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by one-step sulfurization for efficient solar water reduction 

Seokhoon Choi a,1, Changyeon Kim a,1, Jae Yoon Lee b,1, Tae Hyung Lee a, Ki Chang Kwon a, 
Sungwoo Kang a, Sol A Lee a, Kyoung Soon Choi c, Jun Min Suh a, Kootak Hong a, Sang Eon Jun a, 
Woo Kyoung Kim d, Sang Hyun Ahn e, Seungwu Han a, Soo Young Kim f,*, Chul-Ho Lee b,*, 
Ho Won Jang a,g,* 

a Department of Materials Science and Engineering, Research Institute of Advanced Materials, Seoul National University, Seoul 08826, Republic of Korea 
b KU-KIST Graduate School of Converging Science and Technology, Korea University, Seoul 02841, Republic of Korea 
c National Research Facilities & Equipment Center (NFEC), Korea Basic Science Institute (KBSI), Daejeon 34133, Republic of Korea 
d School of Chemical Engineering, Yeungnam University, Gyeongsan 38541, Republic of Korea 
e School of Chemical Engineering and Material Science, Chung-Ang University, Seoul 06974, Republic of Korea 
f Department of Materials Science and Engineering, Korea University, Seoul 02841, Republic of Korea 
g Advanced Institute of Convergence Technology, Seoul National University, Suwon 16229, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
Molybdenum disulfide 
Vertically aligned 
Photoelectrochemical 
Hydrogen evolution reaction 
Silicon photocathode 

A B S T R A C T   

Transferable 2-dimensional (2D) MoS2 thin films have a versatile potential for constructing highly efficient 
photoelectrodes when combined with conventional semiconductor light absorbers, taking advantage of its op-
tical transparency and high electrochemical activity. Here, we firstly report fully vertically aligned MoS2 (VMS)/ 
p-Si heterostructure photocathode for photoelectrochemical (PEC) water splitting. Furthermore, 3D iron-nickel 
sulfide nanoparticles of tailored atomic composition are formed simultaneously during the synthesis of VMS 
via one-step sulfurization to build 3D/2D transition metal sulfide (TMD) heterostructure thin film catalyst. The 
spectroscopic results reveal that the Fe-doped Ni3S2 nanoparticles on VMS/p-Si photocathode induce the 
electrochemically-benign band bending in the overall heterostructure, enabling a significant improvement in 
PEC performance and long-term stability. Scanning photoelectrochemical microscopy is used to vividly visualize 
the photocurrent enhancement by the various 3D/2D TMD heterostructures. This work provides promising 
strategies in developing high performance TMD-based electrocatalysts for practical applications in a wide variety 
of electrochemical energy conversion processes.   

1. Introduction 

Sustainable hydrogen production via photoelectrochemical (PEC) 
water splitting has been widely investigated as a promising alternative 
route to meet the substantial hydrogen demand over the world [1]. 
Various semiconductor materials, such as GaAs [2], CuO [3], CdTe [4] 
and Si [5], have been explored as light absorbers for PEC hydrogen 
evolution reaction (HER). Silicon (p-Si) is a promising candidate for 
photocathodes because it is highly abundant and has an ideal band gap 
(1.12 eV) for absorbing a wide range of incident solar spectrum and 
band alignment for driving HER. However, p-Si suffers from sluggish 
surface kinetics due to its high hydrogen adsorption Gibbs free energy 

(ΔGH). This induces a high surface overpotential between the p-Si/ 
electrolyte interface [6]. Although precious metals such as Pt, Pd and Rh 
are widely used as HER catalysts to resolve such a problem of p-Si [7–9], 
their scarcity and high costs limit their practical applications. Besides, p- 
Si is thermodynamically vulnerable to drive solar water splitting in an 
acidic electrolyte. The surface of p-Si exposed to an acidic medium 
rapidly forms oxides (SiO2) or silicic acid (H2SiO3) [10]. Hence, inte-
grating efficient non-noble-metal-based electrocatalysts with p-Si pho-
toelectrodes, while protecting the vulnerable surfaces of silicon, may be 
a promising solution for making PEC water splitting practical. 

Two-dimensional transition metal disulfides (2D TMDs), in partic-
ular MoS2, are promising candidates for replacing precious metal 
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catalysts, because they have inherently large surface to volume ratios 
and catalytically active edge sites for HER [11–13]. It has been reported 
theoretically and experimentally that the ΔGH of sulfur at the edge of 
MoS2 approaches near zero, whereas the ΔGH at the basal plane reaches 
2 eV [14]. Therefore, substantial studies have been performed to acti-
vate the catalytically inert basal planes [15,16] or maximize the expo-
sure of the active edge site [17,18] of MoS2 as an electrocatalyst. 
Interestingly, because the charge transfer along the in-plane direction of 
the MoS2 layer is superior to that through the out-of-plane direction, the 
ideal structure of MoS2 as an efficient HER electrocatalyst is to vertically 
align all domains inside MoS2. The vertically aligned MoS2 (VMS) thin 
film with maximally exposed active edge sites can be preferably grown 
by the kinetically controlled process [19]. Moreover, the dangling- 
bonds-mediated strong bonding produced by the vertically aligned do-
mains in VMS can improve the adhesion and charge transfer between the 
MoS2 thin film and p-Si photocathodes, whereas the horizontally grown 
MoS2 may show poor those properties due to their weak van der Waals 
forces. 

Not only 2D layered TMDs but also 3D TMDs (MxSy, M = Co, Fe, Ni, 
etc.) compounds, particularly bimetal compounds, have drawn signifi-
cant attention owing to their outstanding catalytic activity for both HER 
and OER [20–23]. Therefore, integration of 3D bimetal sulfides with 2D 
MoS2 to build novel heterostructures has been a plausible approach and 
widely explored by many research groups [24–26]. However, most 
studies have grown 2D layered TMDs on Ni-based substrates to fabricate 
2D TMD/3D Ni3S2 or directly synthesize 3D/2D TMD heterostructure 
catalysts in the powder form. These approaches make it difficult to 
exquisitely control the physical properties of TMD-based heterostructure 
catalysts with respect to the possible variation in substrates and to use 
these catalysts in various applications. The transferrable thin film cat-
alysts are advantageous in that they can be attached to any arbitrary 
substrate and have extensive applicability compared with directly 
grown catalysts. To the best of our knowledge, 3D bimetal sulfides/2D 
MoS2 heterojunction thin film catalysts for PEC water splitting have not 
been demonstrated yet. 

Herein, we demonstrate large-area (12 cm × 12 cm) and transferable 
3D transition metal sulfide nanoparticles/2D vertically aligned MoS2 
thin film catalysts for Si-based PEC hydrogen production for the first 
time. Heterojunction thin films of VMS and the iron-nickel sulfide 
nanoparticles (FNS NPs) are obtained via facile one-step process. The 
use of transferable 3D/2D TMD heterostructure thin film catalysts leads 
to drastic improvement in the PEC performance, especially in stability. 
The tailored FNS NPs on VMS induce favorable band alignment which 
facilitates an efficient charge transport and inhibits the charge accu-
mulation at the VMS/electrolyte interface, which is visualized by scan-
ning photoelectrochemical microscopy (SPECM). 

2. Experimental section 

2.1. DFT-calculations 

The density functional theory (DFT) calculations was conducted 
using the Vienna Ab initio Simulation Package (VASP) code based on the 
projector augmented wave (PAW) pseudopotential [27,28]. We selected 
400 eV for the cutoff energy for the plane-wave basis set. For supercells, 
k-space meshes of 4 × 4 × 1, 4 × 4 × 1, and 2 × 1 × 1 were used for Fe- 
doped Ni3S2, MoS2 basal plane, and MoS2 edge, respectively. The ionic 
configurations were relaxed until the atomic forces were decreased to 
within 0.02 eV Å− 1. The entropy of H2 gas was taken from a thermo-
dynamic table, and the zero-point energy of the H atom was included. 

2.2. FNS NPs/VMS thin film synthesis 

SiO2 (300 nm)/Si wafers (1–10 Ω-cm, 〈100〉 plane, DASOM RMS Co., 
Ltd) were cleaned with conventional cleaning procedures using a stan-
dard piranha solution (1:3 vol ratio of H2O2, 30% grade and H2SO4, 95% 

grade) followed by ultrasonication in acetone, isopropyl alcohol, and 
deionized (DI) water. A water purification system (Human Power, 
Human Co, Ltd., 18.3 MΩ-cm) was used to purify the DI water. The Mo 
(2–5 nm), Ni (0–1 nm), and Fe (0–1 nm) thin films with various Ni/Fe 
ratios were deposited by using an electron beam evaporator (Korea 
Vacuum Tech Co, Ltd). To synthesize the VMS thin films, we used the 
simple sulfurization process as follow. The N2 and H2 (99.9999% high 
purity) gases were used for the sulfurization process in a thermal 
chemical vapor deposition system (CVD). First, the CVD furnace was 
heated to 550 ◦C and was maintained at this temperature for 30 min 
under flow of N2 and H2. By using mass flow controllers (MKS Co., Ltd, 
Type 1479A), the flow rates of N2 and H2 were set at 500 and 100 cm3 

min− 1, respectively, at which time the pressure was 1 Torr. Subse-
quently, the sulfur powder (99.998%, Sigma-Aldrich, 213292) precursor 
was sublimated in the other heating zone with the temperature set to 
250 ◦C. The sulfurization process of Mo/Ni/Fe thin films took 15 min to 
finish. After the sulfurization process, the CVD-grown thin films were 
coated with the [poly(methyl methacrylate)] (PMMA) layer using a 
spin-coater. The PMMA precursor was prepared by dissolving PMMA 
(GPC 10000, Sigma-Aldrich, 81497) in chlorobenzene (99.5% purity, 
Sigma-Aldrich, 319996) with a concentration of 2 g/50 ml. The PMMA/ 
thin films/SiO2/Si substrates were immersed in a buffered oxide etchant 
to separate the thin films from the Si substrate by etching away the SiO2 
layers. The separated thin films were washed with DI water seven times 
to clear away the residual etchants and were transferred onto arbitrary 
substrates. After the PMMA/thin film membranes had completely 
adhered to the substrates, the PMMA layers were removed using a hot 
acetone bath. 

2.3. (Photo)electrochemical measurement 

For the PEC measurements (Ivium Technologies, Model: Nstat), a 
three-electrode system with a saturated calomel electrode (SCE) as the 
reference electrode and a graphite rod (WonATech Co., Ltd) as the 
counter electrode was used in a 0.5 M H2SO4 standard electrolyte so-
lution. We used a graphite rod counter electrode instead of a Pt electrode 
to prevent the deposition of Pt on the working electrode. The three- 
electrode system was set up inside a quartz vessel, which protected 
the samples from UV absorption. The conversion equation of potentials 
vs. RHE is expressed as the following equation: 

ERHE = ESCE +E◦

SCE + 0.059 × pH
(
E◦

SCE = 0.242 vs. SHE
)

where ESCE is the experimentally measured potential vs. the saturated 
calomel electrode, E◦

SCE is the potential of the saturated calomel elec-
trode with respect to the standard hydrogen potential (SHE), and the pH 
of 0.5 M H2SO4 is 0.27. A Xe arc lamp (Abet Technologies, LS150) 
calibrated to an output of 100 mW cm− 2 (AM 1.5 G condition) was used. 
The linear sweep with cathodic direction was carried out with a scan 
rate of 10 mV s− 1. The incident-photon-to-current conversion efficiency 
(ICPE) was measured with a light source and a monochromator 
(DONGWOO OPTRON, MAC150), and the efficiency was calculated by 
the following equation: 

IPCE (λ) = EQE (λ) =
⃒
⃒jph(mA/cm2)

⃒
⃒× 1239.8 (V × nm)

Pmono (mW/cm2) × λ (nm)

where jph is the photocurrent of the sample, λ is the wavelength and 
Pmono is the power of the monochromator. The external quantum effi-
ciency was measured with a standard Si photodiode. EIS measurement 
was performed by applying a constant potential of 0.27 V vs. RHE near 
the open-circuit potential, and the sweeping frequency range was from 
250 kHz to 1 Hz using a 10 mV AC dither. 

The Faradaic efficiencies were measured in a two-compartment 
photoelectrochemical cell separated by the Nafion 117 membrane. 
Before reaction, the two compartments of the reactor were degassed by 
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bubbling with Ar gas for 30 min. During the reaction, the Ar gas was 
continuously flowed into the electrolyte in the cathodic compartment 
with a rate of 20.0 sccm and vented directly into a gas-sampling loop of a 
gas chromatography measurement system (Agilent GC 7890B), which is 
equipped with a thermal conductivity detector and a micro-packed 
column (ShinCarbon ST 100/120). The Ar gas was used as the carrier 
gas and the evolved H2 was detected by a thermal conductivity detector 
(TCD). A gas sample was analyzed automatically every 8 min. The IMPS 
measurements were performed using the PEC measurements (Ivium 
Technologies, Model: Nstat) combined with a programmable light 
sources (Ivium Technologies, Model: ModuLight) in the identical three- 
electrode system described above. A white LED with a wavelength of 
425 ~ 660 nm was used at a power of 5 mW cm− 2. A modulation in-
tensity of 10% was used, and the frequency of the modulation was swept 
from 1 MHz down to 0.1 Hz. 

2.4. SPECM measurements 

The SPECM measurements were performed by an Ivium potentiostat 
(Ivium Technologies, Compact-stat) with a three-electrode system using 
a Pt wire counter electrode, saturated calomel reference electrode and 
working electrode in a 0.5 M H2SO4 standard electrolyte solution. The 
three-electrode system was built inside a home-designed reaction bath. 
A 532-nm laser was focused on the surface by a long-working-distance 
objective lens (Mitutoyo, M Plan Apo 5×, N.A. = 0.14, W.D. = 34 
mm). The incident laser power was ~200 μW, measured using a power 
meter (Newport, Ophir 7Z01500 Nava), and the focused laser spot size 
was ~5 μm in diameter. The focused laser spot was scanned using a 
microstage or Galvano mirrors. Photocurrent was measured at constant 
voltage (− 0.1 V vs. RHE) and converted to voltage signal using a break- 
out box (Ivium Technologies, Peripheral Port Expender) and a lock-in 

amplifier (Stanford Research Systems, SR380) at an optical chopping 
frequency of ~100 Hz. 

2.5. Characterization 

The Raman spectra of the synthesized MoS2 thin films were obtained 
with a Lab RAM HR (Horiba JobinYvon, Japan) at an excitation wave-
length of 532 nm. The structural study of synthesized MoS2 thin films 
was confirmed by a Bruker D8 advance diffractometer, equipped with a 
Cu Kα source. AFM (XE-100, Park Systems) measurements were per-
formed using non-contact-mode with a scan rate of 0.5 Hz to identify the 
surface morphologies and thicknesses of the synthesized MoS2 thin 
films. Synchrotron radiation photoelectron spectroscopy experiments 
were performed in an ultrahigh vacuum chamber (base pressure of ca. 
10− 10 Torr) with a 4D beam line, equipped with an electron analyzer and 
a heating element, at the Pohang Acceleration Laboratory. The onset of 
photoemission, which corresponds to the vacuum level at the surface of 
the MoS2 thin film, was measured using an incident photon energy of 
350 eV with a negative bias on the sample. The results were corrected for 
charging effects using Au 4f as an internal reference. To investigate the 
microstructures of the synthesized MoS2 thin films, TEM (JEOL JEM- 
2100F, 200 kV) was used. UV–Visible spectroscopy (JASCO-670) was 
used to measure the transmittance and absorption spectra of the syn-
thesized MoS2 thin films. 

3. Results and discussion 

It is well known that the chemisorption energy between protons and 
the electrocatalyst surface is closely correlated to the hydrogen evolu-
tion performance of electrocatalysts. To elucidate the catalytic activity 
of the designed 3D/2D TMD heterostructure electrocatalysts, we used 

Fig. 1. (a) Free-energy diagram of H adsorption on the site of each catalyst from DFT calculation. (b–d) Schematics of pristine MoS2 (PMS), vertically aligned MoS2 
(VMS), and Fe-doped Ni3S2/VMS heterostructures. 
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DFT to calculate the ΔGH on the surface of each catalyst. In Fig. 1a, the 
edge site of MoS2 has a ΔGH significantly lower than the H-basal plane of 
MoS2, which is close to zero. As reported by Sabatier’s principle, a near- 
zero value of hydrogen binding energy is known as optimal for catalysts 
because H can be likely attached to and desorb from the catalyst surface 
to hydrogen evolution reaction. Thus, it can be concluded that the 
vertically aligned MoS2, as illustrated in Fig. 1c, is advantageous in 
terms of ΔGH compared with the pristine MoS2, shown in Fig. 1b. In 
addition, in such a domain arrangement, the in-plane electron conduc-
tivity, which is characteristic of 2D layered MoS2, can be fully used. 
Furthermore, Ni3S2 and Fe-doped Ni3S2 are also found to have signifi-
cantly lower ΔGH than the H-basal plane of MoS2. These results clearly 
show that these catalysts could exhibit better catalytic activity than the 
basal plane of MoS2, though showing slightly high ΔGH than the edge- 
site of MoS2. According to recent studies [24,29], however, the signifi-
cantly decreased Gibbs free energy at the interface between MoS2 and 
Ni3S2 or Fe-doped Ni3S2 (FNS) was predicted, promoting robust proton 
reduction at the interface. Therefore, if a 3D/2D TMD heterostructure is 
implemented, the HER may be preferentially concentrated at this active 
interface, suppressing the dissolution of MoS2 during the HER, as shown 
in Fig. 1d. 

The FNS/VMS thin films were synthesized by a simple one-step 
sulfurization method of Fe/Ni/Mo-metal thin film precursors on SiO2/ 
Si substrates. Fig. 2a presents a schematic of the CVD method used in this 
study. The 2 nm Mo layer and subsequent Ni or Fe layers of various 
thicknesses were deposited onto a SiO2/Si substrate using an e-beam 
evaporator. The total thickness of the Ni and Fe layer with various 
combinations (Ni only, Ni:Fe = 9/1, 5/5, Fe only) is fixed to 1 nm. The 
VMS thin films were successfully synthesized by rapid sulfurization in a 
CVD chamber at 550 ◦C for 15 min, whereas pristine MoS2 (PMS) thin 
film was synthesized at 900 ◦C for 30 min in a CVD chamber, similar to 
other reports [30,31]. While the Mo layer becomes VMS, by changing 
the thickness ratio of the Ni/Fe layer, the Ni/Fe layers are agglomerated 
to Ni3S2 (Ni only, NS), Fe:Ni3S2 (Ni/Fe = 9, F1N9S), Ni:FeS2 (Ni/Fe = 1, 
F5N5S) and FeS2 (Fe only, FS) nanoparticles on the top of VMS, resulting 
in Ni3S2/VMS (NS/VMS), Fe:Ni3S2/VMS (F1N9S/VMS), Ni:FeS2 /VMS 
(F5N5S/VMS) and FeS2/VMS (FS/VMS), respectively. As shown in 
Fig. 2b-c, the agglomerated nanoparticles have sizes ranging from a few 
nanometers to one hundred nanometers. For the various characteriza-
tions of the synthesized thin films and their application as HER catalysts, 
they had to be transferred to a designated substrate. Glass, p-Si and 
SiO2/Si are extensively utilized as substrates for such characterizations. 
Poly [methyl methacrylate] (PMMA), the supporting polymer, was spin 

coated onto the synthesized thin films for the typical wet transfer pro-
cess. The PMMA/thin films were separated from the SiO2/Si substrate by 
etching the SiO2 layer in a bath of buffered oxide etchant. Subsequently, 
the separated films were transferred onto arbitrary substrates. Fig. S1 
shows the photographs of the synthesized large-area (12 cm × 12 cm) 
thin films on glass substrates and corresponding Raman spectra at nine 
different positions, respectively. The synthesized MoS2 thin film was 
greenish yellow. 

The atomic vibration modes of TMD thin films were inspected by 
Raman spectroscopy [32]. The Raman spectra of the PMS, VMS and FNS 
NPs/VMS thin films synthesized with various Ni/Fe precursor ratios are 
shown in Fig. 3a. Two characteristic peaks, E1

2g (in-plane vibration) and 
A1g (out-of-plane vibration), appeared around 378 and 405 cm− 1, 
respectively. The peak gap between these two Raman modes (E1

2g and 
A1g) of the MoS2 layer strongly depends on the number of stacked layers 
and indicates the overall thickness of MoS2 thin films [32]. The peak gap 
between the E1

2g and A1g modes was approximately 27 cm− 1, indicating 
that the synthesized thin films consist of multilayers. The Raman spec-
trum of the PMS shows partially reduced peak widths than other VMS- 
based thin films, which is attributed to the phonon confinement effect 
[33]. Fig. 2d and S2 shows the AFM images of PMS, VMS and F1N9S/ 
VMS thin films for the study of their surface morphologies. The very flat 
MoS2 thin film with a root-mean-square roughness of 0.52 nm was 
synthesized for the PMS thin film. The AFM image of the VMS also shows 
that there is some wrinkle, but the flat film was obtained with the root- 
mean-square roughness of 4.72 nm. However, the morphology of 
F1N9S/VMS was different from those of the other two thin films. FNS 
NPs were appeared on the VMS. Due to these particles, this thin film 
showed root-mean-square roughness of 14.65 nm, which is more than 
that of PMS and VMS. The crystalline structure of the synthesized TMD 
thin films was studied by X-ray diffraction (XRD). Fig. S3 presented the 
XRD patterns of the PMS, VMS, FNS/VMS thin films. All the XRD pat-
terns of synthesized thin films exhibited a diffraction peak at 2θ = 14◦, 
which can be assigned to the (002) plane of 2H-MoS2. Therefore, it can 
be confirmed that both PMS and VMS have a 2H-MoS2 phase. However, 
unfortunately, no diffraction peaks were found for FNS nanoparticles, it 
is because the FNS nanoparticles is very small in size and have poor 
crystallinity. The crystal structure of FNS was studied in TEM analysis, 
which will be described later. 

The chemical components and atomic ratios of the synthesized thin 
films were investigated using X-ray photoemission spectroscopy (XPS). 
The core level spectra of Mo 3d, Ni 2p and Fe 2p were plotted (Fig. 3b-d). 
In the Mo 3d core level spectra, the Mo4+ 3d3/2 and Mo4+ 3d5/2 peaks of 

Fig. 2. (a) Schematic of experimental procedures and characterization of synthesized 3D metal sulfide decorated VMS. SEM images of (b) Fe/Ni/Mo metal precursors 
on SiO2 substrate and (c) synthesized metal sulfide on VMS. (d) AFM image of synthesized metal sulfide on VMS. (e) Corresponding line profiles of height along the 
blue line in (d). 
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the FNS NPs/VMS thin films slightly shifted to lower binding energies 
than the Mo4+ 3d3/2 and Mo4+ 3d5/2 peaks of the PMS and VMS, which 
implies there is an electronic interaction between FNS NPs and VMS 
[29]. The Ni 2p spectra in Fig. 3c can be deconvoluted to two spin–orbit 
doublets and two satellites. The binding energies at 854.4 eV for Ni 2p3/ 

2 and 871.6 eV for Ni 2p1/2 are spin–orbit characteristics of Ni2+, 
whereas the binding energies at 856.5 eV for Ni 2p3/2 and 874.1 eV for 
Ni 2p1/2 are spin–orbit characteristics of Ni3+ [34]. The slight increase in 
the Ni3+ peak in F1N9S/VMS is inferred to be due to the rarely found 
Ni2FeS4 phase (Fig. S4). Fig. 3d displays the XPS spectra of the Fe 2p 
region, which shows two major peaks centered at 720.9 and 707.8 eV 
assigned to Fe 2p1/2 and Fe 2p3/2 peaks, respectively. Moreover, the spin 
energy separation between these two peaks is approximately 13 eV, 
implying the typical characteristic of FeS2 spectra [35,36]. 

The nanostructures of the synthesized thin film catalysts were 
investigated by transmission electron microscopy (TEM). A high- 
resolution TEM (HRTEM) image (Fig. 4a) shows that the VMS thin 
film consists of highly dense, vertically aligned domains which is com-
parable to former studies [37–39]. Fig. 4b-c depict the cross-sectional 
TEM images after the introduction of the Ni layer onto the Mo precur-
sor. The VMS thin films synthesized together with Ni only layers showed 
a nano-particulate surface, particle sizes ranging from a few nanometers 
to one hundred nanometers. It can be seen that horizontally aligned 
MoS2 regions with the thickness of a few atomic layers exist on vertically 
aligned MoS2 underneath the nanoparticle, which indicates that the 
VMS thin film is not fully vertically aligned due to the nanoparticle. The 
HRTEM image and electron diffraction pattern achieved by the fast 
fourier transform in Fig. 4d indicate that the nanoparticles on the VMS 

Fig. 3. (a) Raman spectra of the synthesized thin films. XPS analysis of the synthesized thin films for (b) Mo 3d, (c) Ni 2p, (d) Fe 2p.  
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thin film were the heazlewoodite Ni3S2 (R32, PDF Number 00-044- 
1418) with the d-spacings of 0.41 and 0.29 nm corresponding to the 
(101) and (110) planes, respectively. The HRTEM images of the VMS 
thin film synthesized with the Fe only layer as a precursor are shown in 
Fig. 4e-f. Based on the HRTEM and the SAED, the nanoparticles on the 
VMS thin film were identified as the marcasite FeS2 (Pnnm, PDF Number 
00-037-0475) with the d-spacings of 0.22 and 0.17 nm corresponding to 
the (200) and (002) planes, respectively. In addition, HRTEM images of 
the F1N9S/VMS and F5N5S/VMS are acquired to identify their crystal 
structure. According to Fig. S5a-b, it is clearly shown that the F1N9S/ 
VMS has the same crystal structure with Ni3S2, while F5N5S has FeS2 
crystal structure. The TEM analysis indicates that when the sulfurization 
process is conducted using the Ni/Fe/Mo precursor layer, Mo is con-
verted to the 2D VMS layer, whereas the Ni/Fe layer becomes a 
particular-shaped FNS NPs. Energy-dispersive X-ray spectrometry (EDS) 
mapping results of the F1N9S/VMS/p-Si and F5N5S/VMS/p-Si are 
shown in Fig. 4g and Fig. S5c. Based on the elemental distribution, Ni, Fe 
and S elements are homogeneously distributed on the top 3D FNS NPs. 
Even though the precursor layers were subsequently deposited in order 
of Fe, Ni and Mo, it is reasonable to speculate that the top Fe and Ni 
layers are well alloyed and agglomerated to FNS NPs on the VMS thin 
film. 

Because the MoS2-based thin film catalysts in this study are semi-
transparent, most of the incident light is absorbed by underlying p-Si. 
Hence, it is imperative to identify whether the photogenerated electrons 
at the surface of p-Si efficiently transported toward the thin film cata-
lyst/electrolyte interface for reducing protons (H+). Band bending of the 
FNS NPs/VMS/p-Si heterostructures was explored by ultraviolet 
photoemission spectroscopy (UPS) and XPS valence band spectra. The 
secondary electron cut-off (SEC) spectra of bare p-Si, PMS/p-Si, VMS/p- 
Si, FNS NPs/p-Si and reference Au foil electrodes are shown in Fig. 5a. 
All SEC spectra were calibrated by the work function of the Au reference 
(5.1 eV). Given that the photoelectrons have the escape depth of ~5 nm, 
shorter than the thickness of thin film catalysts, the work functions of the 
p-Si and thin film catalysts can be determined from the SEC as 4.7 eV, 
4.3 eV and 4.4 eV for p-Si, PMS and VMS respectively (see Fig. 5a, S6 and 
Table S1). Furthermore, the work function of FNS NPs in Fig. 5a was 
measured by transferring the separately grown FNS NPs on p-Si to 
exclude the overlapping effect in SEC spectra between FNS NPs and 
VMS. The work function values of FNS NPs are also summarized in 
Fig. S6 and Table S1. According to the XPS valence-band spectra plotted 
in Fig. 5b, the energy differences between the Fermi level and valence 
band maximum (EF - EV) were obtained for bare p-Si (0.4 eV), PMS/p-Si 
(1.4 eV), VMS/p-Si (1.1 eV) and Au reference electrode (0 eV). For the 

Fig. 4. TEM images of the synthesized thin films. (a) VMS, (b–d) cross-sectional high-resolution TEM images of Ni3S2 NPs/VMS thin film, (e and f) high-resolution 
TEM images of FeS2 NPs/VMS thin film. (g) Cross-sectional HAADF-STEM image and EDS mapping of F1N9S/VMS thin films on p-Si. 
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same reason as the UPS measurements to rule out the overlapping effect, 
the EF - EV values of FNS NPs were measured separately, as shown in 
Fig. 5b and Table S1. From the absorbance spectra in Fig. S7, the optical 
band gaps of PMS and VMS were calculated to be around 1.7 eV and 
1.68 eV by the Tauc plot, whereas the reported values were utilized as 
the optical band gap of FNS NPs. Considering that the VMS has the EF - 
EV value of 1.12 eV, the transferred VMS thin film is an n-type semi-
conductor, as in our previous study [17]. Interestingly, as illustrated in 
Fig. 5c, the EF - EV value of the heazlewoodite Ni3S2 NPs (Ni only), which 
is known to have metallic nature, was almost 0 eV [40]. As the content of 

Fe in FNS NPs increases, the EF - EV values were gradually increased. The 
marcasite FeS2 NPs (Fe only) showed the EF - EV value of 0.42 eV with 
the optical band gap of 1.17 eV [41]. 

Based on these results, the flat band (Fig. S8) and band bending di-
agrams (Fig. 5c and d) for the FNS NPs/VMS/p-Si heterostructure were 
obtained. The p-Si and VMS form a p-n junction, inducing downward 
band bending in p-Si. Because the work function of VMS is slightly 
higher than that of other FNS NPs, downward band bending is induced 
when the VMS thin film is in equilibrium with the FNS NPs. For the Ni3S2 
and F1N9S NPs as shown in Fig. 5c and e, thanks to their metallic nature, 

Fig. 5. (a) Ultraviolet photoemission spectroscopy (UPS) and (b) X-ray photoemission valence spectra of bare p-Si, PMS/p-Si, VMS/p-Si, NS/p-Si, F1N9S/p-Si, F5N5S/ 
p-Si and FS/p-Si. Each measured value was corrected with Au reference. Energy band diagrams of (c) NS or F1N9S/VMS/p-Si and (d) FS/VMS/p-Si heterojunction 
photocathodes. (e) and (f) Schematics of the charge transfer for FNS/VMS/p-Si and FS/VMS/p-Si photocathodes, respectively. 

S. Choi et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 418 (2021) 129369

8

the band bending diagram clearly shows that the photogenerated elec-
trons from p-Si could be easily transported to the NPs/electrolyte 
interface without an electronic potential barrier. However, as illustrated 
Fig. 5d and f, the FeS2 NPs/VMS junction introduced the electronic 
potential barrier at the interface that blocked the photogenerated elec-
trons back to the VMS layer and prevented the HER. 

PEC measurements were carried out with a standard three-electrode 

configuration using a 0.5 M H2SO4 solution as the electrolyte. Fig. 6a 
shows the photocurrent densities of the samples plotted as a function of 
potential vs. reversible hydrogen electrode (RHE) under a simulated air 
mass (AM) 1.5 G condition. The dark currents are shown as horizontal 
lines. The onset potential in the J-V curve was defined as the potential 
where the photocurrent density reaches − 1 mA cm− 2. Even though Si is 
a promising candidate material for photocathodes because it has a 
narrow band gap, which enables effective absorption of a wide portion 
of the incident solar spectrum, the bare p-Si photocathode showed a 
large negative onset potential of − 0.35 V. To drive HER on the p-Si 
photocathode, additional potential must be required because of the 
carrier concentration and kinetic overpotential issues [42]. The kinetic 
overpotential could be overcome by applying the PMS thin film catalyst 
on the p-Si photocathode, which shows the anodic shift in the polari-
zation curve (Fig. 6a). Compared with the PMS/p-Si photocathode, the 
onset potential of VMS/p-Si photocathode slightly enhanced to 125 mV. 
While the PMS exposes the catalytically inert basal planes as the ter-
minating surface, VMS has the edge-terminated surface, which is the 
catalytic active site [43]. Therefore, the HER is more active on the VMS/ 
p-Si photocathode than on the PMS/p-Si, and it leads to a lower onset 
potential for the HER. The catalytic activity of the metal precursor is 
extremely enhanced with the introduction of Ni because metallic Ni3S2 
nanoparticles induce a downward band bending and the resultant built- 
in potential at the VMS/Ni3S2 interface, consequently facilitating the 
electron transfer to the electrolyte, as mentioned in Fig. 5c. Among the 
synthesized thin film catalysts/p-Si photocathodes, the F1N9S/VMS/p- 
Si photocathode exhibited the highest catalytic activity for HER. The 
onset potentials of this photocathode markedly shifted toward the 
anodic direction to 280 mV, and the photocurrent density at 0 V was 
− 25.4 mA cm− 2. This value is even higher than the maximum photo-
current density (24.6 mA cm− 2) of MoS2/p-Si photocathodes in our 
previous study [17]. However, the cathodic shift in the onset potential is 
observed when the Fe ratio increases. This is because of the metal 
(Ni3S2) to semiconductor (FeS2) transition of FNS NPs inducing the 
electronic potential barriers at the NPs/VMS interface. The incident- 
photon-to-current conversion efficiency (IPCE) spectra (Fig. 6b) of the 
thin film catalysts/p-Si were recorded at an applied potential of 0 V vs. 
RHE. Among the synthesized thin films, the F1N9S/VMS thin film on the 
p-Si photocathode showed the highest efficiency of above 60% in the 
wavelength range of 400–800 nm. The IPCE increased until the Ni/Fe 
ratio reached 9, and IPCE decreased with the increased amount of Fe, 
corresponding to the photocurrent density at 0 V vs. RHE. 

The electrochemical (EC) HER performance of the synthesized thin 
film catalysts with various Ni/Fe ratios with iR-correction in 0.5 M 
H2SO4 was investigated. For the electrochemical measurement, the 
synthesized thin films were transferred to the Au substrate. For com-
parison, we also plotted the linear sweep voltammetry (LSV) curve of the 
Pt electrode. As shown in Fig. S9, the EC HER performance of the syn-
thesized thin film showed the same trend as the PEC HER performance. 
The introduction of Ni causes significant enhancement of catalytic ac-
tivity for the HER. The F1N9S/VMS thin film displays the highest cat-
alytic activity also in electrochemical measurement, which is a low 
overpotential of 106 mV at a current density of 10 mA cm− 2, as shown in 
Fig. S9a. Furthermore, we displayed the Tafel plots of the samples in 
Fig. S9b. The reaction mechanism of HER can be explained by the Tafel 
slope, which involves three steps: discharge (Volmer reaction, Tafel 
slope of 120 mV dec− 1), desorption (Heyrovsky reaction, Tafel slope of 
40 mV dec− 1) and recombination steps (Tafel reaction, Tafel slope of 30 
mV dec− 1) [44]. In Fig. S9b, the F1N9S/VMS on the Au electrode 
showed the lowest Tafel slope of 68.5 mV dec− 1. On this cathode, HER 
most likely occurs via the Volmer-Heyrovsky mechanism, which in-
dicates that the rate-limiting step is the electrochemical desorption of 
Hads and H3O+ to form hydrogen [44]. Considering that this catalyst has 
the form of a flat thin film, which has a much lower surface area than 
other nanostructured catalysts, this catalyst has a superior catalytic 
activity compared with the reported MoS2-based catalysts, as shown in 

Fig. 6. (a) Polarization curves of the synthesized photocathodes. (b) Incident 
photon-to-current efficiency (IPCE) measurement of the synthesized photo-
cathodes. (c) Electrochemical impedance spectroscopy (EIS) analysis of the 
synthesized photocathodes at 0 V vs. RHE. 
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Table S2. 
Furthermore, electrochemical impedance spectroscopy (EIS) mea-

surements using a simplified equivalent circuit were conducted to 
investigate the surface kinetics, as shown in Fig. 6c. The simplified 
equivalent circuit consisted of constant phase elements (CPE) and 
charge-transfer resistance (Rct). The impedance spectra were measured 
at 0 V vs. RHE under the AM 1.5 G condition. The smallest semicircular 
arc showed in the F1N9S/VMS/p-Si thin film catalyst, which indicates 
that the electrode-to-electrolyte shuttling of electrons on this catalyst is 
faster when compared with the other catalysts. This notable decrease in 
the overall impedance is attributed to the appropriate bend bending and 
a built-in potential that formed at each junction (VMS/p-Si, F1N9S/ 
VMS). The overall sizes of the semicircular arc for each synthesized 
photocathode correspond well with that of photocurrents at 0 V in 
Fig. 6a, as shown in Table 1. The charge-transfer resistance at the p-Si/ 
MoS2 interfaces (Rct,1) showed a remarkable difference between the 
VMS and PMS layers on p-Si. This is because the vertically aligned do-
mains in the VMS thin film act as conductive channels between p-Si and 
the electrolyte [45]. For the PMS thin film, the photoelectron should go 
through the out-of-plane direction of layered MoS2, which has intrinsi-
cally low conductivity [17]. In addition, the Rct,2 of the metal sulfide 
decorated VMS/p-Si photocathodes increased as the thickness of the Fe 
precursor layer increased. This tendency is due to FeS2 NPs, which cause 
electron barriers and hinder the transfer of electrons, as mentioned 
earlier. 

Chronoamperometric experiments were performed on PMS/p-Si, 
VMS/p-Si and F1N9S/VMS/p-Si photocathodes to evaluate the passiv-
ation effect of the synthesized thin film catalysts, as shown in Fig. 7. For 
the PMS/p-Si photocathode, the current was improved for 30 min during 
the measurement. This is probably due to a self-optimizing effect by 
morphological changes (Fig. S10), because the hydrogen gas that 
evolved between the MoS2 layers caused exfoliation and fracture of the 
thin film and made it more porous [46]. Subsequently, the current 
gradually decreased to only 43% of the initial current after 10 h. This is 
attributed to the weak adhesion between PMS and Si via van der Waals 
force, resulting in the PMS layer further peeling off from silicon. It is also 
because MoS2 is oxidized to oxide materials such as MoO3, which are 
catalytically inactive for the hydrogen evolution reaction, thereby 
decreasing the number of catalytic active sites [47]. For VMS/p-Si, sta-
bility was improved more than that of the PMS/p-Si. It is believed that 
the edge-terminated surface of the VMS on silicon with the dangling 
bond at the edge site strengthened the adhesion to silicon and prevents 
its peeling off [45]. However, as on PMS, the oxidation of MoS2 occurred 
on VMS and the performance deteriorated, leading to only 75% of the 
initial current remaining after 10 h. 

For F1N9S/VMS/p-Si, highly stable performance was observed. No 
degradation in photocurrent was observed even after 10 h. This is 
attributed to the band structure, as shown in Fig. 5c. Because the pho-
togenerated electrons are concentrated on metal sulfides with lower 
energy states than that of VMS, the oxidation of MoS2 is suppressed. In 
this way, we can obtain high long-term stability, up to 10 h, due to the 

effect of vertically aligned MoS2 and metal sulfide particles. Through the 
SEM, TEM, Raman spectra, XRD, and XPS analysis measured after the 
stability test shown in Figs. S11 and S12, it was confirmed that there 
were no noticeable changes in the morphology and crystal structure of 
F1N9S/VMS/p-Si photocathode. The Ni2FeS4 phase, which was present 
in a very small amount before the stability test was not found in the TEM 
analysis conducted after the stability test. The Ni2FeS4 might have been 
reduced to the catalytically active Ni3S2, probably leading to the 
improved current density of the F1N9S/VMS/p-Si photocathode during 
operation. Furthermore, the Faradaic efficiency was measured by 
analyzing the gas evolved during the chronoamperometric experiment 
for the F1N9S/VMS/p-Si photocathode using gas chromatography to 
confirm if the current flowed on the photocathode was actually used for 
HER. As shown in Fig. 7, the Faradaic efficiency was close to 100%, 
confirming that all the current flowing through the photocathode 
participated in HER. 

In most photocathodes, the accumulation of photogenerated charge 
carriers could occur with a sufficient lifetime at both the heterointerface 
inside the photocathode and the electrolyte/photoelectrode interface. 
The PEC performance of the photoelectrode is determined by the 
competition between photogenerated charge transfer and recombina-
tion. Therefore, to investigate the kinetic behaviors of photogenerated 
charges at heterointerfaces, we conducted intensity modulated photo-
current spectroscopy (IMPS) by probing the periodic changes in the 
photocurrent in response to a sinusoidal intensity modulation of the 
incident light illumination [48,49]. IMPS is a practical method to obtain 
the rate constants of charge transfer (ktrans) and recombination (krec) for 
photoelectrodes under constant applied bias. Fig. 8a exhibits a Nyquist 
plot showing the complex photocurrent of PMS/p-Si, VMS/p-Si, NS/ 
VMS/p-Si, F1N9S/VMS/p-Si, F5N5S/VMS/p-Si and FS/VMS/p-Si pho-
tocathodes resulting from light intensity modulation at 0 V vs. RHE. The 
charge transfer efficiency, defined as ktrans/(ktrans + krec), can be ob-
tained from the ratio of the low frequency to high frequency intercepts 
on the real photocurrent axis. The apex of the semicircular arc, showing 
the maximum phase shift, indicates the combined rate constant of 
charge transfer and recombination (ktrans + krec). Therefore, ktrans and 
krec values can be calculated by using the intercept ratio on the real 
photocurrent axis and the frequency on the apex. The resulting ktrans and 
krec values of PMS/p-Si, VMS/p-Si, NS/VMS/p-Si, F1N9S/VMS/p-Si, 
F5N5S/VMS/p-Si and FS/VMS/p-Si photocathodes are summarized in 
Fig. 8b. It is worth noting that ktrans increased one order of magnitude for 
VMS/p-Si when compared with PMS/p-Si. This is another clear evidence 
that, when the photogenerated electrons are transported through MoS2 
thin film catalyst to the electrolyte, it is significantly more efficient to 
pass through the vertically aligned domains of VMS than to hop layer by 
layer of PMS. Also, the krec value shows the minimum value at F1N9S/ 
VMS/p-Si, the best sample, and increases rapidly as the proportion of Fe 
increases in the thin film catalyst. This is due to the formation of an 
electronic barrier on the F5N5S/VMS and FS/VMS interface with an 
increase in the Fe content, as shown in Fig. 5d and f. 

Spatially resolved PEC characterization was performed to directly 
evaluate and visualize the photocatalytic activity of the F1N9S/VMS 
with that of other catalysts on the same p-Si photocathode. SPECM is an 
in situ microscopic photocurrent mapping system combined with the 
standard three-electrode configuration in a home-designed reaction 
bath and a focused 532-nm laser by an optical objective (see Fig. S13). 
While the focused laser scans over the catalyst area using a motorized 
microstage, the photocurrent corresponding to hydrogen generation is 
measured and mapped based on the position of the laser spot. The 
focused spot size is ~5.0 μm in diameter and the incident power is 
typically ~200 μW. Note that such an analysis allows us to investigate 
the photocatalytic activities on various catalytic surfaces without 
experimental sample-to-sample variations potentially existing in con-
ventional PEC measurements [50]. For the SPECM measurement, we 
deposited Mo, Ni and Fe thin films using a patterning mask with 100 μm 
of holes through the e-beam evaporator deposition method, and 

Table 1 
Charge transport resistances of synthesized photocathodes.  

p-Si photocathode Rs (Ω cm2) Rct,1 (Ω cm2) Rct,2 (Ω cm2) Rct,3 (Ω cm2) 

PMS  2.10  161.50 143.69a N/A 
VMS  5.51  88.82 87.40a N/A 
NVMS  2.32  51.28 0.25 2.86 
F1N9S/VMS  1.44  18.42 0.42 0.41 
F5N5S/VMS  2.92  14.71 77.51 5.26 
FS/VMS  4.32  55.84 113.42 0.55 

Rs: The charge transport resistance at contact/p-Si. 
Rct,1: The charge transport resistance at p-Si/MoS2. 
Rct,2: The charge transport resistance at MoS2/FNS 
Rct,3: The charge transport resistance at FNS/electrolyte. 

a : The charge transport resistance at MoS2/electrolyte. 
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sulfurized the thin films. The optical images of VMS, NS/VMS and 
F1N9S/VMS thin film catalysts on the SiO2 and p-Si substrates are shown 
in Fig. 8c. We visualized the intensity of the photocurrent generated on 
each thin film catalyst into 3D mapping, as shown in Fig. 8c. Based on 
previous PEC measurements, the intensity of the photocurrent of the 
F1N9S/VMS thin film catalyst on p-Si was the highest. It was confirmed 
that the photocurrent gradually decreased for NS/VMS and VMS thin 
film catalysts. Similarly, Fig. S14a shows an optical image of the 
specially designed photocathode containing five spatially distinct re-
gions, namely, F1N9S/VMS, NS/VMS, VMS, PMS and bare p-Si. The 
photocurrent mapping image and line profiles obtained at − 0.1 V vs. 
RHE are shown in Fig. S14 

b-c, in which the different catalytic surfaces are clearly distinguished 
in the photocurrent color map and line profiles. Compared with the 
photocurrent of ~0.84 μA on the bare p-Si area, the photocurrent values 
are increased by ~0.4, 0.3, 0.1 and 0.02 μA for F1N9S/VMS, NS/VMS, 
VMS and PMS on p-Si, respectively. This increasing trend in photocur-
rent based to various surface decorations is consistent with the above 
photocatalytic HER performances measured with typical PEC measure-
ments. It is worth noting that a relatively higher photocurrent is 
observed from the edges of the transferred film presumably due to 

further catalytic enhancement by edges and local strains. 
Owing to the change in the domain orientation of MoS2 and the 

atomic composition of 3D metal sulfide nanoparticles, we have sug-
gested charge-transfer and surface degradation mechanisms. These are 
illustrated in Fig. 5e and f. As the downward band bending induced by 
F1N9S NPs enables rapid charge transfer along the out-of-plane direc-
tion of the thin film catalyst, the surface degradation of VMS is effec-
tively suppressed over a 10 h operation. In contrast, as illustrated in 
Fig. 5f, the electronic barrier at the heterointerface of F5N5S/VMS and 
FS/VMS causes photogenerated electrons to accumulate at the hetero-
interface of 3D metal sulfide NPs/VMS, which is followed by rapid 
charge recombination. These results indicate that moderate amounts of 
Fe are beneficial for improving the electrocatalytic performance of thin 
film catalysts for HER, whereas excess Fe increases charge recombina-
tion at the 3D metal sulfide nanoparticles/VMS interface. 

4. Conclusion 

We have successfully demonstrated large scale (12 cm × 12 cm) and 
transferable FNS NPs decorated VMS thin film catalysts via one-step 
sulfurization method. The synthesized thin film catalyst exhibited 

Fig. 7. Hydrogen evolution and Faradaic efficiency vs. time for the TMD/p-Si heterostructure photocathodes to test stability for approximately 10 h.  

Fig. 8. (a) IMPS Nyquist plot of fabricated photocathodes displaying the imaginary photocurrent vs. the normalized real photocurrent at 0 V vs. RHE. (b) Rate 
constants of charge transfer (ktrans) and recombination (krec) extracted from the IMPS Nyquist plot. (c) Optical image of as-synthesized patterned thin films and thin 
films transferred on p-Si with corresponding photocurrent mapping image of device at 0.1 V vs. RHE. 
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remarkable PEC performance: high photocurrent density (25.44 mA 
cm− 2 at 0 V vs. RHE), lower onset potential (280 mV at 1.0 mA cm− 2) 
and long-term stability (over 10 h). The heterojunction band diagram 
and DFT calculation further showed that the F1N9S NPs on VMS/p-Si 
photocathode not only induced the downward band bending of VMS 
but also improved the surface kinetics of the thin film catalyst. The 
proposed one-step sulfurization method paves a novel way for TMD- 
based 3D/2D heterojunctions, which were previously inaccessible in 
the form of large-scale transferable thin films. The 3D/2D hetero-
junction demonstrated here with conventional transition metal disul-
fides could also lead to the discovery of a new class of thin film materials 
with a versatile combination of both transition metals and chalcogen 
elements. 
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