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a b s t r a c t

In recent years, the development of wafer-level GaN nanowires photocatalyst loaded onto silicon sub-

strates has progressed rapidly depending on its simplicity of instrumentation, collection and separation

from the water. Accordingly, the wafer-level GaN-based nanowires (GaN NWs) photocatalyst can be a

fabulous candidate for the application in the field of photocatalytic hydrogen evolution reaction (PHER)

and provides a novel route to address the environmental and energy crisis. Herein, a range of innovative

strategies to improve the performance of GaN NWs photocatalyst are systematically summarized. Then,

the solar-to-hydrogen conversion efficiency, the characteristics of GaN NWs system, the cost of the origin

material required, as well as the stability, activity and the corrosion resistance to seawater are discussed

in detail as some of the essential conditions for advancing its large-scale industry-friendly application.

Last but not least, we provide the potential application of this system for splitting seawater to produce

hydrogen and point out the direction for overcoming the barriers to future industrial-scale implementa-

tion.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

With population growth and economic development, global en-

ergy demand is on the rise. However, conventional fossil energy

sources like coal, oil, and gas are non-renewable and finite. Also,

excessive use of fossil fuels can cause severe issues such as cli-

mate degradation or environmental contamination [1–3]. Hydrogen

is widely recognized as a renewable and clean energy source and

offers an alternative to fossil fuels [4–8]. The photocatalytic hydro-

gen evolution reaction (PHER), which is based on semiconductor

photocatalysts, is a straightforward and promising method to pro-

duce hydrogen [9–15].

Photoelectrochemical (PEC) devices have been reported to be

used in the hydrogen production from overall water splitting

(OWS) [16–25]. Employing additional bias or sacrificial reagents,

the PEC can achieve a notably high solar-to-hydrogen (STH) con-

version efficiency [26–31]. However, as the reaction time advances,

electrode corrosion and depletion of sacrificial reagent become the

primary obstacles to maintaining effective water splitting over an

extended period using PEC [32]. Additionally, the usage of addi-

tional bias or sacrificial reagents escalates the cost of hydrogen
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production. The photocatalytic (PC) water splitting system elimi-

nates the need for electrical wire, bias and conductive electrolyte,

reducing system costs and addressing photocatalyst corrosion, sta-

bility and safety issues, unlike PEC [33,34]. Among the currently

known photocatalysts, group III-nitride semiconductors, such as

Ga(In)N, possess energy bandgaps that cover a wide absorption

range nearly the entire solar spectrum, making them promising

for highly efficient overall water splitting. Moreover, their surfaces

can be tailored to be nitrogen-rich [35], offering protection against

photocorrosion and oxidation and ensuring stability in photocatal-

ysis. Compared to conventional semiconductor particle photocat-

alyst systems, the wafer-level GaN NWs photocatalyst system, in

which GaN nanowires are grown on a Si substrate using radio fre-

quency plasma-assisted molecular beam epitaxy (MBE), is easy to

implement and be reused, and has low costs of raw materials. Ad-

ditionally, it exhibits higher resistance to light intensity, greater

long-term stability, and has achieved the highest STH efficiency in

overall water splitting [36–38]. To date, GaN NWs photocatalytic

splitting pure water has achieved a high STH ∼9.2%, which is the

highest value ever reported. And the origin elements required for it

are relatively low in price due to their abundant reserves on earth.

More importantly, the GaN NWs photocatalyst can perform stable

and efficient water splitting for a long-term using simulated sea-

water. It has potential to be a fabulous candidate for the applica-

tion in the field of PHER from seawater splitting.

https://doi.org/10.1016/j.cclet.2024.109993
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In this review, we first introduce the fundamentals of GaN

photocatalysis for HER. And then strategies such as designing

quadruple-band InGaN nanowires, controlling the near-surface

band bending, loading dual-cocatalysts, and optimizing the tem-

perature for improving GaN NWs photocatalytic OWS performance

are systematically summarized. Furthermore, some of the essential

conditions for advancing its large-scale industry-friendly applica-

tion are discussed in detail. Finally, we outline the future work di-

rections for the industrialization of GaN NWs photocatalyst in sea-

water splitting for hydrogen production, with a focus on its poten-

tial contribution to addressing the global energy crisis.

2. Fundamentals of GaN photocatalysis

There are various factors that affect the performance of parti-

cles photocatalyst for water splitting, including (1) light response,

(2) separation and migration of charge carries, and (3) the presence

of redox sites on the surface of photocatalysts, which all impact

the efficiency of the photocatalytic hydrogen evolution reaction in

varying degrees [39]. To improve photocatalytic performance, it is

necessary to focus on enhancing light absorption, improving sep-

aration of charge carries, and facilitating hydrogen evolution reac-

tion (HER) and oxygen evolution reaction (OER), respectively.

The intrinsic bandgap of GaN is 3.4 eV. Additionally, the strate-

gies, such as p-type metal doping, material composite, and struc-

tural modulation can regulate its bandgap. To extend the edge of

light absorption, composite materials are being considered for de-

velopment. For particulate photocatalyst, Kazuhiko et al. reported a

solid solution of GaN and ZnO (GaN:ZnO), in which different per-

centages of Zn atoms can extend the visible-light absorption edge,

thus enabling hydrogen production through water splitting under

visible light [40,41]. The bandgap of GaN:ZnO is smaller than that

of either single GaN or ZnO, which is conducive to water splitting

[42]. Moreover, its inherent built-in electric field can facilitate the

separation and transport of charge carriers, thereby reducing re-

verse reactions.

One effective way to enhance the efficiency of solar water-

splitting hydrogen production is through the reduction and ox-

idation of electrons and holes respectively under photoexcita-

tion, which largely relies on the function of cocatalysts [43–

45]. Kazuhiko et al. reported that core/shell-structured Rh/Cr2O3

nanoparticles (NPs) is a great strategy as HER promoters of visible

light water splitting [46]. The primary benefit of these core/shell

nanoparticles is the ability of the Cr2O3 shell to impede oxygen

while allowing the passage of protons and H2 molecules, thereby

inhibiting the reverse reaction of hydrogen–oxygen recombination.

To further improve the efficiency of hydrogen production from

solar-driven water splitting, loading dual-cocatalysts for both the

HER and OER to the same photocatalyst to overcome the inefficien-

cies caused by the lack of H2 and O2 active sites on most photocat-

alysts. A reaction mechanism for visible light-driven overall water

splitting is illustrated in Fig. 1, where A (Rh/Cr2O3) acts as H2 evo-

lution promoters and B (Mn3O4, Co3O4, etc.) functions as O2 evolu-

tion cocatalysts. The modification of dual-cocatalysts separates the

HER and OER sites in space, and further reduces the recombination

of charge carriers. In brief, these strategies have all promoted the

development of catalysts in the field of photocatalysis

3. Wafer-level GaN-based nanowires photocatalyst system

Although the STH conversion efficiency obtained from tradi-

tional semiconductor particles GaN photocatalyst systems appears

to have plateaued, the STH of GaN NWs photocatalytic system

has rapidly advanced in recent years [47–54]. This progress is at-

tributed to the implementation of various strategies that have been

Fig. 1. A proposed reaction mechanism of water splitting on GaN particles photo-

catalyst modified with dual-cocatalysts under the visible light.

widely reported, resulting in a significant improvement and reach-

ing new levels of performance [55–59]. Next, the focus is on dis-

cussing GaN NWs photocatalytic system. And a detailed introduc-

tion is given on its advantages of this system and dedicated strate-

gies for performance improvement.

3.1. Simplified photocatalyst device

There are two main types of semiconductor particles photocat-

alyst systems: suspension photocatalyst system and powder photo-

catalyst system. The suspension of semiconductor particles photo-

catalyst system (Fig. 2a) requires stirring to ensure sufficient light

absorption and photocatalytic efficiency [60,61]. And as the reac-

tion time progresses, photocatalyst particles would gradually sink

and aggregate at the bottom of the liquid solution resulting in a

rapid decline in its performance, which is the main reason why

it cannot undergo reactions for a long time. Semiconductor parti-

cles can also be coated onto the wafer, as shown in Fig. 2b [62,63].

However, semiconductor particles would detach during the process

of overall water splitting, rendering long-term and efficient overall

water splitting unfeasible.

Nanowire arrays grown on Si substrates using MBE have ad-

dressed these issues [64–66]. Fig. 2c shows the scheme of wafer-

level GaN-based nanowire arrays photocatalytic overall water split-

ting system [67]. And the excellent uniformity of GaN NWs photo-

catalyst nanowires grown on Si substrate by MBE is presented in

Fig. 2d [68]. More noteworthy, the wafer-level GaN NWs photocat-

alyst is capable of efficient overall water splitting for a long-term

while maintaining structural stability without the use of bias or

sacrificial agents. Accordingly, the nanowires photocatalytic system

based on GaN using MBE shows the potential of being adopted as

a considerable hydrogen production method on an industrial scale.

3.2. The strategies of enhanced GaN NWs photocatalytic performance

Strategies such as core/shell-structured and loading dual-

cocatalysts, for improving conventional GaN particle photocata-

lysts also have been applied to GaN NWs photocatalyst. For this

nanowires arrays system, there are also distinctive strategies to im-

prove performance.

3.2.1. Designing quadruple-band InGaN nanowires

To achieve efficient overall water splitting, photocatalysts

should have a narrow bandgap to absorb light effectively and ap-

propriate band edge positions for proton oxidation and water re-

duction reactions. However, it is impossible for most of conven-

tional metal oxides (GaAs, InP, etc.) to possess a suitable band edge

position [69,70]. In contrast, GaN has relatively narrow bandgap

and exhibits a broad light absorption range covering nearly the

entire solar spectrum, with band edge positions that can strad-

dle the water oxidation and reduction potentials. The bandgap of

2
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Fig. 2. (a, b) Two types of semiconduction particles photocatalyst water splitting system. (c) The schematic illustration of a wafer-level GaN NWs photocatalytic overall water

splitting system. Reproduced with permission [67]. Copyright 2018, Nature Publishing Group. (d) A 45° tilted field-emission SEM image of the GaN/InGaN NWs by MBE. Scale

bar: 500nm. Reproduced with permission [68]. Copyright 2023, Nature Publishing Group.

GaN can be modified by incorporating an appropriate amount of

indium doping [71]. Previously reported single GaN or dual-band

InGaN nanostructures had low solar-to-hydrogen conversion effi-

ciency due to limitations in indium doping, resulting in a larger

bandgap and restricted absorption of specific solar photon ranges

[72].

To improve light absorption, Wang et al. designed a quadruple-

band InGaN nanowire structure grown on a non-planar silicon sub-

strate, as shown in the Fig. 3a [73]. As the indium doping concen-

tration increases, the bandgap of InGaN decreases. When indium

doping reaches 35%, the bandgap of InGaN ultimately could de-

creases to 2.1 eV. By varying the indium doping concentration, the

bandgap of InGaN can be turned from 3.4 eV to 2.1 eV, enabling ab-

sorption of solar photons up to nearly 600nm. Photoluminescence

(PL) spectra analysis reveals that increasing indium doping led to

larger emission peaks. Fig. 3b shows the bandgap of InGaN with

different indium doping compositions. The wide emission spec-

trum of the quadruple-band nanowire structure demonstrates its

superior light absorption capability within the wavelength range of

370–580nm compared to individual single-band segments (Fig. 3c).

Furthermore, the use of a non-planar silicon substrate can im-

prove hydrophilicity, facilitating enhanced contact between water

molecules and the InGaN photocatalyst. Nanowire arrays grown on

planar surfaces only expose one side to sunlight irradiation, as

a result, the light-receiving area of the nanowires is limited. As

shown in Figs. 3d and e, SEM images of the flower-shaped InGaN

nanowire structure grown on nonplanar Si substrates can achieve

maximum exposure of side surfaces to light, allowing each seg-

ment of InGaN to fully absorb photons within their correspond-

ing wavelength range [74,75]. This design significantly enhanced

the photocatalytic efficiency, as depicted in Figs. 3f–h, the hydro-

gen production in the InGaN band with varied indium composi-

tions grown on non-planar substrates is higher than that grown

on planar substrates. Finally, the performance of the quadruple-

band nanowire structure for photocatalytic water splitting and hy-

drogen production was investigated. Fig. 3i illustrates the evolu-

tion of hydrogen and oxygen gas during multiple reaction cycles.

The approximate 2:1 ratio of hydrogen to oxygen gas indicates

that water splitting using the multi-band nanowire array yielded

stable and efficient results without generating additional byprod-

ucts. In conclusion, utilizing multi-band InGaN nanowires grown

on non-planar substrates proves to be an effective strategy to en-

hance light absorption capability [73].

3.2.2. Controlling the near-surface band bending

During photocatalytic water splitting, after fast nonadiabatic re-

laxation, a part of photoexcited carriers would radiatively or non-

radiatively recombine [76,77], while other part of photoexcited car-

ries could diffuse to the near-surface region of photocatalyst to

drive the redox reaction for overall water splitting [78]. Simulta-

neously, water splitting reaction catalyzed by n-(p-) doped semi-

conductors is impacted by surface band bending, which could de-

termine the spatially separated behavior of the electron-hole pairs

[79,80]. As is illustrated in Fig. 4a, upward (downward) surface

band bending is usually the presence in n-(p-) semiconductor pho-

tocatalysts. The energy barrier caused by the upward surface band

bending in n-type semiconductors repels photoexcited electrons

into the bulk region, creating an electron depletion (hole accu-

mulation) layer on the semiconductor surface. This upward band

bending is one of the major limitations causing the low overall wa-

ter splitting apparent quantum efficiency (AQE) of the GaN/InGaN

multiband nanowire heterostructures. In addition, the surface band

bending of p-type doped metal nitrides creates an energy bar-

rier for holes, leading to hole depletion (electron accumulation)

in the surface region, and this hole depletion inhibits the wa-

ter oxidation reaction while controlling the overall water splitting

rate [81].

To construct p-type InGaN nanowire arrays, Kibria et al. grew

vertically uniform In0.26Ga0.74N nanowire arrays on Si substrates

by molecular beam epitaxy (MBE) using GaN nanowire tem-
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Fig. 3. (a) Schematic illustration of light absorption on the quadruple-band InGaN stacks with varied indium compositions. (b, c) Room-temperature PL spectrum of single-

band InGaN nanowires with varied indium compositions and quadruple-band InGaN nanowires. (1) GaN, (2) In0.20Ga0.80N, (3) In0.27Ga0.73N, and (4) In0.35Ga0.65N. (d, e)

Top-view scanning electron microscopy (SEM) images of InGaN nanowire grown on nonplanar Si substrates. Scale bars: 5mm and 1mm. H2 gas production of single-band

In0.20Ga0.80N (f), In0.27Ga0.73N (g), and In0.35Ga0.65N (h) nanowires at different Mg cell temperatures grown on Si substrates. (i) H2 and O2 gas generation measured in multiple

cycles. Reproduced with permission [73]. Copyright 2018, Royal Society of Chemistry.

plates. In Fig. 4b, a 45° titled SEM photograph demonstrates that

In0.26Ga0.74N nanowires vertically aligned on Si substrate were fab-

ricated successfully. The regulation and control of the energy band

bending on the surface of InGaN can be achieved by doping with

Mg2+. As shown in Fig. 4c, under the low concentration of Mg2+

doping, the surface region of the nanowire remains weakly n-type

with large energy band bending, and with the increase of Mg2+

doping concentration, the near surface region becomes weakly p-

type and therefore a smaller band bending. The room temperature

PL spectra of InGaN NWs with ∼26% indium composition in Fig. 4d

clearly shows a single inter-band photoemission peak at ∼513nm

corresponding to a bandgap of 2.42 eV [82].

In order to optimize the doped Mg2+ concentration, the effect

of Mg2+ concentration on the energy band bending of In0.26Ga0.74N

and the effect on the hydrogen production efficiency of overall wa-

ter splitting were studied, as shown in Figs. 4e and f. With the in-

crease of Mg2+ doping, the energy band bending of In0.26Ga0.74N

becomes lower and lower, at the same time, the In0.26Ga0.74N sur-

face changes from n-type to weak p-type, and the photocatalytic

hydrogen production efficiency of the overall water splitting is also

improved. However, with the further increase of Mg2+ doping and

the further reduction of the surface energy band bending, the sur-

face charge properties may become non-optimal for the efficient

transfer of charge carriers to the nanowire surfaces in solution,

this leads to a gradual reduction in the efficiency of overall wa-

ter splitting [83]. In addition, with the increase of Mg2+ doping,

the crystal quality of nanowires is also affected. Therefore, the op-

timal photocatalytic overall water splitting efficiency requires the

control of the Mg2+ doping. Fig. 4g shows flat-band diagram of the

GaN/In0.20Ga0.80N nanowire heterostructure, in which the conduc-

tion band and valence band edge positions of GaN, In0.24Ga0.76N

and the underlying Si substrate clearly marked. It is seen that GaN

and In0.26Ga0.74N have enough overpotential for water oxidation

and reduction reactions under light irradiation [84]. Obviously, the

photoexcited holes on the Si substrate do not have sufficient poten-

tial for water oxidation and do not participate in the overall water

splitting reaction. In a word, the regulation of energy band bend-

ing on the surface of InGaN by controlling the Mg2+ dopant is an

ideal strategy to achieve efficient and stable overall water splitting

under visible light.

3.2.3. Loading dual-cocatalysts

Use of multi-band InGaN/GaN nanowires can improve visible-

light absorption. Fig. 5a shows the InGaN/GaN nanowire arrays

on a Si wafer by MBE [85]. However, it is less efficient to di-

rectly split pure water due to the low activity and poor stabil-

ity of single InGaN/GaN photocatalyst. In order to improve the

activity and stability of photocatalyst, two cocatalysts are added.

Core/shell-structured Rh/Cr2O3 NPs were prepared using two con-

secutive photoreduction methods under full arc illumination 300W

Xenon lamp, and were employed as a cocatalyst for the proton

reduction in water splitting. Co3O4 was prepared by photooxida-

tion deposition in 0.01mol/L potassium iodate (KIO3) aqueous so-

lution as the cocatalyst for water oxidation. Fig. 5b shows the GaN

nanowire modified with Co3O4 and Rh/Cr2O3. Additionally, since

water molecules can effectively adsorb and detach on GaN and

4
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Fig. 4. (a) Impact of surface band bending on the overall water splitting reaction. (b) Schematic of the structure of In0.26Ga0.74N nanowires (NWs) and SEM photograph of

In0.26Ga0.74N NWs grown on a Si substrate. Scale bar, 1mm. (c) Schematic diagram of the effect of non-uniform Mg-doped on the near-surface energy band diagrams of low

Mg-doped nitride nanowires and higher Mg-doped nitride nanowires. (d) PL spectrum of as-grown In0.26Ga0.74N NWs. (e) EFS - EVS for different Mg-doped In0.26Ga0.74N NW

samples derived from angle resolved X-ray photoelectron spectroscopy (ARXPS) valence spectrum as shown in the insets. (f) H2 evolution rate of overall water splitting under

different Mg doping. (g) Flat-band diagram of the GaN/In0.20Ga0.80N nanowire heterostructure. Reproduced with permission [81]. Copyright 2015, Nature Publishing Group.

Co3O4 surfaces, the stability of the photocatalyst and the lifetime

of the artificial photosynthetic system are improved [86]. The wa-

ter splitting reaction under the cocatalysts of Co3O4 and Rh/Cr2O3

exhibits significantly higher evolution rates of H2 and O2 compared

to single Rh/Cr2O3, and the ratio of H2 and O2 evolution rates re-

mains at about 2:1 [87–89]. The STH conversion efficiency of over-

all pure water splitting obtained by solar hydrogen production for-

mula under the action of double cocatalyst is ∼2.7%. The apparent

quantum efficiency (AQE) of nanowires loaded with double cocat-

alyst is increased to ∼37% in the wavelength range of 200–490nm

under the full arc illumination of AM1.5G filter [90]. The corre-

sponding energy conversion efficiency (ECE) is ∼14%, as shown in

Fig. 5c. It can be seen from Fig. 5d, after 584 h of pure water split-

ting reaction, the evolution rates of H2 and O2 did not decrease

significantly with the increase of reaction time [91]. It is not diffi-

cult to conclude that GaN NWs photocatalyst modified with double

cocatalysts have high activity and long-term stability for its indus-

trial application.

3.2.4. Optimizing the temperature

The performance of GaN NWs photocatalyst can be impacted

by temperature, therefore a specific and appropriate temperature

is necessary for the optimal operation of GaN NWs photocatalytic

system [92–94]. In photocatalytic OWS, the hydrogen and oxygen

evolution reaction usually compete with the hydrogen–oxygen re-

combination, but hydrogen–oxygen recombination is a decisive fac-

tor affecting the maximum STH efficiency [95–97]. Generally, in-

creasing the reaction temperature promotes the rate of catalytic

reaction, whereas the hydroxide–oxygen recombination reaction

is also enhanced with the temperature elevation. Zhou et al. de-

signed a temperature-dependent experiment and achieved a 9.2%

of STH efficiency, which is the highest value ever reported for GaN

NWs photocatalytic overall pure water splitting [65]. The designed

temperature-controlled photocatalytic system and its schematic il-

lustration are shown in Figs. 6a and b. A 300W Xe lamp with

an AM1.5G filter is mounted on a Pyrex chamber with deion-

ized water. The chamber is pumped to vacuum, and temperature-

controlled photocatalysis is performed using a bilayer chamber

with circulating water provided by a PolyScience 7L heating cir-

culator to control the temperature of the reaction chamber. Overall

pure water splitting is achieved using polymerized simulated sun-

light at different temperatures from 30 °C to 80 °C. As shown in Fig.

6c, obviously, the STH efficiency of GaN/InGaN NWs modified with

Rh/Cr2O3 and Co3O4 shows a significant dependence on tempera-

ture. From 30 °C to 70 °C, the STH efficiency increases significantly

as the temperature rises, reaching a maximum at 70 °C. However,

5
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Fig. 5. (a) SEM image of GaN/InGaN nanowire arrays on a Si wafer. Scale bar,

500nm. High-resolution transmission electron microscopy (HRSTEM) image from a

InGaN/GaN interface. Scale bar, 5 nm. (b) TEM image of GaN/InGaN nanowire mod-

ified with Rh/Cr2O3 and Co3O4. Scale bar, 20nm. The inset shows Scanning trans-

mission electron microscopy bright field (STEM-BF) and Scanning transmission elec-

tron microscopy high-angle annular dark field (STEM-HAADF) images of Rh/Cr2O3

(scale bars, 5 nm) and Co3O4 nanostructures (scale bar, 5 nm and 2nm). (c) Evo-

lution rates of H2 and O2 in pure water splitting on single- and dual-cocatalyst

loading GaN/InGaN NWs. (d) Average evolution rate of H2 and O2 from each cycle

during a long-term repeated course of water splitting under concentrated sunlight.

Reproduced with permission [85]. Copyright 2018, American Chemical Society.

when the temperature is further increased to 80 °C, the STH effi-

ciency decreases. This suggests that an appropriate temperature is

an important factor in determining the STH efficiency of photocat-

alytic OWS on InGaN/GaN NWs.

Then, temperature-dependent hydrogen–oxygen recombination

effects on InGaN/GaN nanowires are observed. As indicated in Fig.

6d, hydrogen and oxygen are generated under same light condi-

tions at varying temperatures. Upon removal of the light source,

the amount of hydrogen and oxygen gradually decrease in a 1:2

ratio with time, providing direct evidence of hydrogen-oxygen re-

combination. Finally, they reach a temperature-dependent equilib-

rium value. This equilibrium content first increases with temper-

ature and reaches its highest value at 70 °C. However, hydrogen-

oxygen recombination increases sharply at 80 °C. The results show

that 70 °C favors the inhibition of the hydrogen-oxygen recombi-

nation reaction while the hydrogen–oxygen recombination is en-

hanced as the temperature reaches 80 °C.
To further investigate the mechanism of temperature-

dependent hydrogen–oxygen recombination at the atomic scale

[98], density flooding theory (DFT) calculations are also used to

simulate the reaction path on the cocatalyst. As shown in Fig. 6e,

the energy barrier [99–101] of hydrogen–oxygen recombination on

Rh is much lower than that of Cr2O3/Co3O4, so Rh is the main

hydrogen-oxygen recombination center. And the hydrogen-oxygen

recombination process on Rh is mostly exothermic, so increasing

the temperature in a certain range can suppress the hydrogen–

oxygen recombination. But the hydrogen–oxygen recombination

will dominate when the temperature is further increased to 80 °C
which further demonstrates that 70 °C is the best temperature to

suppress hydrogen–oxygen recombination on InGaN/GaN NWs.

To conclude, this study has shown that the optimum reaction

temperature for the GaN-based photocatalyst system is 70 °C. For

practical use in industrial applications, this temperature shows

potential as a reaction temperature of GaN NWs photocatalytic

system.

4. Industry-friendly GaN-based photocatalyst system

Based on the above strategies, it is possible to enhance the effi-

ciency of GaN NWs photocatalyst for water splitting. Then, for the

industrial-friendly application of GaN NWs photocatalyst system,

we discuss in detail some essential conditions for advancing the

industrialization. Ultimately, GaN NWs photocatalyst system holds

potential as candidate for large-scale industry-friendly hydrogen

production from splitting seawater [85,102–104].

4.1. Low costs of origin materials

The GaN NWs photocatalyst device consists essentially of sili-

con wafer and Ga(In)N nanowires, therefore, the expense of this

device is determined primarily by the costs of nitrogen, gallium,

and silicon wafers. Notably, the production of silicon wafers ex-

ceeds 6.5 million square meters per year, which largely contributes

to the consumption of the electronics market. GaN is the second

most heavily invested semiconductor material after silicon and has

widespread application in industry [105], with a market capitaliza-

tion exceeding $100 billion. The world possesses abundant reserves

of silicon, indium and gallium, which dictates their comparatively

low price. Due to the 25% indium content in Ga(In)N on commonly

utilized silicon wafers within the industry, sunlight absorption is

significantly enhanced. Accordingly, Ga(In)N on silicon wafers is an

optimal choice for the device to efficiently produce hydrogen via

direct pure water splitting under sunlight [106].

4.2. High resistance on light intensity

The semiconductor with photocatalytic ability, which is com-

monly used, is not stable under light and the occurrence of

corrosion phenomenon varies. Injecting gas phase oxygen into

the solution further confirmed that semiconductor particles ab-

sorb a large amount of oxygen under light, leading to the ox-

idation of the semiconductor material. The structure of GaN-

based nanowire semiconductors grown on silicon substrates us-

ing MBE surprisingly reduces oxygen absorption, efficiently deter-

ring photocorrosion [107–109]. In addition, the light intensity of 38

suns (3800mW/cm2) is the maximum light intensity that can be

achieved in indoor tests so far, and is also the highest light inten-

sity reported in indoor photocatalytic water splitting [110]. Exper-

iments have shown that STH varied little over a range of light in-

tensities of 13 to 38 suns, indicating that the light intensity of con-

centrated sunlight has a little effect on the performance of GaN-

based photocatalyst. This further proves that GaN NWs photocata-

lyst has high resistance on light intensity.

4.3. Long-term stability

In the field of photocatalytic hydrogen production, the search

for a catalyst with long-term stability is of critical importance.

Traditional photocatalytic systems are often plagued by stability,

whereas GaN NWs photocatalyst exhibit excellent stability [85,111].

As evidenced by experimental reports demonstrating their abil-

ity to sustain hydrogen production for nearly 600h. Throughout

extended hydrogen production periods, the appearance of GaN

nanowire remained unchanged, and, critically, its performance did

not diminish, maintaining high efficiency in hydrogen production.

The long-term stability and high performance of GaN NWs photo-

catalysts lay the groundwork for their industrial application.
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Fig. 6. (a) Temperature-controllable photocatalytic OWS system. (b) Schematic illustration of the temperature-controllable photocatalytic OWS system. (c) Temperature-

dependent STH efficiency of the GaN/InGaN NWs modified with Rh/Cr2O3 and Co3O4. (d) Temperature-dependent hydrogen–oxygen recombination reaction. (e) Free-energy

profile of hydrogen–oxygen recombination on the cocatalyst Co3O4, Rh and Cr2O3. Reproduced with permission [65]. Copyright 2023, Nature Publishing Group.

4.4. Overall seawater splitting

In most of this literature, pure water has been used to produce

hydrogen. Due to population growth, rapid urbanization, and in-

dustrialization, the demand for pure water is on the rise. Unfortu-

nately, sources of pure water on earth are extremely limited. The

production of pure water hydrogen consumes precious resources,

and the cost of seawater desalination is prohibitive [112]. There-

fore, splitting seawater has the potential to become the ideal ap-

proach for hydrogen production [113]. However, the complexities of

the substances found in seawater, alongside the presence of impu-

rities and variations in pH, can have a significant impact on both

the stability and effectiveness of photocatalytic hydrogen produc-

tion. For this reason, it is crucial to conduct extensive research

into the intricate ways in which these factors influence the pro-

cess [114].

The mechanism of photocatalytic seawater decomposition in-

volves several steps. First, the p-GaN nanowire array absorbs sun-

light and generates electron–hole pairs. The photogenerated elec-

trons are then transferred to the conduction band of the nanowire,

while the photogenerated holes remain in the valence band. In the

presence of seawater, the photogenerated holes can oxidize both

H2O and Cl− present in the solution [115]. The oxidation of H2O

leads to the production of O2, while the oxidation of Cl− can re-

sult in the formation of Cl2, HClO, or ClO−. The photogenerated

electrons in the conduction band can reduce protons (H+) from

water, leading to the production of H2. This reduction reaction oc-

curs at the surface of the p-GaN nanowire [116]. Overall, the pho-

tocatalytic seawater splitting process involves the simultaneous ox-

idation of water and chloride ions and the reduction of protons

to produce O2 and H2, respectively. The reaction formulas are fol-

lowed by [117]:

Cl2 +H2O→H+ +Cl− +HClO (1)

2HClO→2H+ +2Cl− +O2 (2)

Guan et al. proposed a method to use p-GaN-based nanowire

arrays to split seawater into hydrogen and oxygen without any

impressed voltage or sacrificial agent [117]. The effect of seawa-

ter complexes and pH on catalytic hydrogen production is also in-

vestigated. Natural seawater typically contains numerous ions, with

NaCl being the primary component of interest, and the influence of

Cl− on hydrogen production efficiency is carefully examined. Fur-

thermore, aside from monitoring seawater elements, research has

also been conducted regarding the impact of water pH on the evo-

lution of hydrogen generation during the water splitting [118].

After the oxidation of Cl−, additional H+ and O2 can be pro-

duced, increasing the hydrogen/oxygen production of seawater

splitting [119]. Hydrogen evolution of NaCl aqueous solutions has

been significantly enhanced (Fig. 7a). Compared with pure water,

the hydrogen production efficiency of NaCl aqueous solutions with

neutral pH is higher, as shown in Fig. 7b, which is in accordance

with the result of NaCl industrial electrolysis. It can be seen from

Fig. 7c that pure water splitting got better performance at pH ∼5,
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Fig. 7. (a) H2 evolution rate from aqueous solutions of different NaCl concentrations. (b) H2 evolution rate from NaCl aqueous solutions of different pH. (c) H2 evolution

rate from pure water of different pH. (d) H2 evolution rate in pure water and in 0.5mol/L NaCl aqueous solution under illumination equipped with a AM1.5G filter with

(w.) and without (w.o.) the water oxidation cobalt oxide cocatalyst. (e) Time course of H2 and O2 evolution of GaN/InGaN NWs from a 0.5mol/L NaCl aqueous solution

under illumination equipped with an AM1.5G filter. (f) H2 evolution rates of different aqueous solution under illumination equipped with a AM1.5G filter. Reproduced with

permission [117]. Copyright 2018, American Chemical Society.

which is similar to the conclusion reported by Domen et al. under

alkaline conditions, N3− ions are easily oxidized and consumes on

the surface of the photocatalyst, resulting in low photoactivity.

Then p-InGaN segments were inserted into GaN nanowire to

improve the light absorption range. Hydrogen evolution rate of

pure water splitting is significantly enhanced by loading cobalt

oxide cocatalyst and the rate of simulated seawater is about 27%

higher than that of pure water splitting (Fig. 7d). Fig. 7e shows the

stability of InGaN/GaN photocatalyst in simulated seawater split-

ting. As shown in Fig. 7f, the hydrogen evolution rate of natural

seawater has slightly diminished compared to simulated seawater

due to the complex mineral composition and alkaline conditions.

The inorganic ions present in natural seawater interact with pho-

togenerated electrons on photocatalyst and subsequently impede

its effectiveness [120]. When compared to pure water splitting, the

hydrogen evolution performance of seawater is still improved due

to the beneficial intermediate process of chlorine oxidation reac-

tion, while minerals do not significantly interfere with catalytic

activity [121]. The solar-powered seawater splitting on GaN-based

nanowire arrays is highly efficient, stable, and occurs without ex-

ternal assistance, realizing the long-awaited potential of generating

limitless clean and sustainable energy from the sun and seawater

[122,123].

5. Conclusion and outlooks

Various advanced strategies have been reported to improve the

efficiency of pure water splitting by wafer-level GaN NWs photo-

catalysts. The GaN NWs system is more stable, efficient, and re-

sistant to light intensity than other photocatalytic systems, and in

terms of its raw materials, it also has lower costs. More impor-

tantly, this system can split seawater for hydrogen production. All

these characteristics make it a potential candidate for a large-scale

industrial-friendly approach to seawater splitting for hydrogen pro-

duction.

Great progress having been achieved in GaN NWs photocata-

lyst system, there remain various challenges in industrial appli-

cations. First, the STH efficiency of photocatalytic overall water

splitting for hydrogen production has not yet met the standards

for large-scale industrial application. Only when the STH efficiency

of photocatalytic hydrogen production from overall water split-

ting reaches 10% can it be applied industrially. Despite reports of

achieving over 9% STH efficiency in photocatalysis, it necessitates

an intricately designed system to regulate the optimal reaction

temperature for water splitting. Second, the influence of impuri-

ties in real seawater on the overall seawater splitting efficiency

of the photocatalytic system and the stability of the photocata-

lyst in real seawater are still uncertain. Finally, whether wafer-level

GaN nanowires photocatalyst can be produced on a large-scale and

how to achieve this remain practical challenges that need to be

addressed.

In future work, the synergistic integration of optimal reaction

temperature strategies with additional methodologies, such as p-

type metal Mg doping for near-surface band structure modulation

of GaN nanowires and varying indium compositions for the fab-

rication of quadruple-band GaN nanowires, holds the potential to

further elevate STH efficiency to meet the requirements for large-

scale industrial applications. The impact of impurities, suspended

solids, and microorganisms present in seawater on photocatalysts

need to be taken into account and examined. If it is possible that

deposition of seawater desalination materials on substrates enables

simultaneous hydrogen production from water splitting and wa-

ter purification, this would be a significant advancement. Presently,

the GaN nanowire system photocatalytic water splitting for hydro-

gen production is still in the laboratory-scale stage, with a long

way to go before achieving large-scale implementation. A 100-m2-

scale photocatalytic hydrogen production system has been assem-

bled from small photocatalyst sheet reactor units, utilizing SrTiO3

photocatalyst, achieving a STH conversion efficiency of 1%, as re-

ported. Large-scale reactors have not been developed in the GaN

nanowire system as like as in SrTiO3 system yet. In the future, it is

entirely possible to construct large-scale hydrogen production re-

actor using wafer-level GaN nanowire photocatalyst system. It is

predicted that in the near future, photocatalytic seawater splitting

for producing hydrogen will offer promising prospects for clean en-

ergy worldwide.
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