Note that for the
doping concentration of x = 0.375, one obtains AEcgp+ =
—0.15 eV, which is not significantly negative; so such a com-
pound is not considered suitable for water splitting. If the ZnO
doping concentration x further increases up to 0.5, the AEcp i+
turns out to be positive, and this system cannot reduce
H' to H,. Our results are consistent with the experimental findings
that the maximum photocatalytic activity of (Ga;_,Zn,)N;_,O, is
achieved at x = 0.13.>*2

4 Construction of idealized
(Ga1_,Zn,)N;_,0, (1010) surfaces

The (Ga; _,Zn,)N; _,O, solid solution with a reasonable value of
x can be considered as a GaN based material doped with ZnO
impurities, and it is expected that Ga-N and Zn-O remain as
nearest-neighbor pairs so that the system is energetically
favorable. Based on the above assumption and our previous
analysis, we construct various idealized (Ga;_,Zn,)N;_,O,
(1010) surfaces using an 8 bi-layer slab. The ZnO impurities
are placed symmetrically on the two (1010) surfaces which are
separated by a vacuum with a thickness of >12 A. The con-
structed supercell contains ZnO impurities with a concen-
tration of x = 0.125. For these initially constructed supercells,
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we performed the subsequent relaxations on internal coordinates,
while the lattice constant is fixed to that of the WZ GaN crystal. The
formation energy of various (Ga;_,Zn,)N;_,O, (1010) surfaces per
formula unit (f.u.) of surface atoms can be computed as

surf __ surf
Eform N (Elol — NGaNHGaN — nZnOHZnO)v (6)
Surf
where ESST is the total energy of a relaxed surface structure,

Ngan and nzno are the number of GaN and ZnO pairs, respec-
tively, ftgan and pzno are the energy per formula unit of GaN and
ZnO bulk, respectively, and Ng,¢ is the number of surface
anion-cation pairs. Note that each formula unit of surface
atoms contains an anion-cation pair. The formation energies
of some representative surface structures (surfaces a-f) are
labeled in Fig. 4. It is noticeable that surface-a with a Zn-O
impurity at the upper-level of the first (top) bi-layer has the
lowest formation energy of 0.79 eV per f.u. Surface-b and
surface-c have relatively low formation energies of 1.61 eV per
f.u. and 1.44 eV per f.u., respectively. Surface-b has a Zn atom
and an O atom at the upper-level and lower-level of the first
bi-layer, while surface-c has an O atom and a Zn atom at the
upper-level and lower-level of the first bi-layer. Surface-d has a
ZnO impurity at the lower-level of the first bi-layer, and surface-e

[191‘01

L | [0001]
a

[1210]

Fig. 4 The structure of various idealized (Ga;_xZn,)N;_,Oy surfaces. The big
gray and green spheres represent Zn and Ga atoms, respectively, while the small
red and blue spheres are O and N atoms, respectively. The ZnO impurities are
placed symmetrically on both surfaces. The formation energies of these structures
are also listed. The surfaces a-c have the lowest formation energies. Arrows
indicate the charge transfer among different atoms.
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Table 1 Surface energy (B9, tilting angle of the surface anion—cation bond

(w (°)), and surface anion—cation bond contraction (BC) for the GaN (1070)
surface and various idealized (Gai_,Zn,)N;_,O, surfaces

Egart | (eV per f.u.) (%) BC (%)
GaN surf.® 1.74 (1.60, 1.95) 8.9 (8.2, 7) 6.7 (7.4, 6)
Surf. a 0.79 5.5 1.8
Surf. b 1.61 7.6 5.2
Surf. ¢ 1.44 12.2 8.1

“ For all entries of this row, the first and second number in parentheses
are the DFT results from ref. 42 and 44, respectively.

and -f have a ZnO impurity at the second and third bi-layer
from the surface, respectively. Surface-d, -e, and -f all have
relatively high formation energies. The three lowest energy
surface-a, -b and -c and the GaN (1010) surface will be the
focus of this work. We further characterize the surface anion-
cation pairs for these three (Ga; ,Zn,)N; ,O, surfaces and the
GaN surface, by computing the tilting angle (w) of anion-cation
bonds with respect to the (1010) surface and bond contraction
(BC). The bond contraction is defined as BC = (I, — ly)/ly, where
I, =1.99 A is the perfect Ga-N bond length in the GaN bulk. The
computed E“Eﬁifns, ws, and BCs are listed in Table 1. Our results
for the GaN surface compare well with previous theoretical
studies.”>** Moreover, we find that surface-c has a relatively
large tilting angle and a bond contraction.

Our above findings suggest that it is energetically favorable
for ZnO impurities to stay near the (1010) surface of a host GaN
material. When the ZnO impurities are close to the surface, it
allows for more room for structural relaxations caused by the
presence of impurity, resulting in a lower formation energy. On
the other hand, the low energy associated with surface-a can be
also explained by the detailed electron transfer behavior
between different atomic layers. A ZnO pair has the same total
number of valence electrons as a GaN pair. Each surface Ga/Zn
atom has an empty sp® orbital, while each surface N/O atom has
an sp® orbital filled with lone pair electrons according to the
electron counting rule.”®”! For our constructed surfaces, the
electron counting rule can be summarized as follows:

(1) The Zn and Ga atoms have to give up 2 and 3 electrons,
respectively, in total, to surrounding anion (N/O) atoms.

(2) The bulk O and N atoms will symmetrically attract 2 and
3 electrons, respectively, through their four nearest-neighbor
(NN) bonds, i.e., the bulk N and O atoms obtain 3/4 and 1/2
electrons from each of their four NN bonds.

Surface-a has the lowest surface energy compared to other
five surfaces in Fig. 4, because the charge transfer takes place
only between NN pairs of atoms within this surface. For the
other surfaces, the charge transfer takes place between atoms
farther than the NN pair. The charge transfer farther than the
NN distance will cause a larger local dipole and hence result in
a higher surface energy. The detailed analyses of the charge
transfer are as follows (also as visualized in Fig. 4):

(1) For surface-a, each Ga atom in the 2nd atomic layer
contributes 3/4 electrons to each of the two GaN bonds and also
transfers 1/2 electrons to each of the two GaO bonds. The left
1/2 electrons on each of these Ga atoms can be filled into the
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O atom’s lone pair on the surface. Each surface Zn atom
contributes 1/2 electrons to the ZnO bond and 3/4 electrons
to each of the two ZnN bonds.

(2) For surface-b, each Ga atom in the 2nd and 3rd atomic
layer contributes 3/4 electrons to each of the three GaN bonds
and also 1/2 electrons to the GaO bond. So the extra 1/4
electrons on each of these Ga atoms will be transferred to the
lone pairs of surface N atoms. Note that the electron transfer
from the 3rd atomic layer to surface N atoms has a distance
farther than the NN pair. Each surface Zn atom contributes 1/2
electrons to each of the two ZnO bonds and 3/4 electrons to the
ZnN bond. The extra 1/4 electrons on each Zn atom will be
transferred to the lone pairs of surface N atoms.

(3) For surface-c, each surface Ga atom contributes 3/4
electrons to each of the two GaN bonds and also 1/2 electrons
to the GaO bond. There is 1 electron left on each surface
Ga atom with 1/2 electrons filled into the lone pairs of surface
O atoms, 1/4 electrons transferred to the nearest ZnN bond, and
the other 1/4 electrons transferred to the second nearest
ZnN bond.

(4) For surface-d, each Ga atom in the 3rd atomic layer
contributes 3/4 electrons to each of the three GaN bonds and
also 1/2 electrons to the GaO bond. The extra 1/4 electrons on
each of these Ga atoms will be transferred to the neighboring
ZnN bond. Each surface Ga atom contributes 3/4 electrons to
the GaN bond and also 1/2 electrons to each of the two
GaO bonds. Of the remaining 5/4 electrons on each of these
Ga atoms 3/4 electrons will be transferred to the lone pairs of
surface N atoms and 1/2 electrons will be transferred to the two
neighboring ZnN bonds.

(5) For surface-e, each Ga atom in the 4th atomic layer
contributes 3/4 electrons to each of the two GaN bonds and
also 1/2 electrons to each of the two GaO bonds. The left 1/2
electrons on each of these Ga atoms will be transferred to two
neighboring ZnN bonds. Each Ga atom in the 2nd atomic layer
contributes 3/4 electrons to each of the three GaN bonds and
also 1/2 electrons to the GaO bond. The left 1/4 electrons on
each of these Ga atoms will be transferred to one neighboring
ZnN bond. The surface Ga atoms have a similar environment to
that of the pure GaN surface; each will transfer 3/4 electrons to
the corresponding surface N atom to form a lone pair.

(6) Surface-f has a similar electron transfer mechanism as
surface-e.

5 Water adsorption on the idealized
(Gaq,_,Zn,)N;_,O, (1010) surfaces

We have carried out more than 20 relaxations with different
initial H,O geometries for each of the low-energy surfaces listed
in Table 1, in order to find the most stable water-adsorption
configurations on these surfaces. A 2 x 3 surface slab with 4
cation—anion bi-layers is used to perform relaxations. As shown
in Fig. 5(a), the 2 x 3 surface supercell has the dimension of
10.57 A and 9.74 A along the [0001] and [1211], respectively. One
of the (1010) surfaces is used for water adsorption, while the
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Fig. 5 Water absorption on various idealized (Ga;_,Zn,)N;_,O, and GaN (1070)
surfaces. The (1070) surface is schematically illustrated in (a), and is viewed along
the [1070] direction. The big green and small blue spheres represent the cation
and anion atoms, respectively. The most stable water absorption configurations
on the (1070) GaN surface, surface-a, -b, and -c are shown in (b), (c), (d), and (e),
respectively. The water is absorbed dissociatively on the GaN surface and surface-c,
while it is absorbed in a molecular form on surface-a. Note that surface-b is
unstable due to a dissociative water absorption. The color scheme in (b), (c), (d),
and (e) is as follows: the big gray and green spheres represent Zn and Ga atoms,
respectively, while the small red and blue spheres are O and N atoms, respectively;
the small pink spheres are H atoms.

other surface is passivated by pseudo H atoms to simulate the
semi-infinite surface. The water adsorption energy per water
molecule is computed as**

Eqq = (Eslab + Nw X Ewater — Etot)/Nw; (7)
where Eg,;, is the energy of a clean surface slab, Eyater is the
energy of an isolated water molecule, and E., is the total energy
of a surface slab with N,, absorbed H,O molecules. A larger
E,q value indicates a stronger water adsorption on the surface.
The searches for the most stable water-adsorption configura-
tions on the GaN surface, surface-a, surface-b, and surface-c are
systematically performed. The dashed lines A and B in Fig. 5(a)
highlight the line along the cation-anion bonds and along
the bridging sites between two adjacent A lines that are
specified by cation-anion bonds, respectively. The intact water
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molecules are placed at three different initial positions along
both the A and B lines. For each of these cases, an intact water
molecule is placed with three distinct orientations: (1) an
upright orientation with the O-H-O plane parallel to the
(1211) plane and perpendicular to the (1010) plane and with
the O-H bond pointing upward; (2) a flat orientation parallel to
the (1010) plane with the O-H bond pointing along the [0001]
direction; (3) a flat orientation parallel to the (1010) plane with
the O-H bond pointing along the [0001] direction. In addition
to the H,O molecule adsorption on the surfaces, a H,O mole-
cule might also be adsorbed dissociatively on the surfaces, i.e.,
a hydroxyl group is attached to a surface cation site while a
separated H atom is connected to a surface anion. Therefore,
we have also set up such six initial dissociative adsorption
configurations where a H atom is near an anion site (labeled
as “n”) and hydroxyl groups are near the cation sites (labeled as
“17, 27«37«47 “5” and “6”, respectively), as illustrated in
Fig. 5(a). These 24 geometry optimizations of H,O molecule
adsorption on each of the four surfaces allow us to determine
the most energetically favorable water adsorption configura-
tions on these surfaces.

Fig. 5(b)-(e) show the most stable water adsorption config-
urations on the GaN (1010) surface, surface-a, surface-b, and
surface-c, respectively, suggesting that surface-c is the most
reactive and stable idealized (Ga; ,Zn,)N; ,O, (1010) surface
for water splitting in our construction. It is found that an
intact H,O adsorption with an adsorption energy of 0.62 eV on
surface-a (Fig. 5(c)) is energetically favorable, and a dissociative
adsorption is not preferred. Hence surface-a is not a good
candidate for water splitting in terms of reactivity. As illustrated
in Fig. 5(d), surface-b prefers a dissociative H,O adsorption.
However, due to a dissociative water adsorption, surface-b
becomes unstable and a surface Zn atom is detached from the
surface. This is not a desired feature for a stable photocatalyst for
a sustainable H, and O, production. Fig. 5(b) and (e) suggest that
both the GaN (1010) surface and surface-c facilitate a dissociative
H,0 adsorption, while both surfaces remain stable upon H,O
adsorption. The adsorption energies of a dissociative H,O
adsorption on the GaN (1010) surface and surface-c are 2.19
and 1.32 eV, respectively. A less strong H,O adsorption on
surface-c implies that a further thermal reaction for producing
H, and O, could be easier on surface-c than on the GaN surface.
In the following work, we will focus on water splitting on the
GaN (1010) surface and the idealized (Ga; ,Zn,)N; ,O, (1010)
surface that is modeled by surface-c.

Table 2 The water adsorption energies E,qs for various coverages on the GaN
(1070) surface and surface-c. E,q is defined in egn (7) and is given in units of eV.
One water molecule adsorption on the (1 x 1), (2 x 1), (1 x 2), (2 x 2), and
(2 x 3) surfaces corresponds to a coverage of 1, 1/2, 1/2, 1/4, and 1/6 monolayer (ML),
respectively. Two water molecules are absorbed on the c(2 x 2) surface,
corresponding to a coverage of 1/2 ML

Surface 1x1) 2x1) Ax2) ¢2x2) (2x2) (2%x3)
coverage/ML 1 1/2 1/2 1/2 1/4 1/6
E,q (GaN surface) 2.27 1.98 2.27 2.21 2.17 2.19
Eag (surf. c) 147 1.20 145 133 1.30  1.32
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Table 2 lists the adsorption energies (E,qs), as defined in
eqn (7), for various water coverages on the GaN surface and
surface-c, suggesting that the water-water interaction can affect
the adsorption energies by up to 0.3 eV. The water coverages of
(1 x1),(2x1),(1x2),(2x2),and (2 x 3) are established by
putting a dissociated H,O molecule (see Fig. 5(c) and (e)) on the
pertinent 1 x 1, 2 x 1, 1 x 2, 2 x 2, and 2 x 3 surfaces,
respectively. They correspond to water coverages of 1, 1/2, 1/2,
1/4, and 1/6 monolayer (ML). The water coverage of ¢(2 x 2) is
constructed by putting 2 translationally equivalent H,O mole-
cules on a 2 x 2 surface while their distance is kept as far as
possible, corresponding to the water coverage of 1/2 ML.
Although the (1 x 1) water coverage has the highest adsorption
energy on both surfaces, the adsorption energies for various
coverages are quite close. It is noticeable that the (2 x 1) water
coverage has a slightly lower adsorption energy (up to 0.3 eV)
than the other coverages, as listed in Table 2, for both surfaces.
One would expect that the adsorption energy difference among
various coverages is primarily due to the interactions between
dissociatively adsorbed H,O molecules on the surfaces. In order
to understand the interactions between dissociatively adsorbed
H,0 molecules on the surfaces, we investigated the structures
of the (2 x 1) and (1 x 2) water coverages on the GaN surface as
shown in Fig. 6(a) and (b), respectively. For the (2 x 1) water
coverage, the H atom in a hydroxyl group has the bonding
interaction with the O atom in a neighboring hydroxyl group
along the [1211], so that the O-H bond is somehow aligned with
the [1211]. We project the O-H bond onto the (1010) surface
plane, and the angle between the [0001] and the projected O-H
bond is 109°. For the (1 x 2) water coverage, the dissociated
H atom has the bonding interaction with the O atom in a
neighboring hydroxyl group along the [0001] direction. The
resulting angle between the [0001] and the projected O-H bond
on the (1010) surface plane is 42°. As illustrated in Fig. 5(b), for
the (2 x 3) water coverage on the GaN surface, the angle
between the [0001] and the projected O-H bond is 180°. Hence,
for an isolated dissociative H,O absorption on the GaN surface,
the O-H bond is nearly in line with the [0001]. A similar feature

Fig. 6 The structure of the water coverage of 1/2 monolayer. The dissociated
H»O molecule that is adsorbed on the (2 x 1) and (1 x 2) surfaces is shown in
(a) and (b), respectively. The dashed lines highlight the [0001] direction. The color
scheme is the same as Fig. 5(b).
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has been found for the dissociative H,O adsorption on surface-c.
For the (2 x 1), (1 x 2), and (2 x 3) water coverage, the angle
between the [0001] and the projected O-H bond is 106°, 70°, and
179°, respectively. Our results suggest that, on the GaN surface and
surface-c the interaction between the dissociatively adsorbed H,O
molecules can regulate the orientation of hydroxyl groups on the
surfaces and hence affect the adsorption energy by up to 0.3 eV.

The most energetically stable water coverage configuration
on a surface for a given temperature T and pressure p can be
determined by the associated free energy per f.u. of surface
atoms Ay which is defined as**7?

1

Ay = w o
y Nsurf( surf

EsurffNW,uw(Tvp))' (8)

Here, Eqy.r and Eg,¢ are the total energy of a water-covered
surface and a pertinent clean surface, respectively; Ny, r and Ny,
are the number of surface unit cells and the number of H,O
molecules, respectively; and p,(T,p) is the chemical potential of
water vapor. Hence, it is assumed that a water-covered surface
is in thermodynamic equilibrium with water vapor. According
to the NIST database,”® under the pressure of 1 atm, the
chemical potential of water at T = 273.16 K (the freezing
temperature) is computed to be (T = 273.16 K) = 0 eV; at the
temperature of T = 400.48 K, the water is in gas phase and
the corresponding chemical potential is u(7T = 400.48 K) =
—0.066 eV. Since the chemical potentials can be rescaled with
a constant shift, we align the value of (T = 400.48 K) with Ety;
which is the total energy of an isolated gas-phase water mole-
cule and is computed to be —14.218 eV in our DFT calculations.
Therefore, the lower bound of u.(T,p) is set to Ey, while
the upper bound of (T,p) is set to Eyoe + (1(T = 273.16 K) —
u(T = 400.48 K)) which is equal to Eio + 0.066 eV. Such a range
of uw(T,p) should be sufficient to reflect the actual experimental
condition. We plot the Ays for various water coverages for the
GaN surface and surface-c as a function of Ay, in Fig. 7(a) and (b);
here, Au,, reads Apiy, = tiy — Efo; SO that the lower and the upper
limit of Ay, are set to be 0 and 0.066 eV, respectively. As
illustrated in Fig. 7, for a reasonable value of p, the (1 x 1)
water coverage is the most stable configuration for both the
GaN surface and surface-c, which is different from the wetting
behavior on the GaN(0001) surface.”* This suggests that the
H,0 molecules that are adsorbed onto the surfaces are energe-
tically favored to form aggregates. One may expect that during
the thermal reaction for H, and O, production on the catalyst
surface, H, and O, production can be related to the interaction
among the neighboring dissociatively adsorbed H,O molecules.
We will detail the production processes of H, and O, from the
GaN surface and surface-c in the following section.

6 The thermal reactions for H, and O,
production on the GaN and
(Ga,_,Zn,)N,_,0O, (1010) surface

The water dissociation processes and subsequent thermal
reactions for H, and O, production will be modeled on the
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Fig. 7 The free energies of the GaN (1070) surface and surface-c with various
water coverages as a function of the H,O chemical potential. The results for the
GaN surface and surface-c are shown in (a) and (b), respectively. For a reasonable
value of the H,0O chemical potential, the (1 x 1) water coverage is the most stable
configuration on both surfaces.

GaN (1010) surface and surface-c. The computed thermal
activation barriers might serve as an indicator of the efficiency
of water splitting on a specific photocatalyst surface. The NEB
calculations are used to obtain the activation barriers for water
dissociation and H, and O, production. In order to make NEB
calculations amenable, we used a 3 x 4 surface slab with 3
cation-anion layers in thickness, and the two slab surfaces are
separated by a vacuum with a thickness of >14 A. One of the
surfaces is passivated by pseudo H atoms, and the bottom
cation-anion layer and the pseudo H atom layer are fixed
during the NEB relaxations. The convergence of energy barriers
associated with a 3 cation-anion layer is checked with an 8
cation-anion layer. The energy difference of the two end points
of an NEB run for the 3 cation-anion layer and the 8 cation-
anion layer, respectively, allows us to obtain an error estimate
of 80 meV for the energy barriers computed using a 3 cation-
anion layer.

Fig. 8(a)-(c) indicate that the water splitting from an intact
H,0 molecule to a dissociative form on the GaN (1010) surface
is a strongly exothermic reaction with a very low activation
barrier of 40 meV. The reverse process has an activation barrier
of 1.69 eV, in good agreement with the result of 1.5 eV from a
previous DFT study.’” For the initial state of a H,O molecule
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Fig. 8 The water dissociative process on the GaN surface and surface-c. H,O in
the initial molecule form dissociates to the final configuration of a hydroxyl group
and a H atom on the surface. The water dissociative process on the GaN surface is
strongly exothermic with an activation barrier of only 40 meV. In contrast, the
water dissociative process on surface-c has an activation barrier of 0.57 eV, while
the reverse process has an activation barrier of 0.84 eV. The color scheme is the
same as Fig. 5(c).

adsorption (see Fig. 8(b)), the bond length between the water
0 atom and its NN surface Ga atom is 2.10 A. For the final state
of a H,O dissociative adsorption (see Fig. 8(c)), the bond length
between the hydroxyl group O atom and its NN surface Ga atom
is 1.84 A. Within the hydroxyl group, the O-H bond length is
0.98 A. Note that in our DFT calculations, the O-H bond for an
isolated water molecule has the length of 0.97 A. Moreover, the
bond length between a separated H atom and its nearest
neighbor N atom is 1.03 A as shown in Fig. 8(c). Fig. 8(d)~(f)
indicate that the water splitting from an intact H,O molecule
to a dissociative form on surface-c has an activation barrier of
0.57 eV and that the reverse process has an activation barrier of
0.84 eV. Therefore the water splitting on surface-c differs greatly
from the exothermic feature of the water splitting on the GaN
surface. For the initial state of a H,O molecule adsorption
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(see Fig. 8(e)), the bond length between the water O atom and
its NN surface Ga atom is 2.06 A, close to the previous case of
the GaN surface. For the final state of a H,O dissociative
adsorption (see Fig. §(f)), the bond length between the hydroxyl
group O atom and its NN surface Ga atom is 1.85 A. Within the
hydroxyl group, the O-H bond length is 0.98 A, and the bond
length between a separated H atom and its nearest neighbor
O atom is 0.98 A. In terms of bond length, the water adsorp-
tions on the GaN surface and surface-c are similar.

The thermal reactions for H, and O, production on the GaN
(1010) surface and surface-c will be modeled using two adjacent
dissociated H,O molecules on the pertinent surface. We
study two possible simplest mechanisms for H, production:
(1) a separated H atom is combined with a H atom from an
adjacent hydroxyl group on a surface to form a H, molecule;
(2) two separated H atoms form a H, molecule directly. Fig. 9(a)-(e)
illustrate mechanism 1 for H, production on the GaN (1010)
surface where a separated H atom is combined with a H atom
from an adjacent hydroxyl group to form a H, molecule.
Fig. 9(c) shows the transition state for mechanism 1, where a
separated H is first detached from the GaN surface and
approaches towards the H atom from the second hydroxyl
group. Eventually, these 2 H atoms are combined into a H,
molecule. The activation barrier for H, production within
mechanism 1 on the GaN surface is 5.86 €V, and the reverse
process has an activation barrier of 1.53 eV. The activation
barrier for mechanism 1 is high, since H, production requires
bond-breaking of a hydroxyl group. This high activation barrier
is comparable to the 4.76 eV energy for cleaving an O-H bond
in water.”> Fig. 9(f)-(j) suggest that mechanism 2 for H,
production on the GaN (1010) surface is an endothermic
reaction process with a forward barrier of 5.03 eV and a much
smaller backward barrier of only 0.38 eV. Fig. 9(g) and (h)
illustrate one of the intermediate states and transition state
during this H, production process, suggesting that 2 separated
H atoms first lean towards each other to form a molecule before
being completely detached from the surface. For the two
configurations shown in Fig. 9(g) and (h) the bond lengths
between two separated H atoms are 1.43 A and 0.78 A, respec-
tively, compared to the bond length of an isolated H, molecule
of 0.75 A in our DFT calculations.

The thermal reactions for H, production on surface-c can be
characterized in a similar way to that on the GaN surface.
Fig. 10(a)-(e) illustrate mechanism 1 for H, production on
surface-c where a separated H atom is combined with a H atom
from an adjacent hydroxyl group to form a H, molecule. Similar
to the case of the GaN surface, H, production has a high
activation barrier of 4.43 eV due to the O-H bond breaking;
while the corresponding activation barrier is 1.43 eV lower.
Fig. 10(g)-(j) show the mechanism 2 for H, production on
surface-c where two separated H atoms form a H, molecule
directly. We found a low activation barrier of 2.89 eV, significantly
lower than the 5.03 eV activation barrier for the mechanism 2 on
the GaN surface, indicating that the surface ZnO impurities
might facilitate H, production. The reverse process also has a
low barrier 0.67 eV; however, this 0.67 eV barrier should be
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Fig. 9 The thermal reactions for H, production on the GaN (1070) surface. The
first production mechanism is described in (a—e), showing the activation barrier
for H, production to be 5.86 eV. The second production mechanism is described
in (fj), showing the activation barrier for H, production to be 5.03 eV. The color
scheme is the same as Fig. 5(b).

sufficient to avoid immediate re-adsorption of H, back to
surface-c.

Besides H, production, O, production is also an essential
process for sustainable photocatalysis. Fig. 11(a)—(f) show that
it costs an activation energy of 1.35 eV for two O atoms that are
attached to the GaN (1010) surface to produce an isolated O,
molecule. As shown in Fig. 11(a), the initial state is two
separated O atoms bound to a surface N atom and a surface
Ga atom, consistent with the final state configuration of mechanism
1 for H production on the GaN surface (see Fig. 9(e)). Along the
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activation barrier for H, production to be 2.89 eV. The color scheme is the same as
Fig. 5(c).

reaction path, we have found another 2 stable structures as shown
in Fig. 11(c) and (d). Especially, the structure of Fig. 11(d) is
energetically more stable than the initial state by 0.12 eV. For this
configuration, both of the 2 O atoms are detached from the surface
N atoms and are only bound to the surface Ga atoms. These 2 O
atoms lean towards each other with a bond length of 1.38 A, as
compared to the bond length of 1.25 A for an isolated O, molecule
in our DFT calculations. This implies that these 2 separated
O atoms on the GaN (1010) surface start to form a O, molecule
before completely escaping from the surface. Moreover, the struc-
ture of Fig. 11(c) can be considered as a stable intermediate
structure between the initial state and the structure of Fig. 11(d).
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Fig. 11(g)—(j) show that a similar O, production on surface-c costs a
thermal activation energy of 1.61 eV. The initial configuration for
this O, production process is obtained by relaxing the structure
shown in Fig. 10(g) with all four H atoms removed. For the initial
configuration shown in Fig. 11(h), the 2 O atoms are only bound to
two surface Ga atoms, respectively, similar to the stable structure
during O, production on the GaN surface (see Fig. 11(d)). In both
cases, the adsorbed O atoms form cation-anion tetrahedra together
with surface Ga atoms and surface O/N atoms so as to reduce the
formation energy as much as possible.

7 Discussion

Mechanism 1 for H, production that is involved with the
dissociation of a hydroxyl group must take place so that
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isolated adsorbed O atoms can be created on the surfaces,
providing O sources for subsequent O, production. For both
the GaN (1010) surface and surface-c, mechanism 1 for H,
production has a much higher barrier as compared to O, pro-
duction. The high activation barrier associated with mechanism 1
is primarily due to the OH bond breaking during the process,
whereas the pertinent mechanism 2 that is only involved with the H
detaching process from the surface has a lower activation barrier.
In a previous DFT study, Chen and coworkers™ found that H, can
be produced on the GaN (0001) via mechanisms 1 and 2, with an
activation barrier of 1.42 and 1.94 eV, respectively. This suggests
that H, production on the GaN (0001) should be dominated by
mechanism 1. Note that the 4.43 eV activation barrier for H,
production via OH bond breaking on the (Ga;_ ,Zn,)N; ,O,
(1010) surface is almost three times as high as the 1.42 eV barrier
found for the GaN (0001) polar surface. This suggests that isolated
O atoms can hardly be generated by the OH dissociation on the
(1010) non-polar surface, while the OH dissociation can occur
readily on the (0001) polar surface. We further check the energy
difference between a GaN (0001) with 2 isolated adsorbed O atoms
and a GaN (0001) with a completely released O,. The energy
difference is computed to be 7.98 eV, which is extremely high
and sets the lower bound for O, production on the GaN (0001). Our
results are consistent with previous experimental findings’® that
the GaN (0001) surface can be easily saturated by O atoms which
could be generated due to the dissociation of hydroxyl groups on
the surface. Since the (Ga;_,Zn,)N; O, solid solution is present in
the form of micro-sized particles, various surfaces that include the
non-polar and polar surfaces may exist for the material. Our results
imply that various surfaces may play different roles in water
splitting. The hydroxyl group dissociation can occur on the (0001)
polar surface. The resulting O atoms could migrate to the (1010)
non-polar surface via surface diffusion, and are released from there
to form O,. The adsorbed H atoms may also migrate along various
surfaces, and H, production is possible on both the (1010) and
(0001) surfaces. Note that H atoms can be released from the
(Ga;_,Zn,)N;_,O, (1010) surface with an activation barrier of as
low as 2.89 eV as illustrated in Fig. 10. The detailed diffusion
mechanism of H atoms, O atoms, and OH groups on the GaN-
based (1010) and (0001) surfaces is the subject of our future study.
Note that the explicit or implicit solvation is not included for
obtaining the above surface reaction barriers. However, we do not
expect that the omission of the solvation in our NEB calculations
will significantly affect the computed reaction barriers.

8 Summary and conclusion

In this work, we have characterized the redox ability of
(Ga;_,Zn,)N;_,0, (1010) for water splitting, finding the optimal
ZnO concentration to be 0.125 < x < 0.250. Our results agree
with the experimental findings that the maximum photocatalytic
activity of (Ga; _,Zn,)N; _,O, is achieved at x = 0.13. We have also
constructed several idealized (Ga;_,Zn,)N;_,O, (1010) surfaces
based on the GaN (1010) surface to study the thermal reactions
for H, and O, production. The computed thermal activation
might provide some clues on the efficiency of water splitting on a

This journal is © the Owner Societies 2013



specific catalyst surface. The most ‘‘stable and reactive surface”
in terms of water splitting is shown in Fig. 4(c) and is labeled as
“surface-c”. The dissociation of a hydroxyl group that produces
O sources for O, production is a necessary intermediate step for
a sustainable production of H, and O,. The thermal activation
barriers for H, production via OH dissociation are computed to
be 5.86 and 4.43 eV on the GaN (1010) surface and surface-c,
respectively. These barriers are significantly higher than the
pertinent activation energies for O, production, which are com-
puted to be 1.35 and 1.61 eV, respectively. The activation
energies of H, production via the direct combination of isolated
H atoms are found to be 5.08 and 2.89 eV for the pristine GaN
(1010) surface and surface-c, respectively. This suggests the
surface ZnO impurities may facilitate H, production. On
the other hand, the activation barrier for the hydroxyl group
dissociation on the GaN (0001) surface has an upper bound of
1.42 eV.>® Hence, our results imply that various surfaces of
micron-sized (Ga; _,Zn,)N; _,O, solid solution may play different
roles in water splitting. The hydroxyl groups may dissociate on the
(0001) polar surface, and the resulting O atoms can migrate to the
non-polar surface and are released from there to produce O,.
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