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ABSTRACT: We report the incorporation of sulfur or iodine Mereating S ARREEEE

into monoclinic tungsten trioxide (S:WO; or I:WOj, ‘, v

respectively), with the aim to improve its visible light- . r. . [ . [- I.
harvesting ability. Films were synthesized by spray pyrolysis "
with either ammonium sulfide or iodide added to the aqueous
WOj; precursor solutions. Red shifts of the absorption spectra '.,'. . . [.[. .

were observed with S and I incorporation (from ~2.7 to 2.6 t | R
and 2.1 eV respectively), likely due to the formation of
intragap impurity bands. S:WO; samples exhibited enhanced photoelectrochemical (PEC) performance at low S concentrations,
but this quickly deteriorated with increasing S content. Incident photon conversion efficiency (IPCE) data showed that this initial
improvement was driven by improved collection efficiency at longer wavelengths. Conversely, photocurrent decreased at all levels
of I addition. IPCE measurements for these films showed only a marginal increase in efficiency at longer wavelengths, indicating
that the extra absorbed photons did not contribute significantly to the photocurrent. Time of flight-secondary ion mass
spectrometry (ToF-SIMS) depth profiling revealed a uniform distribution of S throughout the S:WOj films, but showed surface
segregation of I in the I:WO; samples. Raman and X-ray photoelectron spectrometry (XPS) showed that S and I substituted for
oxygen, but in the case of S, other pathways such as interstitial incorporation and cation substitution could not be ruled out. The
complexities of intentionally adding nonmetal impurities to metal oxide systems are highlighted in the context of the existing
body of literature.

Increasing |

1. INTRODUCTION are conflicting, showing 1mproved hght absorption and overall
PEC performance in some cases'® but poorer PEC perform-
ance in others.'” Whether these impurities have positive or
detrimental effects on the overall photocurrent depends on how
they affect the electronic structure of the material, their
concentration, and how they are incorporated into the host

Monoclinic tungsten trioxide (WO,)" is a well-studied
photoanode material due to its good charge transport
properties and relative stability in acidic electrolytes. These
characteristics and modest photocurrents under solar illumina-
tion have led to its use in multijunction photoelectrochemical )
(PEC) systems.”~* However, its band gap of 2.6—2.7 eV limits lattice. s _ )

its solar-to-hydrogen (STH) efficiency for PEC applications to Recent ab initio™ and density functional theory (DFT)

4—6%, assuming a faradaic efficiency and quantum yield of studies'” have indicated that substitution of S at O-sites may
unity.g create an impurity band that can reduce the band gap of WO,.

The incorporation of S is relatively unstudied experimentally.*’
Additionally, iodine incorporation in TiO, particulate photo-
catalysts has led to improved visible light absorption and
photocatalytic activity." By analogy one may assume that I
incorporation may also have a positive effect on WO;’s visible
light absorption. To the best of our knowledge, there are no

Therefore, significant research efforts have been made to
increase this material’s visible light harvesting ability. The
majority of these studies have focused on transition metal®’
nonmetal doping® and sensitization approaches using dyes’ or
other semiconductors.'”™** Cole et al. investigated nitrogen
incorporation in WO; thin films, synthesized by reactive RF
magnetron sputtering using N, as a background gas.'> Though

a significant reduction in the band gap was observed (<2.0 eV), Received: December 2, 2013
PEC performance was impaired due to lattice defects. However, Revised:  January 28, 2014
other studies where films were treated in ammonia gas to add N Published: February 3, 2014
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reports on iodine-doped WO;. We have developed a simple,
scalable spray pyrolysis procedure to synthesize sulfur and
iodine-incorporated monoclinic WO; (S:WO; and L:WOj,,
respectively) films and probe the effects of these impurities on
visible light absorption and PEC performance.

First, we characterized the phase and morphology of the
samples using X-ray diffraction (XRD) and scanning electron
microscopy (SEM). Changes in optical properties were
characterized by diffuse reflectance UV—vis spectroscopy.
PEC and incident photon conversion efficiency (IPCE) testing
were used to evaluate the performance of the films as
photoanodes and determine if the extra photons absorbed
contributed to the photocurrent. The very low levels of
impurities in the samples and their bonding environments were
determined by a combination of time-of-flight secondary ion
mass spectrometry (ToF-SIMS), X-ray photoelectron spectros-
copy (XPS), and Raman spectroscopy. Finally, we discuss and
provide evidence for the creation of defect states and their
effect on the performance of WO; photoanodes.

In the interest of clarity, this report will focus on the 0.1%
and 2% S:WO; and WO; films, with data for all doping
concentrations in the Supporting Information. These were
chosen because the lightly doped films showed the best PEC
performance but the smallest change in physical properties and
vice versa for the heavily doped films. Further, to avoid
repetition, the term “doping” will be used interchangeably with
“incorporation” when discussing the addition of S or I to WO;.

2. EXPERIMENTAL METHODS

2.1. Synthesis. Films were deposited using a spray pyrolysis
setup described previously.””*® Ammonium tungsten oxide
hydrate, (NH,),,W,04,-SH,O (99.999%, Alfa Aesar), ammo-
nium sulfide, (NH,),S (20% in water, Sigma-Aldrich), and
ammonium iodide, NH,I (99%, Acros) were dissolved in
demineralized water for use as precursor solutions. The
precursor concentration was 0.07S M (based on moles of
W), with dopant concentrations added based on the fractional
substitution of oxygen (O) sites, that is, a 0.5% doping level
corresponds to enough S or I to replace 0.5% of the oxygen
sites in fully oxidized WO;. Hereafter, samples will be referred
to as undoped WO;, S:WO;, or :-WO; with concentrations
determined as above. In this study, the concentrations
investigated were 0, 0.1, 0.5, 1, 2, and 5% of the total O sites.

Ammonium tungsten oxide hydrate powder was dissolved in
demineralized water by stirring for 30 min on a hot plate with a
set point of 80 °C. Precursor solutions were pumped
intermittently (~10 s on, 25 s off) through an ultrasonic
spray nozzle (130 Hz, Sonotech) positioned above a hot plate
in a ventilated enclosure under atmospheric conditions. The
flow rate was 1.3 mL min~’, the volume per cycle was 0.4 mL,
and typically, 25 cycles were required for good coverage of the
substrate. Prior to deposition, substrates were ultrasonically
cleaned in a mixture of detergent (Contrex), water, and
ethanol. After this step they were rinsed in water and ethanol
and finally air-dried. The heater temperature set point was 300
°C, resulting in a substrate temperature of ~250 °C during
deposition, as measured using an optical pyrometer (Micro-
epsilon).

As-deposited films were translucent white and amorphous.
Samples were annealed in at 550 °C for 1 h in air and allowed
to cool naturally to crystallize the monoclinic phase of WO;.

2.2. Compositional Characterization. X-ray diffraction
(XRD) was performed using a Philips X'Pert diffractometer
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equipped with monochromatic Cu Ka X-rays (4 = 1.54056 A).
The films were of sufficient thickness to use 6—26 scans
(without the need for grazing incidence XRD, required for thin
films). Film morphology and thickness were determined using a
Quanta 650 (FEI) scanning electron microscope (SEM).
Diffuse reflectance UV—vis spectra were measured with a
Cary 500 spectrophotometer attached to an integrating sphere
(Labsphere DRA-CA-5500). X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Kratos AXIS Ultra
DLD spectrometer with a monochromated Al Ka X-ray source
(bv = 1486.5 €V), hybrid optics (employing a magnetic and
electrostatic lens simultaneously), and a multichannel plate
coupled to a hemispherical photoelectron kinetic analyzer. The
photoelectrons takeoff angle was normal to the surface of the
sample and 45° with respect to the X-ray beam. An electron
flood gun was employed to prevent charging of the samples and
the pressure in the analysis chamber was typically 2 X 107°
Torr during data acquisition. CasaXPS (Version 2.3.15)
software was used to analyze the XPS spectra. The adventitious
carbon 1s peak was used as a reference with a binding energy
(B.E.) of 285 eV. The error in the measurement of the B.E.
associated with this procedure varies from +0.1 to 0.2 V242
ToF-SIMS data were acquired on a TOF.SIMS 5 instrument
(ION-TOF GmbH, Germany, 2010) at a base pressure of <2 X
107 Torr. Elemental concentrations of the species of interest
were recorded as function of depth (ie, depth profiling) by
using a pulsed primary ion beam (Bi,* at 30 kV energy and 3
pA measured sample current) for ultrasensitive (parts per
billion) surface chemical analysis and a secondary ion beam
(Cs" at 2 kV energy and 90 nA measured sample current) for
sputtering. The depth profiles were acquired in noninterlaced
mode (i.e, sequential analysis and sputtering) from an analysis
area of 100 X 100 um?* centered within a previously Cs
sputtered 250 X 250 pum’ area. A stable, constant energy (21
eV) electron beam was shot onto the sample surface during
data acquisition for charge compensation. All detected
secondary ions had negative polarity and with a mass resolution
>5000 (m/S6m). An optical Raman system with a Verdi V2 532
nm green laser, Andor spectrometer, iCCD detector and a 1800
grating was utilized for vibrational spectroscopy measurements.
Fityk (Version 0.9.8) peak fitting software was used to analyze
the Raman spectra.”®

2.3. Photoelectrochemical Testing. Photoelectrochem-
ical measurements were conducted in a glass 3-electrode cell
using the WO; film as the working electrode, Ag/AgCl (1 M
KCI) as the reference electrode, and Pt wire as the
counterelectrode. All potentials reported here are versus the
reversible H, electrode (RHE)

Epur = EAg/AgCI + 0.059 X pH + EOAg/Agcl(lM KCI)
(1)

where, %y /agci (1 M KCI) = 0236 V at 25 °C.>’

Mumination was accomplished using a 150 W Xe lamp
(Newport) with an AM1.5G filter (Newport) calibrated to 100
mW cm ™ using a thermopile. In some experiments a long pass
filter (Newport) that only allowed wavelengths greater than
420 nm to pass was added. This decreased the incident power
density to 88.5 mW cm > A monochromator (Photon
Technology International), silicon photodetector (model 818-
UV, Newport), and optical power meter (model 1830-C,
Newport) were used to determine the incident photon to
current conversion efficiency (IPCE). IPCE values were
calculated using the formula®
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12405(4)
AP(2) (2)

where 4 is the wavelength (nm), j is the photocurrent density
(mA cm™), and P is the incident power density of the
monochromated light (mW cm™2). Illumination was from the
solution-side of the PEC cell in all cases, passing through a glass
window and ~3 cm of electrolyte solution.

The electrolyte solution used was 1 M methane sulfonic acid
(Sigma-Aldrich) with 0.1 M methanol (Fisher) added as a hole
scavenger in most cases. A CH Instruments 660D potentiostat
was used for all current—voltage and current—time scans. The
scan rate was 10 mV s\,

IPCE(2) = X 100

3. RESULTS AND DISCUSSION

3.1. Synthesis. Extreme care was taken to avoid
contamination, as even small concentrations of the dopants
studied had large effects on the material’s properties. This
involved flushing the precursor lines with clean solvent before
runs and the use of separate lines for undoped, S:WO;, and
L:WO; samples.

Films deposited on quartz substrates were prone to excessive
cracking and poor adhesion, whereas deposition on F:SnO, on
glass (FTO, Pilkington) and glass slides (Corning) resulted in
strongly bonded films. Thiourea was tried as an alternative
sulfur source to ammonium sulfide, but these films did not
adhere strongly to the FTO substrates. Ethanol and ethylene
glycol were also candidate solvents but led to poor film
coverage.

3.2. Phase and Morphology. X-ray diffraction (XRD)
spectra for all samples could only be indexed to monoclinic
WO, (PDF # 43-1035) and the underlying FTO substrate
(Figures S1 and S2 in the Supporting Information), indicating
the addition of S or I did not lead to the formation of secondary
crystalline phases. At doping levels greater than 2% in the
S:WO; films, peak broadening was observed, indicative of
poorer crystallinity. Although both sulfur and iodide are larger
than oxygen and should expand the lattice, the levels of these
impurities were too low to induce crystallographic changes
detectable by XRD.

Scanning electron microscopy (SEM) revealed a rough, leaf-
like microstructure of the WO; films grown using spray
pyrolysis (Figure 1). Cross-sectional SEM showed that the film
thickness after 25 deposition cycles was approximately 5 ym
but that the film profile was heavily corrugated, with minimum
and maximum thicknesses of ~3 and ~8 pum respectively
(Figure 1b). The morphology is attributed to solvent
evaporation and particle deposition from the gas phase as the
spray approached the hot substrate during synthesis and, similar
to other WO, films prepared, by spray pyrolysis.”*** The
incorporation of S and I did not change the morphology of the
WO, appreciably (Figure 1c and 1d).

3.3. Optical Properties. For the 2% S:WO; and WO,
films, significant color changes were observed relative to the
undoped case, from pale green to yellow and brown/red,
respectively (Figure 2a). Intermediate compositions exhibited
progressive visual color changes (Supporting Information
Figure S3) and shifts in absorption spectra (Supporting
Information Figures S4 and SS). Tauc plot analyses® yielded
indirect transitions at 2.7, 2.6, and 2.1 eV for WO;, S:WO3, and
I:-WO,, respectively (Supporting Information Figure S6). The
addition of sulfur resulted in a slight shift of the absorption
edge to longer wavelengths, whereas iodine created what
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Figure 1. Scanning electron micrographs of the WO; film
morphology. (a) Undoped WO;, (b) cross-sectional view of a WO,
film, (c) 2% S:WO,, (d) 2% I:WO,.
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Figure 2. (a) Photograph of undoped, 2% S:WO;, and 2% I:WO; on
1.5 X 1.5 cm? FTO substrates. (b) UV—vis spectra of undoped and
doped films.

appeared to be a new and separate transition while retaining the
fundamental band gap transition of WO, at ~2.7 eV (Figure
2b).

We attempted to learn more about these transitions using
photoluminescence (PL) spectroscopy, but no PL was observed
from the samples at room temperature, indicating that
recombination from these new states was nonradiative.

3.4. Photoelectrochemical (PEC) Characterization. The
choice of electrolyte is extremely important in PEC cell design.
Recent work has shown that faradaic O, production is not
achieved at WO, photoanodes in common aqueous electrolytes
such as H,SO,, HCIO,, and HCIl, with anion oxidation
competing with water oxidation on the WO, surface.*>*
Further, Hill and Choi showed that WO; was not stable in
many acidic electrolytes.®® Solarska et al. achieved stable
photocurrents for up to 14 h using a methane sulfonic acid
electrolyte after an initial loss (over 1—2 h) of 20% of the

dx.doi.org/10.1021/cm403969r | Chem. Mater. 2014, 26, 1670—1677
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photocurrent for their nanostructured WO, electrodes.>® We
observed similar behavior for our films (Supporting Informa-
tion Figure S7). However, this initial degradation complicated
the comparison of samples over repeated short-term tests. As
we were primarily interested in the bulk film properties and not
the kinetics of oxidation processes at its surface, 0.1 M
methanol was added as a hole scavenger for most testing. This
facilitated stable, consistent behavior over repeated PEC tests.
Methanol oxidation is significantly easier than water oxidation
and takes part in current doubling,** so larger photocurrents
were observed with its addition (Figure 3). Complementary

1.0 Chopped LSVs of hv on 1
WO, with/without a N
L 1 i
985 hole scavenger
S 06tk No methanol i
1= —— 0.1 M methanol "
[&]
< 04f .
£
~ 02 .
0.0+ e
hv off
1 1 1 1 1 1
02 04 06 08 10 12 14

Potential (V vs. RHE)

Figure 3. Chopped linear scan voltammagrams (LSV) of undoped
WO, in 1 M methane sulfonic acid with and without 0.1 M methanol
as a hole scavenger under AM1.5G simulated solar light (100 mW
cm™2). The scan rate was 10 mV s, and potential was scanned in the
positive direction.

experiments without the addition of methanol showed the same
trends (Supporting Information Figure S8a and b). Surpris-
ingly, no oxygen bubbles were observed during ~1 h long tests
in 1 M methane sulfonic acid (data in Supporting Information
Figure S8b), suggesting a significant fraction of the photo-
current did not go toward water oxidation in this electrolyte. As
previously mentioned, this is often the case for WO,
photoanodes and highlights the need for oxygen evolution
reaction electrocatalysts for this material,> which is a subject of
further research in our laboratory.

The photocurrents achieved with our undoped WO; films
(0.5 and 0.75 mA cm™2 at 1.23 V vs RHE with and without a
hole scavenger, respectively) are comparable to other WO,
films deposited by spray pyrolysis (SP), such as the work of Sun
et al. (when their higher lamp intensity is taken into account).®
However, the performance of the samples deposited bZ SP is
lower than other WO, films synthesized by sol-gel,*”** RF
sputtering,"> or electrodeposition®> under the same illumina-
tion conditions. We attribute this to two key differences
between films grown by SP and those by other methods: the
degree of nanostructuring and film thickness. The best
performing WOj; electrodes have features on the order of 50
nm, increasing the active surface area and minimizing carrier
transport distances relative to the compact, rough micro-
structure (Figure 1) observed in our work. Further, nanometer
sized features may scatter incident light, allowing the use of
thinner, more efficient films (~2.4 ym or less compared to an
average of S um (Figure 1b). Incorporation of S and I into
WOj; photoelectrodes with advantageous morphologies either
by optimizing the SP technique or by other synthesis methods
would be an interesting avenue for future work.
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The trends with increased S or I doping are shown in Figure
4. At very low S concentrations, photocurrents were improved

12 T T T T T T
Steady state j at
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for doped films
. 08f
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Figure 4. Steady state photocurrent under AM1.5G simulated solar
light (100 mW cm™) vs initial sulfur and iodine precursor
concentration. Points with error bars were constructed using the
average of 3 films + 1 standard deviation.

compared to undoped WO; but worsened with increasing
sulfur. The large decrease in performance at 2% coincides with
poorer crystallinity as seen in the XRD data (Supporting
Information Figure S1). Film performance was variable,
especially around 1% S:WO;, where a possible change in the
incorporation mechanism may have occurred. Evidence for this
will be provided in section 3.8.

As shown in Figure Sa, 0.1% S:WO; exhibited improved full
spectrum and visible light photocurrents compared to undoped
WO;. Incident photon conversion efficiency (IPCE) measure-
ments showed increased efficiency at longer wavelengths. All
S:WO; films showed a similar spectral profile (Supporting
Information Figure S9) that is in agreement with the shift to
longer wavelengths in the UV—vis absorption spectra (Figure
2). We note that the 0.1% S:WO; sample exhibited a slight
IPCE improvement at wavelengths less than 400 nm (Figure
Sb) and attribute this to variations in film thickness, and hence
performance, as shown by the error bars in Figure 4. For a full
discussion, see Section S3.1 in the Supporting Information. A
typical power density spectrum for IPCE testing is located in
the Supporting Information (Figure S10). Integration of the
IPCE values with respect to the AM1.5G reference spectrum
(ASTM G-173)% overestimated the photocurrent by up to
30% but showed the same trends as seen for photocurrents
obtained with the solar simulator (Supporting Information
Tables S1 and S2). This overestimation may arise due to a
decreased carrier recombination rate at low light intensity.

With increasing I incorporation, overall photocurrent
decreased (Figure 4), possibly due to an increased number of
recombination sites due to a higher concentration of defects.
Despite absorbing substantially more visible light, 0.1% WO,
exhibited only a slight increase in the visible light contribution
to the total photocurrent (Figure Sa), which occurred with a
corresponding decrease in IPCE at wavelengths less than 400
nm (Figure Sb). The spectral shape was maintained even as
increased I incorporation hurt overall PEC performance
(Supporting Information Figure S11).

3.5. ToF-SIMS. To determine the amounts and distributions
of S and I in the films, sequential ToF-SIMS and XPS analyses
were carried out. The samples used had not been previously
PEC tested to avoid contamination with the sulfur-containing

dx.doi.org/10.1021/cm403969r | Chem. Mater. 2014, 26, 1670—1677
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Figure S. (a) Photocurrent—time (j—t) data under AM1.5G simulated
solar light (100 mW cm™) and with a long pass filter. The electrolyte
was 1 M methane sulfonic acid with 0.1 M methanol. Complementary
j—t data without methanol showed the same trend (Figure S8a in the
Supporting Information). (b) IPCE vs wavelength at 1.23 V vs RHE.
The electrolyte in both cases was 1 M methane sulfonic acid with 0.1
M methanol.

electrolyte. The selection of suitable marker ions is discussed in
the Supporting Information (Section S4).

Depth profiling on different areas of the samples indicated
different thicknesses. As shown in Figure 1, the film is
extremely rough; thus, it was not practical to convert the
sputtering time to a film depth. To ensure a fair analysis of the
bulk film in all cases, we compared the depth profiles up to
2500 s of sputtering time, where signals from FTO substrate
emerged in the thinnest areas.

Figures 6a and b illustrate the depth profiles for
representative S:WO; and I:WO; samples. The sulfur
distribution was uniform throughout the films (Figure 6a)
and qualitatively agreed with the trend in precursor
concentrations, that is, the higher the S concentration in
precursor, the more S in the resulting film. As shown in Figure
6a (tabulated in Table S3 in the Supporting Information),
scaling was relatively close until 2%, where there was a jump in
S concentration. After this point, saturation of S in the WO,
lattice seems to be occurring.

Conversely, the I distribution varied as a function of
sputtering depth with a maximum at the surface that tailed
off through the film. We speculate that this concentration
profile was caused by the pulsed nature of the spray pyrolysis
synthesis and volatile nature of iodine at the deposition
temperature (~250 °C). After each deposition cycle, the as-
deposited film was left at the hot plate temperature to allow for
solvent evaporation, during which iodine left the sample. The

1674

final layers near the top of the film spent the least amount of
time on the hot plate and so retained the most iodine. The
concentration of I scaled well with the initial concentration in
the precursor but saturated after 1% near the bottom of the
films (after 1000 s in Figure 6b).

3.6. XPS. XPS was used to quantify the concentrations and
charge states of the dopants. W 4f and O 1s re_gions agreed well
with reported tungsten trioxide XPS spectra,®”*® with peaks at
35.7 eV (4f;,) and 530.5 eV, respectively (Figure 6¢c and d).
These indicate the presence of W and O*". Fitting of the W
4f region showed the correct peak splitting (2.2 eV) and area
ratio (0.75) between 4f,,, and 4f;/, peaks; thus, only the 6+
oxidation state of tungsten was observed. The shoulder at
higher B.E. on the main O Is peak (Figure 6d) has been
observed in many transition metal oxides and is attributed to
either defective oxygen sites®”** or surface hydroxides.

Due to the low concentration of S and I in the doped
samples, heavily doped samples (20% S:WO; and 2% L:WO,)
were used for XPS analysis of the chemical speciation within
the films. With the incorporation of S and I, we saw no
significant changes in the W 4f and O 1s regions compared to
undoped WO;. The W:O atomic ratio was ~3 for all samples.

Despite our best efforts and intense scan conditions (1.5 s
dwell time, 16 sweeps), we did not observe a sulfur signal in the
bulk of the 20% S:WO; sample (correspondingly, lower
concentration samples also had no detectable signal). There
was a surface concentration of S®* (Supporting Information
Figure S12a), which has been observed in other reports.”® This
peak disappeared after light Ar* sputtering (Supporting
Information Figure S12b); therefore, we attribute it to surface
sulfate species. Clearly, it is not the same as the bulk S observed
in the ToF-SIMS data (Figure 6a), which was uniform
throughout the film. Therefore, we could not assign charge
states or quantify the sulfur concentration for the S:WOj films.
We could, however, estimate an upper limit of the
concentration by fitting the instrumental noise. This yielded
an upper limit for sulfur doping of ~0.1% compared to 20%,
indicating a very low incorporation level relative to the
precursor concentrations.

The I 3d;/, peak was located at 619.5 eV (Figure 6e)
corresponding to I in the 1-oxidation state.”' Combined ToF-
SIMS and XPS were used to quantify the concentration of I in
the films. This procedure is detailed in Section S5.3 in the
Supporting Information. Figure 6b shows a maximum
concentration of 0.3% relative to the oxygen sites, on the
same order as the incorporation levels for the S:WO; samples.
These analyses show that large excesses of both of these
impurities were required to incorporate them into WOj;, even
in small amounts. The difficulties detecting sulfur by XPS is
likely due to its low relative sensitivity factor compared to
iodine (0.668 for S 2p vs 10.343 for I 3d) and the very low
concentrations present.

3.7. Raman Spectroscopy. Raman spectroscopy was used
to probe changes in the WO; bonding environment due to
sulfur or iodine incorporation. Undoped WO; showed only
characteristic peaks for the monoclinic phase (Figure 7).*"**
Note that this spectrum is quite complex: 48 Raman modes are
active,*' and only the main peaks have been assigned in the
literature.

Upon sulfur incorporation (2% and above), shifts to lower
wavenumbers of the modes at 273, 717, and 807 cm™! and peak
broadening occurred (Figure 7 and Supporting Information
Figure S14). These bands correspond to stretching modes of

dx.doi.org/10.1021/cm403969r | Chem. Mater. 2014, 26, 1670—1677
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Figure 6. (a) ToF-SIMS depth profiles of S:WQ, showing the fraction of the marker ions (S™/'®WO,) vs sputtering time for each film. (b) ToF-
SIMS depth profiles of :-WOj films showing the fraction of the marker ions (I07/'WO;) vs sputtering time on the left y axis. The normalized yield
was converted to the percentage of I of total O sites using XPS data on the right y axis, where O sites = 3*W® concentration from the XPS data,
assuming fully oxidized WO;. This was performed for comparison to the starting precursor concentrations. XPS data and fitting for pristine, undoped
WO; (c) W 4f region, (d) O Is region, and (e) pristine 2% I:-WO;, I 3d region. OH/DO: hydroxide/defect oxide, BG: background.
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Figure 7. Raman spectra of undoped and doped films. Only traces for
undoped, 2% S:WOj; and 2% I:WO; films are shown for simplicity.
Vertical ticks indicate peaks either not present or weaker in the
undoped WO; spectrum. Spectra for all samples can be located in the
Supporting Information.

the W—0O bonds, and a shift to lower wavenumbers su§§ests a
heavier atom such as sulfur has replaced the oxygen.” Peak
broadening in Raman spectra is associated with poorer
crystallinity, as seen in the XRD data (Supporting Information
Figure S1). It was difficult to assign the broad peak at ~630
cm™, as though this slight shoulder is present in the undoped
samples; it is very weak and has not been previously assigned. It
does not line up with Raman bands in examples of W—S or
$—0 bonding as in tungsten disulfide** or sulfur dioxide.*** A
candidate feature has been observed in aqueous sulfate
solutions: the deformation of the S,04>~ ion,* but none of
the other modes for this ion were present in our spectra.
Additionally, a similar feature has been seen in Raman spectra
for WO, cationically doped with Sn and Si but was not

1675

assigned.*” Therefore, we cannot conclusively determine
whether only sulfur substitution on the O site or a combination
of cation and anion sulfur substitution occurs in these heavily
doped samples. Surprisingly, we did not observe peak shifts up
to 1% S:WO; (Supporting Information Figure S14) because
either the very low concentrations could not be detected by
Raman or the nature of sulfur incorporation in the WO, lattice
was not substitutional at concentrations less than 2%.

Increasing iodine incorporation resulted in gradual peak
shifts to lower wavenumber and broadening (Figure 7 and
Supporting Information Figure S15), which we attribute to
substitution of I on the O site and a lower degree of crystalline
perfection. Several auxiliary peaks became more pronounced
with T incorporation, those at ~207, 400, 415, and 615 cm™
(Figure 7). As previously mentioned, the Raman spectra of
monoclinic WO; is quite complex, so it was difficult to
determine whether these are existing peaks whose intensity has
increased or new modes due to iodine in the WOj; lattice
(Supporting Information Figure S16). As the intensity of these
peaks tracks with increasing I content, we tentatively assign to
them new W-I bonding modes. There is a lack of tungsten
oxyiodide compounds in the literature and, hence, no reference
Raman patterns. Theoretical calculations will be invaluable in
elucidating the nature of these peaks in both the S:-WO; and
L:WOj; samples.

3.8. Incorporation Mechanism. Monoclinic WO, (space
group P2,/n, a = 7327 A, b = 7.564 A, c = 7727 A, f =
90.49°)* adopts a distorted cubic ReO; structure, closely
related to the cubic perovskite (AMO,) structure but without a
cation on the A site. It consists of tilted edge-sharing WO
octahedra (Figure 8a). Several possible cases exist for dopant
incorporation in the lattice: (i) interstitially, (ii) intercalation in
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Figure 8. (a) Schematic of the monoclinic WOj structure, illustrating
edge-sharing WOy units (gray) and oxygen atoms (red) created with
VESTA software.”® (Not to scale.) (b) Simplified band diagram
showing the suggested locations of midgap impurity bands.

the “empty” A site between the WOy units, (iii) substitutionally
for W, or (iv) for O.

Sulfur. Because bulk S could not be detected, even in heavily
doped films, XPS could not be used to provide evidence for the
location of S atoms. Li et al. showed the presence of S°* on the
surface of their S:WO; powders and associated it with the
substitution of W by $*.*° It is worth noting that this has
been observed in the case of S:TiO,, where sulfur has been
detected in the 2—,* 4+,°° and 6+°! oxidation states, indicating
both anionic and cationic substitutions are possible. The cases
of 2— and 4+ have been studied by DFT, where substitution on
either site did not change the electronic density of states
signiﬁcantly,52 that is, the sulfur 3p orbitals form impurity states
close the valence band edge of TiO,.

As mentioned in Section 3.7, no differences between the
undoped and S:WOj; samples were observed until 2%, after
which O—and possibly W—substitution occurred. Consider-
ing theoretical calculations for S on O site substitution in
S:WO,'®"® and by analogy with cation doped S:TiO,** we
suggest that at these higher dopant concentrations, a relatively
shallow defect state is formed ~0.1 eV above the valence band
(Figure 8b), which caused increased visible light absorption. At
these higher levels of incorporation, the crystalline quality of
the lattice has been degraded (broadening of XRD and Raman
peaks) leading to lower PEC performance.

Below 1% S:WO;, no sulfur was detected by XPS or Raman
up to 1200 cm™'. This prompted us to look at other
incorporation options, such as an oxidized sulfur compound
(e.g, SO,) in the space between the WO; octahedra, in which
case, Raman modes consistent with S—O bonding should be
present. As an example, stable N, intercalation has been
observed in monoclinic WO,.* However, we saw no
differences in the Raman spectra up to 4500 cm™'. Though
we cannot comment on the location of sulfur in the lightly
doped samples, there are large changes from 1 to 2% S:WO; in
the XRD spectra (Supporting Information Figure S1), Raman
(Supporting Information Figure S14), UV—vis (Supporting
Information Figure S4, inset), ToF-SIMS (Figure 6a), and PEC
data (Figure 4). It is possible that the incorporation mechanism
at low concentrations may be different than the substitution
seen in the heavily doped case, though the UV—vis spectra
(Supporting Information Figure S4) would suggest that in both
scenarios a shallow defect state is created. Sensitive analytical
techniques, for example, solid state NMR, hard X-ray
absorption spectroscopy, or neutron scattering may help
understand the role of sulfur at these low concentrations but
are out of the scope of this study.

lodine. Raman spectroscopy indicated I substituted for O
and as only I” was present the XPS spectra, we conclude that
this ion substitutionally replaced O~ in WO,. We would expect
this substitution to be quite destructive to the lattice as I” is
much larger than O®" (2.2 A vs 14 A for 6-fold
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coordination).>> Additionally, I~ should act as an electron
donor, possibly resulting in W** vacancies or reduced W sites
so that the excess charge is balanced, further lowering the
crystalline quality. No peak broadening was observed in XRD
spectra but was observed using Raman spectroscopy with
progressive I doping. UV—vis spectroscopy indicates that iodine
forms a deep impurity band, ~0.6 eV above the valence band
maximum (Figure 8b). The combination of this deep trap
acting as a recombination center and disruption of the crystal
lattice explains the poorer PEC performance of the WO,
films.

4. CONCLUSIONS

In summary, we synthesized films of sulfur or iodine
incorporated WO; with the aim to improve its visible light
harvesting ability and PEC performance. Red shifts of the
absorption spectra were observed with S and I incorporation
(from ~2.7 to 2.6 and 2.1 eV respectively). S:WO; samples
exhibited better PEC performance at low S concentrations but
worsened with increasing S addition. PEC and IPCE data
showed that this initial improvement was driven by improved
collection efficiency at longer wavelengths. Conversely, photo-
current decreased at all levels of I addition. IPCE measurements
for these films showed only a marginal increase in efficiency at
longer wavelengths, indicating that the extra absorbed photons
did not contribute significantly to the photocurrent. ToF-SIMS
was used to detect the very small levels of impurities and
revealed a uniform concentration of S throughout S:WO; films,
but a decreasing I concentration from the surface in the LWO;
samples. Raman and XPS showed that S and I substituted for
oxygen, but in the case of S, other pathways—such as
intercalation and cation substitution—could not be ruled out.
In the case of S:WO;, the relatively shallow impurity state
allowed greater visible light absorption without compromising
the quality of the crystal lattice at low concentrations, whereas
incorporation of iodine created a deep impurity band,
negatively affecting the performance at all concentrations
investigated in this study. Nonmetal doping of metal oxides is
a contentious subject in the literature and our study highlights
that advanced characterization techniques and theoretical
calculations will be vital in understanding these new materials.
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XRD, UV—vis, Raman and PEC testing for all films, Tauc
analyses, long-term j—t testing, and XPS analyses. This material
is available free of charge via the Internet at http://pubs.acs.org.
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