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We investigate photoelectrochemical water splitting by a spontaneously formed In-rich InGaN nanowall

network, combining the material of choice with the advantages of surface texturing for light harvesting

by light scattering. The current density for the InGaN-nanowalls-photoelectrode at zero voltage versus

the Ag/AgCl reference electrode is 3.4 mA cm�2 with an incident-photon-to-current-conversion

efficiency (IPCE) of 16% under 350 nm laser illumination with 0.075 W�cm�2 power density. In

comparison, the current density for a planar InGaN-layer-photoelectrode is 2 mA cm�2 with IPCE of 9%

at zero voltage versus the Ag/AgCl reference electrode. The H2 generation rates at zero externally

applied voltage versus the Pt counter electrode per illuminated area are 2.8 and 1.61lmol�h�1�cm�2

for the InGaN nanowalls and InGaN layer, respectively, revealing �57% enhancement for the

nanowalls. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4881324]

Solar energy driven photoelectrochemical (PEC) split-

ting of water for H2 generation is a clean, renewable

approach for sustainable energy provision.1–5 Semiconductor

nanostructures have been studied extensively in recent years

for PEC cells due to their distinctive properties and promise

to offer superior PEC performance.6–12 The main require-

ment of the PEC industry is to find semiconductor materials

with the capability of efficient and cost effective conversion

of sunlight to H2 by splitting water.13–15 GaInP has been

reported as an attractive PEC electrode material but it

has unacceptably high corrosion rates and suffers from

poor stability.16,17 In comparison, TiO2 has high corrosion

resistance17 but it has a large bandgap energy of 3.2 eV

allowing only for absorption of 3% of solar radiation.17

Recently, GaN has been considered as a promising PEC elec-

trode material, but also has a too large bandgap energy.18–22

Therefore, considering the general requirements for effi-

cient PEC water splitting, InGaN appears to be ideal with a

bandgap energy tunable through the whole solar spectrum

upon In composition, a large absorption coefficient, high car-

rier mobility, and good corrosion resistance. However, up to

now there are only very few reports on the feasibility of

solar water splitting using InGaN alloys.23,24 Regarding the

In composition, 40%–50% is optimum balancing the

bandgap energy to be large enough to maintain a sufficiently

large over-potential against the redox potential of water

(Vredox¼ 1.23 V)3 while being low enough for efficient

absorption of solar radiation. Moreover, for In compositions

in excess of about 40%–50%, there is a high density of posi-

tively charged surface donor states likely facilitating the

oxidation of O2�, i.e., the acceptance of electrons. In addition,

various InGaN-based nanostructures have been reported,

including nanowalls, nanoflakes, and nanowires with the

potential to enhance the redox reaction due to enhanced light

absorption by light scattering and enlarged surface area.25 In

particular, nanowall structures are proposed as promising

materials considering the requirements of PEC cells.26–28

Here, we demonstrate experimentally the enhanced PEC

water splitting and H2 generation by using an InGaN-

nanowalls-photoelectrode with In composition up to 40%. The

InGaN-nanowalls-photoelectrode exhibits a significantly larger

current density, higher incident-photon-to-current-conversion

efficiency (IPCE), and higher H2 generation rate in comparison

with a planar InGaN-layer-photoelectrode with similar In

composition.

Growth, structural, and optical properties of the InGaN

nanowalls and planar InGaN layer have been reported in detail

in Refs. 29 and 30. Growth was performed by plasma assisted

molecular beam epitaxy (PA-MBE) at 450 �C under slightly

N-rich conditions on Si (111) and (0001) GaN/sapphire sub-

strates, respectively. The In composition was 40%–50%. The

bandgap energy of the InGaN nanowall structure and that of

the InGaN layer is �1.4 eV, determined from photolumines-

cence measurements, implying absorption up to near-infrared

wavelengths. Al contacts were deposited on the InGaN nano-

walls and InGaN layer with excellent Ohmic behavior due to

the high n-type conductivity commonly established in high-

In-composition InGaN layers due to native defects. PEC char-

acterizations were performed in a 0.5 mol�l�1 HBr (pH 3.0)

electrolyte solution using a customized three-electrode elec-

trochemical cell configuration as the reactor. The samples

were diced in rectangular pieces. Light irradiation was by a

350 nm laser with optical power density of 0.075 W�cm�2.

The total illuminated area was 0.175 cm2. An external voltage

a)Authors to whom correspondence should be addressed. Electronic
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was applied to the InGaN nanowalls and InGaN layer working

electrodes versus the Pt counter electrode and the voltage

between the working electrodes and the Ag/AgCl reference

electrode was monitored. The photocurrent was measured

with a standard computer controlled chrono-amperometric

setup built up of a Keithley 2000 Multimeter and a Keithley

2400 Source meter. Hydrogen and oxygen were collected by a

sampling loop and analyzed separately by a gas chromatogra-

phy (GC) analyzer (China GC 2000), which was equipped

with a TCD (thermal conductive detector) and a 3.5 m long

molecular 5 Å sieve packed column to determine the hydrogen

and oxygen concentrations.

Figures 1(a) and 1(b) show the top-view scanning elec-

tron microscopy (SEM) images of the spontaneously formed

InGaN nanowalls and InGaN layer. The nanowalls follow

the hexagonal symmetry of the wurtzite crystal structure

with growth direction along the C-axis. The nanowalls are

connected and their thickness is several 10 nm at the top por-

tion. The spaces between the nanowalls are between 50 and

200 nm. The InGaN layer is uniform and smooth on the

whole substrate. Figure 1(c) shows the photograph of the ex-

perimental PEC cell setup where the formation of H2 bubbles

is clearly observed on the Pt counter electrode during

illumination.

In Fig. 2, the measured current densities as a function of

the voltage versus the Ag/AgCl reference electrode are plot-

ted for the InGaN-nanowalls-photoelectrode and the InGaN-

layer-photoelectrode under dark and illumination conditions.

In the dark, the current densities are negligibly small. Under

illumination, the onset voltages, at which the photocurrent

densities show a rapid rise, are approximately �0.35 V for

both the InGaN nanowalls and the InGaN layer. The photo-

current density is about 70% larger for the InGaN nanowalls

compared to that for the InGaN layer. The photocurrent den-

sities measured for zero voltage versus the Ag/AgCl refer-

ence electrode are 3.4 mA cm�2 for the InGaN nanowalls

and 2 mA cm�2 for the InGaN layer, confirming the

enhanced PEC properties of the InGaN nanowalls due to

superior light harvesting28,31 and much higher surface area32

compared to the planar InGaN layer.

Figure 3 shows the IPCE, defined as the percentage of

electrons taking part in the redox reaction, with respect to

the number of incident monochromatic photons, for the

InGaN-nanowalls and InGaN-layer-photoelectrodes as a

function of voltage versus the Ag/AgCl reference electrode,

given by6,33

IPCE %ð Þ ¼ ð1240 V nmð Þ� photocurrent density ðmA cm�2Þ
� ðincident light wavelength nmð Þ
� light intensity ðmW cm�2ÞÞ�1� 100: (1)

The IPCE increases rapidly for voltages above �0.3 V. At

zero voltage versus the Ag/AgCl reference electrode the

IPCE values for the InGaN nanowalls and InGaN layer are

16% and 9%, respectively. The maximum IPCE values for

the InGaN nanowalls and InGaN layer are 31% and 20% at

FIG. 1. Plan-view SEM images of the (a) InGaN nanowalls and (b) planar

InGaN layer. The inset in (a) shows the nanowalls structure with enhanced

magnification. (c) Photograph of the experimental PEC cell setup.

FIG. 2. Current densities as a function of voltage versus the Ag/AgCl reference

electrode in 0.5 mol � l�1 HBr electrolyte solution for the InGaN-nanowalls and

InGaN-layer-photoelectrodes in the dark and under 350 nm laser illumination

with 0.76 W cm�2 excitation power density. The measurements are performed

using a three-electrode configuration.

FIG. 3. IPCE of the InGaN-nanowalls and InGaN-layer-photoelectrodes

under 350 nm laser illumination with 0.75 W cm�2 excitation power density

as a function of voltage versus the Ag/AgCl reference electrode in

0.5 mol � l�1 HBr electrolyte solution. The measurements are performed

using a three-electrode configuration.
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1.0 V, respectively. H2 gas generation is clearly observed on

the Pt counter electrode during illumination. The directly

measured amount of hydrogen and oxygen evolved versus

the reaction time is shown in Fig. 4. The total amount of H2

and O2 generated after 8 h of irradiation is 22.4 lmol and

7.92 lmol for the InGaN nanowalls, and 12.88 lmol and

4.64 lmol for the InGaN layers, respectively. This unambig-

uously evidences the splitting of water into H2 and O2 gases.

The strongly enhanced performance of the nanowalls is

attributed to the large surface area, enhanced light harvesting

and probably capillarity effects into the nanowall bottoms

and field enhancement at the nanowall tops. However, the

yield of hydrogen obtained is about three times that of the

oxygen yield while pure splitting of water would provide a

yield of H2 to O2 gases of 2:1. This means that some hydro-

gen is generated through the redox reaction of the HBr elec-

trolyte. It is clear that the role of the electrolyte in water

splitting, not widely considered so far, needs careful atten-

tion in the future. Despite, our measurements reveal that the

photocurrent and deduced H2 and O2 gases generation are

very stable over time, confirming the good chemical stability

of the InGaN layer and InGaN nanowalls.

To summarize, we have demonstrated superior PEC

water splitting and H2 generation properties of an InGaN

nanowall structure in comparison with a planar InGaN layer.

This was attributed to increased light absorption by light

scattering and larger surface area of the nanowalls structure

together with the excellent PEC properties of InGaN. The

InGaN-nanowalls-PEC cell exhibits enhanced photocurrent

density, high IPCE, and a large H2 generation rate.

We thank the BBVA foundation and ETSIT UPM for fi-

nancial support.
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