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ABSTRACT: Colloidal GaP nanowires (NWs) were synthesized on a large scale by a surfactant-free, self-seeded
solution liquid solid (SLS) method using triethylgallium
and tris(trimethylsilyl)phosphine as precursors and a noncoordinating squalane solvent. Ga nanoscale droplets were
generated in situ by thermal decomposition of the Ga
precursor and subsequently promoted the NW growth.
The GaP NWs were not intentionally doped and showed
a positive open-circuit photovoltage based on photoelectrochemical measurements. Puriﬁed GaP NWs were used
for visible-light-driven water splitting. Upon photodeposition of Pt nanoparticles on the wire surfaces, signiﬁcantly
enhanced hydrogen production was observed. The results
indicate that colloidal surfactant-free GaP NWs combined
with potent surface electrocatalysts could serve as promising
photocathodes for artiﬁcial photosynthesis.

S

olar energy is, among various renewable energy sources,
the largest energy source that would ultimately solve the terawatt energy challenge.1 Because of its intermittency and daily and
seasonal variation, solar energy must be captured, converted, and
stored for use upon demand. Storing solar energy directly in highenergy chemical bonds, such as solar water splitting to hydrogen and
oxygen, is one of the most attractive approaches.2 A single semiconductor may be used to achieve overall solar water splitting. However, because of the large overpotentials associated with the sluggish
multielectron-transfer kinetics at semiconductor electrolyte interfaces, this generally requires semiconductors having large band gaps
that poorly match the solar spectrum, resulting in low eﬃciency.3
This problem may be overcome by using two small-band-gap semiconductors having a Z-scheme conﬁguration (i.e., one as the photocathode for hydrogen evolution and the other as the photoanode for
oxygen evolution), which closely mimics nature’s photosynthesis.4
Because its conduction-band edge is ∼1 V more negative than
both the standard water and CO2 reduction potentials and its band
gap is relatively small (2.27 eV at 300 K), GaP is one of the most
promising photocathode materials for water and CO2 reduction.
The ﬁrst use of GaP as a photocathode for visible-light-driven water
reduction was reported more than three decades ago.5 Roughly at
the same time, overall solar water splitting at zero bias was demonstrated using Z-scheme photoelectrochemical (PEC) cells composed
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of a p-type GaP photocathode and a suitable n-type metal oxide
photoanode.6 These early studies all used low-surface-area bulk
materials.
The utilization of one-dimensional semiconductor microand nanowires (NWs) for solar water splitting has recently
attracted growing attention.7 In comparison with bulk materials, single-crystalline NWs are advantageous for solar-to-fuel
conversion because the reduced radial dimension and the
increased surface-to-volume ratio facilitate rapid diﬀusion of
photogenerated charge carriers to the NW surfaces, which can
be decorated with high-surface-area catalysts to perform the
desired chemistry.8 To date, the synthesis of GaP NWs has been
dominated by high-temperature vapor-phase approaches.9
Solution-based syntheses of colloidal NWs may be readily scaled
up to produce grams of product10 but often require the use of
organic surfactants/ligands to achieve the desired morphology
control.11 Because the covalently bound surface organic molecules generally prevent eﬃcient injection of photogenerated
carriers to electrolytes, additional eﬀorts to remove them are
necessary before the NWs can be used for solar water splitting.
Herein we report a surfactant-free, self-seeded solution
liquid solid (SLS)12 approach for growing high-quality GaP
NWs on a large scale. This is the ﬁrst time that colloidal
semiconductor NWs have been grown by an SLS method in
the absence of surfactants/ligands. With these GaP NWs having
clean surfaces, we have been able to demonstrate their great
potential as visible-light-responsive photocathodes for artiﬁcial
photosynthesis.
Our SLS syntheses of GaP NWs used triethylgallium (TEG)
and tris(trimethylsilyl)phosphine (TMSP) as precursors. In
addition, we used saturated hydrocarbons having high boiling
points as solvents to synthesize straight GaP NWs. Squalane was
empirically found to be the best solvent, which is likely due to its
noncoordinating nature and high viscosity. The wire growth in
squalane was found to be a self-seeded SLS process: the precursor ﬁrst thermally decomposes in situ to generate nanoscale
Ga droplets, which then subsequently promote the growth of
GaP NWs via the SLS mechanism (Scheme 1).
In the absence of surface ligands, small Ga nanodroplets tend
to grow rapidly and aggregate, resulting in highly tapered wires
[Figure S1 in the Supporting Information (SI)]. To achieve
better control over the wire growth, we optimized the synthetic
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Scheme 1. Synthesis and Puriﬁcation of Colloidal GaP Nanowires: The NWs Are Grown in Squalane Using a SurfactantFree, Self-Seeded, Solution Liquid Solid (SLS) Method

conditions, including the precursor ratio, concentration, and
stirring. In a typical synthesis (for experimental details, see the SI),
the Ga and P precursors (1:1 molar ratio) were quickly injected
into hot squalane solvent at 290 °C. The mixture was vigorously
stirred for 30 s to form a homogeneous solution. After the stirring
was stopped, the color of the solution changed to yellow in 15 20 s
as a result of the generation of Ga nanodroplets and then quickly to
dark-brown as the NWs grew. We note that although the initial
precursor ratio was 1:1, the P precursor was in slight excess during
wire growth because a portion of the Ga precursor was ﬁrst
consumed to generate the Ga nanoparticles (NPs). The
product yield reached ∼80% under the optimized conditions.
Representative low- and high-magniﬁcation transmission electron microscopy (TEM) images of the as-synthesized GaP NWs
showed that the wires were relatively uniform with lengths of
1 2 μm (Figure 1a) and diameters of ∼30 nm (Figure 1b).
A detailed TEM study showed that the wires were slightly
tapered at the NP-free end (Figure S2), indicating that the
initially generated Ga NPs grew during the wire growth until a
steady state was achieved. The single-crystalline nature of the
NWs was clearly seen in a lattice-resolved high-resolution TEM
(HRTEM) image (Figure 1c). The fast Fourier transform (FFT)
pattern of the image was indexed to the zinc blende structure
(Figure 1c inset) and indicated a wire growth in the [111]
direction. The spacing of the lattice fringes perpendicular to the
growth direction was measured to be 0.316 nm, consistent with
the d spacing of (111) planes in zinc blende GaP. The zinc blende
structure of the GaP NWs was also conﬁrmed by powder X-ray
diﬀraction (XRD) (Figure 1e).
To remove the viscous squalane solvent and any unreacted
precursors and byproducts, the as-synthesized GaP NWs were thoroughly washed with toluene, methanol, and deionized water in
sequence. The puriﬁed wires could be readily dispersed in aqueous
solutions. We next sought to remove the Ga NPs attached to NW
tips eﬀectively without damage to the wires. Since Ga reacts with
hydrochloric acid (2Ga + 6HCl f 2GaCl3 + 3H2) while GaP does
not,13 the puriﬁed GaP NWs were then dispersed in 1 M HCl with
stirring. Bubbles due to the formation of hydrogen gas were observed. A TEM image recorded after the HCl treatment (Figure 1d)
showed that all of the Ga NPs were completely etched away, and no
change in the diameter of the NWs was noticed.
Our surfactant-free synthesis of GaP NWs can be easily scaled
up. To demonstrate this, ∼75 mg of puriﬁed, Ga-removed wires
were prepared using 300 mL of squalane according to the general
procedure described above and in Scheme 1. A large NW membrane

Figure 1. GaP NWs synthesized using a surfactant-free, self-seeded SLS
method. (a, b) Low- and high-magniﬁcation TEM images of as-prepared
wires. (c) HRTEM image of a single nanowire; the inset shows the
indexed FFT pattern of the image, indicating that the wire grows along
the [111] direction. (d) TEM image of GaP nanowires after treatment in
1 M hydrochloric acid solution. (e) XRD pattern of GaP nanowires
(blue); the standard pattern of zinc blende GaP (black bars; JCPDS no.
12-0191) is also shown for comparison. (f) Photograph of a large GaP
nanowire membrane on a PVDF ﬁlter membrane (white); the quarterdollar coin in the image is for comparison.

(Figure 1f) was then made by ﬁltration of an aqueous NW
suspension through a commercial poly(vinylidene ﬂuoride)
(PVDF) ﬁlter membrane.
The UV vis absorption spectrum collected from an aqueous
suspension of puriﬁed, Ga-removed GaP NWs (Figure 2a) showed
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Figure 3. GaP nanowires for hydrogen production under visible-light
illumination. (a) Hydrogen evolution as a function of illumination time
for both unloaded and Pt-loaded (2 wt %) wires (1 mg) dispersed in
methanol/water solution (1:5 by volume, 3 mL). The visible light was
obtained by placing a 400 nm long-pass ﬁlter in front of a 450 W Xe
lamp. (b) HRTEM image of a Pt-loaded (5 wt %) GaP NW. (c, d)
HRTEM images of GaP NWs (c) before and (d) after visible-light
illumination for 18 h.

Figure 2. (a) UV vis absorption spectrum of puriﬁed, Ga-removed
GaP NWs dispersed in water. The indirect (Eind,bulk) and direct (Ed,bulk)
energy gaps of bulk GaP are indicated by red arrows. (b) Photoelectrochemical open-circuit photovoltage measurements on a GaP NW
photoelectrode, showing a positive open-circuit photovoltage. The measurement was conducted using simulated AM1.5 illumination (1 sun).

that the wires absorb photons in the visible region, consistent with
the direct energy gap of bulk GaP (2.79 eV at 298 K14) and the
indirect band gap at 2.3 eV. We note that light scattering from the
suspended wires is obvious in the spectrum, indicated by the
extended tail to the near-IR region.
We next studied the PEC performance of GaP NW photoelectrodes fabricated by drop-casting GaP NWs suspended in
acetone onto an Au/Zn/Au-coated glass substrate. To achieve
good contact between the NWs and the substrate, the as-made
photoelectrodes were annealed in Ar for 1 h at 200 °C. Before the
PEC measurements, the NW electrodes were freshly etched to
remove surface oxide. An open-circuit photovoltage measurement in 0.1 M acetate buﬀer solution (pH 5.2) using simulated
AM1.5 1 sun illumination showed that the NW photoelectrode
exhibited ∼0.15 V more positive potential in the light than in the
dark (Figure 2b). We note that consistent results were obtained
using various contacts such as Cr Au and In indium tin oxide,
indicating that the positive open-circuit photovoltage behavior is
intrinsic to the GaP NW electrolyte interface. We also note that
the small drift of the plateau potentials is likely due to slow
oxidation of the NW surfaces in the aqueous electrolyte under
the open-circuit conditions.

The capability of our GaP NWs to drive hydrogen evolution
from water reduction under visible-light illumination at neutral
pH was demonstrated by gas chromatography (GC) (Figure 3a).
Methanol was used as a hole scavenger. With 1 mg of GaP wires,
hydrogen was produced at a rate of ∼9 nmol/h. In a control experiment conducted in the absence of NWs, hydrogen was
not detected. HRTEM images before (Figure 3c) and after
(Figure 3d) 18 h GC measurement under continuous illumination conﬁrmed that there was no noticeable change in the wire
surfaces, indicating that our GaP NWs are stable under the GC
measurement conditions investigated.
It is well-known that surface-bound electrocatalysts can signiﬁcantly improve the water-splitting performance of semiconductors.2b As a proof-of-concept, we photochemically deposited small Pt NPs onto the GaP NW surfaces using H2PtCl6
precursor dissolved in a methanol/water solution. The size of the
deposited Pt NPs was found to be related to the Pt loading
amount (determined by the initial H2PtCl6/NW ratio) under
ﬁxed illumination conditions. Higher Pt loadings yielded relatively larger Pt NPs. The HRTEM image of a GaP NW with
5 wt % Pt loading (Figure 3b) showed 1 2 nm NPs anchored on
the surface of a single wire. The spacing of the lattice fringes in a
lattice-resolved NP was measured to be 0.22 nm, consistent with
the d spacing of the (111) planes in cubic Pt. When the Pt loading
was reduced to 2 wt %, the deposited NPs could not be clearly
imaged by TEM. However, Pt signals were detected by X-ray
photoelectron spectroscopy (XPS) (Figure S3), suggesting that
only extremely small Pt clusters (<1 nm) were deposited at low
Pt loadings. GC measurements were also conducted using these
Pt-loaded GaP NWs under the same conditions used for the
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parent unloaded GaP NWs described above. The hydrogen production rate of the Pt-loaded GaP NWs at a low Pt loading of 2 wt %
was ∼1 order of magnitude higher than that of the parent wires
during the ﬁrst 2 h (Figure 3a), indicating signiﬁcantly enhanced
water reduction activity. We note that the Pt-loaded wires tended to
gradually accumulate to the top of the electrolyte at longer reaction
times, resulting in an apparent decrease of the hydrogen production
rate. More systematic studies of GaP NWs decorated with various
water-reduction electrocatalysts are currently underway.
In summary, surfactant-free SLS growth of semiconducting GaP
NWs has been demonstrated for the ﬁrst time. The wire growth is
catalyzed by in situ-generated Ga nanodroplets, which can be
eﬀectively removed by selective etching using hydrochloric acid.
Puriﬁed, Ga-removed NWs exhibited a positive open-circuit photovoltage and were able to drive hydrogen production under visiblelight illumination. The hydrogen production rate was signiﬁcantly
enhanced upon photochemical deposition of small Pt clusters on
the NW surfaces, indicating that our GaP NWs decorated with potent electrocatalysts should be promising photocathodes for artiﬁcial photosynthesis.
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