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Large-scale, triangular pore arrays on GaP were successfully prepared via a simple and

high-efficient approach of electrochemical etching under high field. The obtained ordered

porous GaP exhibited high performance in the photoelectrochemical (PEC) properties

compared with bulk GaP. The photocurrent of the porous GaP exceeded one order of

magnitude higher than that of bulk material under 0.1 V compared to the reversible

hydrogen electrode (RHE), which indicated the porous structure could enhance photo-

response and facilitate the separation of photo-induced carrier charges and their collec-

tion. The structure of triangular pore arrays cooperated with its depth determined the PEC

performance of GaP. The optimal etching depth was obtained via testing the PEC perfor-

mance. The hydrogen production from bulk GaP and its porous structure material were

also tested from water splitting. Upon the porous structure, significantly enhanced

hydrogen production has also been observed, which indicated that the porous GaP should

have important potential in photocatalytic water splitting.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Energy harvested from sunlight offers a reliable approach to

solve the energy crisis. As the largest renewable energy

source, the solar energy would provide a great possibility to

solve the terawatt energy challenge. However, the sunlight is

daily and seasonal variability in nature. In order to obtain a

stable, constant energy flux, solar energy should be converted

into chemical energy that can be efficiently used, stored, and

transported upon the demand. An attractive approach is
02791.
. Zheng).

22
gy Publications, LLC. Publ
converting solar energy into high-energy chemical bonds,

such as splitting water into hydrogen by sunlight [1e4].

Theoretically, the efficiency of a single band gap system could

reach up to 17%, which was assumed a 0.8 V overpotential [5].

A higher theoretical efficiency has been predicted when two

semiconductors are coupled as the photoanode and photo-

cathode to minic natural photosynthesis [5,6].

The free energy change for the conversion of H2O molec-

ulars to H2 and O2 is 237.2 kJ/mol. According to the Nernst

equation, it corresponds to dE ¼ 1.23 V per electron trans-

ferred. Therefore, the theoretical minimum band gap for the
ished by Elsevier Ltd. All rights reserved.
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water splitting is 1.23 eV [1e4]. Compared to other available

semiconductors, GaP is a promising photoelectrode material

for the water splitting since its conduction band edge is higher

than the redox potential of Hþ/H2 [7e10]. However, the short

carrier diffusion length in GaP leads to excessive minority

carrier recombination, which limits the utilization of GaP as a

photoelectrode. In order to solve this problem, several groups

investigated nonplanar semiconductor heterojunction

[11e16]. Moreover, much interest has been focus on the uti-

lization of nanoarchitecture to solve this issue [17e19]. It has

been reported that the photogenerated charge collection effi-

ciencies of GaP photoelectrodes can be improved by adjusting

the nonplanar photoelectrode containing nanowire, macro-

pore, etc. [6,9,16]. Although the preparation of porous GaP has

been studied extensively [20e27], the application of porous

GaP onwater splitting is scarce. Price et al. pointed out that the

macroporous n-type GaP photoelectrodes could support both

large photovoltages and photocurrents [16].

In this report, high-field electrochemical etching (i.e. high

current density, 1400 mA cm�2) has been used to obtain

porous GaP with regular triangular pores in our system.

Through the photoelectrochemical test, including photo-

voltage, photocurrent and IeV curves, one can find that the

porous structure obviously improves the photo-

electrochemical performance, in comparison with the bulk

GaP. In addition, the porous GaP is much more productive

than bulk GaP for the light-induced water splitting process.
Experimental sections

Preparation of ordered porous GaP and characterization

Single crystalline n-GaP (111) wafer (300 mm thick) doped with

sulfur at concentration of 4 � 1017 cm�3 was obtained from

GRIM Electro-optic Materials Co., Ltd. Wafer was cut into

8 mm � 8 mm and degreased by successively sonicating in

acetone and ethanol. And then they were rinsed with the

deionized water and dried in a nitrogen stream. Indium films

were deposited on the sample back surface by direct current

magnetron sputtering for Ohmic contacts. Then high purity

silver paint was smeared on the In films in order to establish

an electric contact with a copper plate. The copper plate

except the samplewas paintedwith inert epoxy to ensure only

the sample contact with the electrolyte. Then the copper plate

with the sample was pressed in an O-ring of an electro-

chemical cell leaving the sample exposed to the electrolyte. A

two-electrode set-up was used for electrochemical etching.

The sample was used as the working electrode. The counter

electrode was graphite electrode. Etching of planar GaP was

performed in a mixture solution of 0.5 M HBr and 0.309 M

oxalic acid. Prior to etching, the solution was put into water

bath under 4 �C for 30 min. In order to explore the optimiza-

tion of the depth of the porous structure, the etching was

performed galvanostatically at 0.9 A for 15 s, 30 s, 45 s, and

60 s, with vigorous stirring.

The etched GaP samples exhibited dark yellow and there

was a compact irregular layer on the surfaces of them. The

next step was to remove the irregular layer. The etched GaP

samples were immersed in aqua regia (3:1 HCl/HNO3 by
volume) for 180 s. As a result, the porous GaP samples

were obtained and appeared bright yellow. Scanning elec-

tron microscopic analysis of these materials was conducted

with an FEI Sirion 200 scanning electron microscope (SEM).

The crystal structure and phase of the samples before and

after etching were determined by X-ray diffraction (XRD: D8

ADVANCE X-ray diffractometer, Bruker, Germany) with

Cu Ka radiation (1.54 Å). The reflectance spectrum of

porous GaP was measured by using a Lambda 750S

spectrometer (PerkineElmer) consisting of a deuterium and

tungsten-halogen lamp, photomultiplier, and integrating

sphere with 60 mm. The samples were placed at the end of

the sphere at normal incidence. The reflection measure-

ments on the triangular pore arrays are normalized by the

reflection of the bulk GaP to obtain the relative reflectance of

the porous GaP.

Photoelectrochemical tests

Photoelectrochemical analyses under white light illumina-

tion were conducted using an online acquisition system.

Photovoltage measurements of bulk GaP and porous GaP

electrodes were performed using a three-electrode

configuration, with GaP materials as the working electrode,

platinum gauze as the counter electrode, and saturated Ag/

AgCl as the reference electrode. A mixture solution of 0.35 M

Na2S and 0.25 M Na2SO3 was used as the electrolyte, and it

played a role of the photo-induced hole scavenger and its

pH was 13.35. An electrochemical workstation (PARSTAT

4000) instrument was used to measure open-circuit photo-

voltage characteristics of the electrode. The illuminated area

of the working electrode was 0.64 cm2. A 300 W Xe lamp

(SOLARDGE 700, Beijing Perfectlight Technology Co. Ltd,

China) was used as the light source. The power intensity of

the light was 400 mW cm�2, which was measured by Solar

Simulator Spectroradiometer (LS-100, EKO Instruments Co.,

Ltd, Japan).

The chronoamperometry measurement of Iet photo-

response was evaluated under the same illumination at an

applied potential of 0.1 V contrast to the RHE. The cur-

rentevoltage (IeV curves) was also obtained to indicate the

characteristics of the electrode with a scan rate of 0.1 V/s. The

measured potentials versus the Ag/AgCl reference electrode

were converted to the RHE scale through the following

calculation ERHE¼ EAg/AgClþ 0.059pHþ E0Ag/AgCl [28], E
0
Ag/AgCl is

the standard potential of Ag/AgCl at 25 �C (0.1976 V). For

incident photon to current efficiency (IPCE) measurement, the

monochromatic irradiation from a Xe lamp equipped with

bandpass filters (central wavelengths: 450 nm and 550 nm),

and the photocurrent was recorded at a constant bias 0.1 V vs.

RHE.

The apparatus for water splitting was a gas-closed circu-

lation system (Beijing Perfectlight Technology Co. Ltd,

LabSolar-IIIAG) including a vacuum line and a reaction cell

with a topwindow Pyrex cell and this system connectwith the

gas chromatograph (GC). The amount of evolved H2 was

analysed at the online gas chromatograph (Shanghai Tech-

comp Scientific Instrument Co. Ltd., D7900P) included MS-5A

column and a thermal conductivity detector (TCD), and N2

was the carrier gas.
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http://dx.doi.org/10.1016/j.ijhydene.2014.05.022


Fig. 1 e Triangular porous arrays of GaP with different etching time. (a) SEM image of the porous structure under the etching

time 15 s. (b) The morphology of porous GaP with the etching time 30 s. The inset was its corresponding cross section. (c)

Under the etching time 45 s, the pore size was increasing over time. (d) The pore began to be destroyed under the etching

time 60 s.

Fig. 2 e The variation of pore size with etching time.
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Results and discussions

Themorphology of the porous GaP with different etching time

was shown in Fig. 1. When the etching time was 15 s, there

were lots of triangle pore arrays and the average pore size was

about 215 nm as illustrated in Fig. 1a. In Fig. 1b, large area

triangle pore arrays appeared and the average pore size was

about 300 nm. During the 30 s etching time, the depth of pores

can reach to 35 mm. The etching velocity is about 1.2 mm s�1.

The cross section of the triangular pores can be seen in the

inset of Fig. 1b. Under the etching time of 45 s and 60 s, the

morphology of porous GaP was given in Fig. 1c and d,

respectively. One can identify that the porous GaP own the

triangular pore and straight pores with regular distribution.

Thus, the large scale of ordered porous GaP has been

completed by high-efficient process under high field. In

addition, one can find that the average pore size will be larger

as the etching time increases. Fig. 2 showed the variation

between pore size and etching time. It is worth noting that

when the etching time exceeds 60 s, parts of the pore wall

began to vanish, namely, the triangular pore arrays have been

destroyed.

XRD patterns obtained from the GaP material before and

after etching (Fig. 3) matched that of zinc blend GaP (JCPDS

Card 32-0397). The position of each peak was the same for all

samples, indicating no change of lattice constant for the GaP

before and after etching.

The mechanism of the ordered porous GaP can be

explained based on the control of defect and crystal
orientation. During the electrochemical etching, an irregular

layer formed on the top of ordered porous arrays, which could

be contributed to the defect control. The further etching

originated from the initial pore and propagated in all direction

radially away from the primary surface imperfection

[20,29e31]. When the irregular layer was completed, the reg-

ular triangle began to form under the mutual effect of crystal

orientation and high current density. The sidewalls of ordered

porous GaP are parallel to the <111> crystal orientation. The

triangular symmetry suggested that the sidewall is (110) sur-

face, which is the most stable crystallographic plane in the

zinc blende structure. The stability of crystal orientation

http://dx.doi.org/10.1016/j.ijhydene.2014.05.022
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Fig. 3 e X-ray diffraction pattern for bulk GaP and porous GaP with different etching time. (a) The XRD pattern of porous GaP

with etching time 15 s. The inset corresponded to the XRD pattern of bulk GaP. (b), (c) and (d) were XRD patterns of porous

GaP with etching time of 30 s, 45 s, and 60 s, respectively.
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played an important role during the formation of pores. The

growth mechanism of porous structure was investigated in

view of crystal orientation [25,31e34]. The formation of

triangular pores has been studied by Müller et al in detail. For

the bulk GaP, the crystal planes (100) and (111), as there exist

dipole moments to be perpendicular the surfaces, are less

stable than the surface (110) [24]. Thus during the electro-

chemical etching, the (100) and (111) surfaces are easier to be

etched.

The photovoltage was measured as the difference of open-

circuit potential between dark and illumination. Fig. 4a

showed the open-circuit photovoltage of the porous GaP and

bulk GaP. On average, the photovoltage of ordered porous GaP

(140 mV) was twice as large as that of bulk GaP (70 mV), which

may be attributed to the decrease of carrier charge recombi-

nation or the geometry that significantly enhanced light ab-

sorption in the ordered porous structure because of the

photovoltage formed between the semiconductor/liquid

junction [1,6,35]. Fig. 4b showed the total reflectance spectra of

the ordered porous GaP compared with the bulk GaP material,

it can be seen that the porous GaP possessed more light ab-

sorption than the bulk material in the range of 300e500 nm,

which was mainly to absorb photon to promote the electron

from the valence band to conduction band. This further

confirmed the above speculation. Another noticeable feature

in Fig. 4b was that the 45 s etched sample possessed lower

reflectance than other time etched samples in 300e450 nm,

therefore it trapped much light absorption in this range.

Fig. 5 showed the energy band schematic of the contact

between the semiconductor and solution. When the contact

reached balance in the dark, qVb is the barrier height as shown

in Fig. 5b, which determines the theoretical limitation of the

photovoltage. Introducing the light in this system, the band
bending will vary along with the various concentrations of

electron and hole producing the corresponding Fermi level.

The difference between the Fermi level of dark and illumina-

tion determines the photovoltage. The light intensity will

affect the width of band bending to change the magnitude of

the photovoltage. The magnitude of photovoltage determines

the reactions of a PEC system and its analytical equation for

the photovoltage formed at the contact of semiconductor/

liquid is given by [15,16]

VOC ¼ n
kBT
q

ln

�
Jph
cJs

�
(1)

where n, kB and T are the diode quality factor, Boltzmann's
constant and temperature, respectively. Jph is the photocur-

rent density, which is produced under illumination. c repre-

sents the ratio of the actual area of junction to the geometric

surface of the electrode. JS is the saturation current density.

The open-circuit voltage will reduce along with increasing

the junction surface area of a semiconductor photoelectrode

through nano-structuring, which has been demonstrated.

However, this reduction can be compensated under the case

that much more light was absorbed [15,36]. Compared with

both photovoltage of the porous and planar electrode, there

was much higher photocurrent in the porous than the bulk

material, which indicated the effect of photocurrent is larger

than the impact of the c in the photovoltagemeasurement. As

for the ordered porous GaP, besides the enhanced light ab-

sorption, these could also be contributed that the porous

structure owned smaller depletion and larger band bending

than the bulk materials [35]. As the photovoltage is the po-

tential at which the net collected current is zero, the recom-

binationwill lower the photovoltage [37e42]. In contrast to the

bulk material, the porous structure can enhance the

http://dx.doi.org/10.1016/j.ijhydene.2014.05.022
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Fig. 4 e (a) Photoelectrochemical open-circuit photovoltage

of porous GaP and the corresponding bulk material. The

illumination was turned on and off with a period of 100 s.

(b) The relative reflectance spectrum of the porous GaP

compared with the bulk material. The inset was the

reflectance spectrum of the bulk GaP.

Fig. 5 e The formation process of the photovoltage between

semiconductor and electrolyte. (a) The energetic band

schematic before the contact. (b) The case of after contact,

but in the dark. (c) Under illumination, the band bending

decrease and the Fermi level moved to the flat-band

potential.
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photocarrier collection and reduce the carrier charge recom-

bination, which can also be demonstrated in the measure-

ment of photocurrent.

Fig. 6a showed the chronoamperometry measurement of

bulk GaP and porous GaP with different etching time under

0.1 V in contrast to VRHE. The bulk GaP was marked as 0 s. The

photocurrent density of the porous structure photoelectrode

was over one order of magnitude higher than that of the bulk

photoelectrode. This indicated that the porous GaP structure

is much more beneficial for the charge carrier transportation

than the bulk GaP. On one hand, a narrower band-bending

region represents a stronger electric field close to the inter-

face of semiconductor/liquid, producing higher charge sepa-

ration efficiency and photocurrent density. The photocurrent

of porous GaP would be improved with increasing the etching

time as shown in Fig. 6a about curves marked 0 s, 15 s, 30 s,

and 45 s. However, when the etching time was 60 s, there was

a reduction. Under the observation of SEM, it was found that

the partial walls of triangular pores etched with 60 s began to

vanish, which results in the formation of larger pores, and the

walls of pores were much thinner than the sample with

etching time 45 s. Fig. 6b showed the correlation of depth and
photoresponse with the etching time. One can find that the

optimal etching time is 45 s, which corresponds to the

maximum photocurrent, which demonstrates that the trian-

gular pore structures and etching depth both enhance the

photoresponse for indirect semiconductors [43]. In the bulk

photoelectrode, the thickness of the bulk material should be

large enough to ensure efficient light absorption. While the

minority carriers have to travel a long distance before reach-

ing the surface to complete the water oxidation, which results

in the low efficiency of the photoelectrode. In contrast, the

porous structure allows the light to be absorbed efficiently

http://dx.doi.org/10.1016/j.ijhydene.2014.05.022
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Fig. 6 e (a) Chronoamperometry measurement (at 0.1 V vs. RHE) of porous GaP and the bulk material. The illumination was

turned on and off with a period of 60 s. The inset was the corresponding photoresponse of bulk GaP. (b) The correlation of

photocurrent (blue) and pore depth (yellow) with different etching time. The photocurrent data was measured at 0.1 V

versus RHE. (c) Time courses for the photocurrent of porous GaP etched time with 45 s. (d) Linear scan voltammetry

measurements of porous GaP and the corresponding bulk GaP. All experiments were performedwith themixture electrolyte

solution of 0.25 M Na2SO3 and 0.35 M Na2S (pH [ 13.35). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 0 8 6 1e1 0 8 6 910866
along their entire length, while holes can diffuse to the surface

over a short distance along the pore path. Large surface area

and efficient carrier collection is promoted to complete the

water splitting. Therefore, the ability to decouple the light

absorption length from theminority carrier diffusion length in

porous structure makes it potentially more efficient. As a

result, the porous GaP photoelectrode can be provided with

high performance for photoelectrochemical water splitting. At

the same time, the stability of porous structure was also

illustrated in Fig. 6c, and the sample with etching time 45 s as

an instance. The measurement condition of stability is the

same as in the photocurrent measurement as shown in

Fig. 6a. There is no obvious decrease of photocurrent, which

indicates that the triangular pore arrays are stable in the PEC

system.

In PECwater splitting, thewater oxidation involving a four-

electron transfer is normally more challenging than water

reduction. The water oxidation performance of n-GaP under

light irradiation was exhibited via photocurrent in Fig. 6d. The

enhancement factor, which was defined as the photocurrent

density of porous GaP over that of the bulk GaP [44], was over

10 under the 0.1 V compared to the RHE. It was noted that the

enhancement factor was also exceeded 10 in range of �1.0 to

�0.5 V compared to the Ag/AgCl reference electrode, as shown

in Fig. 6d. In the bulk n-GaP, holes, as the minority carriers,

have to traverse a long distance before reaching the bulk
surface to finish water oxidation, and most carriers have

finished recombination during this process, which attributes

the low efficiency of the photoelectrode. In comparison, the

porous structure can capture the light to absorb efficiently

along their entire depth, and holes can be effectively to collect

over a short distance to promote water oxidation. Therefore,

the porous photoelectrode displayed a much higher PEC ac-

tivity than the bulk photoelectrode. Moreover, the onset po-

tential of porous GaP is averagely less 50 mV than the bulk

material as shown in Fig. 6d inset. The IeV characteristics of

porous GaP and bulk GaP electrode exhibited similar behavior

as shown in Fig. 6a. The PEC performance of GaP improved as

the etching time increased, and it reached the optimal ca-

pacity under the etching time of 45 s. In order to further prove

this, IPCE was given in Fig. 7. The result suggested that the

porous structure was more effectively in enhancing the effi-

ciency. Optimizing the structure of the porous GaP could

further improve the efficiency of the porous electrode.

The capability of the pore arrays on GaP to drive hydrogen

production from water splitting under illumination at the

solution with hole scavenger was demonstrated. We choose

the sample etched with 30 s as an instance to compare with

bulk material in the hydrogen production from photocatalytic

water splitting. The mixture solution of 0.35 M Na2S and

0.25 M Na2SO3 was the sacrificial reagents in the hydrogen

production of photocatalyst. The mechanism of hydrogen

http://dx.doi.org/10.1016/j.ijhydene.2014.05.022
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Fig. 7 e IPCE plot of GaP with different etching time at 0.1 V

vs RHE. The black and red curves are the corresponding

wavelength of 450 nm and 550 nm. (For interpretation of

the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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production can be explained through the following equations

(Eqs. (2)e(7)) [4,45]:

photocatalystþ hn/hþ þ e� (2)

2e� þ 2H2O/H2 þ 2OH� (3)

SO3 þ 2OH� þ 2hþ/SO2�
4 þ 2Hþ (4)

2S2� þ 2hþ/S2�
2 (5)

S2�
2 þ SO2�

3 /S2O
2�
3 þ S2� (6)

SO2�
3 þ S2� þ 2hþ

/S2O
2�
3 (7)

The mixture of S2�/SO3
2� has been used as electron donors

and set to the water/semiconductor solution to enhance the
Fig. 8 e Under illumination, the amount of evolved H2 for

the GaP with the triangular pores and bulk material,

respectively.
photocatalytic activity and stability for the production of

hydrogen from water [46e51].

Fig. 8 showed that the hydrogen production of ordered

porous GaP etched with 30 s was almost one order of magni-

tude higher than that of the bulk material in unit square.

These results indicated the etched triangular pore arrays on

GaP exhibitedmore photocatalytic activity. The enhancement

of hydrogen production can be attributed to two effects

related to the nature of the porous structure just like in the

photocurrent measurement. In a control experiment con-

ducted in the absence of GaP, hydrogen was not detected.
Conclusions

In summary, triangular pore arrays on GaP have been ob-

tained by electrochemical etching under high field. In com-

parison with bulk material, the photoresponse of this ordered

porous GaP is enhanced. The PEC activity of the porous GaP

can be further improved by optimizing the depth of pores,

which is easily achieved by controlling the etching time. Due

to this enhancement effect, the ordered porous GaP is higher

efficient in absorbing light for driving water splitting. The

significant improvement of hydrogen production indicates

that the porous structure can decouple the light absorption

length and increase the charge carrier collection. Therefore,

we conclude that the application of the porous structure

photoelectrode is an effective strategy for solving the carrier

collection limitation of GaP in PEC performance. Moreover,

ordered porous GaP can be used as a promising photocatalyst

to drive water splitting.
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