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Switched Photocurrent on Tin Sulfide-Based Nanoplate

Photoelectrodes

Hongjun Chen,” Miaogiang Lyu,”” Meng Zhang,” Krishna Feron,® 9 Debra J. Searles,"
Matthew Dargusch,” Xiangdong Yao," and Lianzhou Wang*®

A new type of SnS, nanoplate photoelectrode is prepared by
using a mild wet-chemical method. Depending on the calcina-
tion temperatures, SnS,-based photoelectrodes can either
retain their n-type nature with greatly enhanced anodic photo-
current density (ca. 1.2 mAcm ™2 at 0.8V vs. Ag/AgCl) or be
completely converted into p-type SnS to generate approxi-
mately 0.26 mAcm? cathodic photocurrent density at —0.8 V
vs. Ag/AgCl. The dominance of sulfur and tin vacancies are
found to account for the dramatically different photoelectro-
chemical behaviors of n-type SnS, and p-type SnS photoelectr-
odes. In addition, the band structures of n-type SnS, and p-
type SnS photoelectrodes are also deduced, which may pro-
vide an effective strategy for developing SnS,/SnS films with
controllable energy-band levels through a simple calcination
treatment.

In light of the fast development of a global economy and an
increasing global population, energy shortage and deteriora-
tion of the environment are emerging among the most impor-
tant challenges for humans. Concerns over climate change and
the exhausting supply of fossil fuels have triggered ever-in-
creasing interest towards sustainable energy supply in recent
years."? Among the possible solutions for sustainable energy
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generation, solar energy stands out as one of the most promis-
ing options due to its abundance and availability.®>® To fully
utilize solar energy for the generation of H,, various semicon-
ductors have been reported as photoelectrodes for photoelec-
trochemical water splitting.”¥ Among them, the most well-
studied photoelectrodes have been n-type semiconductors,
whereas many p-type semiconductors are quite expensive, in-
volve relatively difficult processes, and are less stable.®™
Therefore, identification and further development of cost-effec-
tive p-type semiconductors with a simple fabrication process
and suitable band gap and conduction band position have at-
tracted tremendous interest.'*'?

To develop smart electronic devices, different stimuli have
been adopted to trigger a signal change and further used to
design various switchable systems." To date, several stimuli
including potential, wavelength, and pH value are applied to
switch the photocurrent direction.'>'”! Recently, new systems,
such as hybrid n-/p-type semiconductors,™® TiO,-supported Au
nanoparticles,"” and TiO,-supported Ag nanoclusters,”” have
been reported to tune the photocurrent direction. However,
transforming n-type semiconductors into p-type semiconduc-
tors by controlling the calcination temperature and further
switching the photocurrent has rarely been reported.

Herein we report the cost-effective fabrication of a new p-
type SnS nanoplate photoelectrode directly on a fluorine-
doped tin oxide (FTO) substrate through a simple wet-chemical
method. Unlike traditional techniques such as plasma-en-
hanced chemical vapor deposition,”” chemical bath deposi-
tion,”?? cathodic electrodeposition,”” and spray pyrolysis,*” the
fabrication of the SnS photoelectrode in this study was realized
by the transformation of n-type SnS, into p-type SnS under
inert Ar gas at a relatively elevated temperature, which not
only provides a simple method for the fabrication of the SnS
photoelectrode at a low cost, but also grows SnS directly on
a rigid substrate with effective control of the morphology.
there are two steps for the fabrication of p-type SnS nanoplate
photoelectrodes (Scheme 1). The first step is a wet-chemical
method for the direct growth of a SnS, nanoplate on an FTO
substrate. The second step is a simple post-calcination treat-
ment of the SnS, on FTO (SnS,/FTO). The proposed two-step
method can effectively avoid the inherent problem of the oxi-
dation of Sn’* to Sn** under high-temperature synthetic pro-
cesses in a one-step method by using Sn*" rather than Sn*" as
the precursor. Interestingly, the photocurrent density of the
SnS,/FTO photoelectrode after low-temperature calcination
(300°C) can be significantly increased to 1.2 mAcm™2 at 0.8V
vs. Ag/AgCl, which is much higher than that of the as-synthe-
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Scheme 1. Fabrication process for the SnS, nanoplate/FTO and SnS nano-
plate/FTO photoelectrodes.

sized SnS,/FTO photoelectrode. Alternatively, with high-tem-
perature calcination (550°C) the SnS,/FTO photoelectrode can
be transformed into a p-type SnS nanoplate photoelectrode
(SnS/FTO) and generate a cathodic photocurrent, which is to-
tally different from the anodic photocurrent generated on the
as-synthesized, low-temperature calcined SnS,/FTO photo-
electrodes. To our knowledge, investigations of the transforma-
tion of n-type SnS, nanoplates into p-type SnS nanoplates and
their related photoelectrochemical performances have very
seldom been reported.

After 2 h of calcination at 300°C or 550°C in Ar, the color of
the as-prepared SnS,/FTO glass changed from yellow into
brownish or totally black, respectively (Figure 1, inset). Corre-
spondingly, the optical absorption of these three samples (Fig-
ure 1a) reveals that the absorption onset of the as-prepared
SnS,/FTO is associated with a band gap of around 2.6 eV,
which was decreased by roughly 0.4 eV after the calcination at
300°C and further decreased by around 0.8 eV after the calci-
nation at 550°C. The band gaps of both calcined samples are
in good agreement with the typical reported values for SnS,
(2.24 eV) and SnS (1.11 eV),* respectively. The X-ray diffraction
(XRD) was used to identify the crystallinity and phase structure
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of the as-synthesized and calcined samples. Here, normal glass
substrates were used for the growth of the SnS, thin films in
order to avoid the interference of FTO signals produced from
the substrate. The XRD peaks of the as-prepared sample (Fig-
ure 1b) can be indexed to hexagonal SnS, (JCPDS No. 21-
1231). After calcination at 300 °C for 2 h, the phase of SnS, was
retained, but the crystallinity was greatly improved as demon-
strated with much narrower XRD peaks with higher intensity.
Unlike those of SnS,, the XRD peaks of the sample calcined at
550°C for 2 h can be indexed into herzenbergite SnS (JCPDS
No. 33-1375), suggesting the SnS, phase is completely convert-
ed into SnS. From the XRD analysis, it is clear that the band
gap change for SnS, before and after calcination at 300°C
could be attributed to an increase in the film density and
sulfur deficiency or tin vacancy.?” A similar band gap change
was also reported by Hanini etal. for the annealed anatase
Ti0,.%? In terms of the band gap change before and after calci-
nation at 550°C, the samples should be treated as two differ-
ent semiconductors with different band gaps.

The morphologies of the SnS,/FTO photoelectrodes before
and after calcination were characterized by scanning electron
microscopy (SEM). SnS, nanoplates were interconnected to
each other and distributed uniformly on the whole FTO sub-
strate surface (Figure 2a). The nanoplates are quite thin and
their thickness is normally less than 20 nm (inset in Figure 2a).
After calcination at 300°C or 550°C, the morphology of the
SnS,/FTO or SnS/FTO that is obtained remained nearly intact
(Figure 2b and c), with only the edge of the nanoplate becom-
ing slightly rougher (inset in Figure 2b), or even splitting into
small bunches (inset in Figure 2c). From the cross-sectional

Figure 2. SEM images of SnS, nanoplates without calcination (a) and after
calcination at 300°C (b) and at 550°C (c). The scale bar is 1 um. The insets
are the magnified SEM images for which the scale bar is 100 nm.
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Figure 1. UV/Vis spectra (a) and XRD patterns (b) of SnS, without calcination and after calcination at 300°C and at 550°C. The inset in (a) is the photograph
of SnS,/FTO without calcination (left) and after calcination at 300°C (middle) and at 550 °C (right).
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images (see the Supporting Information, Figure S1), the two-di-
mensional nanoplates that were densely and vertically grown
on the FTO surface were around 1.5 um in height. The height
of the two-dimensional nanoplate has little obvious change
after calcination. Energy dispersive spectroscopy (EDS) was
also conducted to analyze the components in the samples.
The three samples mainly contained Sn, S and some O (see the
Supporting Information, Figure S2), which might have originat-
ed from the underlying FTO substrate. Owing to the micropo-
rous structure of the film and the interference of the FTO sub-
strate, the atomic ratio between Sn and S did not strictly
follow the molecular formula. However, the change of the
atomic ratio between Sn and S was obvious and the atomic
ratio of Sn to S increased on increasing the calcination temper-
ature from room temperature to 300°C and then to 550°C.
Figure 3 shows the current density—potential (J-V) curves for
the three different photoelectrodes in 1m Na,SO, solution
under chopped sunlight (AM 1.5, 100 mW cm™2). When a poten-
tial scan was applied from —0.4V to 0.8V vs. Ag/AgCl, an
anodic photocurrent was generated on the SnS,/FTO photo-
electrodes prepared without calcination and those prepared
with calcination at 300°C (Figure 3a). The photocurrent density
of the SnS,/FTO photoelectrode was greatly enhanced after
calcination and the photocurrent density reached about
1.2mAcm™ at 0.8V vs. Ag/AgCl, suggesting that the calcina-
tion treatment reduced the defect density and increased the
interparticle contacts and/or improved the contact between
the interface of SnS, and the FTO substrate, which further facil-
itates the excited charge transfer.””” In contrast, after the SnS,/
FTO photoelectrode was calcined at 550°C, the resultant SnS/
FTO photoelectrode had almost no photoresponse under the
same experimental conditions. When the potential was
scanned from 0 to —0.8V vs. Ag/AgCl in 1Tm Na,SO, the
anodic photocurrent gradually decreased to zero within the
potential range between 0 and —0.4 V on the SnS,/FTO photo-
electrodes prepared without calcination and with calcination
at 300°C. For the SnS/FTO photoelectrode, a cathodic photo-
current appeared and gradually increased within the potential
range from —0.4 to —0.8 V vs. Ag/AgCl and the photocurrent
density reached ca. 0.26 mAcm™ at —0.8V vs. Ag/AgCl. The
observed photoelectrochemical behavior of the SnS,/FTO and
SnS/FTO photoelectrodes suggested that SnS,/FTO photoelec-
trode was a typical n-type semiconductor whereas SnS/FTO
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photoelectrode was a p-type semiconductor. To verify this, the
Mott-Schottky (MS) curves were measured and the capaci-
tance was derived from the electrochemical impedance ob-
tained at each potential and a frequency of 5 kHz in the dark.
The SnS,/FTO photoelectrode formed after calcination at
300°C gave rise to a positive slope (see the Supporting Infor-
mation, Figure S3), indicating n-type nature, which is the same
as that of the SnS,/FTO photoelectrode formed without calci-
nation. In contrast, the photoelectrode formed after calcination
at 550°C gave a negative slope, suggesting a p-type nature of
the SnS/FTO photoelectrode. The results of the MS measure-
ments were in agreement with the photoelectrochemical be-
havior of these photoelectrodes (Figure 3). From the above
characterizations, it is very clear that the n-type SnS,/FTO pho-
toelectrode remained n-type after calcination at 300°C, but
was transformed into p-type SnS/FTO after calcination at
550°C.

To explore the electrochemical behavior under chopped
light, the amperometric current density—-time (J-T) and the
open-circuit potential (OCP) of both the calcined SnS,/FTO and
SnS/FTO photoelectrodes were measured. The SnS,/FTO pho-
toelectrode exhibited an anodic photocurrent during three
cycles of intermittent chopped irradiation, whereas the SnS/
FTO photoelectrode had almost no response under the same
conditions with an applied potential of 0.6 V vs. Ag/AgCl (Fig-
ure 4a). In contrast, when a negative bias (—0.5 V vs. Ag/AgCl)
was applied, the SnS/FTO photoelectrode showed a significant
cathodic photocurrent under chopped light, but the SnS,/FTO
photoelectrode exhibited a very weak anodic photocurrent
(Figure 4b). Therefore, it is further confirmed that the SnS,/FTO
and SnS/FTO photoelectrodes demonstrate typical photores-
ponses of n- and p-type photoelecrodes, respectively. The OCP
values of both photoelectrodes were also measured (Fig-
ure 4c). When illuminated under light, the OCP value of the
SnS,/FTO photoelectrode quickly shifted to a more negative
value, suggesting increasing negative charge within the photo-
electrode. In contrast, the OCP value of the SnS/FTO photo-
electrode shows a slightly positive shift, indicating some posi-
tive charge was formed during the light irradiation. These be-
haviors are consistent with those of typical n- and p-type pho-
toelectrodes, respectively, which provides further evidence that
the SnS,/FTO is a typical n-type photoelectrode and the SnS/
FTO is a typical p-type photoelectrode. The above characteriza-
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Figure 3. J-V curves of SnS,/FTO without calcination (black) and after calcination at 300 °C (red) and at 550°C (green).
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Figure 4. J-T curves (a and b) and OCP (c) of SnS,/FTO after calcination at 300 °C (black) and at 550°C (red), respectively. Applied potentials were 0.6 and

—0.5 V vs. Ag/AgCl for (a) and (b), respectively.

tion establishes that a wet-chemical-synthesized SnS,/FTO pho-
toelectrode can retain its n-type character if calcination occurs
at low temperatures (300°C), but can be converted into a p-
type SnS/FTO under high calcination temperatures (550°C).
This indicates that when the temperature was increased from
300°C to 550°C, SnS, dissociation began to occur and S deple-
tion and high temperatures promoted the dissociation pro-
cesses until SnS finally formed.”® The formation of SnS could
proceed as follows:

1
SnS, 2 5nS + S

where x=2-8 and represents the various S species that can be
formed during this process. For the transformation from n-type
SnS, into p-type SnS, it is generally accepted that a reducible
cation such as Sn*" is associated with electron conduction of
the n-type semiconductor, whereas an oxidizable cation such
as Sn*" is connected with hole conduction of the p-type semi-
conductor.”?*3% The dominance of sulfur and tin vacancies in
SnS, and SnS, respectively, relate to the differing behaviors ob-
served since the sulfur vacancies act as electron traps and Sn
vacancies act as acceptor defects.” Therefore, SnS, and SnS
are typical n- and p-type semiconductors, respectively.

To determine the valence band position for the three photo-
electrodes, photoelectron spectroscopy in air (PESA) measure-
ments were conducted. The valence bands were detected at
—5.86, —5.65, and —5.40 eV vs. the vacuum level for the SnS,/
FTO photoelectrode before calcination and after calcination at
300°C or 550°C (or SnS/FTO), respectively (see the Supporting
Information, Figure S4). Therefore, the valence and conduction
band positions for these three different SnS, and SnS semicon-
ductors can be clearly determined based on their optical band

ChemSusChem 2017, 10, 1-6 www.chemsuschem.org

gaps derived from UV/Vis spectroscopy (Figure 1a) and valence
band positions from PESA (Figure S4). From the band diagram
for these three semiconductors (see the Supporting Informa-
tion, Figure S5), it can be concluded that the annealing treat-
ment significantly affects the energy band levels of the films.
Elevating the annealing temperature raises the valence band
positions. This observation may provide an effective strategy
for developing SnS,/SnS films with controllable energy band
levels through a simple calcination step.

In summary, we have reported a facile wet-chemical method
for the direct synthesis of SnS, nanoplates on an FTO sub-
strate. More importantly, we found that a simple post-anneal-
ing treatment process carried out on the SnS, nanoplates had
a significant effect on both the chemical composition and the
intrinsic semiconducting properties of the nanoplates pro-
duced. When we used low-temperature calcination (300 °C),
SnS, retained its n-type nature and a remarkably enhanced
anodic photocurrent density (1.2 mAcm™ at 0.8 V vs. Ag/AgCl)
was achieved compared to that of the non-annealed sample.
In contrast, the n-type SnS, nanoplates were transformed into
p-type SnS nanoplates with the generation of cathodic photo-
current after high-temperature calcination (550°C). The new
findings reported herein may provide insights for designing
new generation devices with potential applications in solar
cells, photodetectors, and other optoelectronic areas.

Experimental Section
The fabrication procedure

The fabrication of the n-type SnS, nanoplates and p-type nano-
plates of SnS photoelectrodes was performed as follows. One clean
FTO glass plate with the conductive side facing down was im-
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mersed in an ethanol solution containing 0.05m SnCl,-4H,0 and
0.1 M thioacetamide in a closed container at 80°C for 2 h. After
thoroughly rinsing the surface, the as-prepared SnS,/FTO photo-
electrode was transferred into a tube furnace under Ar gas and the
temperature was gradually raised from room temperature to
300°C or 550°C at a ramping rate of 1°Cmin~". The samples were
then kept for 2 h at the highest temperature to ensure the trans-
formation was completely finished, then allowed to cool naturally
to room temperature. Given the ultrathin nature of the nanoplates,
heat treatment of 2 h should be sufficient for the phase transfor-
mation to finish, as evidenced by the XRD patterns. After thor-
oughly rinsing their surfaces with Millipore water, the SnS,/FTO or
SnS/FTO photoelectrodes were directly used for photoelectro-
chemical measurements.

Characterization

UV/Vis absorption spectra were recorded with a V650 spectropho-
tometer (JASCO). X-ray diffraction (XRD) patterns were collected on
a diffractometer (Miniflex, Rigaku). Scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) measurement
were performed on JEOL JSM-7001F. The ionization potential of
the semiconductors was determined by using a Riken Keiki AC2
photoelectron spectroscopy in air (PESA) system.®" Thin films were
deposited on FTO glass and the photoelectron yield was measured
as a function of energy. The ionization potential was determined
from these results by fitting two linear lines and finding their inter-
section (Figure 54).5%

Photoelectrochemical measurements

Photoelectrochemical measurements were performed in a home-
made one-compartment reactor with a quartz window. A three-
electrode configuration was used with Pt wire, Ag/AgCl, and SnS,/
FTO or SnS/FTO as the counter, reference, and working electrodes,
respectively. N,-saturated 1wm aqueous Na,SO, solution (pH 6) was
used as the electrolyte. Amperometric J-T curves were measured
at 0.6 or —0.5V vs. Ag/AgCl on an Electrochemical Workstation
(CHI660d). A xenon lamp (150 W, Newport) with an AM 1.5G filter
was used as the light source for the measuring the photocurrent.
The illumination area was set by an aperture to 0.785 cm? The
Mott-Schottky analysis was performed in a three-electrode config-
uration in 1M Na,SO4 solution with 5 kHz frequency in the dark.
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300°C 550°C
calcination  calcination
under Ar  under Ar

anodic photocurrent or be completely
converted into p-type SnS to generate
cathodic photocurrent.
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