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Van der Waals heterostructures have great potential for the emer-
ging self-powered photoelectrochemical photodetectors due to
their outstanding photoelectric conversion capability and efficient
interfacial carrier transportation. By considering the band alignment,
structural design, and growth optimization, the heterostructures of
vertically oriented SnS, with different densities on MoS; nanosheets
are designed and fabricated using a two-step epitaxial growth
method. Compared with SnS,, MoS,, and low density—vertical SnS,/
MoS,; heterostructure, the high density—vertical SnS,/MoS, hetero-
structure exhibits largely enhanced self-powered photodetection
performances, such as a giant photocurrent density (~932.8 pA cm™2),
an excellent photoresponsivity (4.66 mA W~1), and an ultrafast response/
recovery time (3.6/6.4 ms) in the ultraviolet-visible range. This impressive
enhancement of high density—vertical SnS,/MoS, photodetectors is
mainly ascribed to the essentially improved charge transfer and carrier
transport of type-ll band alignment heterostructures and the efficient
light absorption from the unique light-trapping structure. In addition, the
photoelectrocatalytic water splitting performance of the high density—
vertical SnS,/MoS, heterostructure also benefits from the type-Il band
alignment and the light-trapping structure. This work provides valuable
inspiration for the design of two-dimensional optoelectronic and photo-
electrochemical devices with improved performance by the morphology
and heterostructure design.

Introduction

Photoelectrochemical (PEC)-type photodetectors have recently
received great attention for broad applications in many fields'
due to their simple and low-cost fabrication processes, envir-
onmentally friendly nature, high photoresponsivity, and fast
response speed. These PEC-type photodetectors can accelerate
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New concepts

By considering the band alignment, structural design, and growth
optimization, this study proposed a self-powered photoelectrochemical
photodetector based on the SnS,/MoS, heterostructure with trap-like
vertically oriented nanostructures. To the best of our knowledge, this is
the first report in which different morphologies of SnS,/MoS, by a
chemical vapor deposition method and a self-powered photoelectro-
chemical photodetector based on SnS,/MoS, were studied systema-
tically. In comparison to most existing photodetectors, this self-powered
photoelectrochemical photodetector exhibits high-photoresponsivity and
fast-response without power supply such as a giant photocurrent density
(~932.8 pA cm ™), an excellent photoresponsivity (4.66 mA W~ '), and an
ultrafast response/recovery time (3.6/6.4 ms) in the ultraviolet-visible range,
which have great potential in various harsh and complex environments. This
work provides valuable inspiration for the design of two-dimensional
optoelectronic  and  photoelectrochemical ~ devices with  improved
performance by the morphology and heterostructure design.

the separation of photoexcited carriers because of the energy
barrier at the interface between the photoelectrode material
and the electrolyte, and the electrolyte plays the role of an ion
channel to finish the whole current loop in the process.* Thus,
the PEC-type photodetectors have been widely considered as
novel self-powered photodetectors even without an external
power supply, which have great potential in various harsh
and complex environments® such as depopulated zones and
rescue after disaster. Recently, many traditional semiconduc-
tors such as ZnO and TiO, have been chosen as photoelectrode
materials for self-powered photodetectors, but they can only
perform in the ultraviolet region.°® Compared with these
traditional electrode materials, two-dimensional (2D) layered
semiconductor materials like BP become promising building
blocks for self-powered PEC photodetection devices due to their
unique physicochemical properties’ such as broad optical
absorption and high carrier mobility. However, these photo-
detectors need to be further optimized because of irreversible
oxidation,' low photocurrent density, or low photorespon-
sivity.> Subsequently, with the development of synthesis
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methods and nanostructure research, transition metal dichal-
cogenide (TMD) with excellent optical and electrical properties
become a spotlight as key components for the next generation
of optoelectronic devices.

Atomic-scale molybdenum disulfide (MoS,) is the first exten-
sively studied TMD material with high carrier mobility and a
broad absorption range from the visible to the mid-infrared
region.''> Thanks to these outstanding optical and electrical
properties, a MoS,-based photoconducting photodetector has
shown a broadband photoresponse (445-2717 nm) and a max-
imum responsivity (50.7 mA W~ ')."* However, the photodetec-
tion capacity of monolayer MoS, is still limited by the low
absorption (less than 8% in the visible region)'* and a relatively
long response time (~1.5 s),"> which severely affects the
application of self-powered photodetectors. Researchers have
tried lots of methods to improve the photoelectric response,
including the phase,'® element doping,"” defect engineering,'®"’
and heterostructure construction.’**" Among these strategies,
the formation of van der Waals (vdW) heterostructures is the
most promising way because of the rich designability of band
alignment.>>** Tin dichalcogenide (SnS,) exhibits a superior
absorption coefficient in the ultravioletvisible (UV-Vis)
region,”**> a rapid diffusion rate of electron-hole pairs,”® and
large carrier mobility (18-760 cm® V' s7%),*” and has been
viewed as a possible candidate to remedy the shortcomings of
MoS,-based photodetectors. More importantly, SnS,-based photo-
detectors have demonstrated a fast response time (~5 ps).*® The
vertical bilayer heterostructures of SnS,/MoS, have been reported
to have a type-II band alignment, which supports a high photo-
responsivity of ~1.36 A W' with a field-effect transistor (FET)
structure.”® Nevertheless, the weak total absorption limited by
the inherent ultrathin structure is a common problem for 2D
materials in practical applications. Increasing film thickness
directly is not a good option because of the structural transition
from 2D to bulk. Therefore, constructing SnS,/MoS, hetero-
structures with special morphology is expected to enhance light
absorption. High-density vertically oriented SnS, nanosheet
arrays®® and monolayer MoS, nanosheets®* can be obtained
by vdW epitaxial growth. Such complementarity in SnS, and
MoS, is expected for designing self-powered PEC photodetec-
tors with outstanding photodetection performances. Moreover,
this PEC-type photodetector collects the electrons at the con-
ductive substrate, and then the electrons go into the counter
electrode (Pt foil) and are combined with H' in the electrolyte,
thus producing hydrogen. The reported studies predict in
theory that the conduction and valence band edges of SnS, and
MoS, could straddle the electrochemical potentials for water
splitting,**** which are also desirable in PEC applications.

In this work, vertically oriented SnS, nanosheet arrays with
different structural densities are deposited on MoS, nanosheets
by a two-step vdW epitaxial growth method using a chemical
vapor deposition (CVD) technique. A series of characterization
studies and PEC measurements have been used to investigate
the photodetection properties and physical and chemical
mechanisms of the devices. The results confirm that the high
density-vertical (HV) SnS,/MoS, heterostructure possesses
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greatly enhanced self-powered photodetection performances
compared with SnS,, MoS,, and low density-vertical (LV) SnS,/
MosS, heterostructures. Specifically, the photocurrent density and
photoresponsivity reach ~932.8 pA cm > and ~4.66 mA W™ *
under zero bias voltage, and the response/recovery time is only
~3.6/6.4 ms. Additionally, these heterostructures also have
relatively good hydrogen evolution reactions. This improvement
in photodetection and water splitting comes from the special
morphology improving light absorption and the type-II hetero-
structure accelerating the separation of electron-hole pairs. Our
work paves the way for fabricating high-performance self-powered
PEC photodetectors by constructing SnS,/MoS, heterostructures
with effective structural design, which is also a valuable reference
for the design of 2D heterostructures in other potential opto-
electronic and PEC applications.

Fabrication of SnS,/MoS.»

HV-SnS,/MoS, and LV-SnS,/MoS, van der Waals heterostruc-
tures were grown by a two-step CVD method (Fig. 1). MoS,
nanosheets were synthesized on indium tin oxide (ITO) sub-
strates in the first step. As precursors, 3.5 mg MoO; (molybde-
num oxide, 99.998%, Alfa) and 1 g S (sulfur, >98%, Aladdin)
powders were placed in the vacuum tube furnace. The ITO
substrates were positioned at the downstream part of the
quartz tube, which was purged with a high-purity Ar (argon,
99.9%) gas. Then, the temperatures of zone 1 and zone 2 were
ramped up to 200 °C (S) and 680 °C (MoOs) in 20 minutes,
respectively. After maintaining the temperatures for 10 minutes
in the Ar atmosphere with a constant flow of 100 sccm, the
system was cooled down spontaneously. For the second step,
HV-SnS, and LV-SnS, were prepared on the as-grown MoS,
nanosheets on ITO glass substrates. For the preparation of
HV-SnS,/MoS,, 3 mg SnO (Tin oxide, 99.9%, Alfa) and 1 g S
powders were chosen as precursors. The temperature zones
1 and 2 were heated to 200 °C (S) and 650 °C (SnO) in 20 minutes,
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Fig. 1 Schematic of two-step direct vdW epitaxial growth of low density-
vertical (LV) and high density-vertical (HV) SnS,/MoS, heterostructures.
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respectively. The growth time is 20 minutes, and the atmosphere
is Ar gas with a flow of 30 sccm. To prepare LV-SnS,/MoS,, 0.5 &
SnCl,-5H,0 (stannic chloride hydrated, 99.0%, Aladdin) and 1 g S
powders as precursors were heated to 450 °C and 200 °C in
25 minutes, respectively. The growth temperature is 15 minutes,
and the flow rate Ar is 60 sccm. As reference samples, HV-SnS,
and LV-SnS, are also prepared on ITO substrates directly using the
heterostructure growth parameters.

Characterization of SnS,/MoS,

The optical micrograph of MoS, nanosheets on an ITO glass
substrate is shown in Fig. 2(a). The randomly deposited island-
shaped nanosheets have large areas with diameters of ~10-20
um and cover almost 70% of the ITO surface. The sectional-view
morphology of the HV-SnS, sample is characterized by scan-
ning electron microscopy (SEM, Thermo Fisher, Apreo S) in
Fig. 2(b). The nanosheets are vertically oriented with a height of
~500 nm. The SnS, nanosheets tend to grow out-of-plane on
ITO substrate due to the higher surface energy of vertical (100)
planes in SnS,.** Similarly, it is found that SnS, nanosheets
also vertically grow on the ITO with MoS, nanosheets, which
can be observed from SEM images in Fig. 2(c) and (d). Fig. 2(c)
and (d) show the top SEM images of LV-SnS,/MoS, and
HV-SnS,/MoS, heterostructure samples, respectively. These
SnS, nanosheets are well-aligned on MoS, nanosheets with an
edge length of ~500 nm. Compared with the LV-SnS,/MoS,
heterostructure, the HV-SnS,/MoS, sample has a higher den-
sity, which provides a much larger exposed surface area of
HV-SnS, and a better contact interface between HV-SnS, and
MoS, nanosheets.?® This heterostructure could accelerate the
interfacial charge transportation, which is beneficial for the
design of high-performance PEC devices.****

X-ray diffraction (XRD, Bruker, D8 Advance) is used to
analyze the crystallographic structure of the samples, as shown
in Fig. 3(a). The main diffraction peaks of HV-SnS,/MoS,
located at 15.05, 28.29, 30.39, 32.09, 41.79, and 46.23° could

Fig. 2 (a) Top optical image of the MoS, nanosheets. The inset is a high
magnification optical image. (b) Sectional-view SEM image of HV-SnS,. (c)
Top SEM image of LV-SnS,/MoS,. (d) Top SEM image of HV-SnS,/MoS,.
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be attributed to the (001), (100), (002), (011), (012), and (003)
crystal planes from 2H-SnS, (JCPDS 89-2358), respectively. The
peak at 35.9° comes from the (102) crystal plane of 2H-MoS,
(JCPDS 37-1492). In the LV-SnS,/MoS, heterostructure, the (001)
and (002) crystal planes of SnS, and the (102) crystal plane
of MoS, can be observed. The XRD results demonstrate the
coexistence and the good crystallinity of SnS, and MoS, in the
heterostructures.

To further investigate the crystallinity and internal structure
of the vdW heterostructure, a transmission electron microscope
(TEM, FEI Tecnai G” F20) is measured in Fig. 3(b) and (c). The
lattice fringes of 0.58 and 0.31 nm can be assigned to the (001)
and (100) planes of SnS,, respectively. The lattice fringe of
0.27 nm corresponds to the (102) plane of MoS,. In comparison
to the TEM image of HV-SnS,/MoS,, only the (001) plane of SnS,
can be observed in LV-SnS,/MoS,. This result suggests that
HV-SnS,/MoS, might form high density-vertical nanosheets more
easily than LV-SnS,/MoS,. The TEM characterization reveals the
successful formation of the SnS,/MoS, heterostructure.

The linear absorption properties of all samples are analyzed
by UV-Vis absorption spectroscopy (R1, Ideaoptics) in Fig. 3(d).
The result shows that MoS, nanosheets exhibit a broadband
absorption from UV to near-infrared light regions, while
HV-SnS, samples show strong absorption in the UV-Vis region.
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Fig. 3 (a) XRD pattern of HV-SnS,/MoS,, LV-SnS,/MoS,, HV-SnS,, LV-
SnS,, and MoS,. (b) TEM image of HV-SnS,/MoS,. (c) TEM image of LV-
SnS,/MoS,. (d) UV-Vis absorption spectroscopy of all samples. The inset is
Tauc plot for estimating the bandgap energies (Eg) of MoS; and HV-SnS,.
(e) Raman spectra of all samples.
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The superior absorption property of HV-SnS, nanosheet arrays
is related to their excellent light-trapping structure, which
could promote internal light scattering and improve the light-
harvesting ability.>® For the LV-SnS,/MoS, sample, the absorp-
tion is greatly enhanced in the UV-Vis region due to the
construction of the heterostructure. Moreover, the increased
nanosheet array density induced an even more significant
absorption of HV-SnS,/MoS,. The E, values of MoS, and HV-
SnS, are 1.88 and 1.93 eV, respectively, obtained from the Tauc
plots as shown in the illustration of Fig. 3(d).

Raman spectra of HV-SnS,, LV-SnS,, MoS,, and heterostruc-
ture samples are measured by using the SmartRaman confocal-
micro-Raman module (developed by the Institute of Semicon-
ductors, Chinese Academy of Sciences). As shown in Fig. 3(e),
the characteristic resonance peak at 311.1 cm™ ' corresponds to
the A;, mode of SnS,,*” and the characteristic resonance peaks
at 383.9 cm ™' and 402.6 cm ™' agree well with the in-plane E,,
mode and the out-of-plane A;, mode vibrational modes of
MoS,, respectively.>*® For both HV-SnS,/MoS, and LV-SnS,/
MoS, heterostructures, the E,; and A, peaks of MoS, and the
A, peaks of SnS, can be identified. These Raman results
demonstrate that the HV-SnS,, LV-SnS,, MoS,, and heterostruc-
ture samples are successfully prepared.

X-Ray photoelectron spectroscopy (XPS, Thermo Fisher,
ESCALAB Xi+t) is applied to analyze the bonding configuration,
chemical composition, and electronic structure of the samples.
The XPS full spectrum of HV-SnS,/MoS, heterostructure reveals
that Sn, Mo, S, O, and C elements coexist in the sample with a
very low content of impurities. Fig. 4(a) shows the binding
energy peaks of Sn 3d at ~495.47 and ~497 eV, which are
attributed to Sn 3d;, and Sn 3ds),, respectively, in accordance
with the reported values of Sn**.*° The Sn 3ds,, peak positions
of the HV-SnS,/MoS, heterostructure and HV-SnS, have a slight
shift of ~0.1 eV, owing to the strong interaction at the HV-SnS,/
MoS, interface in the heterostructure. Fig. 4(b) shows the peaks
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Fig. 4 (a) XPS spectra of Sn 3d3z,> and Sn 3ds,,. (b) XPS spectra of Mo 3ds,»
and Mo 3ds,,. () VB spectra and VBM fitting of HV-SnS, and MoS,. (d) Band
alignment information of HV-SnS,/MoS,.
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of Mo 3d at 232.57 and 229.37 eV, which originate from Mo 3d;/,
and Mo 3ds,, respectively.4° It can be noted that the Mo 3ds),
peak in the HV-SnS,/MoS, heterostructure is absent, probably
because of the shielding of the HV-SnS, and the heterostructure
interaction.

To analyze the carrier transportation properties at the het-
erostructure interface, high-resolution XPS spectra and the
valence band maximum (VBM) are measured in Fig. 4(c). Here,
the VBM values of HV-SnS, and MoS, are obtained to be 1.93
and 1.05 eV, respectively. The type of HV-SnS,/MoS, hetero-
structure can be determined by the valence band offset para-
meter AEy and the conduction band offset parameter AEc. The
AEy for the HV-SnS,/MoS, heterostructure can be calculated via
the method from Kraut et al. as™

AEy = ( MoS, i\//l];)]\S/f) T ( ESnSQ/MoSZ _ SnSg/MoSg)

Mos Sns )y Mos ),
SnS SnS )
nS) nS)
- (ESns/; - EVBM)
The AE¢ can be calculated by
AEc = By + AEy — ES™ (2)

The band alignment information of HV-SnS,/MoS, is inte-
grated in Fig. 4(d). The results suggest HV-SnS,/MoS, forms a
type-1I heterostructure, which could efficiently promote the
interfacial charge separation and improve the performance of
optoelectronic devices.**

Photodetector performance
of SﬂSz/MOSz

The photoelectric responses of the samples are measured by a
conventional PEC-type system equipped with an electrochemical
workstation (CHI660e, Shanghai Chenhua) and a xenon lamp
(PLS-SXE300/300UV, Beijing Perfectlight). A platinum (Pt) wire,
a mercurous sulfate electrode, and the prepared samples are
used as the counter, reference, and working electrodes, respec-
tively. The electrolyte is 1 mol L™ Na,SO, neutral solution. The
effective illumination area of the photoelectrode is 0.7 cm>.

To investigate the light power intensity-dependent photo-
response, the amperometric /-t curves without bias voltage are
recorded in Fig. 5(a). By tuning the simulated solar power
intensity (P) from level I to level VI (P = 200, 150, 100, 75, 50,
20 mW c¢m™?), the photocurrent shows a downward trend for all
the MoS,, HV-SnS,, LV-SnS,, and heterostructure samples.
Meanwhile, the photoresponse of the HV-SnS,/MoS, hetero-
structure is far more significant than those of LV-SnS,/MoS,,
MoS,, HV-SnS,, and LV-SnS,. More specifically, the values of
photocurrent density (I,,) can be extracted by

Ioh = (light — Tdarl)/S (3)

where ILight, laark, and S are the current density in the bright
state, the current density in the dark state, and the effective
illumination area of photoelectrodes, respectively. The calcu-
lated Iy, values of these samples are shown in Fig. 5(b) on the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Photoresponse performances of all samples as photoanodes in1 M
Na,SO4 under 0 V. (a) The amperometric /-t curves irradiated by different
simulated solar light power intensities (From | to VI: 200, 150, 100, 75, 50,
20 mW cm™2). (b) Photocurrent density (Ion) and photoresponsivity (Rpp) as
a function of the light power intensity. (c) The time constants of HV-SnS,/
MoS, for the response (t.s) and recovery (t.oc). (d) The tes and t.ec of the
samples.

left axis. Taking the optimal HV-SnS,/MoS, as an example, the
value of I, rises from 57.14 pA cm ™2 (level VI) to 932.8 pA cm™>
(level I) as the light power intensity increases. By comparison,
the I, of HV-SnS,/MoS, under 200 mW em 2 is 2.6, 27.9, 100.6,
and 377.6 times larger than that of LV-SnS,/MoS,, MoS,, HV-
SnS,, and LV-SnS,, respectively. The significantly enhanced
photoresponse of the heterostructure could be attributed to
the fast charge transportation at the interface. Compared with
LV-SnS,/MoS,, the better performance of HV-SnS,/MoS, is
related to the improved light absorption due to the high
nanosheet array density.

Here, we highlight that the excellent photoresponse of the
heterostructure samples is obtained without a bias voltage.
This advantage implies a potential self-powered photodetector
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application. Therefore, the photoresponsivity parameter (Rp,) is
introduced to quantitatively evaluate the self-powered photo-
detection performance, as defined by

Rph = Iph/P (4)

The Ry, values as a function of P are shown in Fig. 5(b) on
the right axis. Under the simulated solar light of 200 mW cm >,
the Ry, value of the HV-SnS,/MoS, heterostructure reaches
4.66 mA W™, which is 2.6, 39.8, 155.3, and 582.5 times higher
than those of LV-SnS,/MoS,, MoS,, HV-SnS,, and LV-SnS,,
respectively. Even with a weak light of ~20 mW cm™?, the
Ry of the HV-SnS,/MoS, heterostructure still retains a high
value of ~2.85 mA W~ '. For comparison, the previously
reported Ry, values of many 2D and heterostructure materials
are summarized in Table 1. These results reveal that the
HV-SnS,/MoS, heterostructure sample has a superior Rpp,
which is 1000, 28, 71, 2, and 300 times larger than those of
BP,> PbO,** Te@Bi,** and BP/MoS,.*

In addition to Ry, the response time (t.s) and recovery time
(trec) are essential parameters for assessing the response speed
of photodetectors. The ¢, and t... could be assigned to the
time interval of photocurrent density change from 10% to 90%
and from 90% to 10% of its peak value, respectively.*> From
Fig. 5(c), the HV-SnS,/MoS, sample exhibits a remarkably fast
response with t..s = 3.6 ms and ¢... = 6.4 ms as the self-powered
PEC photodetector. Additionally, the summarized time con-
stants of HV-SnS,, LV-SnS,, MoS,, and heterostructure samples
are shown in Fig. 5(d), and the previously reported results of
other 2D materials are listed in Table 1. These results suggest
HV-SnS,/MoS, has a superior response speed compared with
BP?, Te@Bi,** Sns,*® BP/Mo0S,,** SnS, (FET),”* and SnS,/MoS,
(FET)*> based photodetectors. Meanwhile, compared with
voltage-driven photodetectors based on MoS, and SnS,
heterostructures,**830753:5%:56 the HV-SnS,/MoS, self-powered
photodetector shows a fast response time but relatively lower
photocurrent density and responsivity. To improve the

Table 1 Comparison of characteristic parameters of HV-SnS,/MoS, heterostructure-based photodetector with other reported photodetectors

Materials Measurement conditions Ion (MA cm™?) Rpn (AW ) Tres (MS) Tree (MS) Ref.
HV-SnS,/MoS, 1 M Na,SO,, 0 V 932.8 4.7 3.6 6.4 This work
LV-SnS,/MoS, 1M Na,SO,, 0V 357.4 1.8 3.8 8.5 This work
MoS, 1M Na,SO,, 0V 33.4 0.1 5 16.3 This work
HV-SnS, 1 M Na,SO,, 0 V 9.3 0.03 4.1 32.8 This work
LV-SnS, 1 M Na,S0,, 0 V 2.47 0.008 4.2 300 This work
BP 0.1 M Na,SO,4, 0V 0.26 0.002 500 500 2

PbO 0.01 M KOH, 0 V 9.8 0.1 — — 43

Te@Bi 0.5 M KOH, 0V 4.7 0.03 80 80 44
SnS,/TiO, 0.5 M Na,SO,, 0 V 10 — — — 46
BP/MoS, 1M KOH, 0V 2.68 0.02 51 — 45
InSe/Ge-doped InSe 1MKOH, 0V 0.41 0.003 95 91 47
V-SnS,/gra phene 0.5 M Na,SO,, 0 V 130 — — — 48

V-SnS, 0.5 M Na,SO,, 1.4 V 1730 — — — 34

sns 0.1 M Na,SO,, 0.6 V 1.59 0.06 300 — 49
SnS,/Bi,Se; 0.2 M Na,SO;, —0.1 V 170 2.43 — — 30
TiO,/SnS,/CoO, 0.5 M Na,S0,, 0.65 V 1050 — — — 50

V-SnS, FET, 490 nm Vge =2 V 0.043 — 43.4 64.4 51
SnS,/MoS, FET, visible Vys =1V 4 % 10° 2.3 100 — 52
SnSZ/peI‘OVSkite FET, 445 nm Vg3 = -3V 1050 — 0.02 0.03 53

This journal is © The Royal Society of Chemistry 2022
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photodetection capability of HV-SnS,/MoS,, applying an exter-
nal bias may be an efficient way to accelerate the charge
transport process.

To further explore the sensitivity this self-powered photo-
detector, the wavelength-dependent response is measured.
Fig. 6(a) shows the wavelength dependence of the photocurrent
density under quasi-monochromatic light irradiation at 350,
380, 420, 450, 475, 500, 520, 550, 600, and 650 nm. The light
power intensity maintains a constant of 10 mW cm 2. More-
over, the I, values are extracted as shown in Fig. 6(b) to give a
clear comparison. All these samples show the highest I,, at
420 nm, according well with the absorption spectra in UV-Vis
results (Fig. 3(a)). The HV-SnS,/MoS, heterostructure exhibits
the largest I,;, under all the measured wavelengths, and the
maximum I, of HV-SnS,/MoS, at 420 nm reaches ~118.25 nA
em 2, which is 1.9, 9.1, 11.5, and 11.6 times larger than those of
LV-SnS,/MoS,, MoS,, HV-SnS,, and LV-SnS,, respectively. The
result originates from the special morphology improving light
absorption and type-II heterostructure accelerating separation
of electron-hole pairs. To make a more general comparison, the
Ry values that do not contain the power intensity are calcu-
lated and shown in Fig. 6(b) on the right axis. The changing
of Ry, is proportional to I, because the P is a constant
10 mW cm 2 in the measurement. The HV-SnS,/MoS, sample
also exhibits the highest sensitivity at 420 nm with the maxi-
mum Ry, of 11.82 mA W', which is much more significant
than the reported 0.76, 0.54, 0.37, and 0.41 of graphdiyne
(~400 nm),”” Bi,Te; (~400 nm),>® Bi/Te (~400 nm),>® and
ZnO/NiO (~350 nm),*® respectively. These results suggest
that the HV-SnS,/MoS,-based photodetector can be used in
the UV-Vis region.

In the following part, we verify the self-powered photore-
sponse properties of HV-SnS,/MoS, for visible and infrared
detection applications. Different wavelength bands of 400+,
420+, 700+, and 800+ nm are achieved by using cut-off filters.
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Fig. 6 (a) The amperometric /-t curves irradiated by light at different
wavelengths. (b) /o, and Ry, as a function of wavelength. (c) The ampero-
metric /-t curves irradiated by light in 400+ and 420+ nm. (d) The
amperometric /-t curves irradiated by light in 700+ and 800+ nm.
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Fig. 6(c) shows the visible light detection performances of the
samples under 400+ and 420+ nm irradiation. The HV-SnS,/
MoS, heterostructure offers the best performance, with the
photocurrent density reaching 205.9 pA cm™ > under 400+ nm
irradiation, which is 4.7, 10.3, 13.4, and 36.4 times larger than
those of LV-SnS,/MoS,, MoS,, HV-SnS,, and LV-SnS,, respec-
tively. It is worth mentioning that the HV-SnS,/MoS, hetero-
structure can also be used as an infrared photodetector.
As proved in Fig. 6(d), relatively high photocurrent densities
of approximately 2.63 and 0.92 pA cm™ > are achieved by HV-
SnS,/MoS, heterostructure under 700+ and 800+ nm irradia-
tion, respectively. The below bandgap absorption may be from
the intrinsic defects, such as S vacancies™ and the surface
oxidation.®!

To understand the charge and mass transfer processes at
the photoelectrode/electrolyte interface, electrochemical impe-
dance spectra (EIS) were measured from 10> to 10> Hz, as
shown in Fig. 7(a). The inset shows the equivalent circuit
consisting of R, R., and CPE, which represent the electrolyte
solution resistance, the charge transfer resistance, and the
interfacial capacitance, respectively. The HV-SnS,/MoS, hetero-
structure possesses the smallest semicircle radius, suggesting the
lowest charge transfer impedance and the highest charge transfer
efficiency at the interface between the photoelectrode and the
electrolyte. Additionally, the EIS Bode phase plots (Fig. 7(b)) also
can reveal the interfacial mass and charge transfer in the low and
middle-frequency range (10> to 10°> Hz). The frequency (fiax)
corresponding to the characteristic peak shifts toward lower
frequency region after the construction of type-II HV-SnS,/MoS,
heterostructure, suggesting a high-efficiency channel for charge
transfer and ion diffusion at the interface between the photo-
electrode and the electrolyte.®®

(@ R (@)

14 _A;Vm_ 0.6

el o
10 e 03
8 2l

[— Hv-sns,Mos,

£
=
c) a —-Lvses, [ e T
e '/ Mas, 0.0 fmszze . L L
N4 AL HV-SuS, 0.6 | — LV-SnS,/Mos,
e LV-SnS,/MoS,
2 /p v —+—HV-SnS,/MoS,
0
4 6 8 03
Z' (ohm, 10%)
(b) "
S0 - : :
X —— MoS
agr 3 %2
z :3 40
£ <
- 0 == 1 1
15+
107 10t 10" 100 100 10t 10t
Frequency (Hz) 10}
() 01 — HV-SnS,/MoS, — MoS, sk

LV-SnS,/MoS,

Open Circuit Potential (V)

0 R
0.

0 50 100 150 200 -0 0.5 00 0
Time (s) Potential (V vs Hg/Hg,SO,)

Fig. 7 (a) EIS-Nyquist plots of all samples. The illustration is an equivalent
circuit model. (b) EIS-Bode phase plots of all samples. (c) Open circuit
potential of all samples. (d) Mott—Schottky curves of all samples.
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In order to characterize the generation, accumulation,
and recombination of electron-hole pairs,> the open-circuit
potential (V) is carried out by monitoring the photoelectrode
from a light irradiated quasi-equilibrium state to a dark state.
Under light illumination, the photoexcited electrons transfer
and accumulate into the conduction band (CB) of the material,
leading to a downswing of the Fermi level to a more negative
potential.®* Under the dark state, the Vo, decays rapidly because
the accumulated electrons will be consumed by holes.®
As shown in Fig. 7(c), the HV-SnS,/MoS, has a potential of
—0.05 V, which is more negative than those of LV-SnS,/MoS,
(—0.029 V), MoS, (—0.026 V), HV-SnS, (—0.017 V), and LV-SnS,
(—0.007 V). These results suggest that the accumulation of
photoexcited electrons in the CB from MoS, to HV-SnS, could
be accelerated by the interfacial separation of electron-hole
pairs in the heterostructure.

Mott-Schottky plots of the photoelectrodes are measured in
Fig. 7(d). All the samples are n-type semiconductors inferred
from the positive slope of the curves.®® The charge carrier
density (Np) of semiconductors can be calculated using the
formula®®

2 dE

D= eeey 1
()
C2

where e is the electron charge; ¢ is the dielectric constant of the
semiconductor; &, is the electric permittivity of vacuum; and C
is the specific capacity. The parameter d£/dC 2 can be deduced
from the Mott-Schottky curves. As a result, the Ny, values of
HV-SnS,/MoS, and LV-SnS,/MoS, are calculated to be ~3.5 x
10** em ™ and ~2.9 x 10** cm 7, respectively, which are much
higher than those of HV-SnS, (~1.2 x 10** ecm®), LV-SnS,
(~0.9 x 10** em™?), and MoS, (~5.9 x 10**> cm ). Addition-
ally, the higher Np will raise the Fermi level toward their
conduction band and then decrease the flat band potential
(Vgg).®® The Vgp could be extrapolated from the x-intercepts in
the Mott-Schottky plots, and the Vgp value of HV-SnS,/MoS,
heterostructure is approximately —0.95 V (vs. SCE), which is
more negative than LV-SnS,/MoS, (—0.63 V), HV-SnS, (—0.45 V),
LV-SnS, (—0.44 V), and MoS, (—0.39 V). These results confirm
that the HV-SnS,/MoS, sample has the most extensive carrier
concentration induced by the efficient charge transfer from
MoS, to HV-SnS, and then to the ITO current collector.®’
Finally, the depletion layer width W of the electrode-electrolyte
interface can be estimated using the following formula:®>

[2¢eg
W=,—|V-V 6
qND‘ FBl ()

where V represents the applied potential. The calculated W of
HV-SnS,/MoS, and LV-SnS,/MoS, are 2.32 and 2.68 nm, respec-
tively. These values are sufficiently smaller than those of HV-
SnS, (~16 nm), LV-SnS, (~19 nm), and MoS, (~98 nm). The
small depletion width implies an efficient charge separation in
the HV-SnS,/MoS, sample.

()
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Fig. 8 (a) The amperometric /-t curves of HV-SnS,/MoS, under different
bias voltages. (b) [on and Rpn of HV-SnS;/MoS; as a function of bias voltage.
(c) The amperometric /-t curves of different photoelectrodes under 0.8 V.
(d) /pn and Ry of different photoelectrodes under 0.8 V.

Furthermore, we have also investigated the PEC photodetec-
tion performances of these samples under non-zero voltages.
Previous studies have revealed that the bias voltage is an
efficient way to accelerate the charge transport process. The
photoresponses of the HV-SnS,/MoS, sample under different
bias voltages are shown in Fig. 8(a). To evaluate the perfor-
mance of the photodetector, the I,;, and R, values are extracted
as shown in Fig. 8(b). Under 0.8 V, the I, of HV-SnS,/MoS,
reaches a maximum of 213 pA ecm™?, which is 25, 1.9, 1.6, and
1.2 times higher than those values measured at —0.2, 0, 0.4,
and 0.9 V. Similarly, the values of Ry, are proportional to I,
due to the same measured P, (100 mW e¢m™?). The external
applied positive voltage could establish a potential gradient
within the samples, thus accelerating the charge transport and
carrier separation®® and leading to a better PEC performance.
Under the optimal condition of 0.8 V, the photoresponses of
HV-SnS,/MoS,, LV-SnS,/MoS,, MoS,, HV-SnS,, and LV-SnS, are
measured in Fig. 8(c), and the calculated I,, and Ry, values are
shown in Fig. 8(d). This result suggests that the HV-SnS,/MoS,
heterostructure offers more active sites and efficient charge
transportation, benefitting PEC water splitting.

Photoelectrocatalytic hydrogen
production

The current loop in PEC photodetectors is connected by
exchanging electrons with the electrolyte, which may produce
hydrogen (H,) and oxygen (O,) evolution at the electrode/
electrolyte interface. In order to investigate the PEC water splitting
mechanism and photoelectric process, we investigate the PEC
water splitting and photoelectrocatalytic H, evolution of the
multifunctional HV-SnS,/MoS,-based PEC photodetector. The
photoelectrocatalytic H, production measurements of these sam-
ples are performed in a quartz glass reaction cell equipped with a
gas analysis vacuum system (Labsolar-6A, Beijing Perfectlight).
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The reaction unit is a conventional three-electrode system
under a 100 mW cm > simulated solar light irradiation
(300 W, PLS-SXE300, Beijing Perfectlight). The electrolyte is
100 mL 1 M Na,SO, aqueous solution without adding any
sacrificial reagent. The amount of the generated H, is analyzed
using a gas chromatograph (GC9790I1, Fuli instrument).

Fig. 9(a) shows the H, evolution of the samples and the ITO
reference gated at 0.8 V. The ITO has no evident H, production,
indicating that the measured H, contributes to the electrode.
The produced H, from the HV-SnS,/MoS, heterostructure
reaches 6.8 pmol cm™? within 2.5 h, which is 1.4, 3.4, 3.6,
and 5.6 times higher than those from LV-SnS,/MoS,
(4.9 pmol em™2), MoS, (2.0 pmol cm™?), HV-SnS, (1.9 pmol cm™?),
and LV-SnS, (1.2 pmol ecm™?). This improvement of H, produc-
tion in the HV-SnS,/MoS, heterostructure might be due to the
efficient electron charge transportation at the interface between
HV-SnS, and MoS, and the low recombination rate of electron—
hole pairs. Conversely, the weak photoelectrocatalytic for H,
production of pure LV-SnS,, HV-SnS,, and MoS, is mainly
because of the high recombination rate of the electron-hole
pairs.®® However, the H, production rate is higher in the
first cycle than in the latter, which could be induced by the
degraded photo-activity’® and/or the gradual degradation”" of
the photoanode.

To further explore the contribution of photocatalysis and
electrocatalysis, the H, production of the HV-SnS,/MoS, hetero-
structure under 0.8 V without light illumination (electrocatalysis)
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and under 100 mW cm™> without applied bias potential (photo-
catalysis) are measured and shown in Fig. 9(b). The electro-
catalytic H, production within 2.5 h is 3.74 pmol cm ™2, which is
superior to 1.18 pmol cm 2 from photocatalytic H, production.
The mechanism of electrocatalytic H, production can be attrib-
uted to the higher applied bias voltage (0.997 Vyyg, calculated by
Enxug = E(Ag/AgCl) + 0.197) than the potential of the cathodic (Pt)
H, evolution reaction.”” The effect of photocatalytic H, production
is mainly due to the enhanced separation of the photoexcited
charge and the more negative CB potential of samples than the
H'/H, potential (0 Vyyg).” Notably, the photoelectrocatalytic H,
production of HV-SnS,/MoS, is 6.79 umol cm™ >, which is larger
than the total H, production of photocatalysis and electrocatalysis
processes. This result suggests that the synergistic effect of input
light activation and applied voltage may accelerate the charge
separation and transportation processes.”*

Based on the above-mentioned results and discussion, the
PEC water splitting mechanism of the HV-SnS,/MoS, hetero-
structure is investigated in Fig. 9(c). Because the CB potential is
approximately 0.3 V lower than the Vgg of the n-type
semiconductor,”” the corresponding CB potential of MoS,
and HV-SnS, are calculated as —0.51 and —0.28 V vs. NHE (vs.
the H'/H, potential of 0.0 Vyuge >”’), respectively. According to
the band alignment of HV-SnS,/MoS,, the energy level arrange-
ment and charge transfer pathways of HV-SnS,/MoS, are
depicted in Fig. 9(c). With simulated light irradiation, the
photoexcited electrons are excited from VB to CB in both
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MoS, and HV-SnS,. At the interface of the HV-SnS,/MoS,
heterostructure, the electrons transfer from MoS, to HV-SnS,
in the CB, then flow to the Pt electrode, and reduce H' ions to
form H, (2h" + 2e~ — H,). In this process, the charge transfer
could be accelerated by the bias voltages, thus boosting the
electron transfer to the Pt electrode and improving the H,
production. In contrast, the hole-transfer pathway is from
HV-SnS, to MoS, in the VB. Then, the holes move to the
photoelectrode/electrolyte interface and oxidize OH™ ions for
producing O, (2H,O + 2h" — O, + 4e~ + 4H"). Therefore, the
reverse transmission direction of electrons and holes in
HV-SnS,/MoS, will efficiently separate electron-hole pairs and
decrease their recombination at the heterostructure interface,
thus leading to higher H, production.

Conclusions

SnS,/MoS, heterostructures with trap-like vertically oriented
nanostructures were synthesized through a two-step CVD
method. The synthesized HV-SnS,/MoS,-based PEC photo-
detector demonstrates excellent self-powered performances,
including significantly enhanced photocurrent densities,
sensitivity, and stability than those of HV-SnS,, LV-SnS,,
MoS,, and LV-SnS,/MoS, heterostructures. The UV-Vis, EIS,
V-t, and Mott-Schottky results show that the HV-SnS,/MoS,
heterostructure has the optimal light absorption range and
capacity, the smallest electron transfer impedance, and the
highest carrier density. The greatly improved PEC performance
of heterostructures could be ascribed to two reasons: (i) the
outstanding type-II band alignment at the SnS,/MoS, interface
of the heterostructure, which can accelerate the separation and
transport of photoexcited charge carriers; (ii) the abundant
active sites of high-density vertical SnS, on MoS, nanosheets,
which contribute to more enhanced light absorption. The
results could enrich exploration ideas for 2D material-based
optoelectronic and PEC applications for photodetection, solar
cell, water splitting, and photocatalysis.
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