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1. Introduction

In order to establish a clean and sustainable 
future energy supply, significant research 
efforts have been devoted to developing 
novel renewable energy technologies. 
Sunlight is the most abundant renewable 
energy source, but its availability is limited 
by the diurnal and seasonal cycles. To over-
come this, solar energy can be photoelec-
trochemically converted into hydrogen,[1,2] 
which can be stored and used directly as 
fuel or used as a feedstock to synthesize 
other chemical fuels.[3–5] Metal oxide semi-
conductors have been considered as viable 
photoelectrode materials for direct photo-
electrochemical water splitting.[6,7] They are 
generally more stable in aqueous media 
and easier to process than conventional 
semiconductors.[8,9] The semiconducting 
properties, such as carrier transport, are 
rather poor (compared to, e.g., III–V[10–12] 
semiconductors or Si[13]), but various 
strategies have been proposed to at least 
partially overcome this (e.g., doping, nano-

structuring, overlayer deposition).[14–16] Using these strategies 
photocurrents close to the theoretical maximum have been dem-
onstrated for BiVO4 photoelectrodes, establishing BiVO4 as one 
of the highest performing metal oxide photoabsorbers.[15] This 
means that the performance of BiVO4 is no longer limited by its 
quantum efficiency, but by its relatively large bandgap (≈2.4 eV) 
and the photovoltage losses in the material.

Another metal oxide candidate is α-SnWO4. There are cur-
rently only a few comprehensive studies available on this mate-
rial, but the reported properties are promising.[17–24] It is an 
n-type semiconductor with an indirect band gap of 1.9  eV,[17] 
implying a theoretical maximum photocurrent of up to 
≈17  mA cm−2 under AM 1.5 solar irradiation. Another attrac-
tive property of this material is the flat band potential which is 
located at ≈0 V versus the reversible hydrogen electrode poten-
tial (RHE).[22–24] To date, α-SnWO4 thin film photoelectrodes 
have been prepared successfully using various techniques, 
including hydrothermal conversion,[19,23] magnetron sput-
tering,[20–22] and pulsed laser deposition (PLD).[17,18] A major 
challenge with this material is the limited stability due to sur-
face oxidation of Sn2+ to Sn4+ under (photo)electrochemical  
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conditions, which presumably results in the formation of an 
SnO2 surface layer. This layer blocks charge transport and limits 
the photocurrent, but it also protects the material from further 
corrosion (self-passivation). Interestingly, the formation of this 
blocking layer can be (partially) suppressed by the deposition 
of a 20 nm NiOx protection layer using PLD.[17] This improves 
the photocurrent, resulting in a record value of 0.75 mA cm−2 
for sulfite oxidation at 1.23 V versus RHE, while still showing 
good stability.

The improved photocurrent, however, is accompanied by a 
reduction of the photovoltage, as suggested by the shift in the 
photocurrent onset potential and the smaller difference in open 
circuit potential (ΔOCP) between dark and light conditions. We 
tentatively attributed these limitations to possible Fermi-level 
pinning at the α-SnWO4/NiOx interface, but have not yet been 
able to show direct evidence for this. In the present study, we 
provide a detailed fundamental systematic investigation of the  
α-SnWO4/NiOx interface. Synchrotron-based hard X-ray photo
electron spectroscopy (HAXPES) is used to reveal depth-
dependent information about the chemical states and the elec-
tronic structure at the α-SnWO4/NiOx interface. The HAXPES 
data are complemented with ΔOCP analysis, density functional 
theory (DFT) calculations, and Monte Carlo-based photoemission 
peak intensity simulation. Based on this comprehensive analysis 
we are able to unravel the origin of the limitation at the α-SnWO4/
NiOx interface and propose suitable mitigation strategies.

2. Results and Discussion

We first verify that the NiOx protection layer limits the photo-
voltage of α-SnWO4 by performing a series of ΔOCP measure-
ments. A series of 100  nm-thick phase-pure α-SnWO4 films 
(see Figure S1, Supporting Information, for a representative 
X-ray diffractogram) deposited on FTO were coated with varying 
thicknesses of NiOx, using our previously published PLD proce-
dure.[17,18] Figure 1 shows the ΔOCP for a pristine α-SnWO4 film 
and α-SnWO4 films coated with increasing thicknesses of NiOx 
measured in a 0.5 m KPi + 0.5 m Na2SO3 electrolyte at pH ≈7.2. 
The Na2SO3 served as a hole scavenger. A continuous decrease in 
ΔOCP is observed with increasing NiOx thickness up to 10 nm, 
beyond which the ΔOCP saturates at ≈0.1 V. This confirms our 
previous observation[17] and suggests that the underlying mecha-
nism of the photovoltage limitation is related to a modification 
of the SnWO4/NiOx interface upon deposition of NiOx.

A reduction of photovoltage in metal oxides is often cor-
related with the presence of intraband states,[25,26] which may 
arise from the formation of hydroxide or oxyhydroxide species 
at the surface, for instance as a result of air-exposure. Our pre-
viously established procedure includes exposing the α-SnWO4 
films to air prior to NiOx deposition; the films were taken out 
of the PLD chamber to a separate Ar annealing furnace and re-
introduced back into the PLD chamber for NiOx deposition. To 
evaluate whether this may be the underlying reason for the pho-
tovoltage losses, an alternative preparation process was devel-
oped where all deposition and annealing steps are performed 
within the PLD system (i.e., no air-exposure). Although the 
dark currents vary, films prepared using both procedures show 
the same photocurrent and relatively high onset potential (see 

Figure S2, Supporting Information, for chopped linear sweep 
voltammetry), suggesting that air-exposure is not the origin for 
the photovoltage losses at the α-SnWO4/NiOx interface.

A detailed investigation of the chemical states and electronic 
structure of the α-SnWO4/NiOx interface was performed using 
synchrotron-based HAXPES. Such a study will help to identify 
the root cause of the interfacial losses and propose appropriate 
improvement strategies. Our experimental approach is depicted 
in Figure 2.

In brief, similar to the ΔOCP measurements, we varied 
the NiOx layer thickness (between 0 and 50 nm) deposited on 
the 100 nm α-SnWO4 film. As the NiOx thickness increases, the 
photoelectron signal originating from α-SnWO4 is increasingly 
attenuated until only photoelectrons escaping from the NiOx 
layer are detected. This allows us to de-convolute the interfacial 
spectral features from those arising from the bulk and/or the 
surface. In addition, depth-dependent information is further 
gained by varying the kinetic energy of the incident photons 
(hν) between 2, 4, and 6 keV. The respective probing depths, σ, 
for these different photon energies correspond to three times 
the inelastic mean free path, λ, and are indicated in Figure 2.

Before we discuss the effect of NiOx deposition in detail, the 
chemical states of pristine α-SnWO4 films are first evaluated. W 
4f and Sn 3d core level spectra of a pristine α-SnWO4 film meas-
ured with hν  = 2 keV are shown in Figure 3a,b, respectively. The 
W 4f core level spectrum can be deconvoluted into two contri-
butions (Figure 3a, see Experimental Section for the fitting pro-
cedure). W6+ is mainly present as expected for α-SnWO4, and a 
minor contribution of W5+ is also detected. We confirm that the 
existence of W5+ is not related to beam damage (as is known 
for WO3

[27]), as shown from our measurements with different 
beam filters and at different sample spots (see Figure S3, Sup-
porting Information, for details). The contribution of W5+ to the  

Figure 1.  Difference of open circuit potential between AM1.5 illumination 
and dark (ΔOCP) for a pristine α-SnWO4 and for films coated with dif-
ferent PLD NiOx layer thicknesses. A decrease of the ΔOCP from 0.22 V 
(pristine film) to ≈0.1 V can be observed which saturates after deposition 
of NiOx thicker than 10 nm. Measurements were performed in 0.5 m KPi 
with 0.5 m Na2SO3 added as hole scavenger at pH ≈7.2. For the NiOx thick-
ness an error of 10% was estimated from the deposition rate calibration.
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total signal increases with increasing photon energy hν, which 
corresponds to increasing probing depth σ (see Figure 3c; the 
spectra are shown in Figure S4a, Supporting Information). 
This suggests that W5+ is present more in the bulk than at the 
surface of the film. We note that W5+ was not observed in the 
lab-based X-ray photoelectron spectroscopy (XPS) spectra of our 
previously reported α-SnWO4,[17] whereas the same lab-based 
XPS measurement for our current sample does reveal the pres-
ence of W5+. Since samples produced both in the previous and 
current work have very similar ΔOCP and photocurrent onset 
potential, we confirm that the presence of W5+ has no impact 
on these parameters, which are the metrics of interest investi-
gated here. The exact origin of the W5+ contribution observed 
in the present study is not fully clear at this point and while the 
presence of W5+ is undoubtedly interesting—for example, to 
investigate the influence on the charge transport properties—it 
is not the main motivation of the present study. The Sn 3d core 
level spectrum (Figure 3b) shows the presence of mainly Sn2+ 
with a small contribution of oxidized Sn4+. For hν = 2 keV, the 
relative contribution of Sn4+ to the total signal is estimated to 
be 18 ± 3%, which is in the same range as measured previously 
with lab-based photoelectron spectroscopy (hν = 1486.74 eV).[17] 
In contrast to W5+, the relative contribution of Sn4+ tends to 
decrease with increasing probing depths σ (Figure  3c; see 
Figure S4b, Supporting Information, for the spectra). This 
indicates that the relative contribution of Sn4+ is higher at the 
surface of α-SnWO4 than in the bulk of the material, which 
makes it relevant for our interface study. Finally, we note that 
the binding energies do not shift with varying photon energies 
(see Figure S4, Supporting Information), indicating that no 
significant band bending is present at the surface of pristine 
α-SnWO4 films under the HAXPES measurement conditions.

The influence of the NiOx film on the α-SnWO4/NiOx inter-
face is now evaluated by considering the evolution of the W 4f 
and Sn 3d core level spectra with increasing NiOx thickness. 
Figure 4a shows the W 4f core level spectra for SnWO4 films 
coated with different NiOx layer thicknesses, measured with 
hν  = 2  keV (see Figures S6–S8, Supporting Information, for 
fitted spectra, also at different photon energies). The W6+ peaks 
show a clear shift to lower binding energies with increasing NiOx 
thickness (see vertical red dashed line in Figure 4a). A detailed 
discussion on this will follow later. The contribution of W5+ is 

still clearly present for films with NiOx thickness up to 10  nm 
and the position of the peak (i.e., binding energy) remains rela-
tively constant independent of the photon energy (see Figure 4c 
and the vertical orange dashed line at 33.8  eV in Figure  4a). 
For thicknesses larger than 10  nm the relative W5+ contribu-
tion seems to decrease, although the poor signal-to-noise ratio 
precludes a quantitative evaluation. This trend is especially true 
for the data obtained using higher photon energies (i.e., 4 and 
6 keV, see Figure 4c), which agrees very well with the notion that 
W5+ is present more in the bulk versus at the surface/interface.

In the following, the influence of the NiOx thickness on the 
Sn 3d core level spectra (Figure  4b) is evaluated. All spectra 
can be de-convoluted into Sn2+ and Sn4+ contributions (see 
Figures S9–S11, Supporting Information). The relative Sn4+ 
contribution increases with increasing NiOx layer thickness 
(Figure  4d), and for a photon energy of 2  keV, Sn4+ becomes 
the dominant oxidation state (>50%) when the NiOx thickness 
is ≥10 nm. The increasing contribution of Sn4+ is also apparent 
from the shifts of the peak maxima towards higher binding 
energies (Figure  4b). We note that this trend qualitatively cor-
relates with the trend of ΔOCP shown in Figure  1, that is, 
the ΔOCP starts to saturate at the same NiOx layer thickness 
when Sn4+ starts to dominate the HAXPES signal. The same 
trend is observed for the different photon energies (Figure 4d), 
but the higher photon energies (i.e., higher probing depths) 
show a smaller increase of the relative Sn4+ contribution with 
increasing NiOx thickness. This indicates that the oxidation of 
Sn occurs at the α-SnWO4/NiOx interface and not in the bulk 
of α-SnWO4. The influence of the increasing contribution of 
Sn4+ on the interface properties and the photovoltage will be 
discussed in more detail below.

The O1s core level spectra measured with different photon 
energies can be found in Figures S12–S14, Supporting Informa-
tion. The ratios between peaks arising from oxygen in α-SnWO4 
and NiOx (at higher and lower binding energies, respectively) 
change in the expected manner with the NiOx thickness and the 
photon energy hν. The Ni 2p core level spectra do not change 
significantly for different NiOx layer thicknesses, independent 
of the photon energy (see Figures S12-S15, Supporting Informa-
tion). This indicates that the chemical nature of NiOx remains 
the same with increasing thickness. The valence band (VB) 
spectra were recorded as well and can be seen in Figure S16, 

Figure 2.  Schematic illustration of our HAXPES interface experiment. α-SnWO4 films are coated with a NiOx layer with increasing thickness such that 
the interfacial spectral features can be deconvoluted from features arising from the bulk and the surface. The kinetic energy of photons (hν) is varied 
between 2, 4, and 6 keV. The increasing probing depth σ, which is equal to three times the inelastic mean free path λ, for the different photon energies 
is indicated. The brown arrows depict the excited photoelectrons from α-SnWO4, while the excited photoelectrons from NiOx are illustrated with the 
clay creek arrows.
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Supporting Information, with features of the α-SnWO4 VB 
becoming smaller, as expected, with increasing NiOx thickness.

We note that our ability to still detect photoelectrons from 
the W 4f and Sn 3d core levels for the thicker NiOx films 
(>10 nm) seems inconsistent with the expected probing depth 
of the photon energies used. This is because the NiOx films 
are not flat and dense, but instead exhibit island-type growth, 
as already shown by the scanning electron micrographs in our 
earlier publication.[17]

The binding energies for different peaks extracted from 
fitting the W 4f7/2 and Sn 3d5/2 core level spectra are shown 
in Figure 5 as a function of the NiOx layer thickness (see 

Figures S6–S11, Supporting Information, for fitted spectra). 
The data for the different oxidation states (i.e., W5+, W6+, Sn2+, 
Sn4+) are shown separately. A shift of ≈0.4  eV towards lower 
binding energies is observed for W6+. In contrast, as already 
mentioned above, NiOx deposition has no significant impact on 
the binding energies of W5+. The Sn 3d5/2 peaks also experience 
a shift towards lower binding energies and saturate after the 
deposition of 10 nm NiOx. Both Sn2+ and Sn4+ peaks experience 
the same ≈0.4 eV shift that is observed for the W6+ peak.

We attribute the correlated shift in the binding energies of 
W6+, Sn2+, and Sn4+ to an electronic shift and a change in band 
bending in α-SnWO4 as a result of NiOx deposition. A shift to 

Figure 3.  a) W 4f and b) Sn 3d core level photoemission spectra for pristine α-SnWO4 films measured with hν = 2 keV. A contribution of reduced W5+ 
can be observed in W 4f core levels in addition to W6+ corresponding to nominal α-SnWO4. In Sn 3d core levels a small contribution of oxidized Sn4+ 
differing from nominal Sn2+ can be found as indicated by the peak asymmetry towards higher binding energy. c) Relative W5+ and Sn4+ contributions to 
the total W 4f and Sn 3d signals, respectively, as a function of photon energy, extracted by peak fitting (the spectra are shown in Figure S4, Supporting 
Information). The probing depth σ corresponds to three times the inelastic mean free path λ at each particular kinetic energy.
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lower binding energies corresponds to an upward bending of 
the energy bands (i.e., additional band bending at the surface). 
At the same time, the Ni 2p binding energies do not shift (see 
Figures S12–S15, Supporting Information), indicating that the 
additional band bending is only present in the α-SnWO4 film. 
Similar observations have been reported in the literature, for 
instance for BiVO4 deposited with various overlayers[28,29] and 
metal oxide/Si buried junction photoabsorbers,[30,31] where the 
observed performance improvement has been attributed to 
additional band bending. In our case, however, the additional 
band bending with increasing NiOx deposition contradicts the 
decreasing ΔOCP shown in Figure 1. This suggests that a com-
pensating factor is present that negates the favorable effect of 
band bending. We assign the significant oxidation of Sn2+ to 
Sn4+ as the compensating factor that causes the reduction of 
the photovoltage. The details of this mechanism are discussed 
in the following paragraphs.

We should point out that the lack of binding energy shift 
for the W5+ peaks seems inconsistent with the band bending 
explanation above. While the reason for this is not clear at this 
point, we speculate that it may be caused by one (or a combina-
tion) of the following two factors. First, the W5+ species may be 
present in a separate amorphous impurity phase outside of the 
α-SnWO4 phase. Second, since band bending is a pure inter-
face phenomenon, the peak position of W5+—which is predom-
inantly present in the bulk—is less sensitive to band bending 
than other species at the interface. We note, however, that the 
presence of W5+ does not affect the limited photovoltage in 
α-SnWO4 which is the focus of this study.

DFT/HSE06 method calculations were applied to analyze the 
electronic structure of α-SnWO4 and how this is influenced by 
the presence of Sn4+ defects. We used a similar methodology 
as has been reported previously for pristine α-SnWO4.[21,22] We 
took a compensation approach by introducing vacancies in 

Figure 4.  a) W 4f and b) Sn 3d core level spectra measured with hν = 2 keV for a pristine α-SnWO4 film (black) and films coated with increasing NiOx 
layer thickness (blue). The dashed vertical lines indicate the binding energies of the W5+ (red), W6+ (orange), and Sn2+ (dark cyan) of the pristine 
α-SnWO4 film. O 1s, Ni 2p, and valence band spectra can be found in Figures S12–S16, Supporting Information, and the W 4f and Sn 3d spectra meas-
ured with higher hν are shown in Figure S5, Supporting Information. c) The relative W5+ contribution to the total signal in dependence on the NiOx layer 
thickness seems to decrease, especially based on the data obtained using 4 and 6 keV photon energies (see inset), although the poor signal-to-noise 
ratio prevents a quantitative analysis for samples with thicker NiOx. The corresponding data points for samples with 20 and 50 nm NiOx can therefore 
not be depicted. d) The relative contribution of Sn4+ increases with increasing NiOx layer thickness. The increase of the relative Sn4+ contribution is 
larger for lower hν indicating that the oxidation occurs at the interface and not the bulk. For the sample with 50 nm NiOx a quantitative analysis is not 
possible for a photon energy of 6 keV due to the poor signal-to-noise ratio.
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order to simulate the presence of Sn4+. Among the explored self-
defective structures containing either O-, Sn- or W-vacancies 
and the structures containing anti-site defects, only the one 
associated with W-vacancy could represent the possible pres-
ence of Sn4+ (see Figures S17 and S18, Supporting Information, 
for more details regarding other structures). Figure 6a,b show 
the orthorhombic crystal structure of pristine α-SnWO4 as well 
as α-SnWO4 that contains Sn4+ defects. The density of states 
(DOS) plots for these two structures are shown in Figures  6c 
and  6d. The band gap in α-SnWO4 originates from indirect 
transitions between the occupied Sn 5s2 + O 2p6 and the unoc-
cupied W 5d0 states. The introduction of Sn4+ does not modify 
the band gap, but it results in the appearance of a narrow state 
in the middle of the band gap. This state has a highly localized 
character as revealed by the partial charge density map shown 
in Figure S19, Supporting Information. Such a mid-gap state is 
known to be able to pin the Fermi level and therefore restrict 
the extractable photovoltage.[32,33]

Before making any definite conclusions based on these DFT 
results, we first critically assess how well the structure in the 
proposed model represents our α-SnWO4 films. In particular, 
it has to be examined whether W vacancies, required to com-
pensate the Sn4+ defects, actually occur in our α-SnWO4 films. 
There are three arguments against the presence of W vacan-
cies. First, we observed previously by Rutherford backscattering 
spectrometry (RBS) that our deposition procedure generally 
results in slightly W-rich films.[17] Second, based on the com-
pensation model used in the DFT, one would expect a higher 
value of the Sn/W ratio with increasing NiOx thickness, that is, 
more W vacancies due to a higher amount of Sn4+. However, 
this is inconsistent with our HAXPES data (see Figure S20, 
Supporting Information). Finally, for electrostatic reasons, a W 
vacancy is likely to have a high defect formation enthalpy due to 
the high formal oxidation state of W (6+). All these arguments 
suggest that it is rather unlikely that a significant amount of 
W vacancies is present in our samples. Consequently, we con-
clude that there has to be another mechanism that charge-
compensates the Sn4+ defects and that may explain the reduced 
photovoltage.

Another mechanism that may explain the increase of Sn4+ is 
the formation of a secondary phase at the α-SnWO4/NiOx inter-
face. Although the NiOx deposition was performed at room 
temperature, the presence of O2 plasma during the PLD process 
may cause the formation of this phase; indeed, a preliminary 
experiment of intentionally exposing our pristine α-SnWO4 to 
O2 plasma resulted in a similar increase of Sn4+ contribution. 
Such a formation of interfacial layer from a secondary phase 
has been reported in other systems, such as at the Cu2O/ZTO 
(zinc-tin-oxide) interface and Si/HfO2 interface.[34–36] A pos-
sible identity of this secondary phase is Sn0.23WO3, which has 
been reported to be present as impurities in several α-SnWO4 
films.[18,37] This is, however, unlikely to be the case. The 
Sn0.23WO3 phase has been reported to contain Sn2+ and Sn0, 
but no Sn4+.[38] Sn(WO4)2 is another possibility, but to the best 
of our knowledge, this phase has only been reported based on 
theoretical calculation.[39]

Instead, we speculate that the secondary phase at the 
α-SnWO4/NiOx interface is SnO2. We thus quantitatively assess 
whether the formation of an SnO2 layer can be correlated with 
our HAXPES results by performing Monte Carlo simulations 
of photoemission peak intensities using the SESSA software 
package.[40] The simulations were performed for α-SnWO4 
films coated with an increasing thickness of SnO2 at the sur-
face (see Figure S21, Supporting Information, for more details). 
For simplicity, we do not include the NiOx layer in the simula-
tions, since it would only attenuate the overall Sn 3d spectrum 
but not change the relative contribution of Sn2+ and Sn4+ to the 
spectra, regardless of where these species are located (surface 
or bulk).
Figure 7a displays the relative contribution of Sn4+ to the 

total Sn 3d HAXPES signal as a function of NiOx thickness, as 
obtained from our experimental data. This data is now com-
pared with the simulated results. For each simulated spectrum 
of an α-SnWO4 film covered with different SnO2 layer thick-
nesses (see Figure S21, Supporting Information), the relative 
contribution of Sn4+ is extracted and shown as a function of the 
SnO2 layer thickness in Figure 7b. We combine this simulated 
data with the experimentally observed relative Sn4+ contribution 

Figure 5.  Influence of NiOx layer thickness on a) W 4f7/2 and b) Sn 3d5/2 peak positions measured with different photon energies hν. No shift is 
observed for W5+, while the W6+, Sn2+, and Sn4+ peaks shift to lower binding energies (by up to ≈0.4 eV) with increasing NiOx layer thickness. This is 
attributed to upwards band bending in α-SnWO4. All binding energies were determined by the fitting procedure described in the Experimental Section.
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(Figure  7a) in order to estimate the expected interfacial SnO2 
layer thickness for films with various deposited NiOx layer 
thickness. The resulting data is shown in Figure  7c, which 
clearly shows that a thicker NiOx layer indeed corresponds to a 
thicker SnO2 layer at the interface.

For the sample that shows record photocurrent (i.e., 20 nm 
thick NiOx), an interfacial SnO2 layer thickness of ≈2  nm is 
estimated. The transmission electron microscope (TEM) image 
presented in Figure S22, Supporting Information, suggests 
that such a layer is indeed present at the interface. Although 
the interfacial layer is thin enough to allow charge carriers 
to be transferred across the interface (i.e., tunneling), such a 
layer may negatively affect the α-SnWO4/NiOx interface. For 
example, this insulating layer may limit the extractable photo-
current. An important question relevant to the current study is 
whether the presence of such a layer can be correlated with the 
reduced photovoltage. To address this question, ΔOCP meas-
urements were performed again with a pristine α-SnWO4 film, 

to which different durations of chronoamperometry treatment 
under AM1.5 illumination at a potential of 1.23 V versus RHE 
were applied. Since such a treatment has been shown to induce 
SnO2 layer formation at the surface of α-SnWO4,[17] the different 
durations (i.e., different amounts of transferred charges across 
the interface) would result in different thicknesses of the SnO2 
layer. After each step an OCP measurement was performed. 
Figure 8 shows the ΔOCP as a function of the amount of charge 
transferred across the α-SnWO4 surface (Q), calculated by inte-
grating the chronoamperometry data. The SnO2 layer thickness 
on the surface can also be estimated from the amount of charge 
and the reported density of SnO2 (7.02 g cm−3),[41] as shown at 
the top x-axis of the figure (see also Figure S23, Supporting 
Information, for the cross-section SEM image for the sample 
with the thickest SnO2 layer). With increasing Q, the ΔOCP 
decreases reaching a value of ≈0.08  V. This confirms that the 
formation of an SnO2 layer on the surface of α-SnWO4 results 
in a reduction of the ΔOCP. Based on this observation and the 

Figure 6.  DFT-based orthorhombic crystal lattice of a) pristine α-SnWO4 and b) α-SnWO4 containing W vacancies to compensate Sn4+ defects. The 
corresponding density of states (DOS) is shown in (c) and (d), respectively. In the case where W vacancies are present, the triplet spin state is the 
most stable configuration; the spin-up (dashed lines) and spin-down (solid lines) components of the DOS are therefore shown.
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qualitative agreement with data shown in Figure 1, we conclude 
that the formation of an interfacial SnO2 layer at the α-SnWO4/
NiOx interface is responsible for the limited photovoltage that 
can be extracted.

We finally note that our current findings complement 
our previous report,[17] where it was mentioned that the hole-
induced electrochemical oxidation of Sn2+ to Sn4+ is prevented 
by a NiOx protection layer and a stable photocurrent for at least  
0.5 h can be achieved. Our more thorough HAXPES investiga-
tion in the present study provides additional understanding on 

the protection mechanism. PLD NiOx introduces some oxidation  
of α-SnWO4 during deposition, but it limits the formed SnO2 
layer thickness such that charge carrier transport is still pos-
sible. Furthermore, NiOx impedes further (photo)electrochem-
ical oxidation of SnWO4, and the formation of a thick hole 
blocking SnO2 layer (>7 nm).

3. Conclusion

In summary, we performed a detailed investigation of the 
α-SnWO4/NiOx interface using synchrotron-based HAXPES 
in order to understand the origin of the limited photovoltage 
in NiOx-coated α-SnWO4 films. NiOx deposition was found to 
introduce a favorable upwards band bending at the α-SnWO4/
NiOx interface. However, this is accompanied by the oxida-
tion of Sn2+ to Sn4+, the degree of which is in a good agree-
ment with the decrease of photovoltage as shown by the open 
circuit potential (OCP) analysis. Using DFT and Monte Carlo 
based photoemission intensity simulation, we showed that the 
increase of Sn4+ signal can be explained by the formation of 
a thin oxide layer, such as SnO2, at the interface of α-SnWO4 
and NiOx. For the optimized sample with 20  nm-thick NiOx, 
an interfacial oxide layer thickness of ≈2  nm is estimated. 
Although this is in principle thin enough for charge carriers 
to tunnel through, control experiments by intentionally con-
verting the surface of α-SnWO4 films to an SnO2 layer with 
different thicknesses indeed revealed a reduction of the pho-
tovoltage in this thickness range. This suggests that the Fermi 
level pinning is not caused by a direct contact of α-SnWO4 and 
NiOx, but is instead related to the presence of the interfacial 
oxide layer. To overcome the photovoltage limitation, alterna-
tive deposition techniques for NiOx (e.g., vacuum evaporation, 
atomic layer deposition) or other co-catalyst/protection layers 
that do not alter the surface of oxidation-sensitive α-SnWO4 
need to be explored. This would prevent the formation of the 
interfacial oxide layer and would enable the extraction of the 

Figure 8.  ΔOCP measurements performed on pristine α-SnWO4 after 
being photoelectrochemically treated at 1.23 V versus RHE for a specific 
duration. The charge Q was calculated from the recorded chronoamper-
ometry data. The decrease in ΔOCP is correlated with the oxidation of 
Sn2+ to Sn4+ and the formation of an SnO2 layer. The estimated SnO2 layer 
thickness on the top x-axis was calculated from the transferred charge Q 
and the reported density of SnO2 (7.02 g cm−3).[41] The dashed line is a 
guide for the eye.

Figure 7.  a) Relative Sn4+ contribution to the total signal as a function of NiOx thickness from HAXPES experimental data measured with a photon 
energy of 2 keV. b) Relative Sn4+ contribution to the total signal as a function of SnO2 layer thickness extracted from Monte Carlo simulation of peak 
intensities with the SESSA software package, also simulated with a photon energy of 2 keV. c) Correlation of simulation and experimental data. The 
SnO2 layer thickness is estimated by using the fraction of Sn4+ signal observed experimentally for a given NiOx thickness and reading the SnO2 thick-
ness from (a) for that fraction of Sn4+ signal (b). For the sample that shows the record photocurrent (i.e., 20 nm thick NiOx), an interfacial SnO2 layer 
thickness of ≈2 nm is estimated.
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maximum photovoltage from the system. Finally, our study 
shows that understanding the interface properties of metal 
oxide-based solid-state junctions is paramount in the develop-
ment of highly efficient and stable electrodes for photoelectro-
chemical water splitting.

4. Experimental Section
Synthesis of α-SnWO4 and NiOx: PLD was used to deposit α-SnWO4 

thin films and NiOx overlayers based on a previously published 
procedure,[17] and is briefly described below. Fluorine-doped tin oxide 
coated glass (FTO TEC 7, Pilkington) substrates were used as the 
transparent conductive back contact. Prior to deposition, the substrates 
(24  × 24 mm2) were successively cleaned in an ultrasonic bath using 
a 1 vol% Triton solution (Triton X-100, laboratory grade, Sigma-Aldrich), 
acetone, isopropanol, ethanol, and deionized water for 15  min each. 
Afterwards they were dried under an N2 stream.

Ablation of a ceramic α-SnWO4 target was performed in a custom-built 
PLD system from PREVAC at room temperature equipped with a KrF-
excimer laser with a wavelength of λ = 248 nm (LPXpro 210, Coherent). 
The base pressure of the deposition chamber was ≈1  × 10−7 mbar. The 
laser fluence was adjusted to 2 J cm−2 with a laser spot size of 1.3 × 2 mm2 
and the repetition rate was 10  Hz. Film deposition was performed with 
an oxygen background pressure of ≈10−4 mbar. Substrates were fixed 
in an off-axis position with a target-to-substrate distance of 60  mm. 
A continuous substrate rotation of 12° s–1 was applied to achieve 
homogeneous films. Prior to every deposition a pre-ablation routine was 
performed to transform the target to a steady state condition, which was 
achieved when a constant deposition rate was monitored with a quartz 
crystal microbalance (QCM). Different film thicknesses were achieved 
by adjusting the respective number of laser shots. After deposition, the 
films were post-annealed in a tube furnace in Ar atmosphere at 520 °C for 
2 h to prevent film oxidation. The presence of oxygen was minimized by 
evacuating the tube and flushing with Ar twice before annealing.

NiOx was deposited by ablating a metallic Ni target in the same PLD 
system. The process was done at room temperature under an oxygen 
background pressure of 0.05 mbar. The laser fluence was 2 J cm–2 and a 
repetition rate of 10 Hz was used.

Characterization: X-ray diffraction was performed with a Bruker D8 
Advance diffractometer in a grazing incidence configuration with a 
grazing incidence angle of 0.5°. The step size was set to 0.02° and the 
respective integration time per step was 6 s. Cu Kα (λ = 1.5406 Å) was 
used as the X-ray source with a voltage of 40 kV and a current of 40 mA.

Photoelectrochemistry (PEC) measurements were performed in a 
three-electrode configuration in a custom-made PEC cell. The sample 
was connected as the working electrode to an EG&G Princeton Applied 
Research (Model 273A) potentiostat. A platinum wire was used as the 
counter electrode, and an Ag/AgCl electrode (XR300, saturated KCl, 
Radiometer Analytical) was used as the reference electrode. Measured 
potentials were translated to the RHE by using the Nernst equation. 
AM1.5 illumination was obtained with a WACOM Super Solar Simulator 
(Model WXS-505-5H, AM1.5, Class AAA). The used electrolyte was 0.5 m 
potassium phosphate buffer (KPi, pH 7.2) made from dissolving KH2PO4 
(≥99.0%, Sigma-Aldrich) and K2HPO4 (≥99.0%, Sigma-Aldrich) with a 
1:1.4 molar ratio in Milli-Q water. As a hole scavenger, 0.5 m Na2SO3 was 
added to the buffer solution. OCP measurements were performed under 
the same conditions.

HAXPES was performed at the Bessy II synchrotron facility at 
Helmholtz-Zentrum Berlin, Germany. Measurements were performed 
at the high kinetic energy photoemission end station (HIKE)[42] at the 
KMC-1 beamline.[43] During the measurements the analysis chamber was 
kept at ≈10−8 mbar. Photon energies were varied between 2003, 4000, 
and 6009 eV using the Si (111) and Si (311) cut crystals pairs of a double 
crystal monochromator. Photoelectrons were detected by a Scienta 
R4000 analyzer. Survey spectra were recorded with a step size of 0.5 eV 
and a pass energy of 200 eV. Core level and valence band spectra were 

recorded with a step size of 0.05 eV and a pass energy of 200 eV. Binding 
energies were referenced to the Au 4f core level (binding energy set equal 
to 84.00 eV) measured on a gold foil located on the sample manipulator 
which shared a common ground with the sample and the analyzer; 
in order to extract the binding energies and the contribution of the 
respective oxidation states from measured spectra a fitting procedure 
was applied. Before that a Shirley baseline subtraction was performed. 
The peak shape was represented by pseudo-Voigt functions consisting of 
a convolution of Gaussian and Lorentzian functions. Finally, chi-square 
minimization was performed to optimize the fitted spectra.

TEM was performed using a Philips CM12/STEM. The system is 
equipped with a LaB6 cathode and a super twin lens for high resolution. 
An acceleration voltage of 120 keV was used. Four preparation samples 
were cut into small pieces and polished from both sides until reaching 
a thickness of 4–6 µm. Afterwards a Mo ring was glued on the sample. 
The samples were further thinned with an Ar ion mill until they had 
electron transparent areas.

Density Functional Theory: Starting from the 2 × 1 × 2 supercell model, 
which includes 16 functional units of Sn16W16O64 or 96 atoms of the 
orthorhombic crystal lattice of α-SnWO4 (Pnna space group),[18,19,22–24] 
a perfect lattice and five representative self-defective lattices containing 
intrinsic O-, Sn-, and W-vacancies as well as Sn-antisite on W and 
W-antisite on Sn were modeled to mimic the possible presence of Sn4+ 
in α-SnWO4 samples. For O-, Sn-, and W-deficient α-SnWO4, one O 
atom, one Sn-atom, and one W atom were removed from the Sn16W16O64 
supercell, respectively. For Sn-antisite on W, one W-atom was replaced 
by one Sn-atom in the Sn16W16O64 supercell. For W-antisite on Sn, one 
Sn-atom was replaced by one W-atom in the Sn16W16O64 supercell. For 
each defect type, different spin multiplicities were explored in order to 
come up with the most stable spin configuration.

The various generated crystalline structures were fully optimized by 
means of the spin-polarized DFT using the Vienna Ab initio simulation 
package (VASP)[44–46] with the Perdew–Burke–Ernzerhof (PBE) exchange 
correlation potential[47] and the frozen-core projector augmented-wave 
(PAW) approach.[48] The configurations of valence electrons treated 
explicitly in the plane wave descriptions are 5s25p2 for Sn, 5d46s2 for W, 
and 2s22p4 for O. Upon several benchmark tests evaluating the accuracy 
of the calculations, a kinetic cutoff energy of 400 eV was consistently used 
for electron wave functions expansion and a Monkhorst–Pack k-point 
mesh[49] of 3 × 3 × 3 was used for sampling the Brillion zone. Gaussian 
smearing was used with a sigma value of 0.1  eV. The atomic positions 
were fully relaxed with the conjugate gradient procedure until the residual 
forces vanished within 0.01  eV Å−1 and the electronic convergence for 
each supercell was below 10−6  eV. Our PBE-based computed lattice 
parameters (a = 5.59 Å, b = 11.63 Å, c = 4.98 Å, and α   = β   = γ   = 90°) 
of the pristine material are in excellent agreement with the experimental 
values (a = 5.62 Å, b  = 11.74 Å, c  = 4.98 Å, and α  = β  = γ  = 90°).[17,22–24,50]

By considering the optimized geometries obtained with the PBE 
functional, the electronic structure calculations of pristine and the most 
relevant self-defective α-SnWO4 materials were conducted at the level of 
the more expensive screened coulomb hybrid Heyd–Scuseria–Ernzerhof 
(HSE06)[51] functional using VASP. This method has been proven to 
provide much more accurate band gap values of a large number of 
photocatalytic semiconductors than the standard generalized-gradient 
approximation (GGA) functional.[52–58] The electronic properties 
analysis covered the DOS together with the partial charge density maps 
corresponding to the new states introduced by the created defects 
in terms of orbital contribution types of each element in the cell. The 
validity of our electronic structure calculation is demonstrated by the 
relatively good agreement between our HSE06-based computed band 
gap of 1.5  eV for the pristine material with the reported experimental 
values (in between 1.6 and 1.9 eV), which is much more accurate than 
the PBE computed one of 0.8 eV.[17,19,22–24]
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