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ABSTRACT: Gallium phosphide (GaP) nanowire photocathodes synthesized
using a surfactant-free solution−liquid−solid (SLS) method were investigated
for their photoelectrochemical evolution of hydrogen. Zinc as a p-type dopant
was introduced into the nanowires during synthesis to optimize the
photocathode’s response. Investigation of the electrical properties of Zn-doped
GaP nanowires confirmed their p-type conductivity. After optimization of the
nanowire diameter and Zn doping concentration, higher absorbed photon-to-
current efficiency (APCE) over the spectrum was achieved. The versatility of the
SLS synthesis and the capability to control the electrical properties suggest that
our approach could be generalized to other III−V and II−VI semiconductors.
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Since the first report of photoassisted water-splitting in
1972,1 producing fuels from solar energy has been an

attractive application of semiconductor photoelectrodes.2−5 By
converting solar energy into chemical fuels, the energy
harvested from the sun can be efficiently stored, transported,
and used. Theoretically, for a single-band gap system this
approach could reach an efficiency up to 17% (assuming a 0.8 V
overpotential).6 Moreover, when two semiconductors are
coupled as a photoanode and photocathode to mimic natural
photosynthesis,7−9 an even higher theoretical efficiency has
been predicted.6

Compared to other available semiconductors, gallium
phosphide (GaP) is considered a highly promising photo-
cathode material for solar-fuel conversion.7,8,10 Its large
photovoltage enables it to be coupled with photoanode
materials for complete water-splitting under zero external
bias, and its high conduction band edge (−0.6 V versus NHE at
pH = 0)5 allows it to reduce not only water into hydrogen (0 V
versus NHE)11−14 but also CO2 into chemical fuels (−0.17 V
versus NHE to generate CH4)

15,16 with incident photon-to-
current efficiency (IPCE) up to 30% at 400 nm;14 however, the
conventional planar geometry from a single-crystalline wafer is
not ideal for inexpensive or large-scale processing. It also poses
an obstacle to exploring the potential of GaP fully, since in the
planar geometry most of the photons absorbed by GaP13,14,17,18

do not fall within the charge collection layer, as is required for
an efficient photoelectrode.4

Recent progress indicates that this issue could be solved
when the photoelectrode is composed of semiconductor micro-
or nanowires.19−23 Compared to a planar electrode, the larger
surface area and relative band-bending volume of a wire
geometry not only allows more efficient charge separation but

also reduces the current density and therefore the overpotential
at the surface.24,25 These advantages, properly applied to GaP,
could lead to higher charge separation efficiency.
In general, there are three major requirements for practical

and large-scale fabrication of nanowire photoelectrodes. First,
the synthesis of the material should be scalable and inexpensive.
This condition implies that for GaP, solution-phase synthesis26

is potentially preferred to gas-phase synthesis27 because of the
small yield of the latter approach. Second, the surface of the
nanowires should be free of insulating organics that hinder
charge transfer across the semiconductor-electrolyte interface,
so conventional solution synthesis that often requires
surfactants/ligands28,29 is not desirable. Finally, the electrical
properties of the synthesized nanowires should be tunable. The
advantages of nanowire photoelectrodes will diminish unless
their diameter, doping level, and minority carrier diffusion
length can be systematically controlled.24,30 Although doped
semiconductor nanocrystals31 and nanowires32,33 from sol-
ution-phase synthesis have been reported, there have been no
studies that correlate the electrical properties of solution-grown
nanowires to their photoelectrochemical performance.
In this report, the electrical properties of GaP nanowires

were modified by in situ Zn doping during their synthesis,
which was based on the surfactant-free solution−liquid−solid
(SLS) synthetic method developed before;34−36 p-type GaP
nanowires of various doping levels were obtained. At the
optimized conditions, the nanowire photoelectrode provides
photocurrent up to 85% to that of a single crystalline GaP
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wafer, along with higher absorbed photon-to-current efficiency
(APCE) performance over the whole spectrum. This approach
could also be applied to other semiconductor materials for the
fabrication of large-scale photoelectrodes with high surface area.
The surfactant-free synthesis of GaP nanowires has been

reported in our previous paper.36 The nanowires’ growth
follows a self-seeded SLS mechanism35 in which Ga metal
nanodroplets are first generated and then function as catalytic
sites for further growth. Prolonged stirring after injection of the
precursor helps the Ga nanodroplets merge with each other
before the growth of the GaP nanowire takes place, therefore
allowing control of the diameter of the nanowires (Supporting
Information Figure 1). After growth, removal of the Ga
nanodroplets by hydrochloric acid yields clean GaP nanowires.
To optimize the electrical properties of the GaP nanowires, a

p-type shallow dopant, typically Zn,37 is necessary to control
the acceptor concentration. Diethylzinc (DEZn) was added as
the source of Zn38 during the synthesis. Because of the weaker
Zn−C bond strength (35 kJ/mol) as compared to that of the
Ga−C bond (59 kJ/mol),38 most of the DEZn decomposes
into metallic zinc during formation of the metal droplets,
yielding Ga−Zn alloy droplets that can catalyze the growth of
the GaP nanowires. Inductively coupled plasma-atomic
emission spectrometry (ICP-AES) was applied to determine
the elemental composition of the resultant nanowires. Despite
the fast decomposition of DEZn, only 5−10% of the zinc
precursor added to the reaction was introduced into the GaP
lattice during growth (Table 1). The Zn doping of GaP

nanowires may occur from the Ga−Zn alloy droplets in a
process similar to the incorporation of Al from metal droplets
during GaAs growth, which results in AlxGa1−xAs nano-
wiskers.39 The concentration of Zn in GaP nanowires could
be quantitatively controlled up to 2 atomic percent (atom %)
versus Ga by changing the amount of DEZn (Table 1), while
the nanowire geometry and optical absorption features of
gallium phosphide were retained. Transmission electron
microscope (TEM) and scanning electron microscope (SEM)

images show that the nanowires’ morphology remains the same
upon Zn-doping (Figure 1a,c, Supporting Information Figure

1), and high-resolution TEM (HRTEM) images (Figure 1b)
reveal that the GaP lattice grows along the ⟨111⟩ direction with
lattice spacing of 0.31 nm.36 The UV−vis absorption spectrum
of a suspension of Zn-doped nanowires (Figure 1e) is the same
as that of the undoped nanowires,36 implying that introducing
Zn does not alter the band gap of GaP.17

Several approaches were used to demonstrate the p-type
behavior of the Zn-doped GaP nanowires (Table 1). Single-
nanowire field effect transistors (FET) were constructed to
determine the carrier type and concentration (Figure 2a). For a
0.19 atom % Zn-doped GaP nanowire (Figure 2b), the negative
transconductance (IDS/Vg) was measured to be −4.5 nA/mV at
VDS = 1 V, which corresponds to an acceptor concentration of 1
× 1019 cm−3. This measured acceptor concentration corre-
sponds well with the 0.19 atom % zinc concentration
(equivalent to 4 × 1019 cm−3) from elemental analysis,
implying that the included Zn does contribute to p-type
behavior of the GaP nanowires. In addition, open-circuit
photovoltage and Mott−Schottky measurements were per-
formed to test the band bending at the semiconductor-
electrolyte interface (Figure 2c,d). Larger open-circuit photo-
voltage (up to 280 mV) was found for Zn-doped GaP
nanowires (Table 1), indicating that the increased acceptor
concentration prevents full depletion of the nanowire and
allows a barrier of greater height to form at the semiconductor-
electrolyte interface. Besides the p-type behavior, the Mott−
Schottky measurement gives the flat-band potential of GaP
nanowires at around 0.52 V versus the reversible hydrogen
electrode (RHE), which is consistent with the literature on
planar substrates.5,16 Overall, the photovoltage and Mott−
Schottky measurements demonstrate that these Zn-doped GaP

Table 1. Photoelectrochemical Performance of GaP
Nanowire Photoelectrodes

DEZn/
TEGa
(%)a D (nm)b

Zn
atom
%c

NA
(cm−3)d

d
(nm)e

jph
(μA/
cm2)f

Voc,ph
(mV)g

η
(%)h

0 25 ± 5 35 11 145 75
0 89 ± 24 35 23 195 81
1 90 ± 27 0.19 4 × 1019 11 29 220
5 86 ± 22 0.57 1 × 1020 3.5 33 280
10 93 ± 33 0.98 2 × 1020 2.4 61 247 79
15 91 ± 29 1.3 3 × 1020 2.0 43 226
20 87 ± 27 1.6 4 × 1020 1.8 25 141

aThe molar ratio between DEZn and TEGa precursors in the SLS
synthesis. bAverage diameter of the GaP nanowires. cAtomic
concentration of Zn dopant versus Ga, measured by ICP-AES.
dAcceptor concentration of zinc calculated from ICP-AES measure-
ment. eDepletion width of GaP nanowires at different acceptor
concentration, calculated assuming an abrupt planar Schottky junction
with 0.5 V band-bending. fPhotocurrent of nanowire photocathodes in
pH 5.2 buffer at 0.1 V versus RHE, under simulated one-sun
conditions (AM1.5G). gOpen-circuit photovoltage of GaP nanowire
photocathodes in the same conditions as for the photocurrent
measurements. hFaradic efficiency of hydrogen evolution, measured by
gas chromatography.

Figure 1. Structural and optical properties of Zn-doped GaP
nanowires (0.19 atom % Zn versus Ga). (a) TEM image of a Zn-
doped GaP nanowire after the removal of Ga droplets. (b) HRTEM
image indicates that the nanowire is single-crystalline and grows along
the ⟨111⟩ direction. (c) SEM image of the same nanowires when
prepared as a photoelectrode by drop casting (64 μg/cm2). (d)
Photograph of the GaP nanowire dispersion and GaP photoelectrode.
(e) UV−vis absorption spectrum of GaP nanowires dispersed in
acetone. The positions of the direct (Eg,direct) and indirect (Eg,indirect)
band gaps of bulk GaP are shown. The absorption tail in longer
wavelengths is due to the strong scattering of the nanowires.
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nanowires possess desirable band bending at the semi-
conductor-electrolyte interface to act as a photocathode for
hydrogen evolution.

To test the photoelectrochemical performance of the doped
GaP nanowires, a solution of nanowires was drop cast onto a
conductive substrate. After annealing to improve the electrical
contact between the substrate and the nanowires, a uniform
electrode was obtained (Figure 1c,d). The volume of the
nanowire dispersion applied during drop casting controls the
thickness of the nanowire film. Typical loading amount was
about 60 μg/cm2, which is about 1/3000 of the amount of
material used in a planar wafer electrode (0.2 g/cm2). After
preparation, the nanowire electrodes were tested in pH 5.2
buffer solutions under chopped, one-sun illumination
(AM1.5G) using a conventional three-electrode configuration
(Figure 3a, Table 1). For comparison, the performance of a
single crystalline p-type GaP wafer was also examined under the
same conditions. The planar p-type GaP electrode exhibits
comparable photocurrent density with other reports.14,16 All
nanowire electrodes showed onset potentials at about 0.5 V
versus RHE, consistent with the flat-band potential from the
Mott−Schottky experiment (Figure 2d). Compared to other
recently studied photocathode materials (for example,
silicon20), this relatively anodic onset potential (0.5 V versus
RHE) is advantageous, potentially allowing GaP to couple with
a wider selection of photoanode materials to realize complete
water splitting using two semiconductors photoelectrodes.
Another noticeable feature is that the nanowire electrode shows
much smaller transient photocurrent than the planar electrode
(Figure 3a). Since the transient photocurrent arises from
photogenerated carriers that accumulate at the semiconductor−
electrolyte interface because of slow reaction kinetics or surface
state traps,40 the nanowire electrode’s small transient current
suggests that its large surface area reduces its current density
and required overpotential.
A systematic study was performed to investigate factors

affecting the photoelectrochemical properties of the nanowires.
Although all GaP nanowires studied generated cathodic
photocurrent, larger diameter wires corresponded to larger
photovoltages and higher photocurrent densities (Table 1).
When keeping the diameter of the nanowires constant and

Figure 2. Electrical properties of Zn-doped GaP nanowires (0.19 atom
% Zn versus Ga). (a) SEM image of a single-nanowire FET device.
The source (S) and drain (D) are colored in yellow, and the top gate
(G) is colored in pink. (b) Plot of the current within the nanowire
channel (IDS) versus the gate voltage (Vg), indicating p-type
conductivity (VDS = 1 V). (c) Open-circuit photovoltage measure-
ments of the nanowire photoelectrode in pH 5.2 buffer under
simulated one-sun conditions (AM1.5G). (d) Mott−Schottky
measurement of a nanowire photoelectrode in pH 5.2 buffer. The
intercept of the dashed line indicates the flat-band potential of the GaP
nanowires.

Figure 3. Photoelectrochemical performance of the GaP photocathode in pH 5.2 buffer. (a) I−V scans of GaP nanowire (blue) and planar (yellow)
photocathodes under chopped illumination. The illumination is simulated one-sun conditions (AM1.5G). The nanowire electrode is made of 0.98
atom % Zn-doped GaP nanowire with loading amount of 64 μg/cm2. When close to 0 V versus RHE, the planar electrode yields higher photocurrent
density, mostly because of its greater thickness and increased depletion layer; however, it should be noted that the performance at more anodic
regions (larger than 0.2 V versus RHE) is of greater importance because only in this region can the GaP photocathode be coupled with a photoanode
to realize a complete water-splitting reaction without external bias7,8 (b) The correlation of photovoltage (blue) and photocurrent (yellow) with the
concentration of Zn dopant in GaP nanowires. The photocurrent data was measured at 0.1 V versus RHE and normalized with the photocurrent of
planar GaP electrode at the same bias. The photovoltage is measured as the difference of open-circuit potential between dark and simulated one sun
illumination (AM1.5G).
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increasing the doping concentration of Zn, an optimal doping
level (0.6∼1 atom %) was achieved for the photoactivity of the
GaP nanowires with average diameter of 90 nm (Figure 3b).
For undoped nanowires of about 25 nm diameter, the relatively
large depletion region width (∼30 nm, calculated as planar
abrupt junction with 0.5 V barrier height) from low doping
level (at most 1018 cm−3 based on FET data) leads to complete
depletion within the semiconductor. This depletion yields low
photovoltage and photocurrent because of the reduced band
bending at the semiconductor−electrolyte interface and the
large ohmic resistance along the length of the wire (Scheme
1).24,30 Larger diameter nanowires (∼90 nm) alleviate this

issue, but the depletion width is still too large until extra Zn
dopant is introduced to increase the acceptor concentration
and reduce the depletion region width (∼10 nm for 1019 cm−3).
Zn doping prevents the complete depletion of the nanowire,
leading to a larger photovoltage (Scheme 1). Additionally, a
narrower band-bending region means a stronger electric field
close to the semiconductor-electrolyte interface, yielding higher
charge separation efficiency and photocurrent density.30 On the
other hand, the introduction of dopants also increases
recombination within nanowire, meaning that an excessively
high Zn concentration would be detrimental for efficient charge
separation. This trade-off leads to an optimal Zn concentration
for the best photocathode performance, as observed in our
current study (Figure 3b).
When the properties of GaP nanowires were optimized, the

photocurrent density of Zn-doped GaP nanowires was about
85% to that of the single crystalline wafer at 0.1 V versus RHE
(Figure 3a). In addition, 80% Faradic efficiency of H2 evolution
was observed, affirming that most of the photocurrent
contributes to reduce protons (Table 1). Because a comparable
photocurrent density was achieved while using much less
material, these results demonstrate that solution-synthesized
surfactant-free Zn-doped GaP nanowires are a promising
photocathode material for water splitting.

Even though its photocurrent is only comparable to that
exhibited by a planar GaP electrode (Figure 3a, Supporting
Information Figure 2), the GaP nanowire photocathode has
much higher charge separation efficiency, as could be seen from
the APCE spectrum (Figure 4a). Closer examination of the

APCE spectrum of the nanowire photoelectrodes with different
loading amounts of nanowires shows that the APCE increases
with reduced loading amount (Figure 4b) and reaches a
maximum with less than a monolayer of GaP nanowires
(Supporting Information Figure 3). This result indicates that
charge transport to the electrode from nanowires lacking direct
contact with the underlying substrate is difficult because of the
semi-insulating native oxide at the GaP surface.41 By removing
the necessity of charge transport through the nanowire/
nanowire interface, the submonolayer of Zn-doped GaP
nanowires reaches 57% efficiency at 400 nm (0.1 V versus
RHE) (Figure 4b). By improving the contact between wires,
the overall photocurrent of the GaP nanowire films could be
further improved.
Semiconductor nanowire photoelectrodes have the potential

to be scaled up for practical conversion of solar energy to fuels.
Gallium phosphide, a very promising material for both
hydrogen evolution and CO2 reduction,

4,5 has been tested as
one example. On the basis of the requirements of scalability and
a clean semiconductor-electrolyte interface, GaP nanowires of
different diameters were synthesized by a surfactant-free
solution approach via the SLS mechanism.36 The electrical
properties of these nanowires were engineered by introducing
p-type Zn dopant during the synthesis. Using only 1/3000 of
the amount of GaP in a single crystalline wafer and a scalable
drop-casting process for electrode preparation, the photo-
current density of the Zn-doped GaP nanowires was
comparable to that of a single crystalline wafer, with higher
APCE value over the spectrum. These findings not only
demonstrate the advantage of nanowire electrodes but also
enrich our understanding of nanowire photoelectrochemistry.
The versatility of the SLS synthesis,35 and the capability to
control the electrical properties by introducing dopants during
synthesis,38 suggest that our approach could be generalized to
other III−V and II−VI semiconductors, and ultimately coupled
with a photoanode to realize a complete solar-to-fuel reaction.

Scheme 1. Schematic Illustration of the Electrostatics of a
GaP Nanowire in Electrolyte with Varying Diameters and
Doping Levelsa

aW is the width of band-bending or depletion at the semiconductor-
electrolyte interface, ΔV is the band-bending between the nanowire
core and the interface, Efb is the flat-band potential of GaP, and EF is
the Fermi level of the system. The nanowire of small diameter suffers
small band-bending. Large diameter alleviates this issue; however, it
was not completely solved until Zn was introduced.

Figure 4. (a) Comparison of the absorbed photon-to-current
efficiency (APCE) spectra between GaP planar (blue) and nanowire
(yellow) photocathodes of 64 μg/cm2 loading amount. (b) APCE
spectra of GaP nanowire photocathodes at different loading amounts.
In both figures, the GaP nanowires were doped with 0.98 atom % Zn
versus Ga, and the spectra were measured at 0.1 V versus RHE under
simulated one-sun conditions (AM1.5G).
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