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In the present study, single-crystalline Sb,Ses nanowires have been synthesized by a hot-injection method.
The crystal structure of the prepared Sb,Sez nanowires has been comprehensively characterized by a series
of techniques, namely X-ray diffraction (XRD), Raman spectroscopy, transmission electron microscopy
(TEM) as well as selected area electron diffraction (SAED). The mechanism of formation of amorphous
phase and nanowires has also been intensively investigated. It is evident that the formation of Sb,Ses
nanowires strongly depends on the reaction temperature. A band gap of 1.06 eV for Sb,Ses nanowires
has been ascertained from UV-vis-NIR measurements. Moreover, coated film consisting of Sb,Ses
nanowires demonstrates a clear photoresponse in photoelectrochemical measurements. This work has
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Introduction

Antimony selenide (Sb,Ses), one of the most important metal
selenides, is an intriguing functional material owing to its
outstanding applicability spanning the photovoltaic,’” opto-
electronic,*® photothermal,® and thermoelectric'® fields. Sb,Se;
has a broad absorption range in the visible spectrum (absorp-
tion coefficient > 10°> cm™") with a suitable band gap of ~1.0 eV,
making it an emerging candidate for photovoltaics.>'* On top of
this, Sb,Se; is relatively earth-abundant and nontoxic, and is
cost-effective yet environmentally friendly."*

In recent years, the use of nanostructured precursors in the
fabrication of thin films for solar cell applications has gained
popularity.*»** Compared with conventional physical vapor
deposition methods, solution-based routes are associated with
lower fabrication costs as well as high-quality nanocrystals
including nanoparticles, nanowires and nanosheets leading to
high power conversion efficiency."* Hot-injection is an excellent
solution-based route, which can exhibit better control of
nanocrystal morphology and size within a short reaction time.*
This technique has been widely employed for the preparation of
numerous monodisperse colloidal nanocrystals.

However, investigations on the synthesis of single-crystalline
Sb,Se; nanowires via the hot-injection method have scarcely
been reported until recently. In 2009, Deng et al. first reported the
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conclusively demonstrated that Sb,Sesz nanowires have great potential in solar energy conversion.

synthesis of Sb,Se; ,S, (0 < x < 3) nanotubes via a hot-injection
method in paraffin liquid,’® and an extension of this work was
published in 2014. Choi and coworkers also studied the synthesis
of Sb,Se; nanowires via injection of antimony precursor into hot
solvent comprising selenium powder and surfactant.”” Sb,Se;
nanorods were then prepared using a similar process."”®* However,
the reactivity of Se-octadecene suspension has been found to be
problematic as it exerted a negative impact on nanocrystal
quality.”?® Recently, fabrication of ultralong Sb,Se; nanowires has
been successfully accomplished via an organometallic synthesis
by reacting triphenylantimony(m) with dibenzyldiselenide.” The
major drawback of this synthesis process, however, is that
dibenzyldiselenide is a hazardous, expensive and environmentally
harmful Se precursor. Therefore, a facile, environmentally friendly
and more effective method for the synthesis of high quality and
uniform single-crystalline Sb,Se; nanowires is highly desired.

Consequently, this work focuses on the synthesis of Sb,Se;
nanowires through a facile and green hot-injection method
using oleylamine (OLA). In this process, a solution consisting of
Se-dimethylamine borane (DMAB)-OLA was used as a phos-
phine-free and highly active Se precursor, as reported in our
previous works.** The structure, morphology, composition
and absorptivity of the products were comprehensively charac-
terized using different methods. In addition, the photoresponse
of Sb,Se; nanowires was studied using photoelectrochemical
measurements and the potential for solar energy conversion is
discussed.

Experimental

Syntheses of Sb,Se; nanowires were carried out utilizing a hot-
injection method via a standard air-inert Schlenk line. In
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a typical synthesis, the Se powder was completely dissolved in
OLA at 110 °C with the assistance of DMAB as a co-solvent, to
give a Se-DMAB-OLA solution. The Se-DMAB-OLA solution was
then quickly injected into a hot solution containing antimony
chloride at 180 °C for 30 min under an Ar atmosphere. Full
experimental details can be found in the ESL{

Results and discussion

Electron microscopy was conducted to characterize the
morphology and structural integrity of the nanowires. Fig. 1
shows representative transmission electron microscopy (TEM)
images for the Sb,Se; nanowires. According to the TEM images
(Fig. 1(a) and (b)), each nanowire had a diameter of 40-60 nm
with a typical length of several micrometers (additional SEM
images can be found in the ESIf). Fig. 1(c) demonstrates that
the lattice spacing of Sb,Se; nanowire was ca. 3.25 and 3.28 A.
This corresponds to the lattice spacing of the (230) and (021)
planes, respectively, for Sb,Se; with orthorhombic geometry.
The SAED pattern, as shown in Fig. 1(d), indicates that Sb,Se;
nanowires are single-crystalline. All of these results revealed
that the structural integrity of Sb,Se; nanowires is preferentially
oriented along the [001] direction, which is coincident with
previous studies on Sb,Se; nanowires and nanorods.”***’
X-ray diffraction (XRD) was used to further ascertain the
crystal structure of the Sb,Se; nanowires. Fig. 2(a) displays the
XRD pattern of the synthesized sample. It can be seen that the
obtained sample is composed of an orthorhombic phase Sb,Se;
(JCPDS 72-1184). Seven major peaks, namely at 26 = 16.911°,
27.439°, 28.130°, 31.127°, 32.280°, 34.124° and 35.584° corre-
sponding to (120), (230), (211), (221), (301), (240) and (231),
respectively, have been fingerprinted. No evidence of other

dii=3.28A

Fig. 1 (a and b) Low resolution TEM images of Sb,Ses nanowires. (c)
High resolution TEM image showing interplanar spacing of 3.25 A, 3.28
A and 3.53 A. (d) SAED pattern indexed to Sb,Ses.
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Fig. 2 (a) XRD pattern and (b) Raman spectrum of the as-synthesized

Sb,Sez nanowires.

impurities such as Sb,0s3, Sb, etc. was found in the respective
XRD pattern. The ratio of the compositional elements deter-
mined by energy dispersive spectroscopy (EDS) was Sb/Se:
2.00 : 2.88, implying that the composition of the Sb,Se; nano-
wires is close to the stoichiometry of Sb,Se; (see the ESI,
Fig. S31). To further validate the phase and purity of the ob-
tained product, Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) have been used. In the Raman spectrum
(Fig. 2(b)), the peaks at 190 cm™ " and 253 cm ™' are coincident
with previous investigations of Sb,Se; nanostructures.”*** The
results of XPS further demonstrated that both Sb and Se
elements are in their expected oxidation states (see the ESI,
Fig. S4(a)-(c)t).**** The XRD, Raman and XPS data have
demonstrated that the synthesized nanowires are native
orthorhombic phase Sb,Se;.

To study the crystal growth mechanism of the Sb,Se; nano-
wires, the morphology and structure of the reaction products at
different reaction times were monitored by TEM and XRD, as
graphed in Fig. S5 and S6 (included in ESIt). During the initial
phase (1 min), some amorphous materials were observed. As

This journal is © The Royal Society of Chemistry 2017
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the reaction moved forward (2, 4, 8 min), these amorphous
materials then clustered into nanowires indicating that the
nanowires may nucleate around the amorphous matrix. With
a reaction time of just 16 min, the amorphous materials had
been depleted to entirety, forming nanowires. The peaks in the
corresponding XRD pattern suggest that the proposed product
was indeed a pure Sb,Se;. From the above-mentioned results,
a probable formation route can be conjectured as follows:
antimony trichloride was dissolved in oleylamine to form
a Sb**~OLA complex initially followed by introduction into the
resulting solution. The Se-DMAB-OLA solution was then
injected into the hot-injection medium. Se®>~ was the product
from the reduction of Se powders by DMAB followed by reaction
with OLA to form OLA,,Se,,.. The Sb,Se; nuclei were then formed
via homogeneous nucleation. As the reaction moved forward,
these Sb,Se; crystal nuclei rapidly aggregated into irregular
particles where nanowires nucleated via the Ostwald ripening
process. When the reaction was extended, it resulted in the
formation of uniform Sb,Se; OLA has been
successfully employed with a dual role (solvent and surfactant)
in the synthesis of Sb,Se; nanowires. Previous investigation has
demonstrated that OLA can efficiently modify and stabilize the
surface of the Sb,Se; nanoparticles, resulting in the formation
of the Sb,Se; nanowires by oriented aggregation.* In this
reaction, the OLA was adsorbed onto the surface of the Sb,Se;
nanowires (mainly on (7k0)) based on the structural determi-
nation, and this further enhanced the anisotropic growth of the
Sb,Se; nanowires.

The formation of pure Sb,Se; nanowires was found to be
highly dependent on the reaction temperature. Experiments
with various reaction (injection) temperatures have been tri-
alled (see the ESI, Fig. S71): the products at lower reaction
temperature (160 °C) were predominantly in an amorphous
phase. When the reaction temperature was below 160 °C, the
reaction was slow and incomplete. Higher temperature (200 °C)
injection and reaction led to the product containing significant
elementary Sb. Kinetically, it has been found that higher
temperatures increase the probability for successful nucle-
ation.** When the reaction temperature was over 200 °C,
elementary Sb that was observed from the experiment could be
attributed to the reduction of antimony precursors. OLA has
been demonstrated to serve as a surfactant as well as a reduc-
tant for the synthesis of various nanocrystal systems at appro-
priate temperatures.®*>** It has been proposed that OLA might
act as a ligand to form stable complexes with Sb>* while heating
(high temperature) induces the thermolytic reduction of Sb
complexes to elementary Sb in the reaction. Similar phenomena
were found in our previous works for the synthesis of Cu;BiS;
nanocrystals.*® The synthesis procedure should be carried out at
various temperatures ranging from 170 to 190 °C and the
reaction can proceed with elevation of the reaction temperature.

Multiple antimony precursors were also examined. Anti-
mony triacetate was found to reproducibly result in pure Sb,Se;
nanowires. The concentrations of both Sb and Se were also
found to be critical in achieving pure samples. It is important to
note that when the Sb/Se ratio was 1 : 1.5 at different temper-
atures, significant Sb,0; impurity has been observed in the XRD

nanowires.
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Fig. 3 UV-vis-NIR absorption spectrum of the as-synthesized nano-
wires. Inset shows the absorbance? vs. eV for Sb,Ses nanowires; the
estimated band energy is 1.06 eV.

data (see the ESI, Fig. S87). The use of excess Se was deemed to
be necessary to balance out the cationic precursors in order to
avoid side reactions. During a series of trials, the injection
quantities of Se were also varied and evaluated where the
reaction temperature remained unchanged at 190 °C (see the
ESI for details, Fig. S9T). For mole ratios of Sb/Se at 1 : 1.7, pure
Sb,Se; nanowires were formed.

The absorptivity of the synthesized Sb,Se; nanowires was
measured using UV-vis-NIR absorbance spectroscopy and is
illustrated in Fig. 3. The spectrum presents a slow, monotonic
rise in absorption. The band gap of the Sb,Se; nanowires has
been determined to be 1.06 eV by extrapolating the linearity in
the plot of absorbance squared versus energy as shown in the
inset in Fig. 3. The value is in good agreement with the literature
value for bulk Sb,Se;.** The obtained band gap value for our
Sb,Se; nanowires is close to the optimal value suited for solar
cell application.*

In order to further evaluate the applicability of this material

photoelectrical conversion applications, the photo-
responsiveness of Sb,Se; nanowires was measured in a photo-
electrochemical cell (PEC). The Sb,Se; nanocrystal-ink was
coated directly onto indium tin oxide (ITO) glass substrate
(which served as work electrodes) by the drop-casting method,
forming a nanocrystalline thin film. This film was mounted
onto a traditional three-electrode photoelectrochemical cell
with a graphite counter electrode relative to a saturated calomel
reference electrode (SCE) containing 0.5 M H,SO,. The incident
light intensity was 100 mW ¢cm 2, and a biased voltage of —0.4 V
vs. SCE was applied. Fig. 4(a) displays the current density versus
potential (vs. SCE) plots for the prepared Sb,Se; nanowire films
utilizing a chopping method (10 s light on, 10 s light off). The
photocurrent density increased with a negative shift in cathodic
potential, which is a typical characteristic of a p-type semi-
conductor for a Sb,Se; nanowire film. The photocurrents for
Sb,Se; nanowire films increased significantly with increasing

for
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Fig. 4 (a) Photocurrent—potential plot of the Sb,Ses films on an ITO

substrate in 0.5 M H,SO, under 100 mW cm™2 illumination. (b) The
transient photocurrent spectrum at —0.4 V vs. SCE.

negative bias reaching up to ~6 pA cm ™2 at —0.4 V. The value is
almost on par with a previous report where the Sb,Se; film was
fabricated by an electrochemical deposition process.®* However,
our finding shows a much lower value than that obtained from
the reported Sb,Se; film formed from annealing treatment and
optimization of the coating process.” It has been concluded that
the annealing treatment can effectively modify the morphology
and structural integrity of the Sb,Se; nanocrystals and remove
the undesirable residual phases.

The transient I-V spectrum at —0.4 V is depicted in Fig. 4(b).
The measured photocurrent values were between 3 and 5 pA
cm 2, which remained constant consistently and reproducibly
over 18 cycles. This has demonstrated the competent photo-
response and photostability of the Sb,Se; nanowire film. It also
indicates the applicability of Sb,Se; nanowires and/or the cor-
responding thin film in the field of solar energy conversion.

Conclusions

In this study, a colloidal synthesis of single-crystalline Sb,Se;
nanowires via a hot-injection method has been presented.
Sb,Se; nanowires with a diameter of 40-60 nm and a typical
length of several micrometers have been observed. The
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structural integrity of the synthesized Sb,Se; nanowires has
been evaluated by a number of methods including HRTEM,
SAED, XRD and Raman spectroscopy. The results of EDS have
confirmed the composition of the Sb,Se; nanowires in the
sample. A probable formation route has been proposed from
the evolution of the morphologies and phases. The reaction
temperature has also been found to play a crucial role in
determining the phase of the synthesized nanocrystals. The use
of antimony triacetate as precursor has also been observed to be
instrumental in yielding phase pure Sb,Se; nanowires at an
appropriate ratio (Sb/Se = 1 : 1.7) and at 190 °C. The band gap
of 1.06 eV for Sb,Se; nanowires has been determined by UV-vis-
NIR data. The PEC tests have also demonstrated that Sb,Se;
nanowire films have a good photoresponse in the range 3 to 5
pA cm 2 without any optimization. Our work has conclusively
demonstrated that the synthesized Sb,Se; nanowires have great
potential in solar energy conversion.
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