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a b s t r a c t

High-efficiency hydrogen production through photoelectrochemical (PEC) water splitting has emerged as

a promising solution to address current global energy challenges. III-nitride semiconductor photoelec-

trodes with nanostructures have demonstrated great potential in the near future due to their high light

absorption, tunable direct band gap, and strong physicochemical stability. However, several issues, includ-

ing surface trapping centers, surface Fermi level pinning, and surface band bending, need to be addressed.

In this work, enhanced photovoltaic properties have been achieved using gallium nitride (GaN) nanowires

(NWs) photoelectrodes by adopting an alkaline solution surface treatment method to reduce the surface

states. It was found that surface oxides on NWs can be removed by an alkaline solution treatment with-

out changing the surface morphology through X-ray photoelectron spectroscopy (XPS), scanning electron

microscopy (SEM) and other characterization methods. These findings provide new insights to the devel-

opment of high-efficiency photoelectrodes for new energy source applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solar energy and water are earth-abundant and sustainable

sources for human beings. Facing the rising demand for energy,

the utilization of photoelectrochemical (PEC) water splitting, which

converts solar energy into hydrogen energy, is a promising ap-

proach to alleviate current energy issues [1–11]. Several indi-

vidual enhancement strategies have been investigated to achieve

high solar-to-hydrogen conversion (STH) efficiency, including plas-

mon enhancement [12–14], co-catalysts modification [15–18],

nanostructures [10,19–22]. Among these approaches, nanostruc-

tured photoelectrode is a promising approach due to its advan-

tages such as higher specific surface area, enhanced light absorp-

tion, and faster carrier separation [22–28]. In addition, the con-

duction band minimum (CBM) and valence band maximum (VBM)

of GaN can span the redox potential of water, making III-nitride

nanostructure a promising candidate for PEC water splitting [27–

35]. However, the presence of unavoidable surface states on GaN

nanowires (NWs) acts as carrier recombination centers, induc-

ing both surface Fermi level pinning and surface energy band

bending [23–25,35–39]. Particularly, the naturally oxidized gallium
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oxide (GaOX) formed on the GaN NWs surface would act as a

carrier trapping center, preventing the transfer of photogenerated

holes from the NWs to the electrolyte. The presence of carrier

traps on the NWs surface will introduce upward band bending, re-

ducing the extraction probability of photogenerated carriers to the

electrolyte and thus impair the PEC water splitting performance.

It makes NWs subject to photo-corrosion with low chemical and

structural stability, limiting the applications of NWs in PEC.

To overcome the effect of the surface states in PEC, many sur-

face treatment methods have been investigated [21,28,35,38,40–

53]. The Boon S Ooi group conducted a surface treatment on Pt-

decorated GaN NWs photoelectrodes by organic thiol compounds.

This method resulted in an enhanced photocurrent intensity of ap-

proximately −31mA/cm2 at a potential of −0.2V versus the re-

versible hydrogen electrode (vs. RHE) when using 1mol/L H2SO4

as the electrolyte [40]. Son et al. fabricated a nano-porous GaN

structure through hydrochloric acid (HCl) solution treatment for

water splitting. Compared with the planar GaN, nano-porous GaN

showed a four-fold enhancement, which can be attributed to the

surface chemical bonds and band reconstruction [41]. One of the

most popular surface treatment methods is wet etching using

potassium hydroxide (KOH) alkaline solution to improve the sur-

face quality of the photoelectrode by reducing defect density. Lee

https://doi.org/10.1016/j.cclet.2023.109168

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



W. Chen, J. Du, H. Zhang et al. Chinese Chemical Letters 35 (2024) 109168

Fig. 1. (A) Schematic of GaN NWs grown on sapphire substrate, SEM images of GaN

NWs before (B) and after (C) surface treatment, respectively. Scale bar in (B) and (C)

are 1μm.

et al. studied the effect of KOH alkaline solution surface treatment

on the formation of ohmic contact on p-type GaN (p-GaN). The

contact resistivity decreased from 2.9×10−1 � cm2 to 7.1×10−3 �

cm2 after the surface treatment, indicating that KOH alkaline solu-

tion surface treatment can remove surface oxides effectively [42].

After comparing the results of p-GaN surface treatment with HCl

solution and KOH solution, Sun et al. found that the surface Fermi

level is closer to the valence band edge with a smaller surface bar-

rier height after KOH alkaline solution surface treatment, leading

to lower contact resistivity [43]. KOH alkaline solution can also ef-

fectively remove C and Cl contaminants from the Ga-polar surface

and the oxides on the surface of Ga-polar GaN. However, the is-

sue regarding the effect of alkaline solution surface treatment on

p-n junction needs to be addressed without the use of extra co-

catalysts and additional processes.

In this study, the performance of p-n GaN NWs was signifi-

cantly enhanced by surface treatment using a 2mol/L KOH alkaline

solution, which reduced the presence of native oxides and dangling

bonds on the surface. The GaN NWs sample after surface treat-

ment (denoted as treated-NWs) exhibited an enhanced photocur-

rent (Jph) of approximately 10 μA/cm2 as well as a decreased leak-

age current, compared to the reference GaN NWs samples (denoted

as untreated-NWs). Solid experimental evidence was provided by

XPS fitting results, which demonstrated a reduction in oxide bonds

on the GaN NWs surface after surface treatment. In addition, the

time-resolved photoluminescence (TRPL) spectra showed a signif-

icant increase in carrier lifetime, indicating a reduction in non-

radiative recombination centers. The results demonstrate the sig-

nificance of optimized surface treatment, which can pave the way

for the development of photoelectrodes in PEC water splitting.

A schematic diagram of the as-grown GaN-based photoanode is

shown in Fig. 1A. The GaN NWs grown on sapphire substrate by

metal organic chemical vapor deposition (MOCVD). The photoan-

ode is composed of layers arranged from bottom to top, including a

2.5 μm thick Si-doped n-type GaN layer, a 200nm thick GaN/InGaN

multiple quantum wells (MQWs) absorption layer and a 400nm

thick Mg-doped p-type GaN layer. The MQWs consist of 15 periods

of InGaN/GaN as a light absorbing layer. The indium incorporation

in the wells was set to be approximately 0.2. The GaN-based epi–

wafers were cleaned by ultrasonic cleaning with acetone, ethanol,

and deionized water for 10min to remove the grease and impuri-

ties on the surface. Afterwards, the GaN NWs were fabricated us-

ing the soft ultraviolet (UV) curing nanoimprint lithography (NRL)

technique, followed by inductively coupled plasma (ICP) dry etch-

ing using a nickel mask. As shown in Fig. 1B, the length of the

NWs was controlled to approximately 1.3 μm for the exposed n-

GaN region, the radius and period of the NWs were designed to

Fig. 2. I-t curves of the untreated-NWs (blue curve) and the treated-NWs (red

curve) under the incident light with wavelength of 428nm and power of 1mW/cm2

driven by the external bias voltage of (A) 0V, (B) 0.2V, (C) 0.4V, (D) 0.6V.

be 300 and 600nm, respectively. To minimize the surface damage

and defects generated during the ICP etching process, surface treat-

ments involving the utilization of hot potassium hydroxide (KOH)

were conducted. The sample was immersed in a 2mol/L KOH al-

kaline solution in water baths at a temperature of 60 °C for 4min.

Figs. 1B and C present scanning electron microscopy (SEM) images

of the untreated-NWs and the treated-NWs photoanode samples,

respectively. The images reveal a uniform cylindrical shape with

nearly vertical and smooth sidewalls after the alkaline solution sur-

face treatment. The smooth sidewalls contribute to the reduction

of recombination centers and resistance to surface corrosion.

To demonstrate the removal of chemisorbed molecules and the

passivation of dangling bonds on the GaN NWs surface by KOH

alkaline solution treatment, the PEC characteristics of both the

untreated-NWs and the treated-NWs were measured under inci-

dent light with a wavelength of 428nm and a power of 1mW/cm2.

The results are shown in Figs. 2A–D. An electrochemical cell with a

three-electrode system was used to investigate the PEC water split-

ting performance. The saturated Ag/AgCl and Pt mesh electrode

were used as the reference and counter electrode, respectively. The

conversion of potential from Ag/AgCl to RHE was computed using

Eq. 1:

ERHE(V) = EAg/AgCl + E0
Ag/AgCl + 0.059 × pH (1)

in which E0Ag/AgCl =0.197V. In all of the PEC water splitting

experiments, deionized water with a resistivity greater than

18.25 M�·cm was used as the electrolyte, with a pH value of ap-

proximately 7. The photogenerated electron-hole pairs are gener-

ated in the MQWs by absorbed incident light and then separated

into the n-GaN and p-GaN by a built-in electric field of the p-n

junction. Under the positive bias (defined by the current direction

from the counter electrode to the NWs sample), the photogener-

ated electrons drift to the counter electrode through the exter-

nal circuit and undergo redox reactions: 2H2O+2e−= 2OH−+ H2.

Meanwhile, the photogenerated holes move to p-GaN surface and

participate in the reaction: 4OH−+ 4h+= O2 +2H2O. Finally, the

photocurrent can be collected by the electrochemical workstation

while the OH− ions transport through the electrolyte to complete

the current circuit. The photocurrents of GaN-based PEC under dif-

ferent external bias potentials were measured to estimate the re-

dox performance of the samples. Here, the net photocurrent den-

sity (Jph) is defined as Jph = Jlight–Jdark, where Jlight and Jdark are the
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Fig. 3. (A) LSV images of the untreated-NWs (black curve) and the treated-NWs

(red curve) with the vertical axis representing the current density of net current Jph
under 1mW/cm2 illumination with wavelength of 428nm in the deionized water

(pH 7). (B) EIS measurements of the untreated-NWs (black dots) and the treated-

NWs (blue dots), the red curves represent the fitting curve.

Fig. 4. (A) Room-temperature PL spectra of the untreated-NWs (black curve) and

the treated-NWs (red curve). (B) TRPL carrier lifetime of the untreated-NWs (black

dots) and the treated-NWs (blue dots), where the fast and slow decay time con-

stants (τ 1 and τ 2) are shown in the figure.

current density under illumination and in the dark, respectively.

As shown in Figs. 2A–D, under the applied bias potentials of 0,

0.2, 0.4, and 0.6V, the net photocurrent Jph of the treated-NWs in-

creased from approximately 0.5, 0.6, 1.3, and 2.1 μA/cm² (for the

untreated-NWs) to approximately 5.3, 5.8, 8.0, and 11.1 μA/cm², re-
spectively. It is worth noting that the GaN-based PEC can operate

without external bias, demonstrating the potential for self-driven

device operation.

As shown in Fig. 3A, the photocurrent of the NWs samples was

measured by linear sweep voltammetry (LSV) under illuminated

conditions, with respect to the applied bias potentials ranging from

approximately −0.2∼2.6V vs. RHE. The photocurrent density was

increased after surface treatment, indicating improved carrier col-

lection at the counter electrode. Furthermore, with further increase

in the applied bias potential, a significant increase in photocur-

rent density can be observed in the treated-NWs samples, reaching

approximately 10 μA/cm2. This clearly demonstrates the enhance-

ment of PEC water splitting performance in the treated-NWs sam-

ples due to the surface treatment. As shown in Fig. 3B, electro-

chemical impedance spectroscopy (EIS) measurements were per-

formed on both the untreated-NWs and the treated-NWs. It is

widely accepted that the diameter of the Nyquist plot is a vital

value of the interface charge transfer resistance (Rct) between the

electrode and electrolyte [10,44]. Apparently, the diameter of the

treated-NWs sample is smaller than that of the untreated-NWs,

indicating a significant reduction in Rct due to surface treatment,

which facilitates carrier transport. Moreover, the Nyquist plots

were fitted using an equivalent circuit to investigate the change of

Rct (the inset of Fig. 3B), consisting of electrolyte resistance (R�),

electrochemical double layer capacitance (Cdl), Warburg impedance

(ZW) and Rct.

To understand the dominant mechanism of surface treat-

ment, the photoemission properties of the untreated-NWs and

the treated-NWs samples were investigated and are shown in Fig.

4A. The room-temperature photoluminescence (PL) spectra of the

Fig. 5. XPS spectra of (A) N 1s, (B) Ga 3d, (C) Ga 2p3/2 and (D) O 1s scans for

untreated-NWs and treated-NWs. Among them, Ga 2p3/2 spectra of the untreated-

NWs and the treated-NWs, which can be divided into three peaks A, B, and C, cor-

responding to Ga-N bond, Ga-OH species, and O-Ga-OH species, respectively. (D) O

1s can be divided into three peaks I, II, and III, corresponding to O2− bonding state,

oxygen in hydroxyl group, and O=C bonding state.

untreated-NWs and the treated-NWs samples show the band edge

position at 464.9 and 465.6 nm, respectively. The band edge emis-

sion intensity of the treated-NWs is five times stronger than that of

the untreated-NWs. Additionally, there are no significant changes

in the full-width at half maximum (FWHM) of the spectra. This

observation can be attributed to the passivation of nonradiative re-

combination centers, the presence of which would otherwise cap-

ture photogenerated carriers and thus limit the PEC water splitting

performance.

In addition, ultrafast laser spectroscopy was employed to an-

alyze the dynamics of photoexcited electron in the treated-NWs.

Fig. 4B illustrates the normalized time-resolved photoluminescence

(TRPL) spectra around the band edge position (465nm) for the

untreated-NWs and the treated-NWs samples. A gradual decay

curve, represented by the double exponential decay dashed line,

fits well with the TRPL spectra. The fast and slow decay time con-

stants (τ 1 and τ 2) of the untreated-NWs are estimated to be 1.62

and 1.12ns, respectively, while those of the treated-NWs are 8.24

and 5.65ns. The nonradiative recombination lifetime in the GaN

material is significantly shorter compared to the radiative recom-

bination lifetime. The observed slower decay of the treated-NWs

compared to the untreated-NWs provides solid evidence that sur-

face states can be effectively removed by alkaline solution surface

treatment, thus resulting in increased Jph, improved Von, and in-

creased PEC water splitting efficiency [40].

To investigate the changes in the chemical properties of GaN

NWs following surface treatment with an alkaline solution, X-ray

photoelectron spectroscopy (XPS) analysis was performed. Figs. 5A

and B showed the XPS scans of N 1s, Ga 3d of the untreated-NWs

and the treated-NWs, respectively. As shown in Fig. 5B, when the

KOH alkaline solution etch was carried out, the peak for Ga 3d

shifted to lower binding energy, related to a reduction in GaOx at

the surface. A similar peak shift was also observed for the Ga 2p

peak after treatment. The N 1s spectrum consists of the N signal

from GaN and the Ga Auger signal at the lower energy side. To

further investigate the effect of treatment on the NWs surface, the

XPS peaks of Ga 2p and O 1s were analyzed in detail.

In Fig. 5C, the XPS spectra of Ga 2p3/2 can be decomposed

into three peaks with peak positions of 1117±0.1 eV (peak A),
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Fig. 6. The constructed models of (A) GaN(11–20): Ga-O(I), (B) GaN(11–20): Ga-O(II) and (C) GaN(11–20): Ga-OH. Calculated DOS of the (D) GaN(11–20): Ga-O(I), (E) GaN(11–

20): Ga-O(II) and (F) GaN(11–20): Ga-OH.

1117.6±0.15 eV (peak B) and 1118.1±0.1 eV (peak C), corresponding

to Ga-N bond, Ga-OH species and O-Ga-OH species, respectively.

The shift of Ga 2p3/2 peak can be attributed to the increased peak

intensity of the Ga-OH species and O-Ga-OH species. After the hy-

droxyl groups attach to the GaN surface, the surrounding Ga atoms

are partially oxidized instead of forming random oxides. The Ga-

O/Ga-N ratio is equal to the ratio of oxygen to nitrogen on the sur-

face (O/N), which is improved after surface treatment.

To demonstrate the effectiveness of surface treatment in re-

moving surface oxides and dangling bonds, we performed a split-

peak fitting analysis of the O 1s core level energy spectra of the

untreated-NWs and the treated-GaN NWs samples (Fig. 5D). The

peaks corresponding to O-Ga in the O 1s spectra of GaN NWs

after the alkaline solution surface treatment are significantly re-

duced, which indicates that gallium oxide can be effectively re-

moved by the alkaline solution. The O 1s core level spectra can be

decomposed into three peaks with peak positions of 531.2±0.1 eV

(peak I), 532.0±0.15 eV (peak II) and 532.6±0.15 eV (peak III), cor-

responding to the O2− bonded state, oxygen in the hydroxyl group

and O=C bonded state on the GaN surface. Comparing the hydroxyl

peaks of the untreated-NWs and the treated-NWs, the proportion

of hydroxyl groups increases significantly after surface treatment.

In addition, the oxygen in the O=C bonded state is significantly

reduced as well. It proves that the carbon on GaN surface can be

effectively removed by the alkaline solution.

To further study the influences of the KOH alkaline solution

treatment on the electronic structure of the NWs, theoretical in-

vestigations based on density functional theory (DFT) calculations

were carried out. As shown in Figs. 6A–C, three models were con-

sidered, where an oxygen atom substitutes different positions of

nitrogen atoms on GaN(11–20) surface (Figs. 6A and B), and a hy-

droxyl group is adsorbed on GaN(11–20) surface (Fig. 6C). These

models are denoted as GaN(11–20): Ga-O(I), GaN(11–20): Ga-O(II),

and GaN(11–20): Ga-OH, respectively. Based on these three models,

the density of states (DOS) calculations were conducted to study

the electronic structures (Figs. 6D–F). As shown in Figs. 6D and E,

the presence of Ga-O bonds on the NWs surface causes the Fermi

level to shift upward into the conduction band, resulting in the

NWs surface exhibiting a metallic-like property. This property can

be simply understood as n-type doping, where the O atom has one

more electron than the N atom it replaces. From the DOS plots,

it can be inferred that there is a downward band bending, which

hinders the migration of holes from the NWs surface to the elec-

trolyte. However, as shown in Fig. 6F, after the surface treatment

with alkaline solution, the Ga-O bonds on the surface break and

form Ga-OH bonds. This leads to the downward shift of the sur-

face Fermi level, which indicates a upward band bending and a

unpinned surface Fermi level. This is beneficial for the migration

of photogenerated holes to the electrolyte, enhancing the charge

carrier separation and ultimately improving the PEC performance

of the NWs.

In summary, we have demonstrated a significantly enhance-

ment in the PEC performance of the GaN NWs photoanodes by

surface treatment. Compared with the GaN NWs reference sample,

the GaN NWs with alkaline solution surface passivation show en-

hanced Jph, reaching a maximum of approximately 10 μA/cm2. The

enhancement is mainly attributed to the following factors: (i) im-

proved separation of charge carriers by optimizing flat band and

band edge potential; and (ii) enhanced carrier lifetime by sup-

pressing -O bonds on the NWs surface. It has been proven that

surface treatment is a vital step toward an improved photoelec-

trode for PEC water splitting applications.
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