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Photoelectrochemical (PEC) water splitting
is a clean method to produce hydrogen
from water using sunlight.[1–3] Since the
initial demonstration of this effect using
TiO2 photoelectrodes,[4] worldwide
research efforts have been devoted to find-
ing materials that are both stable and
enable a high conversion efficiency.
Among others, GaN and related alloys,
which have been developed for blue light-
emitting diodes and lasers,[5–7] are promis-
ing candidates for photoelectrodes. This
prospect is related to the direct bandgap
of these alloys, which provides a large
absorption coefficient of �105 cm�1 and
can be tuned from absorbing in the ultravi-
olet to the near-infrared region by increas-
ing the In content.[8,9] In addition, the
conduction and valence band edges of
(In,Ga)N have been calculated to straddle
the Hþ/H2 and O2/H2O redox potentials
for In contents of up to about 50%.[10]

However, in the case of n-type InxGa1–xN
photoanodes, photocorrosion has been
observed.[11–15] At the same time, p-type

InxGa1–xN alloys are known as stable photocathodes, but there
are difficulties in growth because these alloys are due to uninten-
tional doping normally n-type.[15,16]

Several protective layers and catalysts have been tested for
such photoanodes to suppress photocorrosion.[17–25] In particu-
lar, the loading of p-type NiO cocatalysts enhances the stability of
GaN during the oxygen evolution reaction (OER).[19–25] However,
the mechanism of the protection against photocorrosion is not
well understood. Thus, the goal of this study is to investigate
the protection mechanism. To this end, we prepare a series of
epitaxial NiO thin films with different thicknesses on GaN tem-
plates by plasma-assisted molecular beam epitaxy (PA-MBE).
This technique allows a more precise control of the film thick-
ness and a higher crystalline quality than spin coating, which
is conventionally used for NiO loading onto GaN. We systemati-
cally study the protection mechanism by means of cyclic
voltammetry, potentiostatic photocurrent measurements, and
photodeposition of Ag to identify reduction sites.[26,27]

The starting point for our investigation of the protection
mechanism is cyclic voltammetry measurements of the GaN
photoelectrodes with NiO layers of various thicknesses, carried
out with 1 M NaOH as the electrolyte. Figure 1a shows the
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The photoelectrochemical properties of n-type Ga-polar GaN photoelectrodes
covered with NiO layers of different thicknesses in the range 0–20 nm are
investigated for aqueous solution. To obtain layers of well-defined thickness
and high crystal quality, NiO is grown by plasma-assisted molecular-beam epitaxy.
Stability tests reveal that the NiO layers suppress photocorrosion. With increasing
NiO thickness, the onset of the photocurrent is shifted to more positive voltages
and the photocurrent is reduced, especially for low bias potentials, indicating that
hole transfer to the electrolyte interface is hindered by thicker NiO layers.
Furthermore, cathodic transient spikes are observed under intermittent illumi-
nation, which hints at surface recombination processes. These results are
inconsistent with the common explanation of the protection mechanism that the
band alignment of GaN/NiO enables efficient hole-injection, thus preventing hole
accumulation at the GaN surface that would lead to anodic photocorrosion.
Interestingly, the morphology of the etch pits as well as further experiments
involving the photodeposition of Ag indicate that photocorrosion of GaN pho-
toanodes is related to reductive processes at threading dislocations. Therefore, it is
concluded that the NiO layers block the transfer of photogenerated electrons from
GaN to the electrolyte interface, which prevents the cathodic photocorrosion.
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corresponding current–voltage ( J–V ) curves acquired in the
dark and under illumination (Xe lamp with intensity
�100mW cm�2). As a reference, data for a GaN photoelectrode
without any NiO are also shown. The dark current is negligible
for all samples. Under illumination, the onset of the photocur-
rent shifts toward more positive voltages and the maximum pho-
tocurrent decreases with increasing NiO thickness. The shifts of
the photocurrent onset can be explained by the competition of
interface recombination processes due to interface traps with
slow kinetics of the OER.[28] Indeed, we observed transient pho-
tocurrent spikes under chopped light conditions for the samples
with NiO layer (Figure 1b), which is a direct consequence of
interface recombination processes. These recombination pro-
cesses can occur either at the GaN/NiO or at the NiO/electrolyte
interface. As Ni-oxides are known to be efficient catalysts for the
OER in alkaline electrolytes, the first option seems to be the more
likely reason for these photocurrent transients. With increasing
positive potential, the recombination traps filled with electrons
are depopulated and the current rises rapidly. The decrease in
the maximum achieved photocurrent is probably caused by
the high resistivity of the NiO layers[29] because they were grown
without intentional doping. The NiO layers hinder hole transfer
from GaN to the electrolyte, which leads to an increase in bulk
recombination in the GaN or NiO and a concomitant decrease in
photocurrent. We note that light absorption in the NiO film could
also play a role in the reduction of the photocurrent. However,
the almost linear dependence of the maximum photocurrent on
the NiO film thickness and estimations of light absorption in
NiO indicate that the electrical resistivity is the decisive factor.

To investigate the stability of the samples during the OER,
we carried out potentiostatic photocurrent measurements at
1.2 VRHE. The results are shown in Figure 2. After 2 h (7200 s),
the electrolyte was renewed, and then the stability test was con-
tinued for another 30min. All samples show a gradual decrease
in the photocurrent that is interrupted several times by sudden
increases. This behavior can be explained by the formation,
accumulation, and detachment of gas bubbles via water oxidation
on the sample surface. In fact, after replacement of the electro-
lyte, the photocurrents recover the original values for all samples.

Hence, judging from only the photocurrent measurements, all
samples appear to be stable.

For a more rigorous assessment of the sample stability,
we acquired scanning electron microscopy (SEM) images of
the sample surfaces after the potentiostatic measurements;
these images are shown in Figure 3. The GaN surface without
any NiO layer seen in Figure 3a is severely etched. The surface
of the sample with a 2 nm-thick NiO layer is also corroded, as
shown in Figure 3b, but clearly less so, although the total charge
density that passed through this sample during the potentiostatic
photocurrent measurement (9.2 C cm�2) is larger than for the
sample without NiO (8.7 C cm�2). Furthermore, samples with
a thicker NiO layer exhibit less surface corrosion, and the surface
of the sample with the thickest NiO layer is almost not etched at

Figure 1. a) Current–voltage curves obtained from cyclic voltammetry measurements for GaN photoelectrodes with NiO layers of different thicknesses
(as described in the legend), acquired with 1 M NaOH as the electrolyte in the dark (dotted lines) and under illumination (solid lines, Xe lamp with
intensity �100mW cm�2). b) Current–voltage curves for analogous samples, acquired under chopped illumination.

Figure 2. Potentiostatic photocurrent measurements at a bias of 1.2 VRHE

for GaN photoelectrodes with NiO layers of different thicknesses as
described in the legend, carried out with a Xe lamp with intensity
�100mW cm�2. The arrow indicates the time (2 h) at which the electrolyte
(1 M NaOH) was renewed.
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all (Figure 3d). These results indicate that a sufficiently thick NiO
layer prevents photocorrosion of GaN. We attribute the apparent
stability of the photocurrent in Figure 2 for the samples with a
thin or with no NiO layer to a photoetching process which is sig-
nificantly slower than the simultaneous water oxidation. This
assumption is supported by a rough estimation of the maximum
possible corrosion impact via the Faraday law. In a corrosion pro-
cess that consumes three photogenerated charge carriers per
GaN unit, a layer of about 4 μm of the photoelectrode would
be fully corroded after a charge of 9.2 C cm�2 was flown. This
means that most of the 5 μm-thick GaN film would have been
etched away. However, such drastic change in the morphology
of the photoelectrode could not be observed in our SEM images.
This reveals that the majority of the photocurrent can be assigned
to the OER and that the photocorrosion is so slow that it can be
maintained for a long time in the 5 μm-thick layer.

With respect to the mechanism by which NiO protects GaN
from photocorrosion, Kim et al. suggested that the band alignment

of these two materials facilitates the transfer of photogenerated
holes to the NiO/electrolyte interface, which prevents hole accumu-
lation on the GaN surface and thus anodic photocorrosion.[21–23]

However, our results are in conflict with this hypothesis. In
particular, we observed photocurrent spikes in our chopped illu-
mination cyclic voltammetry experiments for the samples with
NiO layer, but not for the bare GaN (see Figure 1b). Especially
the cathodic transient spikes indicate that holes do accumulate
at the surface. Nevertheless, the samples with NiO aremore stable
than the bare GaN. Furthermore, if photogenerated holes were
efficiently transferred through the NiO, the photocurrent would
not be reduced with increasing NiO thickness.

In a previous study, we proposed that photocorrosion of GaN
is not caused by photogenerated holes but photogenerated elec-
trons.[17] We found that loading of GaN with the catalyst cobalt
phosphate (Co-Pi) suppresses surface recombination of photo-
generated holes and significantly enhances the photocurrent
but does not prevent photocorrosion, which excludes that the cor-
rosion is related to photogenerated holes. Instead, corrosion
could be reductive, caused by photogenerated electrons that
reach the surface via charged threading dislocations despite
the surface band bending. In that previous study, we corrobo-
rated this suggestion by experiments with H2O2, a scavenger
for both electrons and holes, in which corrosion was suppressed.
Moreover, further evidence was the morphology of the photocor-
roded surface. As seen also in Figure 3a,b, the etch pits exhibit an
elongated form and are arranged along essentially parallel lines.
This morphology implies that etching starts at macrostep edges.
Such macrosteps can form by step bunching on off-axis sapphire
substrates, and it is known that threading dislocations are
preferentially located along such macrostep edges.[30–32]

To investigate reductive corrosion further, we analyze now the
photodeposition of Ag on GaN photoelectrodes with and without
NiO layers. The SEM images in Figure 4a,b reveal that on bare
GaN, Ag nanoparticles nucleate via the reduction of Agþ by
photogenerated electrons preferentially along the macrostep
edges and form flower-like structures. These nanoparticles indi-
cate the position of reductive sites on the GaN surface, as
explained in Experimental Section. Importantly, the arrangement
of the Ag nanoparticles correlates well with the morphology of
the etch pits (see Figure 3a). In contrast, Figure 4c,d shows that
on GaN with an 8 nm-thick NiO film, Ag is not deposited at all on
the surface, except for the sample edges.

All of our results can be explained by the following mecha-
nism. The corrosion process at Ga-polar GaN(0001) takes place
via photogenerated electrons which reach the electrolyte/GaN
interface via threading dislocations. The reaction mechanism
could, in principle, be analogous to the Mars vam Krevelen
mechanism, which was theoretically simulated for various
transition metal nitrides.[33] The transition metal is reduced
and lattice nitrogen is released as NH3. For GaN, the following
reaction equation could be assumed

GaNþ 3H2Oþ 3e� ! Gaþ NH3 þ 3OH� (1)

NiO deposited on GaN acts as an electron blocking layer which
prevents electron transfer to the interface with the electrolyte.
Thus, reductive etching related to photogenerated electrons is
suppressed. The blocking of electrons is consistent with the facts

Figure 3. SEM top-view images of the samples after the potentiostatic
photocurrent measurements presented in Figure 2. a) Bare GaN photo-
electrode without NiO layer. b–d) Samples with a NiO layer of thickness
2, 8, and 20 nm, respectively.
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that the band alignment of NiO/GaN is type II with the band
edges of p-type NiO lying higher in energy and that the conduc-
tion band offset has been reported in the range 1.7–2.7 eV
(depending on the position of the Fermi levels).[34,35] Photo-
generated holes, on the contrary, can reach the interface with
the electrolyte via the valence band of NiO and contribute to
the OER. Due to the low conductivity of NiO, this transport
and thereby the OER are strongly dependent on the thickness
of NiO. In addition, recombination processes at the NiO/GaN
interface as well as possibly in the bulk of NiO or GaN also occur
in competition with water oxidation.

In principle, the suppression of cathodic photocorrosion could
also be explained by the efficient transport of electrons in the NiO
layer from the threading dislocations to the electrical contact. We
can exclude this scenario because we can infer from another
study that the NiO layers are highly resistive and that the remain-
ing low conductivity is p-type.[29] Therefore, the only explanation
for all experimental results is that NiO layers block the transfer of
electrons from GaN to the electrolyte interface.

Based on the aforementioned explanations, the measured
photocurrent is composed of the positive anodic current for
water oxidation and the negative cathodic current for photocor-
rosion. Thereby, one would initially expect that a suppression of
the photocorrosion should, in principle, lead to an increase in the
measured photocurrent. This is, however, not observed for our
samples because of two reasons. First, the corrosion current is
only a small proportion of the total current. Second, unfortu-
nately, inhibiting the corrosion with NiO deposition introduces
an additional series resistance for hole transport to the electrolyte
interface. At the same time, this limitation could be overcome by
intentional p-type doping of the NiO, for which significant prog-
ress has been achieved recently.[36]

In conclusion, epitaxial NiO thin films protect Ga-polar GaN
photoanodes from photocorrosion. The protection mechanism
can be understood as follows. The photocorrosion of GaN

photoelectrodes is a reductive process and facilitated by electrons
transferred to the surface via threading dislocations. The NiO
layers act as electron blocking layers, thus preventing cathodic
photocorrosion. This insight may pave the way to developing
more complex protective layers and/or cocatalysts that effectively
protect GaN photoanodes from photocorrosion and enable at
the same time high photocurrents, leading ultimately to stable
photoanodes for efficient solar water splitting. Intentionally
p-type doped NiO is a promising candidate.

Experimental Section
A series of nominally undoped NiO protective layers with different

thicknesses were grown on GaN templates by PA-MBE. The GaN
templates (purchased from Kyma Technologies Inc.) consist of �5 μm
nominally undoped n-type Ga-polar GaN(0001) layers grown by hydride
vapor phase epitaxy on sapphire substrates using AlN buffer layers.
The net ionized donor density of the GaN templates is 5� 1017 cm�3.
The NiO thin films were grown at a temperature of 500 �C, as measured
by a thermocouple. Ni was sublimed from a high-temperature effusion cell
at a temperature of 1380 �C leading to a beam equivalent pressure of
8.5� 10�9 mbar. Simultaneously, a flux of activated oxygen was supplied
by a plasma source operated at a flow rate of 0.5 sccm and an RF plasma
power of 300W. To vary the NiO thickness, growth times of 5000, 2040,
and 480 s were chosen. The thickest NiO sample was analyzed by X-ray
reflectometry and the thickness was determined to be 20 nm. The thick-
nesses of the other samples were deduced to be 2 and 8 nm. These thick-
nesses were chosen to show the evolution of the protection mechanism
from a limited stability enhancement already for extremely thin films up to
essentially complete prevention of photocorrosion for films with the max-
imum thickness of 20 nm. More information on the PA-MBE of NiO on
GaN and the physical properties of such films is presented elsewhere.[37]

In brief, the NiO layers grow epitaxially with an (111) orientation in two
rotational domains. The domain size is on the order of 10–20 nm, and the
surface roughness about 1 nm. Furthermore, comparable layers grown on
insulating MgO(100) substrates were highly resistive, with the remaining
conductivity being p-type.[29] X-ray diffraction, X-ray reflectometry, and
atomic force microscopy data for samples used in the present study
are provided as Supporting Information.

Figure 4. SEM top-view images of GaN photoelectrodes with and without NiO layer after photodeposition of Ag for 3 min. a) Low- and b) high-
magnification image for a bare GaN photoelectrode without NiO layer. c) Low- and d) high-magnification image for a sample with an 8 nm-thick
NiO layer.
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Cyclic voltammetry measurements were performed with a scan rate of
30mV s�1 using a standard three-electrode PEC cell with a platinum wire
as the counter electrode, a Ag/AgCl electrode as the reference electrode,
1 M NaOH as the electrolyte, and a Xe lamp (intensity �100mW cm�2) as
the light source. A circular area with a diameter of 6 mm on the sample
surface was exposed to the electrolyte and illuminated. Potentials versus
the Ag/AgCl electrode were converted to the reversible hydrogen electrode
(RHE) scale by the equation URHE¼UAg/AgClþ 197mVþ (59 mV� pH),
based on the fact that GaN follows the Nernstian pH response.[38,39] For
the surface electrical contact, an In-Ga eutectic was deposited on part of
the semiconductor surface, and this contact was not exposed to the
electrolyte. For the photodeposition investigation, we used 1mM AgNO3

solution. The samples were soaked with the solution and irradiated by a Xe
lamp with an intensity of �100mW cm�2 for 3 min. The photoreduction
of Ag can be described as follows

Agþ þ e� ! Ag (2)

The redox potential of this reaction is þ0.8 V versus RHE and therefore
more positive than the conduction band of GaN. Thus, the position of
the photodeposited Ag particles reveals the reduction sites on the
samples.[26,27]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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