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ABSTRACT: We report on the achievement of wafer-level
photocatalytic overall water splitting on GaN nanowires grown
by molecular beam epitaxy with the incorporation of Rh/Cr2O3
coreshell nanostructures acting as cocatalysts, through which
H2 evolution is promoted by the noble metal core (Rh) while
the water forming back reaction over Rh is eﬀectively prevented
by the Cr2O3 shell O2 diﬀusion barrier. The decomposition of
pure water into H2 and O2 by GaN nanowires is conﬁrmed to be
a highly stable photocatalytic process, with the turnover number
per unit time well exceeding the value of any previously reported
GaN powder samples.
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S

ince the discovery of the HondaFujishima eﬀect in a TiO2/
Pt photoelectrochemical cell in the early 1970s,13 the use of
semiconductors for photocatalytic water splitting has attracted
tremendous interest: for it enables the generation of clean and
renewable hydrogen fuel directly from solar irradiation without
the consumption of electric power. Semiconductor photocatalytic water splitting generally involves three fundamental processes: (i) band gap absorption of photons and excitation of
electronhole pairs; (ii) separation and migration of photogenerated charge carriers; (iii) surface redox reactions via photogenerated electrons and holes. Thermodynamically, if the
conduction band minimum is more negative than the reduction
potential of Hþ/H2 (0 V vs normal hydrogen electrode (NHE))
and the valence band maximum is more positive than the
oxidation potential of O2/H2O (1.23 V vs NHE), then water
molecules can be reduced by electrons to form H2 and oxidized
by holes to form O2 to achieve overall water splitting. Over the
past 4 decades, the development of photocatalysis has primarily
focused upon large band gap metal oxides involving ions with
ﬁlled or empty d-shell bonding conﬁgurations (i.e., Ti4þ, Zr4þ,
Nb5þ, Ta5þ, W6þ, Ga3þ, In3þ, Ge4þ, Sn4þ, and Sb5þ)46 and
oxynitrides such as (Ga1xZnx)(N1yOy).2,7 Recently, the use of
group III nitride semiconductors for water splitting has attracted
r 2011 American Chemical Society

considerable attention.8,9 Due to the more negative potential of
the nitrogen 2p orbital, compared to that of the oxygen 2p orbital,
metal nitrides often possess a narrow band gap and can potentially encompass nearly the entire solar spectrum. Moreover, the
inherent chemical stability of nitrides also favors their use in the
harsh photocatalysis reaction environment.10 Indeed, recent
ﬁrst-principles calculations suggest that a single H2O molecule
can be eﬃciently cleaved in an exothermic reaction to form H2
under photoexcitation at Ga-terminated surface sites.11 Ab initio
molecular dynamic simulations further show that the overall
water oxidation reaction at GaN surfaces can be energetically
driven by photogenerated holes.12
The size, morphology, surface chemistry, and crystal structure
of photocatalysts often play a crucial role in determining their
photophysical and photocatalytic properties. Conventional
photocatalysts are typically employed in the form of powders.
However, photocatalysts in the form of one-dimensional (1-D)
nanostructures, such as nanowires, nanobelts, and nanotubes, are
highly desired.1320 These nanomaterials exhibit extremely large
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Figure 1. A 45-tilted SEM image showing the morphology of GaN
nanowires grown on a Si(111) substrate by molecular beam epitaxy.

surface-to-volume ratios and signiﬁcantly enhanced light absorption. More importantly, ballistic charge transport along singlecrystal nanowires is much more eﬃcient than the diﬀusive
transport in powdered materials. Additionally, 1-D nanostructures allow control over the photocatalyst crystal plane promoting either H2 or O2 evolution.16 Consequently, signiﬁcantly
enhanced photocatalytic activity is expected from 1-D nanoscale
materials. In this work, we have investigated, for the ﬁrst time, the
use of GaN nanowire arrays for pure water splitting, wherein the
reaction primarily occurs on the Ga-face nonpolar lateral surfaces
(m-plane). The capacity of GaN nanowires for water splitting is
unambiguously conﬁrmed by utilizing the hole-scavenger
CH3OH and the electron-acceptor AgNO3 to respectively fuel
H2 and O2 half-reactions. To further enable highly eﬃcient water
splitting, we have incorporated cocatalytic Rh/Cr2O3 coreshell
nanostructures on the lateral GaN nanowire surfaces and have
observed, for the ﬁrst time, photocatalytic overall water splitting
on metal nitride nanowires. We have demonstrated that the
decomposition of pure water into H2 and O2 by GaN nanowires
is a highly stable photocatalytic process, with the amount of H2
and O2 generated well exceeding that of the host GaN nanowire
photocatalytic material in a few hours. The resulting turnover
number is much higher than previously reported values achieved
on GaN powder samples.21
The catalyst-free GaN nanowires were grown on a Si(111)
substrate using a radio frequency plasma-assisted molecular beam
epitaxial (MBE) system under nitrogen-rich conditions.22
Growth conditions include the following: a temperature of
∼750 C, nitrogen ﬂow rate of 12 sccm, and a forward plasma
power of ∼400 W. Shown in Figure 1 is a typical 45-tilted
scanning electron microscopy (SEM) image of the GaN nanowires. The wires possess a wurtzite crystal structure and are
vertically aligned to the substrate, with the growth direction along
the c-axis. The areal density of the nanowires is estimated to be ∼1
 1010 cm2. The wires exhibit a high degree of size uniformity;
their densities, diameters, and lengths can be controlled by
varying the growth conditions. We have also conﬁrmed that the
GaN nanowire lateral surfaces are Ga-face by etching in a KOH
solution.23 Compared to previously reported powder samples,
epitaxial GaN nanowires exhibit superior structural, electrical, and
optical properties, which (in conjunction with their extreme
chemical stability and large speciﬁc surface area) promise

Figure 2. (a) H2 and (b) O2 evolution half-reactions in the presence of
respective sacriﬁcial reagents over GaN nanowires under a 300 W full arc
xenon lamp irradiation. The corresponding reaction processes are
schematically illustrated in the insets. (c) GaN surface defects pin the
Fermi level at the surface and bend the bands upward, thereby driving
holes to the nanowire sidewall and electrons into the bulk.

signiﬁcantly enhanced photocatalytic activity. In the subsequent
experiments, GaN nanowire samples with areas of ∼4 cm2 are
utilized—corresponding to ∼5 μmol of GaN material volume.
The photocatalytic reactions were performed by adopting a
300 W xenon lamp as an outer irradiation source and a reaction
chamber with a quartz lid that secures adequate transmittance of
UV and visible light. A gas chromatograph (GC-8A, Shimadzu)
equipped with a thermal conductivity detector (TCD) was
employed for the evaluation of evolved gases (H2 and/or O2).
We begin our investigation of photocatalytic activity on GaN
nanowire surfaces (i.e., the lateral nonpolar m-plane, Ga-terminated surfaces) by independently studying the H2 and O2 halfreactions in the presence of respective sacriﬁcial reagents. When
a photocatalytic reaction is carried out in an aqueous solution
consisting of a reducing reagent (i.e., an electron donor or hole
scavenger such as alcohol), photogenerated holes irreversibly
oxidize the reducing reagent instead of water and thereby
enhance H2 evolution. On the other hand, when photogenerated
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electrons in the conduction band are consumed by oxidizing
reagents (i.e., electron acceptors or electron scavengers such as
Agþ and Fe3þ), O2 evolution reaction is enhanced. For the GaN
nanowires, we have used CH3OH as a hole scavenger to conduct
the H2 half-reaction and AgNO3 as an electron acceptor to
perform the O2 half-reaction, respectively. The evolution of H2
and O2 over time is shown in panels a and b of Figure 2,
respectively—the corresponding reaction processes are schematically illustrated in the insets. More than 5 μmol of H2 and 50 μmol
of O2 are produced after 4 h, which demonstrates that GaN
nanowires satisfy the photocatalysis thermodynamic and kinetic
potentials for H2 and O2 evolution.24 Moreover, we have compared these results with those of GaN powders and planar GaN
surfaces: the results demonstrate that the photocatalytic activity of
our nanowire samples is remarkably higher than either powder or
planar samples under the same experimental conditions (see
Figures S4 and S5 in Supporting Information). These observations
are consistent with recent theoretical studies. The energy barriers
for the ﬁrst and second H-atom splitting on a pristine Ga-face are
predicted to be ∼0.10 and 1.42 eV, respectively, which can be
easily satisﬁed by the energy band potentials of GaN (Eg = 3.4 eV,
see Figure S1 in Supporting Information) upon band gap
excitation.11 Additionally, ab initio molecular dynamic simulations
further show that the overall water oxidation reaction at GaN
nonpolar surfaces involves four proton-coupled electron transfer
intermediate steps and can be energetically driven by photogenerated holes.12 The signiﬁcantly reduced photocatalytic activity of
GaN powder samples, on the other hand, may be directly related to
the uncontrolled surface polarity.11 As shown by recent ﬁrstprinciples calculations, the cleavage of water molecules to generate
H2 gas has been predicted to be a much more active process on Gaterminated surface sites compared to N-terminated surface sites—
due to the much smaller absorption energies of H2 molecules on
the Ga-terminated surface sites.11 This picture is consistent with
earlier theoretical predictions,24 which demonstrate that the
unoccupied surface states driving electron transfer to Hþ are
localized on Ga-terminated surface sites.
Though H2 generation on the Ga-face is expected to be
exothermic and therefore very eﬃcient under idealized theoretical
conditions, in practice, semiconductor photocatalysis reaction
rates are strongly inﬂuenced by surface charge properties.25 Due
to the presence of dangling bonds and/or surface defects, Fermilevel pinning is commonly observed on GaN surfaces,26,27 which
may signiﬁcantly degrade the photocatalytic activity through
enhanced nonradiative recombination. Such defects also reduce
the number of pristine sites available for H2 evolution. Furthermore, due to the dominant n-type character of GaN, surface
defects tend to pin GaN bands upward25 (as shown in Figure 2c),
resulting in a built in electric ﬁeld which both (1) drives excited
electrons away from surface reaction sites and (2) provides an
electron tunneling barrier, thereby exponentially reducing the rate
of electron transfer to Hþ ions.2527 For these reasons, as well as
the experimental demonstration that O2 generation is a much
more eﬃcient process than H2 generation as shown in panels a
and b of Figure 2, it is essential to incorporate a suitable cocatalyst
that can provide reaction sites and enable eﬃcient electron
transfer to the surface by unpinning the bands at the cocatalyst/
GaN interface. Such a practice has been employed with most
semiconductor photocatalysts developed to date in order to
achieve eﬃcient pure water splitting.2831
Noble metals such as Pt and Rh are excellent promoters of H2
evolution but can also catalyze a backward reaction to form water

(H2O) from H2 and O2, thereby limiting their usefulness as
cocatalysts for overall photocatalytic water splitting. To avoid the
H2O forming back reaction, a transition-metal oxide that does
not catalyze H2O formation from H2 and O2 is usually employed
as a diﬀusion barrier coating to prevent O2 interaction with the
noble metal surface. Among the cocatalysts developed to date,
coreshell-structured noble-metal/Cr2O3 nanoparticles dispersed on a photocatalyst have been proven to enable H2
formation in oxynitride solid solutions.31 The deposition of such
cocatalysts on nanowire surfaces may be achieved through
impregnation, adsorption, or photodeposition. Among these
methods, photodeposition is easily applied to almost all noble
metals. Most importantly, the cocatalyst nanoparticles can be
selectively deposited on the active sites of the photocatalyst
surface, since the metal cations in aqueous solution are reduced
by photogenerated electrons into metal nanoparticles—which
are always deposited on the surface of photocatalyst where
electrons reside. In this regard, we have investigated the photodeposition of Rh/Cr2O3 coreshell nanoscale cocatalysts on our
GaN nanowires. Importantly, Rh forms a Schottky contact with
GaN, thereby overcoming the exposed GaN surface band pinning which is detrimental to the eﬃcient transfer of electrons to
Hþ ions in photoelectrolysis.25 Details on the photodeposition
process can be found in the Supporting Information.
Scanning transmission electron microscopy (STEM, FEI
Titan 80-300 Cubed equipped with an aberration corrector of
the probe-forming lens and a high brightness electron source)
was used to characterize the Rh/Cr2O3 coreshell nanostructures photodeposited on the GaN nanowires. Illustrated in
Figure 3a, a fairly uniform distribution of Rh/Cr2O3 nanoparticles on the GaN nanowire lateral surfaces can be clearly seen.
Panels b and c of Figure 3 show a typical high-resolution
transmission electron microscopy (HRTEM) image and a
high-resolution high-angle annular dark ﬁeld (HR-HAADF)
image of the Rh/Cr2O3 coreshell nanostructures photodeposited on the GaN nanowires. We can see that each GaN nanowire
exhibits the nature of a single crystalline structure. For the Rh/
Cr2O3 coreshell structure, the metallic Rh core is well crystallized while the Cr2O3 shell is likely amorphous. Moreover,
electron energy loss spectrometry spectrum image (EELS-SI)
was performed to study the elemental distribution in the Rh/
Cr2O3 coreshell nanostructure. In Figure 4 the HR-HAADF
and EELS images, corresponding individual element maps, and
RGB images further show clearly the Rh/Cr2O3 coreshell
nanostructure deposited on GaN nanowires. By combining the
HRTEM/HAADF images and the element mapping images, we
have clearly conﬁrmed that the Rh/Cr2O3 coreshell nanostructures were successfully photodeposited on the lateral surfaces
of the GaN nanowires.
Subsequently, overall photocatalytic water splitting was carried out using the GaN nanowires photodeposited with Rh/
Cr2O3 coreshell nanostructures in pure water, wherein the H2
evolution was promoted by the noble metal (Rh) core while the
backward reaction over the noble metal (water formation from
H2 and O2) was prevented by the Cr2O3 shell.32 In fact, this has
also been veriﬁed by our own control experiment: without
depositing a Cr2O3 oxide shell to cover the Rh nanoparticle
core, pure water splitting was not observed because noble metals,
such as Rh and Pt, usually act to promote the H2 þ O2 f H2O
back reaction. A visual scheme of the pure water splitting process
by GaN nanowires is illustrated in Figure 5a. As expected, overall
water splitting has been realized successfully on the GaN
2355
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Figure 5. (a) Schematic illustration of water splitting on GaN nanowires with the incorporation of Rh/Cr2O3 coreshell nanostructures as
cocatalysts. (b) Experimental overall photocatalytic water splitting on
Rh/Cr2O3 coreshell nanostructure deposited GaN nanowires, under a
300 W full arc xenon lamp irradiation for a duration of 18 h. No
degradation of the photocatalytic activity was observed during the
course of two cycles of reaction.

Figure 3. (a) Low magniﬁcation TEM image shows uniform distribution of the Rh/Cr2O3 nanoparticles on GaN nanowire surfaces. (b)
HRTEM image and (c) HR-HAADF image clearly show the Rh/Cr2O3
coreshell nanostructures deposited on GaN nanowires.

Figure 4. (a) HR-HAADF image and (b) EELS mapping image, (cg)
corresponding individual element mapping images, and (h) RGB image
(red, Cr; green, Rh; blue, Ga), clearly showing the Rh/Cr2O3 coreshell
nanostructure deposited on GaN nanowires.

nanowires photodeposited with Rh/Cr2O3 coreshell nanostructures. Figure 5b shows the typical evolution of the photocatalytic water splitting reaction over time. In the two cycles

displayed in Figure 5 totaling ∼18 h, a steady and nearly
stoichiometric evolution of H2 and O2 gases can be observed.
No apparent degradation in the photocatalytic activity was
observed after 18 h. Repeated experiments yield similar results
to those shown in Figure 5b. It is also noted that the pH (∼7.0)
of the reactant solution (pure water) was virtually invariant after
the reaction.
Additionally, the turnover number (deﬁned as the number of
reacted electrons over the number of atoms in a photocatalyst)
exceeded 6 after ∼18 h of reaction time. Moreover, the turnover
number of our GaN nanowires per unit time is signiﬁcantly
higher than the commonly reported values for powder samples
(see Figures S4 and S5 in Supporting Information). These results
further conﬁrm that the evolution of H2 and O2 gases results
from a photocatalytic reaction; i.e., our GaN nanowires are
chemically stable in the whole reaction process. Preliminary
measurements also show an apparent quantum yield of ∼0.5%.
However, the real quantum yield is expected to be signiﬁcantly
higher and can be further improved by optimizing the nanowire
surface density, size, and doping concentration, as well as the H2
evolution sites on the lateral surfaces of the nanowires. Moreover,
through the use of tunable band gap epitaxial InGaN nanowires,
high-eﬃciency overall water splitting, and H2 production under
direct solar irradiation is anticipated and currently under
investigation.
In summary, we have demonstrated that nonpolar GaN
surfaces possess the capacity for both H2 and O2 evolution. With
the incorporation of photodeposited Rh/Cr2O3 coreshell
structures as cocatalysts, photocatalytic pure water splitting is
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achieved, for the ﬁrst time, on IIInitride nanowires. This work
establishes the use of IIInitride nanowire heterostructures as
viable photocatalysts for achieving stable and eﬃcient water
splitting and H2 generation directly from solar irradiation. Moreover, the realization of wafer-level photocatalytic water splitting
(compared to conventional powder based approaches) promises
low cost, high performance, and compact hydrogen production
systems that were not previously possible.
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