
2105076 (1 of 13) © 2021 Wiley-VCH GmbH

www.small-journal.com

ReseaRch aRticle

Bandgap Shrinkage and Charge Transfer in 2D Layered 
SnS2 Doped with V for Photocatalytic Efficiency 
Improvement

Abhijeet R. Shelke, Hsiao-Tsu Wang, Jau-Wern Chiou,* Indrajit Shown, Amr Sabbah, 
Kuang-Hung Chen, Shu-Ang Teng, I-An Lin, Chi-Cheng Lee, Hung-Chung Hsueh,* 
Yu-Hui Liang, Chao-Hung Du, Priyanka L. Yadav, Sekhar C. Ray, Shang-Hsien Hsieh, 
Chih-Wen Pao, Huang-Ming Tsai, Chia-Hao Chen, Kuei-Hsien Chen, Li-Chyong Chen, 
and Way-Faung Pong*

DOI: 10.1002/smll.202105076

1. Introduction

The two-dimensional (2D) atomically 
thin layered metal dichalcogenides have 
potential in various fields owing to their 
interesting physical and chemical proper-
ties.[1–3] Their rich and tunable anisotropic 
electronic structures support a remarkable 
range of functions, which have various 
optoelectronic applications.[4,5] In the last 
few years, theoretical and experimental 
studies of various transition-metal dichal-
cogenides (TMDs), including MoS2, 
MoSe2, TaS2, and WSe2, have demon-
strated that the anisotropic properties of 
2D layered metal dichalcogenides depend 
strongly on layer thickness, micro-strain, 
local electronic and crystal structures, the 
conduction mechanism, and other physical 
properties.[6,7] Among TMDs, tin disulfide 
(SnS2) of the IV–VI group has recently 
emerged as a 2D layered metal sulfide 
with various applications, such as visible 
light photocatalysis in CO2 reduction and 

Effects of electronic and atomic structures of V-doped 2D layered SnS2 
are studied using X-ray spectroscopy for the development of photocata-
lytic/photovoltaic applications. Extended X-ray absorption fine structure 
measurements at V K-edge reveal the presence of VO and VS bonds 
which form the intercalation of tetrahedral OVS sites in the van der 
Waals (vdW) gap of SnS2 layers. X-ray absorption near-edge structure 
(XANES) reveals not only valence state of V dopant in SnS2 is ≈4+ but also 
the charge transfer (CT) from V to ligands, supported by V Lα,β resonant 
inelastic X-ray scattering. These results suggest V doping produces extra 
interlayer covalent interactions and additional conducting channels, which 
increase the electronic conductivity and CT. This gives rapid transport of 
photo-excited electrons and effective carrier separation in layered SnS2. 
Additionally, valence-band photoemission spectra and S K-edge XANES 
indicate that the density of states near/at valence-band maximum is 
shifted to lower binding energy in V-doped SnS2 compare to pristine SnS2 
and exhibits band gap shrinkage. These findings support first-principles 
density functional theory calculations of the interstitially tetrahedral 
OVS site intercalated in the vdW gap, highlighting the CT from V to 
ligands in V-doped SnS2.
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water splitting,[8,9] use in field-effect transistors,[10] and hetero-
junctions.[11] The atomic structure of SnS2 is similar to that of 
MoS2. SnS2 exhibits a two-hexagonal (2H)-polytype crystal struc-
ture with space symmetry P3m1 along with an S anion that is 
packed hexagonally between an octahedrally coordinated Sn 
cation (Figure S1, Supporting Information). MoS2 has a sim-
ilar 2H-polytype layered structure, but it differs by exhibiting 
trigonal prismatic coordination of the Mo atom.[12] Moreover, 
individual SSnS layers are weakly bonded by van der Waals 
(vdW) interaction in bulk SnS2. Therefore, atomic or volumetric 
doping of the 2D layered SnS2 lattice with the appropriate ele-
ment is highly desired to develop several physical effects, such 
as phase transition, hybridization to control electronic band 
structure, formation of a pn junction by affecting electrical 
conductivity,[5] uniaxial lattice strain,[13] covalent/ionic in-plane 
bonding, and spin diffusion, in SnS2.[14]

In recent years, several studies have focused on metal (Cu, 
Ni, Co, In, Zn, Fe, etc.) and nonmetal (C) impurities or inter-
calation for the development of different catalytic applica-
tions.[8,15–18] Gong et al.[11] doped SnS2 with a transition metal 
(TM) using very low percentages of Co and Cu to introduce 
interstitial doping in the vdW gap. Shi et al.[19] doped SnS2 with 
Ni and found that Ni mainly intercalated in the vdW gap and 
gave enhanced electrochemical performance. Earlier literature 
in the field established possibilities of interstitial and substitu-
tion doping depending on the amount of dopant. This mecha-
nism is explained using X-ray absorption spectroscopy. Doping 
below 1% is interstitial, whereas that above 1% is substitu-
tional, which changes the fundamental properties of the host 
compound.[20,21] Sun et  al.[22] investigated the optoelectronic 
properties of Fe-doped SnS2 based on calculations from first 
principles. Their theoretical study showed that doping with Fe 
generates electronic intra-band states near/at the valence band 
maximum (EVBM) and conduction band minimum (ECBM) of 
monolayer SnS2, which increases its absorption coefficient in 
the visible and near-infrared regions. Reported results reveal 
that doping a 2D layered SnS2 system with TM 3d elements 
can cause hybridization of energy levels between the dopant 
element and the SnS2.[11,23] This hybridized state is responsible 
for band structure engineering, charge transfer (CT), charge 
separation, and transport properties in SnS2.[24] Wahnón 
et al.[25] reported photocatalytic activity of V-doped 2D layered 
SnS2 by promoting efficient charge separation during the reac-
tion by providing different types of excitations, which are more 
effective in causing CT between the V metal ions and S ligand 
atoms. Ultimately, controlled carrier doping into 2D layered 
SnS2 modifies its electronic structure by state hybridization 
between the dopant element and host. This hybridization can 

form additional states between the EVBM and ECBM of the SnS2 
host, shrinking the band gap to an extent that corresponds to 
the degree of doping.[26] Although the interesting optoelec-
tronics properties of TM-doped SnS2 have been well studied, 
direct observations on the local electronic/atomic structures, 
CT, and band gap shrinkage in V-doped 2D layered SnS2 have 
not yet been fully studied.

In this work, X-ray absorption near-edge structure (XANES)/
extended X-ray absorption fine structure (EXAFS), resonant 
inelastic X-ray scattering (RIXS), core-level X-ray photoelectron 
spectroscopy (XPS), and valence band photoemission spectros-
copy (VB-PES) are performed. V doping preferentially forms 
tetrahedral OVS sites (at which one O and three S atoms 
surround the V) that are intercalated in the vdW gap of SnS2 
layers. O atoms are observed owing to auxiliary oxidation during 
synthesis. Upon V doping of 2D layered SnS2, the heteroatoms 
not only yield V 3d-S 3p/O 2p and S 3p-O 2p hybridized states 
but also cause CT from the V metal ion to the O/S ligand, devel-
oping additional states in the band gap of SnS2. Thus, band gap 
shrinkage and additional hybridized states can help improve 
photocatalysis and related applications under visible light. 
To explore the mechanism of the unique effect of V-doping 
revealed by X-ray spectroscopic measurements of V-doped 2D 
layered SnS2, the ground state atomic and electronic structures 
of layered SnS2 with local V dopants were calculated analytically 
in the nano-scale simulation package of OpenMX[27] within the 
framework of density functional theory (DFT). Quantitatively, 
accurate band gap values and quasiparticle excited-state proper-
ties of low-dimensional semiconductors can be obtained from 
a many-body perturbative GW+BSE (Bethe-Salpeter Equation) 
methodology.[28,29] However, extreme computational demand for 
large systems with rather low doping concentrations (≈0.5%) 
makes such GW + BSE calculations prohibitive and, therefore, 
beyond the scope of the present theoretical study.

2. Results and Discussion

Figure 1a presents X-ray diffraction (XRD) patterns of V-doped 
SnS2 (SnS2-V1 and SnS2-V4 with 0.1 and 0.4  mm of V pre-
cursor, respectively), pristine SnS2, and powdered VO2, VS2, 
and SnO for reference along with their standard JCPDS card 
nos. 01-072-0514, 01-089-1640, and 00-001-0902, respectively. 
The characteristic (001) and other reflections correspond to 
the polycrystalline hexagonal crystal structure of V-doped and 
pristine SnS2 with the space group P3 m1. The absence of any 
unindexed reflections suggests the formation of single-phase 
hexagonal structure V-doped and pristine SnS2. The lattice 
constants are calculated by profile fitting the XRD patterns 
in TOPAS[30] and provided in Table S1, Supporting Informa-
tion. The bottom panel of Figure 1a also presents representa-
tive profile fitting for SnS2-V4. The close matching of the 
experimental and calculated XRD patterns yields a goodness 
of fit (χ2) value of ≈1.37. XRD results reveal that doping with 
elemental V (at%) does not alter the crystal structure of SnS2 
and causes only a very slight downshift of the characteristic 
Bragg reflection (001) and other reflections in the XRD pattern 
(Table S1, Supporting Information). This implies that doping 
SnS2 layers with V produces interstitial sites because the V 
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concentration is small (at% ≈ 0.1% and 0.4%) relative to that 
of the host elements Sn and S.[31] VS2 has a similar hexagonal 
structure to that of V-doped and pristine SnS2 with the same 
space group P3m1; its lattice constants (a = b = 3.22 Å and 
c = 5.75 Å) are close to those of V-doped and pristine SnS2 
(Table S1, Supporting Information), but VO2 has a monoclinic 
crystal structure with space group P21/c. The XRD data in 
Figure 1a include SnO, which has a tetragonal structure with 
P4/nmm space symmetry, for reference. The intense charac-
teristic (101) reflection of SnO lies between the (100) and (011) 
reflections of V-doped and pristine SnS2. Details of elemental 
composition and lattice structure are obtained using energy-
dispersive X-ray spectroscopy (EDX) and high-resolution 
transmission electron microscopy (HR-TEM) (Table S2 and 
Figure S2, Supporting Information). Clearly, some oxygen is 
present in V-doped (at% ≈ 6.8% and 6.9%) and pristine SnS2 
(≈1.8%) owing to the auxiliary oxidation that occurs during 
synthesis. HR-TEM images reveal no significant difference in 
the inter-planar d-spacing values for (100) planes of V-doped 
and pristine SnS2 (Figure S2, Supporting Information). 
The very small increase in lattice parameters derived from 
XRD data (Table S1, Supporting Information) suggests that 
V-doping may induce slight lattice expansion along both (001) 
and (100) planes, but this was not observable in HR-TEM 
owing to its resolution limit. The inset in Figure S2, Sup-
porting Information, shows corresponding selective area elec-
tron diffraction (SAED) patterns of V-doped and pristine SnS2. 
The SAED pattern of the pristine SnS2 clearly reveals its large-
grained nature, which enables a single-crystal-like diffraction 
pattern. In contrast, fine-grained polycrystalline nature is 
observed for V-doped SnS2 as a result of interstitial V doping, 

which distorts the uniform 2D layered SnS2 lattice. Table S1, 
Supporting Information, summarizes the average crystallite 
size, d spacing, and lattice parameters of V-doped and pristine 
SnS2 samples. Figure  1b presents Raman spectra and shows 
the characteristic nondegenerate A1g mode at ≈315 cm−1 and 
the weak doubly degenerate Eg mode of vibration at ≈205 cm−1 
in V-doped and pristine SnS2. The enhanced intensity of A1g 
for the V-doped SnS2 indicates that the out-of-plane breathing 
mode (upper right inset) along the c-axis dominates the in-
plane shear mode (lower left inset), which is associated with 
Eg. Close examination of the central position of A1g of V-doped 
SnS2 (≈314.4 cm−1) reveals that it is shifted very slightly to a 
frequency lower than that of pristine SnS2 (≈314.8 cm−1). The 
magnified feature in the upper left inset of Figure 1b reveals 
the slight dependency of the out-of-plane breathing mode on 
V doping across the distorted interlayer covalent interaction of 
the 2H-polytype of V-doped layered SnS2.[13]

Figure 2a presents photoluminescence (PL) spectra of 
V-doped and pristine SnS2. It shows a dramatic change in 
the intensities of the spectral features between V-doped and 
pristine SnS2. The spectral intensity is remarkably reduced in 
proportion to the increase in V-content. Controlled V doping 
likely generates more covalent interactions in the vicinity of 
the 2D SnS2 layers, which change its homogeneous structure 
and suppress PL to below that of pristine SnS2. Figure 2b plots 
field-dependent magnetization (MH) curves of the V-doped 
and pristine SnS2 along with those of VO2 and VS2 for ref-
erence. Clearly, pristine SnS2 exhibits diamagnetic behavior, 
but the lower V-doped sample (SnS2-V1) also exhibits weak 
diamagnetic behavior. The higher V-doped sample (SnS2-V4) 
has a paramagnetic phase. The observed weak diamagnetic 

Figure 1. a) XRD patterns of V-doped and pristine SnS2, as well as reference VO2, VS2, and SnO samples. The bottom panels show the JCPDS card 
patterns of the reference samples and fitted XRD profile of sample SnS2-V4. b) Raman spectra of V-doped and pristine SnS2 showing characteristic 
non-degenerate A1g and degenerate Eg modes. The inset shows atomic structures to elucidate the elongation of the out-of-plane breathing mode along 
the c-axis and the in-plane shear mode of the non-degenerate A1g and degenerate Eg modes, respectively. The upper left inset is an enlargement of the 
A1g mode to reveal the slight Raman shift with V doping.
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behavior in SnS2-V1 can cause very weak spin interactions 
among V 3d electrons so that the overall magnetic behavior 
is dominated by the SnS2 host (diamagnetic phase) for the 
low V-doping sample. Fundamentally, the various magnetic 
behaviors in V-based compounds are primarily related to the 
number of unpaired 3d electrons in the outermost shell of the 
V ion in the compound. When a neutral V atom with elec-
tronic configuration [Ar]4s23d3 becomes a V “ion”, it may have 
a magnetic moment, which depends on the number of elec-
trons that are removed from the V atom in the compound. V 
ions can typically exist in three valence states, V3+, V4+, and 
V5+, with corresponding electronic configurations of [Ar]3d2, 
[Ar]3d1, and [Ar]3d0, respectively. Of these three valence states, 
mostly V3+ and V4+ ions with unpaired 3d electrons carry the 
spin moment and are, therefore, innately magnetic. However, 
as the V5+ ion in a compound has no unpaired 3d electron, it 
is non-magnetic.[32] As shown in Figure 2b, VO2 (V4+) and VS2 
(V4+) typically exhibit paramagnetic character with a random 
spin moment as a result of the unpaired 3d electrons;[33] simi-
larly, the more highly V-doped SnS2-V4 has a paramagnetic 
phase.

Nevertheless, the MH measurement and first-principles 
calculations reveal that an ultrathin nanosheet of VS2 (V4+) 
exhibits unusual ferromagnetic behavior,[34] with hybridiza-
tion of V 3d and S 3p states and CT between V and S atoms, 
both of which importantly affect the magnetic moment in the 
nanosheet. The diamagnetic (paramagnetic) behavior in the 
SnS2-V1 (SnS2-V4) is apparently strongly related to the valence 
state of the V ion and the possible formation of VO/VS 
bonds that involve CT between the metal ion V and ligands in 
V-doped SnS2. Figure 2c shows the ultraviolet–visible (UV–vis) 
absorption spectra of V-doped and pristine SnS2. The band 

gap behavior of TMDs is well-known to be very sensitive to 
the thickness of their layers. TMDs usually undergo a transi-
tion in semiconductor structure, from indirect to direct band 
gap, as their structure changes from multilayered to single 
layered.[35,36] As shown in Figure 2c, the absorption band edge 
of V-doped SnS2 is shifted slightly toward higher wavelengths 
as the V content is increased, and its direct/indirect band gap 
values are lower than those of pristine SnS2, as obtained from 
the Tauc plot in the insets of Figure 2c. Such doping effect on 
optical absorption of 2D SnS2 can also be confirmed by calcu-
lating the dielectric functions and the joint density of states 
(JDOS)[28] as shown in Figures S6 and S7, Supporting Infor-
mation. Table S3, Supporting Information, also presents their 
corresponding band gap values. As shown in Table S3, Sup-
porting Information, the band gaps in V-doped and pristine 
SnS2 are close to those of different-thickness layered SnS2, 
which is well known to have a band gap of ≈2.2–2.3  eV.[8,25] 
This band gap provides significant absorption in the most 
intense region of the solar spectrum, supporting photocata-
lytic and photovoltaic applications.
Figure 3a presents V K-edge XANES of V-doped SnS2, VO2 

(V4+), and VS2 (V+4). The bottom inset in Figure  3a displays 
magnified V K-edge XANES, with their first derivatives, of 
V-doped SnS2, VO2 (V4+), and a few other vanadium oxides 
[VO (V2+) and V2O3 (V3+)] along with corresponding threshold 
positions, which are indicated by colored bars verifying the 
valence state and structural symmetry of the V dopant in 
V-doped SnS2. Clearly, the absorption threshold of different 
vanadium oxides increases in proportion with the valence 
state of the V ion from V2+ (VO) to V3+ (V2O3) to V4+ (VO2). 
The threshold position of V-doped SnS2 is close to that of 
VO2 (V4+), indicating that the V dopant in V-doped SnS2 has 

Figure 2. a) PL spectra and b) M–H curves of V-doped and pristine SnS2. c) UV–vis absorption spectra of V-doped and pristine SnS2; inset shows fitted 
direct and indirect Tauc plots used to determine the band gaps.
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a valence state close to V4+. This supports the observed para-
magnetic phase with electronic configurations of [Ar]3d1 in 
the more highly V-doped SnS2-V4, shown in Figure  2b. As 
presented in Figure  3a, the spectra of V-doped SnS2 reveals 
remarkable changes in the intensities of pre-edge and main 
absorption features (indicated by brown and red arrows, 
respectively) between SnS2-V1 and SnS2-V4. Notably, the 
intensities of these features vary oppositely to that of the pre-
edge/main absorption feature between SnS2-V4 and SnS2-
V1. By the dipole-transition selection rule, the main absorp-
tion feature corresponds to the V 1s → 4p transition, which is 
also involved with shape resonances and multiple scattering 
effects.[37] The pre-edge feature at ≈5469 eV arises from the V 
1s  → 3d quadrupole-selective transition. Obviously, the extra 
shoulder, indicated by the blue arrow, is observed at ≈5475 eV, 
between the pre-edge and main absorption features of VS2, 
but is not observed in V-doped SnS2/VO2. This reveals the 
differences between the structural symmetries and various 
pd hybridization effects of V-doped SnS2/VO2 and VS2.[38] 
In VS2, the VS octahedron is ascribed only to edge sharing 
and is responsible for the uniform arrangement of neigh-
boring S around V. In VO2, the distorted tetrahedral/trigonal 
bipyramidal arrangement of VO yields a sharp absorption 
threshold at the V K-edge.[39] Accordingly, in V-doped SnS2, 
V conceivably forms interstitially tetrahedral OVS (with 
probably one O and three S atoms surrounding V) in SnS2 
layers, causing the general line-shape of the absorption fea-
ture to be more consistent with the structural symmetry of 
VO2 than with that of VS2. The VO bond at the OVS 
tetrahedral site, as mentioned previously, is caused by  

auxiliary oxidation from the precursor during the synthesis 
of V-doped SnS2. Additionally, SnO and SO bonds in 
V-doped SnS2, which are also formed by auxiliary oxidation 
during synthesis, are also observed at the Sn and S K-edge 
EXAFS analyses shown in Figure S3a,b, Supporting Informa-
tion. However, the enhanced pre-edge and suppressed main 
absorption feature intensities are associated with slight shifts 
toward a higher photon energy as the V-content increases 
from SnS2-V1 to SnS2-V4. This indicates a reduction in site 
symmetry due to V-doping and broken inversion symmetry in 
the disordered 2H-polytype layered SnS2 and the formation 
of VO and VS covalent bonds at interstitial site. There-
fore, the transitions are allowed as a result of the intermixing 
of V 3d-4p orbitals in the V-doped SnS2, as predicted by Hans-
mann et al.[38]

To establish conclusively the formation of the intersti-
tially tetrahedral OVS site rather than the substitution/
occupation of the Sn ion/site due to V-doping in SnS2 layers, 
Figure 3b presents the Fourier transform (FT) spectra of the 
k3χ data of the V-doped SnS2, VO2, and VS2 from k  = 3.0 to 
9.5 Å−1 at the V K-edge. The insets show the corresponding 
k3χ data. The first main feature in the FT spectra corresponds 
to the neighborneighbor (NN) VO and VS bond lengths. 
To quantitatively determine the local atomic structures around 
the V site in V-doped SnS2, the NN coordination number (N), 
VO/VS bond length (R), and corresponding DebyeWaller 
factor (DWF, σ2) were obtained by fitting using the Artemis 
program package[40] and are presented in Table S4, Supporting 
Information. Although there are few tetrahedral OVS sites 
in the SnS2 layers and they are, therefore, not detectable by 

Figure 3. a) V K-edge XANES spectra of V-doped SnS2 and references VO2 and VS2. The inset shows the V K-edge XANES, corresponding first deriva-
tive spectra of V-doped samples, and a few vanadium oxide compounds used to determine the oxidation state of the V ions. b) Magnitudes of the V 
K-edge FT spectra of V-doped SnS2, VO2, and VS2 samples. Inset shows corresponding EXAFS data weighted by k3χ for V-doped SnS2 (upper inset). 
EXAFS data for VO2 and VS2 are plotted separately in the lower inset.
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long-range XRD measurements [Figure 1a], these OVS sites 
can be clearly revealed by the short-range EXAFS measure-
ment in Figure 3b. Quantitatively, from the results in Table S4,  
Supporting Information, the first main feature in the FT 
spectrum at the V K-edge is composed of NN VO (≈1.65 Å) 
and VS (≈2.30 Å) bond lengths in V-doped SnS2. The gen-
eral FT spectral features at the V K-edge in Figure 3b and the 
local atomic structures (N, R, and σ2) in Table S4, Supporting 
Information, clearly differ from those at the Sn K-edge in 
Figure S3a, Supporting Information, revealing that the V4+ ion 
formed an interstitially tetrahedral OVS site in the SnS2 
layers owing to V doping. No evidence supports the substitu-
tion of Sn4+ by V4+ in either SnS2-V1 or SnS2-V4. Additionally, 
the amplitude of EXAFS oscillations and the magnitude of FT 
features in R-space at the V K-edge of V-doped SnS2 are signif-
icantly increased above those of VO2 and VS2. This shows that 
structural disorder is caused by the intrinsic characteristic of 
the 2D layered SnS2 structure, which is much smaller than 
that of the powdered phases of VO2 and VS2.
Figure 4a shows Sn M5,4-edge, V L3,2-edge, and O K-edge 

XANES of V-doped and pristine SnS2, and references VO2, 
VS2, and SnO, which support the presence of the VO bond 
and CT between the V metal ion and ligands in V-doped 
SnS2. The Sn M5,4-edge XANES observed in V-doped SnS2, 
pristine SnS2, and SnO reveal the transition of electrons 
between Sn 3d and unoccupied Sn p/f states above the 
Fermi level.[41] The V L3,2-edge XANES is attributed to the 
dipole-selective V 2p → 3d transition in V-doped SnS2, VO2, 
and VS2. The O K-edge XANES is attributed to the dipole-
selective O 1s  → 2p transition and is observed in all of the 
above samples, revealing that the O 2p-derived states hybrid-
ized with the orbitals of metal ions in V-doped and pristine 
SnS2, as well as the reference metal oxides. A significant 

difference is observed in the feature intensity of the V L3,2-
edge XANES displayed in Figure  4a, where the features of 
the Sn M5,4- and O K-edge XANES in V-doped and pristine 
SnS2 match those in SnO overall. The main near-edge fea-
ture at the O K-edge corresponds to the dipole-selective O 
1s  → 2p transition, which is primarily hybridized with Sn 
5sp states in SnO. Intuitively, the intensity of the O K-edge 
XANES remains almost constant between V-doped and pris-
tine SnS2, despite the formation of a small kink in SnS2-V4 
[indicated by a green arrow in Figure 4a]. However, the mag-
nification of the near-edge feature region in the middle inset 
in Figure 4a shows that the intensity of the main absorption 
feature within the region 532–542  eV (indicated by a solid 
bar) of V-doped SnS2 is suppressed relative to that of pristine 
SnS2. The latter sample was prepared by chemical methods 
that involved the dissolution of oxygen precursors in water 
to induce the synthesis reaction. Therefore, the intensity of 
the O K-edge XANES spectrum of pristine SnS2 is dominated 
by hydroxide and/or is related to precursor/water molecules 
on the surface. No clear evidence of SnO and SO bonds 
in pristine SnS2 is observed in the FT spectra at the Sn and 
S K-edge in Figure S3a,b, Supporting Information. In con-
trast, in V-doped SnS2, relatively high oxidation from the 
precursor during synthesis causes oxygen to occupy optimal 
sites upon doping with V, forming metal–ligand bonds likely 
in metal-oxide compounds. Therefore, the intensity at the O 
K-edge XANES of V-doped SnS2 reveals the dipole-selective 
transition from O 1s to 2p states. Not only do these states 
hybridize with the V 3d state to reveal spectral features that 
are associated with eg and t2g degenerate states, but the tran-
sitions also involve metal–oxide/non–metal-oxide bonds 
that are formed by SnO/SO interactions (Figure S3a,b,  
Supporting Information).

Figure 4. a) Sn M5,4−, V L3,2−, and O K-edge of V-doped and pristine SnS2 along with references VO2, VS2, and SnO, presented together to cover all 
energies in one spectrum. Representative atomic structural models of b) surface–layer interstitial doping with V to form a tetrahedral OVS site and 
c) vdW gap doping with V to form a tetrahedral OVS site, along with the distance between corresponding atoms. Squares zoom in a tetrahedral 
OVS site and SOSn bond.
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Since the SnO (≈2.1 Å)/SO (≈1.9 Å) bond (Figure S3a,b, 
Supporting Information) is substantially longer than the 
VO bond (1.65 Å) in V-doped SnS2, the hybridization of 
the SnO/SO bond is much weaker than that of the VO 
bond.[42] Therefore, CT between metal ion V 3d and ligand 
O 2p states is much more important in V-doped SnS2. More-
over, the electronic charge density of the VO bond is asso-
ciated with the difference between the electronegativities of 
metal ion V (1.63) and ligand O (3.44), 1.81, which is much 
larger than those of SnO, 1.48 [Sn (1.96), and O (3.44)], and 
SO, 0.86 [S (2.58), and O (3.44)], in V-doped SnS2.[43] The 
greater electronegativity difference favors CT between the 
metal ion and ligand in the compound. Therefore, the inten-
sity of the main absorption feature at the O K-edge XANES 
(middle-inset of Figure  4a) is clearly suppressed in the 
V-doped SnS2 relative to that in pristine SnS2. This suggests 
that the formation of the VO bond increases CT from metal 
ion V 3d to ligand O 2p states in V-doped SnS2 over that in 
pristine SnS2. To further examine the variation of local elec-
tronic structures as a result of doping with V, two possible 
doping geometries (as also presented in Figure S1c,d, Sup-
porting Information), in which the tetrahedral OVS site 
at the surface (Figure 4b) or interstitial between two layers in 
the vdW gap in SnS2 (Figure 4c), are proposed; these are also 
calculated using the framework of DFT. Figure 6 presents the 
details of the calculation of the electronic structures of the 
two proposed geometrical configurations of the tetrahedral 
OVS site in the V-doped and pristine SnS2. Further detail 

is also provided in the theoretical section of the Supporting 
Information.
Figure 5a displays the raw data and the fitted spectra at 

the V Lα,β RIXS of V-doped SnS2. The emitted photon energy 
(hνout) is measured for selected incident photon energies 
(hνin) across an absorption feature indexed in the inset of the 
V L3,2-edge XANES spectrum of SnS2-V4. RIXS measurements 
generally probe a local crystal-field (Δcf) or dd excitations at 
low energy. The low symmetry of the V-doped SnS2 and CT 
excitation is both visible with well-defined intensities in the 
spectra in Figure 5a.[44,45] For selected excitation energies (fea-
tures a–c in the inset of the V L3-edge absorption), the elastic 
feature in the RIXS spectrum is indicated by a shoulder and 
other features, which originated from the V 3d  → 2p transi-
tion accompanied by dd and CT excitations shown in blue 
and centered at ≈  −7  eV (Figure  5b). In Figure  5b, the nor-
malized fitted-RIXS spectra is plotted against energy loss scale 
relative to the corresponding energy of the elastic feature to 
understand the detailed mechanisms of local and collective 
excitations in V-doped SnS2. Clearly, dd and CT excitations 
are observed at a constant transferred energy (hνout − hνin) and 
are combined with the successively dispersive hνin of fluores-
cence yield (FY) contributions. The upper panel in Figure 5b 
shows the energy level of degenerate 3d orbitals of the V ion 
(V4+) and ligand O2− 2p/S2− 3p states at tetrahedral OVS 
sites in SnS2 layers. The on-site dd transition is forbidden 
in this case as all of the levels are degenerate. To break this 
degeneracy, the V ion endures a local crystal field, likely due 

Figure 5. a) V Lα,β RIXS spectra of V-doped SnS2 obtained at various excitation energies indexed in the V L3,2-edge XANES (features a–c, inset). The 
experimental data (open circles) are rather noisy, making the identification of features difficult. Therefore, the spectra were fitted properly (solid lines). 
b) Normalized RIXS spectra plotted against energy loss scale relative to an elastic feature to identify the different excitations of dd and CT features 
with successively dispersive FY contributions. The inset shows the different excitations of dd and the CT between metal ion V4+ and ligand O2− 2p/
S2− 3p in the V-doped SnS2 system.
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to 3d-TM oxides. For example, the tetrahedron is commonly 
composed of oxygen cages that enclose the 3d-TM ion and the 
3d degeneracy is split by the crystal-field and hybridization 
of ligand O 2p states with lower TM 3d eg (dz

2, dx
2 − dy

2) and 
higher t2g (dxz, dxy, dyz) states.[46]

As stated earlier, depending on the number of 3d electrons 
that are removed from V-based compounds, V4+ metal ions 
in V-doped SnS2, with electronic configurations [Ar]3d1 and 
majority spin states of the lower V 3d eg, are below the Fermi 
level (Ef) such that its electronic configuration contains one 
electron per vanadium ion (V4+), while the higher t2g states are 
empty. The band width of the lower V 3d eg states is increased 
and delocalized owing to strong hybridization with ligand 
states, leading to CT between metal ion V4+ 3d and ligand O2− 
2p/S2− 3p states in V-doped SnS2, as presented in the upper 
panel of Figure 5b. Apparently, the elastic feature (first promi-
nent feature) is associated with no energy loss, so the energy 
of the scattering photons equals that of the incoming photons. 
The excited feature at the lowest energy of ≈2.0 eV is enhanced 
when the incident photon energy is tuned to the threshold V 
L3-edge (features b and c). Remarkably, the magnitude of the 
dd excitation is strongly enhanced with hνin = 514.9 eV (fea-
ture c), above those with excitation energies of hνin at 511.3 
and 512.7 eV (features a and b), as displayed in Figure 5b. This 
effect is consistent with the enhanced transition of electrons 
from lower V 3d eg to higher t2g states when the excitation 
energy corresponds to the maximum absorption (feature c) 

at the V L3-edge absorption spectrum. Close examination of 
the feature associated with dd excitation in SnS2-V4 reveals 
that it has a slightly higher intensity than SnS2-V1 has. This 
shows that more valence electrons occupy the V 3d eg states 
and contribute to the stronger feature intensity associated with 
dd excitation at the higher concentration of V in SnS2-V4. 
This result can be explained with reference to Figure  2b. As 
the metal ion V4+ in SnS2-V4 with a high V content has more 
unpaired V 3d electrons with a higher spin moment than that 
in SnS2-V1, the number of 3d electrons of V4+ ions in SnS2 are 
responsible for the change in its magnetic phase, from weak 
diamagnetic (low V doping) SnS2-V1 to paramagnetic (high V 
doping) SnS2-V4. The CT between metal ion V4+ 3d and ligand 
O2− 2p/S2− 3p states in the conduction band (CB) was deter-
mined from the feature intensity in the O/S K-edge XANES 
spectra of V-doped SnS2, which was clearly suppressed below 
that in pristine SnS2 (S K-edge XANES of V-doped and pristine 
SnS2 are presented in Figure 7). Evidently, the RIXS spectra 
reveal a CT feature between metal ion V4+ 3d and ligand O2− 
2p/S2− 3p states in the valence band (VB), which is similar to 
that observed in other V-based compounds.[44,47] The CT fea-
ture of SnS2-V4 has an intensity slightly higher than that of 
SnS2-V1, particularly in relation to excitations at features b 
and c in the inset in Figure 5a. This result reveals that more 
electrons within the V 3d orbital in the VB are involved in CT 
in the highly V-doped SnS2-V4 compared to the lower V-doped 
SnS2-V1. The enhanced intensity of the CT feature associated 

Figure 6. Calculated electronic TDOS and PDOS analysis of doping configurations with the tetrahedral OVS site occupied a) at the surface and  
b) in the vdW gap. TDOS of each doping system is indicated as a red solid curve, whereas TDOS of pristine SnS2 is shown as a black solid curve for 
reference. Based on PDOS analysis, the contributions from S 3p, Sn 5s, Sn 5p, O 2p, and V 3d orbitals are shown in orange, blue, brown, pink, and violet, 
respectively, in both (a,b). The small blue shift of V-doped SnS2 in the VB feature near/at the EVBM relative to that of pristine SnS2 (black solid curve) 
is shown by the magnified view in the inset. c,d) Demonstrate the corresponding doping models and contour plots of electronic charge distribution 
at a tetrahedral OVS site occupied at the surface and in the vdW gap, respectively. V, O, S, and Sn atoms are shown as magenta, red, yellow, and 
blue spheres, respectively, and the corresponding charges are also highlighted.
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with the metal ion V4+ 3d and ligand O2− 2p/S2− 3p hybrid-
ized states is associated not only with the increased density of 
states (DOSs) in the VB but also with the consequently smaller 
band gap in V-doped SnS2 compared to that in pristine SnS2.

Figure  6a,b presents the calculated electronic total den-
sity of states (TDOS, top panel) and partial density of states 
(PDOS, lower panels) for doping configurations with tet-
rahedral OVS sites at the surface and in the vdW gap, 
respectively, for V-doped and pristine SnS2. The calculations  
consider not only the V dopant that is formed in the tetrahe-
dral OVS sites at the surface or in the vdW gap but also an 
absorbed oxygen that forms a SOSn bond on the surface 
of the SnS2 layers, which were modeled to study the effect of 
auxiliary oxidation during the synthesis of the doped systems. 
A 6 × 6 × 1 supercell was used to simulate a low concentra-
tion of V doping in SnS2 and is labeled as SnS2-V (the calcu-
lated concentration of V in SnS2-V is ≈0.5%, which is close 
to that in SnS2-V4). One VO and three VS bonds estab-
lish a tetrahedral OVS site that is occupied either at the 
surface or in the vdW gap. Specifically, the surface site of the 
SnS2 layer that involves V1O1 and V1S1,2,3 bonds is consid-
ered, whereas in the vdW gap of the SnS2 layers, V2O2 and 
V2S4,5,6 bonds are considered; these are displayed in their 
corresponding sites by green squares in Figure 4b,c. The cal-
culated TDOS of SnS2-V with a tetrahedral OVS site at 
its surface, shown as a red solid curve in Figure 6a, reveals a 
small blue shift of the VB feature near/at EVBM relative to that 
of pristine SnS2 (black solid curve). A shift is clearly observed 
in the magnified view from the inset, suggesting a V doping-
induced reduction of the band gap in SnS2-V. Furthermore, 
according to a PDOS analysis, the VB feature near/at the EVBM 
of SnS2-V is dominated by S 3p states and the band gap reduc-
tion is caused primarily by the occupied S 3p (orange solid 
curve), V 3d (violet solid curve), and O 2p (pink solid curve) 
hybridized states at −1 to 0 eV, as shown in the lower panels 

of Figure 6a. Meanwhile, the CB feature near/at the ECBM of 
SnS2-V is attributed to the unoccupied S 3p, Sn 5s (blue solid 
curve), and V 3d hybridized states, as presented in Figure 6a. 
Figure 6b shows the calculated TDOS and PDOS of the inter-
calated OVS tetrahedral site in the vdW gap of SnS2 layers. 
The interaction between the hybridized states (at −1 to 0 eV in 
the lower panels of Figure 6b) involves the V 3d, O 2p, and S 
3p states of the SnS2 layers and causes the merging of slightly 
more V 3d/O 2p DOSs into the band gap regime near/at the 
EVBM of the SnS2-V. Furthermore, Figure  6a,b shows almost 
identical threshold features near/at the ECBM of SnS2-V and 
pristine SnS2. The calculated electronic structures of the two 
geometric configurations following doping with V verify that 
the presence of the interstitially tetrahedral OVS site pro-
duces subtle interactions among V 3d, O 2p, and S 3p states of 
the host, causing the band gap reduction in 2D layered SnS2.

To identify possible CT between metal ion V and ligand 
O/S states in two V-doped geometric configurations, a con-
tour plot of the electronic charge distribution with Mulliken 
population analysis[48] of valence charges on specific atoms 
was performed, as shown in Figure  6c,d. Figure  6c displays 
the calculated charge density distribution in the two layers 
of SnS2-V with the tetrahedral OVS site on the surface. 
A smaller valence charge on V-V1 (12.49e) than in its isolated 
atomic configuration (13.0e) implies a significant loss of 
charge (0.51e) at the V1 site. The simultaneous increase of the 
valence charge (0.35e) on O-O1, from 6.0e to 6.35e, intuitively 
supports CT by V1O1 bonding. The rest of the charge that is 
lost (0.51e−0.35e = 0.16e) from V1 is transferred to three neigh-
boring S atomic sites (S1, S2, and S3) as a result of the cou-
pling between V 3d and S 3p orbitals along the VS bonds. 
These unbalanced CTs through V1O1 and V1S1,2,3 bonds are 
caused by different electronegativities of O (3.44) and S (2.58) 
at the tetrahedral OVS site. As demonstrated in Figure 6d, 
similar CT behavior occurs in the tilted interlayer tetrahedral 
O2V2S4,5,6 wherein the gain (0.26e from 6.0e to 6.26e) and 
loss (0.41e from 13.0e to 12.59e) of the valence charges of O2 
and V2, respectively, are associated with substantial electron 
(0.26e) transfers through V2O2 bonds as the small valence 
charge of V2 (0.41e  − 0.26e  = 0.15e) migrates to neighboring 
S atoms (S4, S5, and S6). Therefore, our calculations in both 
doping configurations support CT between the V metal ion 
and the O/S ligand, as revealed by the RIXS data in Figure 5.

In summary, the calculated electronic total energy for the 
intercalation of the tetrahedral OVS site in the vdW gap 
is not as computationally favorable as that of the tetrahedral 
site on the surface of SnS2-V. Thermal dynamic effects and 
the homogeneity of dopants, which were not considered in 
these theoretical calculations, could reveal opportunities to 
lower the total energy and probably trigger this intercalating 
doping process. Notably, Figure S4, Supporting Information, 
shows core-level O 1s and V 2p XPS of V-doped and pristine 
SnS2, VO2, and VS2. The XPS technique is typically surface 
sensitive. The strong O 1s XPS feature of V-doped and pris-
tine SnS2, and the absence of a clear feature of V 2p states in 
V-doped SnS2 (almost the same as in pristine SnS2), in com-
parison with the sharp/clear feature of V 2p states in both ref-
erences of VO2 and VS2, was observed. The lack of a detectable 
signal from the V 2p states of V-doped SnS2 was caused by the 

Figure 7. Normalized S K-edge XANES (right-hand side) and VB-PES (left-
hand side) spectra of V-doped and pristine SnS2. VB-PES are obtained at a 
photon energy of 620 eV. The left-hand lower inset shows representative 
VB-PES measurements of the VS2 and VO2 references. The upper inset 
plots relative band gap by extrapolating S K-edge and VB-PES threshold 
features to the base lines on a common binding energy scale.
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very low concentration of V in the SnS2 layers. It is most likely 
that the poor signal from V, related to the two proposed geo-
metries around the V dopant in Figure  4b,c, suggests that a 
tetrahedral OVS site favorably intercalated in the vdW gap 
(Figure  4c) rather than occupying the surface of SnS2 layers 
(Figure  4b). Therefore, the signal of V 2p XPS in V-doped 
SnS2 is difficult to obtain with a surface-sensitive tech-
nique. This claim is consistent with the HR-TEM (Figure S2,  
Supporting Information) observation that the interlayer 
d-spacing increases slightly with V-doping, which is strongly 
supported by the fact that the tetrahedral OVS site is inter-
calated in the vdW gap of the 2D layered SnS2.

Figure  7 displays S K-edge XANES and VB-PES spectra of 
V-doped and pristine SnS2. By the dipole-selective transition 
rule, the main absorption features, A1–A3 at the S K-edge of 
pristine SnS2 (on the right-hand side of Figure  7), are attrib-
uted to the hybridization of unoccupied S 3p with Sn 5s (A1), 
Sn 5p (A2), and Sn 5d (A3) states above Ef. Obviously, the 
threshold feature near/at the ECBM of pristine SnS2 is caused by 
the hybridization of the S 3p and Sn 5s states, consistent with 
the calculated features shown in Figure  6a,b and presented 
elsewhere.[49,50] Based on our calculations in Figure  6a,b, the 
main feature, B1, near/at the EVBM is attributed primarily to 
the S 3p state and the feature of higher binding energy, B2, in 
the VB-PES spectra of pristine SnS2 is dominated by S 3p-Sn 
5p hybridized states, consistent with the work of Whittles 
et  al.[51] Apparently, the intensity of the main absorption fea-
tures, A1A3, at the S K-edge are suppressed in V-doped SnS2 
relative to those in pristine SnS2, suggesting CT from metal 
ion V 3d to ligand S 3p states. Similarly, the effect of CT from 
metal ion V 3d to ligand O 2p states, addressed earlier in ref-
erence to the O K-edge XANES of V-doped and pristine SnS2 
(Figure  4a), was verified consistently by our calculations, as 
shown in Figure 6c,d. Additionally, the general VB-PES spectra 
of V-doped SnS2 (on the left-hand side of Figure 7) shows that 
the threshold feature associated with the VB shifted to lower 
binding energy (toward zero energy) as the V content increased 
from pristine SnS2 to SnS2-V1 to SnS2-V4. The observed shift 
of the threshold features of the VB-PES spectra toward lower 
binding energy corresponds to the enhanced DOSs and extra 
states, involving V 3d, O 2p, and S 3p hybridized states near/at 
the EVBM, which reduces the band gap in V-doped SnS2.

To qualitatively understand the difference in electrical 
conductivity between V-doped and pristine SnS2, the differ-
ence between the VB-PES spectra in VO2 and VS2 due to the 
metallic nature of the former sample (evident in the closeness 
of its EVBM to zero energy) and the semiconducting behavior of 
the latter[52,53] (revealed by its EVBM close to −1.0 eV), is shown 
in the bottom left inset in Figure 7. This difference clearly sug-
gests the possibility of band gap shrinkage and enhancement 
in electrical conductivity of layered SnS2 upon doping with 
V. The upper inset in Figure  7 magnifies the features of the 
S K-edge XANES and the VB-PES spectra near/at the ECBM 
and EVBM, respectively, to determine the relative band gap of 
V-doped and pristine SnS2. Linear extrapolation from CB and 
VB threshold edges to the base line yields the EVBM and ECBM, 
respectively, and their separation is the relative band gap, 
which is shown in the upper inset in Figure  7.[54,55] A newly 
developed method,[56] based on supercell band calculations in 

both doping cases (Figure S5a,b, Supporting Information), was 
used herein to determine the band structure. Fundamentally, 
the lower concentration of V dopants breaks the symmetry of 
the 2D layered SnS2, but the topology of the band structure 
is mostly maintained. In fact, the indirect band gap character 
of pristine SnS2 was preserved in low V-doped configurations, 
with interstitial OVS tetrahedra either at the surface or in 
the vdW gap of 2D layered SnS2, especially at V doping con-
centrations of less than 0.5%. Therefore, the relative band gap 
of pristine SnS2 is 2.2 ± 0.2 eV, which is the indirect band gap 
value obtained from the UV–vis absorption spectra discussed 
earlier with reference to Figure 2c; Table S3, Supporting Infor-
mation. The relative band gap shrinks slightly as the V con-
tent increases, from 1.9 ± 0.2  eV in SnS2-V1 to 1.8 ± 0.2  eV 
in SnS2-V4, although SnS2-V1, SnS2-V4, and pristine SnS2 all 
have almost the same value of ECBM (similar positions of the 
threshold feature at the S K-edge XANES). This result agrees 
closely with theoretical calculations related to an almost iden-
tical threshold feature near/at the ECBM. The slight reduction 
of the band gap with V doping shows that the V 3d-O 2p/S 
3p and S 3p-O 2p hybridized states are primarily caused by 
the increase in concentration of V and oxidation, therefore 
reducing the band gap in V-doped SnS2.

The relationship between the observed band gap shrinkage 
and the V-doping level suggests that EVBM and ECBM separa-
tion in the band structure of V-doped SnS2 can energetically 
overcome poor photocatalysis efficiency. The EVBM and ECBM 
positions in pristine SnS2 make its use in solar/water-driven 
evolution of hydrogen difficult.[6,57] Doping 2D layered SnS2 
with V can overcome this difficulty by shrinking the band 
gap to provide EVBM and ECBM separation, which enhances 
photocatalytic efficiency.[8,58,59] The abovementioned results 
provide evidence that the change in the EVBM position in 
V-doped SnS2 is caused by the mixing of metal ion V4+ with 
ligand O2−/S2−, involving the hybridization of V 3d-O 2p/S 3p 
and S 3p-O 2p states. The observed formation of interstitially 
tetrahedral OVS sites and the associated band structure 
cause the band gap to shrink as the V content in 2D layered 
SnS2 increases, making it a promising candidate for use in 
photocatalysis. Most importantly, the optimized V composi-
tion, involving VO and VS bonds, allows the development 
of hybridized states within the band gap of 2D layered SnS2, 
enhancing its photocatalysis efficiency. This is very similar 
to the observation of new intermediate state across the band 
gap by Wahnón et  al.,[25] which falls in the band gap in near 
infrared region after V doping in SnS2 which is helpful for the 
utilization of maximum sunlight for the photocatalysis study. 
The interstitially tetrahedral OVS site generates extra con-
ducting channels, increasing CT and electrical conductivity. 
These effects support speedy transport and enhance separa-
tion between electrons and holes before recombination. These 
results are supported by DFT calculations of CT between the 
metal ion V4+ 3d and ligand O2− 2p/S2− 3p states as a result 
of the formation of interstitial tetrahedral OVS site in the 
vdW gap between SnS2 layers. Thus, the electronic, atomic, 
and optical performance of 2D layered SnS2 can be controlled 
by tuning its band structure with V doping.

In order to understand the actual effect of the band gap 
shrinkage and associated metal-to-ligand CT on photocatalytic 
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properties, we also studied photocatalytic reduction activity 
of 4-nitrophenol (4-NP) under visible light irradiation in 
the presence of sodium sulfite as a hole scavenger at room 
temperature. In the 4-NP solution, addition of an optimum 
amount of Na2SO3 converted 4-NP into 4-nitrophenolate ions 
due to the alkaline environment from Na2SO3. The forma-
tion of 4-nitrophenolate ions shows a typical strong absorp-
tion band at 400 nm via UV–vis spectroscopy. In the progress 
of the photocatalytic reduction, the 4-nitrophenol peak inten-
sity at 400  nm was drastically decreased, while a new peak 
appeared at 300  nm due to the formation of 4-aminophenol 
(4-AP); the color of the solution also changed from yellow to 
colorless. The photocatalytic reduction percentage of 4-NP on 
the synthesized photocatalyst as a function of visible light irra-
diation time is plotted in Figure S8a, Supporting Information. 
It is observed that V-doped SnS2 is more favorable for 4-NP 
photoreduction activity, compared to pristine SnS2. Interest-
ingly, among the V-doped SnS2 samples, SnS2-V4 showed 
the highest photocatalytic 4-NP reduction efficiency, ≈37.1%, 
after 2 h of visible light irradiation. This value was ≈11% for 
pristine SnS2. The 4-NP photoreduction activity of SnS2-V4 
is more than 3.3 times that of pristine SnS2. The enhanced 
photocatalytic performance of SnS2-V4 photocatalyst can be 
attributed to the observed band gap shrinkage in the visible 
region and associated CT between metal ion V4+ 3d and ligand 
O2− 2p/S2− 3p states in V-doped SnS2 by formation of intersti-
tial tetrahedral OVS sites in the vdW gap.

To further characterize the photocatalytic behavior, a con-
trol experiment was performed in the absence of a catalyst 
and with light irradiation. The absence of noticeable 4-NP 
reduction or formation of 4-AP in the control experiments 
confirmed photocatalytic reduction of 4-NP to 4-NA under 
visible light. The UV–vis absorption spectra for the photore-
duction of 4-NP using SnS2-V4 under visible-light irradiation 
and using Na2SO3 are shown in Figure S8b, Supporting Infor-
mation. In the presence of Na2SO3, 4-NP was converted into 
4-nitrophenolate. The absorption band of the 4-nitropheno-
late species declined as the photoreduction progressed under 
light irradiation, while a new absorption band was observed at 
300 nm with the progressive formation of 4-AP.

3. Conclusion

In conclusion, V-doped 2D layered SnS2 is a promising candi-
date as a solar light photocatalyst for water splitting, degrada-
tion of industrial dyes, CO2 reduction, and other processes. 
The band gap of 2D layered SnS2 can be engineered into 
the visible region by doping with V. The hybridization of V 
3d-O 2p/S 3p and S 3p-O 2p states near/at the EVBM primarily 
reduces the band gap in V-doped SnS2 below that of pris-
tine SnS2. CT with V-doping was revealed by V L3,2-, O, and 
S K-edge XANES and V Lα,β RIXS to improve photocatalytic 
properties in visible light. These findings are theoretically 
supported by DFT calculations concerning the tetrahedral 
OVS site intercalated in the vdW gap, which verifies CT 
between metal ion V4+ 3d and ligand O2− 2p/S2− 3p states in 
V-doped SnS2. Thus, this work provides insight into the elec-
tronic band structure of V-doped 2D layered SnS2 when the 

interstitially tetrahedral OVS site is intercalated in the 
vdW gap, opening up the possibility of future photocatalytic 
applications.

4. Experimental Section
Characterization of Materials: Sn M5,4−, V L3,2−, and O K-edge XANES 

were measured at beamlines 11A and 20A in total electron yield mode. 
S K-edge XANES and EXAFS were measured at beamline 16A in total 
fluorescence yield (TFY) mode. Core-level XPS and VB-PES were 
carried out at the 09A-undulator beamline at Taiwan Light Source, 
National Synchrotron Radiation Research Center (NSRRC), Hsinchu, 
Taiwan. V K-edge XANES/EXAFS, Sn K-edge EXAFS in TFY mode, and 
V Lα,β RIXS were performed at Taiwan Photon Source 44A[60] and 45A2 
beamlines[61] at NSRRC as well. The resolution was set to ≈0.1 eV at 
photon energies of 480–60 eV for Sn M5,4−, V L3,2−, O K-edge XANES, 
and ≈0.2 eV at photon energies of 2460 eV for the S K-edge XANES 
measurements.

The core-level XPS and VB-PES measurements were carried out 
using a hemispherical electron analyzer with a 16-channel multichannel 
detector. The energy of the incident X-ray was fixed at 620 eV for V 2p 
and O 1s XPS and VB-PES measurements, with the energy resolution 
set to ≈0.1 eV. The energy of the VB-PES spectra was calibrated using 
the Ef of clean gold metal; the zero energy refers to Ef, which is the 
threshold of the emission spectrum. All data were collected at room 
temperature. EXAFS data were analyzed, and initial fittings were 
conducted using Athena and Artemis software, respectively. The 
scattering path amplitudes and phases were obtained using FEFF 
calculations.[40] XRD measurements were performed with an in-house 
X-ray diffractometer with Cu Kα (λ = 1.5418 Å) radiation to determine 
the crystal structure of V-doped SnS2, pristine SnS2, and reference 
samples. Raman spectra were obtained to verify the characteristic 2D 
layer vibrations using a laser source with λ  = 633  nm. HR-TEM with 
SAED and EDX was used to analyze the morphology and elemental 
composition, respectively. PL measurements were made using a 
spectrofluorometer with excitation λ = 405 nm. The UV–vis absorption 
spectrum was measured with a Jasco V-670 spectrometer. MH curves 
were obtained using a superconducting quantum interference device 
magnetometer.

Preparation of Materials: To prepare V-doped 2D layered SnS2, 
1.5  mm of SnCl4, 5H2O, and different amounts (0.1 and 0.4  mm) 
of NH4VO3 were initially dissolved in 100  mL of deionized water 
with vigorous stirring for 30  min. Then, 5.5  mm CH4N2S was slowly 
added to the solution with vigorous magnetic stirring for 1 h at room 
temperature. The obtained solution was transferred into a Teflon-
lined stainless-steel autoclave, which was heated to 180 °C for 12 h. 
After completion of the reaction, the obtained precipitate was cooled 
to room temperature and collected by centrifugation. The precipitate 
was washed three times in water and once in ethanol. Finally, the 
collected yellow V-doped SnS2 powder was vacuum dried overnight at 
80 °C. The V-doped SnS2 powders prepared with 0.1 and 0.4 mm of V 
precursor were labeled SnS2-V1 and SnS2-V4, respectively. The undoped 
SnS2, prepared by the same procedure but without the addition of a V 
precursor, was labeled pristine SnS2.

Photocatalytic Experiment: The photocatalytic experiment for the 
reduction of 4-NP to 4-AP was performed at ambient temperature 
(25 °C ± 5 °C) in a 200-mL glass reactor under aqueous medium with 
sodium sulfite as the hole scavenger. In a typical reaction, 25  mg of 
catalyst powder was dispersed in 100  mL of solution containing 
0.1 mm of 4-NP and 200 mg of Na2SO3. Prior to visible light irradiation, 
the solution was deaerated with continuous nitrogen flow to remove 
the dissolved oxygen and kept in the dark for 30  min to reach 
adsorption–desorption equilibrium before the commercial AM1.5 solar 
simulator (Xenon Solar Simulator: Make JETSPIN-Model: JSSX150) 
was turned on. In the presence of light irradiation under continuous 
stirring, aliquots were collected from the mixture at different time 
intervals, followed by 0.22-µm syringe filtration and centrifugation to 
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remove the floating catalyst particles from the collected samples. The 
residual concentration of 4-NP in samples collected after different time 
intervals was monitored by a UV–vis spectrometer (Bruker/2007) at 
400 nm with the help of a calibration curve under alkaline conditions. 
As the photocatalytic reaction proceeded, the characteristic absorption 
band of the 4-NP ion (≈400  nm) gradually disappeared, while a new 
band at ≈300 nm appeared due to the formation of 4-AP.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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