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Abstract: Although silicon has been widely employed as light harvesting antenna in
photocatalysts due to its cost advantage, it suffers from low efficiency and poor stability due
to photocorrosion of Si. To overcome this problem, a heterojunction photocathode was
produced by coating a WS: thin-film on p-type Si. Our proposed method can further improve
the photocatalytic activity and stability. The homogeneous WS: films with large surface area
and tens-of-nanometers in thickness were prepared through magnetron and post-annealing
process. This film not only functions as a protective layer to isolate the Si from the harsh
electrochemical environment, but also forms a junction at the interface between WS: and p-
type Si to facilitate the charge separation and transport processes. Additionally, further
enhancement of visible photocatalytic performance was achieved by depositing Au film on
WS2/p-Si through thermal evaporation and the highest value of the photocurrent intensity
achieved is up to ~ 4.5 pA/cm? at 0 V versus Ag/AgCl. Besides, photoelectrochemical
instability of WS2/p-Si electrodes can be minimized by adding Au coating. Our results
suggest that adding the Au-WS2 on p-Si can benefit carrier separation and providing physical
protection of the Si layer. Therefore, it can further improve the overall photocatalytic activity
and stability.
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1.Introduction

The global energy crisis and many environmental problems could potentially be solved
provided that photoelectrochemical (PEC) water splitting can be done in a cost effective way
with high efficiency. PEC water splitting is a promising approach to generate clean and
renewable energy source-hydrogen (H2) and oxygen (Oz) by using solar energy. This research
topic has gained extensive and increasing interests. The research works for searching for low
cost, efficient and durable photoelectrode are particularly popular. Therefore, some common
semiconductors such as Si, 111-V, and 11-VI have been extensively studied previously. Among
these materials, silicon has attracted considerable attention due to its favorable properties and
it has been widely applied in various fields such as electronics, 2 thermoelectric,® solar cell,*
and photo-electrochemical water splitting.>® 7 At room temperature, silicon with bandgap of
1.12 eV is considered to be one of the most promising candidates for photocathode because of
efficient solar energy harvesting across the entire solar spectrum, low material cost and
abundance (> 90% in the Earth's crust).® For these reasons, silicon-based photoelectrodes and
photocatalysts have been widely developed for solar energy harvesting and conversion.
However, the poor photoelectrochemical stability is one of the key problems for the
development of high performance Si-based photocatalysts as Si is thermodynamically
vulnerable to photoactive dissolution, or photocorrosion.® In order to develop effective
approaches to stabilize the photoactivity of Si, expensive metal and rare earth metals e.g. Pt,*
Ir/IrOx ! were used for performance and stability enhancement preiously. Searching for the
alternative low-cost and scalable strategies to solve stability issue is still an on-going and hot
research topic with in the field.

Recently, the emergence of layered two-dimensional transition-metal disulfides (2D TMDs)

has garnered much attention due to their favorable electrical and optical properties for fiber
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laser,'? photodetector,*® photocatalyst.}* It is noated that 2D TMDs such as MoSz, SnSz, TiSz,
WS2, MoSe2, WSe2 are emergying as important class of 2D materials in photocatalysis
applications. By virtue of their potential use as electrodes for photocatalysts, TMDs are low
cost and earth abundant and they can serve as promising materials to replace the more
expensive Pt, Rh, and Ir suggested in the previous study. It has been reported that WS2 and
MoS2 with suitable bandgaps (1.1-1.7 eV) matched well with the solar spectrum and possess
high densities of active edge sites for photocatalysis. 2°+1® Actually, WSz shows high thermal
stability and wide operational temperature range as lubricants.!” Moreover, WS; has excellent
chemical stability and can serve as protecting barrier to prevent photocorrosion of Si.
Furthermore, WSz could form a WSa2/p-Si heterojunction for performance enhancement of
photocatalytic applications. It has been known that the induced electrical field between the
WS and Si could be very strong due to the difference in work function,®® which could
facilitate the transport of the photo-generated electrons from Si to WSz and then to the
electrolyte/solid interface.

Preparation of uniform and large area WSz thin film is one of the most important steps for
high-quality device fabrication. However, WSz films reported in recent papers are usually
acquired by exfoliation, solution-based syntheses, and chemical vapor deposition (CVD).** 8
In fact, it is difficult to control the uniformity of size and thickness and deposited into a thin
film by using those WS: flakes fabricated by mechanical or chemical exfoliation.® Uniform
and ultrathin WS layers can be synthesized on oxide substrates by using CVD method, but
the surface of CVD-grown WS layers contains mainly electrochemically inactive basal
planes.** The magnetron sputtering deposition method has some advantages over the CVD
method including simplicity, low cost, high production speed and scalability. Therefore, to
overcome these problems, direct magnetron sputtering deposition is employed to fabricate

WS:/p-type semiconductor heterojunctions.



In this study, a facile and simple method to functionalize Si photocathode with WS thin films
is reported. To further boost the device performance, Au film was coated on WSz to collect
the electrons for high efficient photocurrent conduction. The as-prepared Au-WSz/p-Si
photocathode exhibited enhanced photo-activity with much higher photocurrent stability. The
excellent performance of Au-WS2/p-Si can not only offer strong potential for application of
silicon-based photocatalysts/photoelectrodes for solar energy harvesting but also provide new
insights for enhancing and stabilizing other photocatalytic systems.

2. Experimental Section

WS, Film Deposition: WSz films on the p-Si substrate were produced by magnetron
sputtering method. The WS: precursor film was first deposited on the clean p-Si substrate
through sputtering by using sintered WS target. The radio frequency (RF) power density,
argon gas pressure, and substrate temperature were set to be 2.96 W/cm?, 5 mTorr, and
200 <C, respectively; and deposition time of 5 mins. To improve the film crystallinity, the as-
prepared WS; films were annealed in Ar atmosphere at 800 <C and kept stable for 2 hours.

Device Fabrication: To fabricate the Au-WS2/p-Si photocathode, p-type (100) Si (resistivity

1-10 Qcm) substrates were ultrasonically cleaned in alcohol, acetone and deionized water in

sequence, and dried under a stream of nitrogen gas. WS film was deposited under the
conditions mentioned above. Afterward, Au (50 nm) films were deposited onto the WS; film
by thermal evaporation.

Characterizations of Materials and Devices: UV-Vis absorbance and transmittance spectra
were measured by a SHIMADZU UV-2550 UV-Vis spectrophotometer. The Raman spectra
were carried out on an HR-800 Raman spectrometer with a 488 nm argon ion laser. The X-ray
diffraction (XRD) pattern was recorded using a RigakuSmartLab X-ray diffractometer. The
surface morphology and height profile of samples were obtained by atomic force microscopy

(AFM, VeecoNanoscope V). The morphology, crystal structure, and chemical composition



were investigated using a field emission transmission electron microscope (FETEM, JEOL
Model JEM-2100F), equipped with an energy dispersive spectrometer (EDS). Additionally,
the photocatalytic reaction was measured with an electrochemical workstation (CH
Instruments, CHI 660E) in a stand and three-electrodes configuration under a 300 W Xe lamp
with a UV-cutoff filter to obtain visible light with A > 420 nm.

3. Results and Discussion

Figure 1a illustrates the optical absorbance and transmittance spectra of the post-annealed
WS films on quartz. The film size is 2 cm <2 c¢cm on quartz (inset in Figure 1 a). In general,
WS films exhibit high optical transmittance in the near infrared wavelength region, while it
shows relatively strong photo-absorption in the visible range. Therefore, the WSz film
possesses considerable photo-absorption covering the entire UV-Visible range of 200-900 nm,
which is desirable for solar energy harvesting of photocatalyst. ° Considering the
characteristic of an indirect bandgap semiconductor, the optical bandgap of WS: film was
calculated by using the Tauc plot method via the relationship ahv o« (hv — Eg)Y2. A plot of
(ahv)Y? versus the energy of absorbed light can be converted according to the Kubelka-Munk
function of the UV-Vis spectrum, which is expressed in Figure 1b. 2% 22 The bandgap of WS:
film estimated from the intercept of the tangent to the plot is 1.262 eV closed to the value
reported before,? thus suggesting that the photocatalyst can be activated by NIR light. The PL
and Raman spectra are typically utilized to analyze the optical property and crystal structures.
As shown in Figure 1c, the PL of the as-grown sample was measured by confocal PL
spectroscopy, exhibiting a strong peak located at ~984 nm (corresponding to ~1.26 eV),
which is in good agreement with our calculated bandgap of WS2. The Raman spectra shown
in Figure 1d indicates there is a great difference between the scattering modes of Raman
spectra for WSz nanosheets with different layers. It is obvious that WSz nanosheets show two

strong signals from in-plane E'2g and out-of-plane Axg vibrations. In addition, peaks belonging



to E'2g and Aig are located at 354.7 and 419.9 cm™, respectively. The frequency difference of
the two Raman peaks of the WS film is 65.2 cm™, indicating a multilayer of WSz, 24 25

To quantify the WSz film thickness, atomic force microscopy (AFM) height profile
measurements across the edge of an as-grown WS; was performed and shown in Figure 2a.
The average height of the film measured from underlying SiO2/Si substrate surface
corresponds to ~27.2 nm. Further investigation of the crystalline structure and the
composition of the WSz and Au-WS: films, X-ray diffraction (XRD) analysis were carried out.
As observed from the measured XRD patterns shown in Figure 2c, three diffraction peaks
located at 14.42< 28.98< 44.06< corresponding to the (002), (004), (006) crystal planes of
hexagonal WS, respectively. 2 Additionally, after the decoration of Au film, another new
XRD peak appeared at 26 of 38.3< which can be identified as the characteristic peak of (111)
crystal planes of Au.'® 2

The microstructure of the film was viewed by using transmission electron microscopy (TEM)
or High-Resolution Transmission Electron Microscopy (HRTEM) as depicted in Figure 3.
Figure 3a shows the typical HRTEM images of WSz, disclosing that the WSz film is
polycrystalline with horizontally grown nanosheets and vertically standing layered structure.
Figure 3b gives the HRTEM image of the vertically grown WSz nanosheets, showing the
0.625 nm interlayer distance of WSz, can be indexed to the (002) plane of hexagonal WS. 16
The horizontal layer distance of ~ 0.27 nm in the HRTEM image of Figure 3c corresponds to
the (110) planes, which is in good agreement with reported results.”>?® To get more
information about the growth mechanism of WS: and structure of the WS2/Si heterojunction,
the cross-sectional TEM views of the sample were measured and shown in Figure 3d-e. From
Figure 3d, the WS: film deposited by sputtering has a uniform thickness of approximately 30
nm, which is closely consistent with results shown in AFM image of Figure 2b. Interestingly,
the growth direction of the WSz film was changed from horizontal to vertically aligned layers,

while the deposition time of sputtering increases and then results in more exposed vertical
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growth active edge sites.?® Recent reports demonstrated that TMDs with more vertically
aligned structure have more catalytic active sites for higher catalytic activity.3® 3% 32 From the
high-resolution TEM image at the junction interface (Figure 3e), we can see that a thin SiO2
interfacial layer (= 10 nm) was found between Si substrate and the WS2 film. The thin SiO2
layer is mainly caused by oxidation of Si during film deposition under exposure of the
residual oxygen in the chamber. The presence of tungsten (W) and sulphur (S) elements are
contained in the prepared sample, corresponding resolved peaks in Figure 3f.

The WS thin films were deposited on a clean p-type Si substrate by magnetron sputtering.
The Figure 4a shows the current-voltage (1-V) curves of a typical n-WS2/p-Si device at room
temperature, from which we can see that the device exhibits obvious rectification due to the
presence of a barrier between WSz and Si. The schematic of n-WS2/p-Si heterostructure was
shown in the inset of Figure 4a. This obvious rectification characteristic can be understood
from the energy band diagram illustrated in Figure 4 (b). Once the WS: films were deposited
on Si wafer, partial carriers in WSz tend to move to the Si side and consequently energy levels
near the WSz surface will bend upward, and energy levels near the Si surface will bend
downward, leading to the formation of the built-in electric field near WS2/Si interface. The
rectification characteristic is formed as a result of the energy difference between the Fermi
level of WSz and the Si. Under the light illumination, the photogenerated electron-hole pairs
are separated by the built-in electric field. The resulted free electrons and holes will move
towards opposite directions, giving rise to a generation of photocurrent in external circuit.®® In
order to verify this point, photoelectrochemical (PEC) measurements with the fabricated
photocathodes devices were performed using a standard three-electrode cell with an
electrolyte of 0.5M H2SO4. Figure 5a shows a schematic drawing of the PEC measurement
setup. Samples are used as photocathode and the counter electrode is Pt. The electrons-holes
pairs were generated when device photocathodes were irradiated. The electrons were then

promptly transferred from Si to WSz and conduct through the Au film, and then H* was
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reduced by the electrons on the Au film surface to generate H2. On the other hand, the
remaining holes will oxide OH"in the water to generate O2. According to this PEC setup, the
time course photocurrent response of sample electrodes under chopped visible light
illumination is depicted in Figure 5b-c. The photocurrent density of pure silicon substrate was
measured as low as 0.07 pA/cm? at zero bias versus Ag/AgCl, of which the photoelectrical
activity is relatively poor. We believe that the poor photoelecrical activity is attributed to the
native oxide of Si substrate (see Figure 3 €), which will impede electron-hole pairs seperation
and transportation. However, the photocurrent of WS2/p-Si was about 1.1 uA/cm? from the
sample fabricated with heterojunction between WSz and Si. In other words, the photocurrent
density of the WS2/p-Si heterojunction improved up to approximate 16 times higher than that
of the pristine Si photocathode. After the incorporation of Au film on WS, the corresponding
photocurrent was significantly increased to 4.5 uA/cm? under same conditions, which is more
than 4 times higher than that of WS2/p-Si. It is confirmed that the presence of Au film can
greatly increase the photocatalytic activity. The photocurrent of our devices under reverse bias
was also measured. Figure 5¢ shows the chopped cathodic photocurrents of Si, WS2/p-Si, and

Au-WS2/p-Si at the fixed potential of -1V vs. Ag/AgCl. It also clearly shows the

photorcurrent of Au-WS2/p-Si is the highest (-0.37 mA/cmz) among the three samples. Table
1 summarizes the key results of our sample with previous TMDs.3* 353637 Therefore, it can be
concluded that the increased photocurrent is attributed to more efficient electron injection
from Si to WSz, and the presence of Au film serving as a good electron acceptor and thus it
reduces the charge recombination rate.?>*® This conclusion can be further confirmed by the
results of EIS.

As shown in Figure 6 (a), the arch of Au-WS2/Si was much smaller than that of bare Si and
WS2/Si, implying that it can significantly reduce the resistance of the charge movement at the
interface by adding the WSz and Au film and smaller arc radius implies a much higher

efficient charge transfer.3® Another objective of this research work is to improve the
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photostability of Si. The effect of WSz and Au film on the device photostability was examined
by tracking the photocurrent densities of Si, WS2/p-Si, and Au-WS2/p-Si photoelectrodes in
0.5 M H2SO4 solution at -1 V for 3000 s. Figure 6b shows the results of the stability tests of
the cathodic photocurrent of three samples including Si, WS2/p-Si, and Au-WSz/p-Si
photocathode. The photocurrent generated by the bare Si photocathode increased significantly
within a short period of time, and the steady state photocurrent became high within few
hundreds seconds. The photocurrent density of bare Si increased from ~-0.17 mA/cm? to
~-0.34 mA/cm? (about 2 times higher than the initial photocurrent density) after 3000 s,
which can be attributed to the photocorrosion of Si in the electrolyte solution. The corrosion
directly leads to the formation of thin SiO2 layer on the surface active sites resulting in
increase of surface roughness. Therefore, the resultant increase of the surface roughness and
nanostructure enhances the absoprtion and accelerates photoelectrochemical reaction, making
good contribution to higher of planar Silicon (see Figure S1). *° In contrast, after introducing
the low cost WS film to cover p-Si photocathode, the WS2/p-Si photocathode exhibited
almost 1.34 times of the initial photocurrent density of ~ -0.305 mA/cm?, indicating that
modification of the Si electrode with WS film can yield improved photostability in an H2SO4
solution. This suggested that the WSz film protects p-Si photocathode from photocorrosion
and then resulting in facilitating charge separation and transport. Additionally, Figure 6b also
shows that the photocurrent density and stability of WS2/p-Si photocathode can be even
improved by the coating a layer of Au film, leading to only 1.16 times of the initial
photocurrent density of ~ -0.37 mA/cm? after 3000 s test, because the Au film can serve as a
good electron acceptor and transporter to conduct charges and suppress the recombination of
photogenerated charges effectively. In brief, it is obvious that both WSz and Au-WS:

passivation layers play a key role in protecting Si photocathode from photochemical corrosion.

4. Conclusion



In conclusion, we have developed a simple and effective strategy to form a heterojunction of
Si-WS: towards highly efficient and stable photocatalysts. This heterojunction photocathode
exhibits higher photocurrent stability and photoactivity compared with the bare Si
photocathode. The performance enhancement attributed to the effective physical protection of
Si by WSz, which reduce the photocorrosion during photochemical processes and
simultaneously improve the carrier separation and transport of photo-excited charges at
WS2/p-Si interface. The optimal photocurrent density was ~1.1x<10° A/cm? under visible-
light illumination about 16 times higher than that of pristine Si photocathode. Moreover, by
coating an extra Au film on WS2/p-Si to form Au-WS2/p-Si photocathode, the photocurrent
density and stability can also be further improved, revealing the Au film can serve as a good
acceptor and conductive layer for electron and further suppress the recombination of

photogenerated charges effectively.
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Figure 1. (a) Measured UV-visible absorbance and transmittance of the WSz films. Inset in (a)
shows the photograph of an annealed WS: film on quartz substrate (b) Plot transformed
according to the Kubelka-Munk function versus photon energy (c) PL spectra of as-
synthesized WS: films. (d) Raman spectrum of the WSz films on Si substrate. The insets show

the illustration of different vibration modes.
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Figure 2. (a) AFM measurements of surface morphology of WS: films on SiO2, the phase
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corresponding to the dotted line shown in (a) indicating a step height of ~ 27.2 nm. (c) XRD

pattern of WSz and Au-WSa.
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Figure 3. (a) TEM image of transferred WSz on the carbon-coated copper fiber. (b) Top-view
HRTEM image of the vertically grown WSz nanosheets and (c) the horizontally grown WS:
nanosheets. The lattice spacing are approximately 0.625 and 0.27 nm for vertically and
horizontally grown WS: nanosheets, respectively. (d) Cross-section TEM image of the
heterojunction. () HRTEM image of the heterojunction, indicating the existence of an

oxidation interfacial layer. (f) EDS spectrum of WS; films on the carbon-coated fiber.
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chopped light illumination. (c) Photocurrent response of bare Si (black curve), WS2/Si (red

curve) and Au-WS:/Si (green curve) at the potential of -1 V vs. Ag/AgClI under chopped light

illumination.
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Figure 6. (a) Examples of Nyquist plots of Si electrodes without and with WS2, Au-WSa.
Measurements were carried out under open-circuit potential and the white light irradiation. (b)
Chronoamperometry measurement of photocurrent density of bare Si (black curve), WS2/p-Si
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Table 1 Comparison of the PEC performances between our Au-WS2/Si heterojunction and
other similar sample

Sample Synthetic method Maximum Photocurrent Ref
Au-WS,/Si Magnetron Sputtering ~-0.37 mA/em’ (-1 V vs 0.5 M H,S0,) Our work
WS,-Au-CIS CVD growth ~5.2 pAlem’ (0 V vs 0.5 M Na,SO, ) 16

(Au and CIS incorporated to WS, )
WS,/WO, H,0 Liquid exfoliation ~ 60 pA/cm2 (-0.3Vvs1MH,SO,) 34

Spin-coating method
(Ti[OCH(CH,),1,, [HO(CH,)],NH)
rGO-SiNWs Hummers’ method ~ 4 mAlcm’ (-1.5Vvs0.5M Na,SO, ) 36

Solution based method
((HMTA, Zn(AC)Z)

AU NP/TiO,-Au film ~15 uA/cm2 (0Vvs1MKOH) 35

P-Si|ZnO(N,)INi ~ 1 mA/em’ (-1Vvs0.25M Na,SO,) 37

TiO,-Au bilayer ALD deposition ~12.4 pAlem’ (0 V vs 1 M KOH 38
P
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