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Abstract:

The unique possibilities of rapid thermal processing (RTP) for overcoming two significant challenges
in the development of oxide thin-film photoelectrodes are demonstrated. The first is the need to exceed
normal temperature limits for glass-based F:SnO: substrates (FTO, ~ 550 °C) to achieve the desired
density, crystallinity, and low defect concentrations in metal oxides. Flash-heating of Ta20s, TiOz2, and
WOs photoelectrodes to 850 °C is possible without damaging the FTO. RTP heating-rate dependencies
suggest that the emission spectrum of the RTP lamp, which blue-shifts with increasing heating power,
can significantly influence the crystallization behavior of wide-bandgap photoelectrodes (> 1.8 eV).
The second challenge is avoiding the formation of structural defects, trap states, grain boundaries, and
phase impurities, which can be particularly difficult in multinary metal oxides. RTP treatment of a-
SnWOs, a promising photoanode material, resulted in an increase in grain size and favorable

crystallographic re-orientation, culminating in a new performance record.
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The most critical component in all solar energy conversion applications such as photoelectrochemical
(PEC) water splitting, CO> reduction, and photovoltaics (PV) is the semiconducting photoabsorber.!™
Metal oxides are an important class of materials known for their chemical stability and wide-ranging
and tunable multi-functionalities in numerous energy conversion applications. However, despite the
many unique advantages they can offer as photoabsorber materials (wide range of bandgap energies,
stability in aqueous solutions, low toxicity, and low-cost processing),* metal oxide-based PEC water-
splitting devices have shown only moderate efficiencies (< 8 %).° Unlike conventional semiconductors
such as silicon, many oxide semiconductors are limited by slow charge transport due to their ionic
nature that leads to the formation of small polarons, causing carrier localization.” Therefore, the
successful development of practical solar water splitting applications is directly dependent on the
emergence of new, more efficient oxides that also fulfill the criteria of stability, low toxicity, and low
cost. Accomplishing this task requires the development and use of innovative approaches that
accelerate materials discovery, such as computational predictions, together with high throughput

experimentation and combinatorial methodologies.®!°

However, high throughput experimentation of metal oxides is often hampered by the need for a high-

temperature crystallization step and the accompanying long processing times. Moreover, the loss of



volatile elements (e.g., Bi, Zn, Ge, Cd) during this sintering step can lead to poor compositional control
for certain oxides.!""'* These limitations can be detrimental to the quality of thin films that are only a
few hundred nanometers thick and, therefore, to the optoelectronic properties and stability of the
photoelectrodes.!® Furthermore, many metal oxides require growth/annealing temperatures up to 850
— 1000 °C or more in order to achieve the desired high density, high crystallinity, and low defect
concentrations.'?!®!” Finally, the common use of glass-based transparent conductive substrates in PEC
applications presents a technological challenge due to their softening above 350 — 550 °C (depending
on the type of glass/conductive layer),'®!° preventing heating to the high temperatures that many metal
oxides require. The standard, most commonly used transparent conductive substrate for PEC research
and research on emerging PV materials (such as quantum-dots and halide perovskites) is a fluorine-
doped tin oxide (FTO) film deposited on soda-lime glass, which can withstand temperatures up to 550
+ 50 °C for periods of several hours without softening or extensive loss of optical transmittance and
electrical conductivity. FTO was, however, reported to remain stable after short heating times (=10' —
10° sec) at 800 — 1000 °C,??! a temperature range which is well suited for processing many metal
oxides (vide supra). A fast, uniform thermal processing method may thus offer a way to rapidly and
briefly heat materials at the required temperatures without damaging their glass-based transparent

conductive substrates and maintaining good optical transmittance and electrical conductivity.

One such possibility is using radiative heating, in contrast to convection/conduction heating methods
by means of conventional furnaces. Rapid thermal processing (RTP) is a radiative heating method that
was initially developed for the industrial fabrication of high-quality semiconductor devices and
nanoelectronics applications.?>? Its fast heating and cooling rates (~ 50 — 400 °C/sec) enable only the
desired physical or chemical processes, such as dopant activation, to be completed while preventing
or suppressing unwanted processes. Most RTP systems use quartz halogen lamps for heating, but
monochromatic light (e.g., lasers) has also been used in order to selectively heat semiconductor

materials using photon energies above their band gaps.?* RTP has not yet been used extensively for



the development of thin-film metal oxide photoelectrodes, primarily due to the relatively high cost of
RTP systems as well as a possible misconception that it is mainly useful in industrial environments
because it allows fast processing of large numbers of samples. Fortunately, the increasing number of
more affordable, smaller RTP systems for R & D purposes in recent years should help accelerate the

development of new photoabsorbers.
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Figure 1. General characteristic temperature vs. time profiles of RTP (radiative heating) and conventional furnace heating
(convection/conduction heating). The processing temperatures for oxide photoelectrodes and the thermal stability windows of typical
soda-lime glass-based FTO substrates are shown. To avoid breaking the glass due to thermal shock when heating to high temperatures
during RTP, photoelectrodes would typically require pre-heating below the substrates' glass transition temperatures (not shown).

Figure 1 illustrates the temperature vs. time profiles of RTP systems (radiative heating) and
conventional furnaces (convection/conduction heating) together with the temperatures needed to
process oxide photoelectrodes and the thermal stability windows of typical soda-lime glass-based FTO
substrates. Recently, we have reported the use of RTP in overcoming synthesis and phase-purity

challenges in the emerging photocathode material CuBi204.'>* We have shown a complete solid-state



reaction between 240 nm Bi203 and 300 nm CuO films at 650 °C within 10 minutes without damaging
the glass-based FTO substrates and without degrading their properties. Conventional furnace heating
of similar films for 72 h at 500 °C did not result in phase-pure CuBi204.%° Furthermore, RTP was used
to study the effect of different temperatures on films with thickness gradients, showing that 25 — 250
nm films that were rapidly processed at 650 °C were phase-pure, whereas ‘conventional’ furnace
annealing at 400 — 500 °C resulted in the segregation of phase impurities.'> Many known and
undoubtedly still-unknown metal oxides require processing temperatures even higher than 650 °C,
calling for the broader usage of RTP in developing novel, more efficient metal-oxide photoelectrodes.
In this work, we demonstrate the unique possibilities offered by RTP to overcome two significant

challenges in the development of metal-oxide thin-film photoelectrodes.

The first challenge is the need to (briefly) exceed the normal temperature limit for glass-based FTO
substrates (~ 550 °C) without thermally degrading their properties. The second challenge, discussed in
the subsequent section of the manuscript, is to synthesize multinary metal oxides while avoiding the
formation of structural defects, such as trap states, grain boundaries, and phase impurities. The
presence of impurity phases that are randomly intermixed with the desired photoabsorber material can
be particularly harmful to the photoelectrode performance and stability.!> We will show that RTP can
overcome the first challenge with Ta2Os, TiO2, and WOs3, all of which are extensively studied materials
for PEC water splitting.?** The ability of RTP to address the second challenge will be demonstrated
with the ternary a-SnWO4,*® which recently attracted attention as a potential candidate for solar water
oxidation.’”* For all these materials, we find that heating by RTP results in superior crystallinity,

electronic properties, and performance when compared with conventional furnace heating.

Despite the extensive use of Tax0s, TiO2, and WOs for a wide range of solar energy conversion
applications, these ceramic oxides have melting temperatures above 1500 °C (at 1 bar),'? indicating
that they require temperatures greater than 550 °C to provide sufficient kinetics for high density, better

crystallinity, and low defect concentrations that are desired from high-quality semiconducting



photoabsorbers.!*> TaxOs is a refractory compound whose direct deposition and crystallization may

42,43

require temperatures of 700°C or more, " although crystalline thin films can also be obtained at lower

temperatures when using, e.g., molecular precursors or an RF plasma-assisted process.?®2%4 In

contrast, crystalline films of TiO2 and WOs3 can be easily obtained at temperatures well below 550 °C

for all common synthesis methods.

Ta20s, TiO2, and WOs films were deposited on FTO by pulsed laser deposition (PLD) and flash-heated
by RTP to 850 °C and compared with similar films heated by a conventional furnace at 500 °C (full
experimental conditions are detailed in the supporting information). Figure 2a shows the X-ray
diffractograms (XRD) of tantalum oxide (TaxOy) films on FTO glass substrates, as-deposited at 107
mbuar, after furnace heating (FH) for 72 h at 500 °C in air, and after RTP at 850 °C in Oz and N2 at a
rate of ~90 °C/sec. Despite deposition at a substrate temperature of 500 °C, the as-deposited TaxOy
film is amorphous and appears black, suggesting the presence of oxygen vacancies as a result of
deposition under low-pressure conditions. The FH-treated film became optically transparent but
nonetheless remained amorphous. Remarkably, the RTP-treated films crystallized in about = 5 sec
(from 400 to 850 °C at 90°C/sec). Heating under Oz resulted in a crystalline Ta2Os phase, as can be
seen from the comparison with the Ta2Os reference pattern. The XRD patterns of RTP-treated films
under N2 and Ar were almost identical, as seen in Figure S1. Therefore, we label the diffractogram of
RTP under N2 as RTP (N2/Ar). Both films shared only several diffraction peaks with the reference
pattern of Ta20s and had an increased absorption in the visible range, seen in Figure S2. Because the
Ta-O system is known to uphold multiple and very similar metastable phases,* the exact structural
determination of the RTP-treated TaxOy films under N2 or Ar cannot be reliably determined from this
set of data and is beyond the scope of this work. The oxidation states of Ta and O at the surfaces of
the photoelectrodes were studied by X-ray photoelectron spectroscopy (XPS), shown in Figure S3. As
expected, heating in an oxygen atmosphere resulted in the formation of a Ta20s film, confirmed by

binding energies that contribute to Ta>" and lattice oxygen O*.254648 However, films heated in the



presence of N2 and Ar showed a mixture of several Ta oxidation states lower than the typical +5 state.
The lower binding energies for the Ta 4f states indicate a lower average oxidation state, implying a
lower O:Ta ratio in the films, which is expected when annealing the films in an oxygen-poor
atmosphere. We note that nitrogen was not detected in films heated under N2, ruling out the possibility

of nitrogen incorporation.
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Figure 2. a) X-ray diffractograms of a bare FTO substrate and 50 nm TaxOy films deposited on FTO: as-deposited, after FH for 72 h at
500 °C in air, and after RTP at 850 °C in Oz and N at a rate of ~ 90 °C/sec. Ta2Os PDF: 01-082-9637. b) Transmittance and sheet
resistance (inset) of the corresponding substrates.

To confirm that the RTP treatment does not degrade the properties of the glass and the FTO, the
transmittance and sheet resistance (7 and Ry, respectively) of bare FTO substrates were measured after
flash-heating by RTP at 850 °C in different gas atmospheres. Figure 2b shows that the 7 and Rs of
substrates heated by RTP (at 90 °C/sec) were similar to those heated in a regular furnace at 500 °C,
demonstrating that RTP can successfully overcome the first challenge and exceed the normal
temperature limit for glass-based FTO substrates (~ 550 °C) without thermally degrading their
properties. Furthermore, rapid heating of thicker photoelectrodes (~ 200 — 700 nm) at 800 — 1000 °C
without degrading the FTO substrates has been shown to successfully yield high crystallinity,
demonstrated with TiO2,%° Fe203,!” and CuFe204?' for solar water splitting as well as perovskite solar

cells.?’



Surprisingly, the heating rates of RTP had a pronounced effect on the degree of crystallization of the
TaxOy films, which is different than what one might intuitively expect from such short heating times.
Figure 3a shows that the crystallinity of Ta2Os increases with higher heating rates, visibly observed by
the films’ increased homogeneity and demonstrated by the growth of the peaks at 22.83°, 28.24°,
28.85°, and 36.67° (circled by the dashed lines). This may seem counterintuitive from the perspective
of conventional FH because, at higher heating rates, the samples are given less time to crystallize. The
difference in heating rates caused a 15 °C temperature overshoot, which took 3 seconds longer to
dissipate below 850 °C. This difference is arguably too minor to be the sole cause of the increased
effective heating. As a result, we looked into the effect of heating rates on the emission spectra of the
RTP lamps (tungsten halogen in our RTP system) as a possible additional reason for increased effective

heating.

A significant difference between the heating methods is that in RTP, the temperature of the lamps
significantly influences the spectral distribution of the radiant flux. According to Planck’s black-body
radiation law,’® as the temperature of the lamps increases, the spectral radiant flux (SRF) increases,
and the maximum of the SRF spectrum shifts to shorter wavelengths, as shown by the calculated black-
body radiation curves in Figure 3b.°! We note that spectral radiative flux measurements were not
possible in our RTP system. However, Figure S4 displays measured spectral irradiances at different
powers/temperatures of a 1000 W tungsten halogen lamp,>> showing spectral fluxes similar to the
calculated fluxes as in Figure 3b. The spectral shift to shorter wavelengths is often ignored in RTP
heating because it is less relevant for, e.g., silicon processing; due to its small bandgap of 1.1 eV, Si
absorbs most photons emitted by the tungsten halogen lamp, regardless of the lamp’s color
temperature. However, illumination at color temperatures above =~ 3000 °C can be potentially
significant for photoelectrodes with bandgaps that extend into the visible range, as shown by the dashed
vertical line at 1.8 eV. For Ta20s, which has a bandgap energy of = 3.9 eV (A = 315 nm), it is mainly

the higher-energy photons that contribute to the efficient heating of the material (Figure 3b). Higher



heating rates are obtained by delivering more power to the tungsten-halogen lamps; this shifts the
maximum of the SRF spectrum to higher energies (shorter wavelengths) and results in more effective
heating of the Ta20s film. Finally, more research with higher temporal resolutions is required to detect
instantaneous (< 0.1 sec, the temporal resolution of our RTP system) higher surface temperatures and
their decays, which will improve understanding of the relationship between higher absorption (due to

higher radiative heating rates) and better heating efficiency of wide bandgap semiconductors.
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Figure 3. a) X-ray diffractograms of TaxOy films deposited on FTO after different RTP heating rates under Oz at 850 °C: 15, 40, and 80
°C/sec. Ta20s PDF: 01-082-9637. b) Black body spectral radiance as a function of color temperature calculated from data in ref 3. At
higher temperatures, the radiant flux increases, and its maximum shifts to shorter wavelengths. The dashed vertical lines represent the
bandgap energies of pristine Ta20Os and a typical small-bandgap metal oxide photoabsorber that absorbs most of the visible light (=~ 3.9
eV/ 315 nm, 1.8 eV/ ~ 700 nm, respectively).

To demonstrate the advantages of flash-heating at higher temperatures on a broader range of
established metal oxide photoelectrodes with narrower bandgap energies, RTP was used to heat 30 nm
TiO2 and WO3 photoelectrodes at 850 °C as well. After deposition by PLD, each photoelectrode was
divided along its centerline, allowing for different heating treatments (RTP vs. FH) of two essentially
identical samples. To focus only on the effect of the temperature profile, the gas atmosphere during
RTP was kept as an 80:20 mixture of N2:02, the same as the ambient air that was used in FH. For both
materials, the RTP and FH treatments do not result in any differences in crystal structure and optical
absorption, seen in Figure S5. We note that crystalline TiO2 peaks were not observed at all, which we
attribute to the minimal film thickness of ~ 30 nm and the overlap of these peaks with the FTO

substrate. Therefore, any conclusion about the influence of RTP vs. FH on the crystallinity of TiOz is



not possible in this case. However, both RTP-treated TiO2 and WO3 photoelectrodes exhibited slightly
higher photocurrents than their FH-treated counterparts did over the entire potential range, seen in
Figure 4a. We note that in the case of WOs3, the synthesis requires further optimization for the reason
that a broad oxidation peak was visible at lower potentials, indicating the presence of reduced W335
The photocurrent onset potential of the RTP-treated WO3 was significantly more negative than that of
the FH-treated WOs3 (0.55 V vs. 0.85 V vs. RHE). These results show that the improvements of the
RTP-treated photoelectrodes are not due to significant changes in the crystal structure or optical

absorption but to more subtle changes in the electronic structure that are related to, for example, the

nature and number of trap states in the material.
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Figure 4. a) Chopped linear sweep voltammetry scans of 30 nm TiO2 and WOs3 photoelectrodes divided along their centerline allowing
for different heating treatments: FH for 2 hours at 500 °C (air) or flash-heating to 850 °C (N2:02, 80:20 % 15 °C/sec. b) Open circuit
potential decay of the RTP- and FH treated TiO2 photoelectrodes after a short light-perturbation of 0.2 seconds. Performed in 0.1 M
boric acid (pH 9), front-side illumination is presented.

To evaluate the differences in electronic structure between the RTP- and FH-treated photoelectrodes,
transient open circuit potential (OCP) decay measurements were performed.’>>® When the electrode is
illuminated under open-circuit conditions, the concentration of minority carriers increases and the
quasi-Fermi levels for electrons and holes split to produce a photovoltage. The band bending in the
material decreases, which means that the bulk Fermi level rises (in an n-type semiconductor) and the

OCP becomes more negative. When the light is turned off, electrons and holes begin to recombine,



and the OCP decays to the initial dark value. Provided that the photoelectrodes are stable, measured
under the same conditions, and their Fermi level positions in the dark are similar (similar OCPs), the
kinetics of recombination can be qualitatively compared. Figure 4b displays the OCP decays for TiO2
photoelectrodes annealed with FH and RTP after illuminating the sample for 0.2 seconds with AM1.5G
light (100 mW/cm?). Upon turning off the light, the OCP takes several seconds to decay to its dark
value. This relatively slow decay indicates that the recombination occurs via trap states in the material.
The exponential decay rate of the RTP-treated TiO2 was ~ 4 times faster than the decay rate of its FH-
treated counterpart. The faster decay is attributed to a lower number of surface trap states in the RTP-
treated TiO2, which means that more carriers recombine via (faster) band-to-band recombination that
is present in both RTP- and FH-treated films. The lower number of trap states explains the higher
photocurrents, although the relatively modest improvement suggests that the photocurrent of these 30

nm films is mainly limited by light harvesting, with carrier trapping playing only a minor role.

We briefly note that, as expected, pristine Ta2Os does not show any PEC activity due to poor light-
harvesting based on its large bandgap energy. In contrast, both RTP-treated TaxOy under N2 or Ar
photoelectrodes display APCE onsets at ~ 450 nm and photocurrents in the range of ~ 20 — 25 nA/cm?
(at 1.23 V vs. RHE), as shown in Figure S6. The APCE onset shift to ~ 450 nm can be attributed to
sub-bandgap absorption by defects associated with e.g. oxygen vacancies, followed by charge injection

into the electrolyte from these states.

Now, we turn our attention to the ternary photoabsorber a-SnWO4, a promising photoanode that
typically requires heating under an inert atmosphere to mitigate the oxidation of Sn** to Sn*'.
Moreover, the annealing temperature needs to be kept below 550 °C to prevent undesired phase
changes; in a recent study where only conventional FH was used,*® we have shown that heating at
temperatures between 600 and 700 °C, a Sno23WO3 impurity phase forms in a-SnWOa films deposited
on quartz substrates. Further temperature increase to 750 °C resulted in a phase transformation to /-

SnWOs4, the high-temperature polymorph of a-SnWO4, while the amount of Sno23WO3 decreased.



Furthermore, the electronic structure of a-SnWO4 was shown to be highly dependent on heating times
and temperature in both experimental and computational studies,” %37 which further emphasizes the
need for a better-controlled and tunable technique to anneal a-SnWO4. Here, 100 nm amorphous
SnWOs4 films deposited on FTO with PLD were heated under argon at 550 °C by either RTP or FH.
The RTP-treated films were heated for 1 — 8 minutes and compared with identical films heated by FH
for 2 hours, which was previously reported as the optimized heating time.3¥° Heating by both methods
resulted in single-phase a-SnWO4 comprised of elongated grains, seen in Figures S7, S8. However, all
RTP-treated photoelectrodes showed higher crystallinity than the FH-treated photoelectrode, as seen

by the narrower FWHMs of the (040) and (121) peaks in Figure S9.
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Figure 5. a) X-ray diffractograms showing the 24° — 34.5° range of the 1 — 8 min RTP-treated and FH 2 h-treated 100 nm a-SnWO4
photoelectrodes, plotted on the same baseline, with bare FTO as a reference. The diffraction peaks of the (111), (121), (040), (200), and
(210) predominant Miller indices are labeled. b) Relative amount of the predominant Miller indices in all films. ¢) Band energy levels
of the (111), (121), (040), (200), and (210) — oriented a-SnWO4, constructed from data in references.**! d) Photocurrent values (dark
currents are subtracted) for sulfite oxidation at 1.23 V vs. RHE of the a-SnWO4/NiOx photoelectrodes and the average grain sizes of the
particles plotted against the type and duration of heating treatment.



Additionally, careful examination of the XRD data shows that the RTP and FH treatments affect the
crystallographic orientations differently in the a-SnWOa polycrystalline films. Figure 5a displays the
normalized diffractograms of both RTP- and FH-treated photoelectrodes in the 26 range of 24° —
34.5°, which contains the (111), (121), (040), (200), and (210) Miller indices of a-SnWO4. Recently,
Harb et al. reported DFT calculations that show anisotropic characteristics of predominantly exposed
facets (low-Miller index surfaces) of a-SnWO4 and their effect on the photocatalytic performance for
H: and O: evolution reactions.***! To enable the evaluation of the subsequent effect of the different
crystallographic orientations and distribution of exposed facets on the films’ properties, the intensity
value of each Miller index in Figure 5a was divided by the sum of all intensities and labeled as the
“relative amount” of that Miller index. Figure 5b shows the partial amounts of the (111), (121), (040),
(200), and (210) in all films, plotted against the type and duration of the heating treatment. Two
similarities are observed in both heating methods: 1) the (121) facet is predominant, with an average
partial amount of 25.1 % in the RTP-treated films and 29.2 % in the FH-treated film, and i1) the (111),
(200), and (210) facets have, on average, similar partial amounts of ~ 15 — 17 %. However, a clear
difference between the two methods is the relative amount of the (040) facet. In the FH-treated film,
the partial amount of (040) facet is 19.1 %, whereas, in the RTP-treated films, its average partial
amount was ~ 28.8 %, showing, therefore, the RTP-treated films contain crystals that are primarily

(040) oriented.

Figure 5c shows the band energy levels of the (111), (121), (040), (200), and (210) — oriented a-SnWOQO4
that were reconstructed from the reports of Harb et al.***! The bandgap energy of the (040)-oriented
material is 1.1 eV, substantially narrower than the 1.9 — 2.4 eV bandgap energies of the (111), (121),
(200), and (210) orientations. Therefore, the optical properties of films heated by the different methods
are expected to be different. Figure S10 displays the absorption, reflection, and transmittance of all
films. The absorption of the RTP-treated films indeed seems to be higher by 3 — 5 %. However, that is

not sufficient to conclude that it is a direct result of an increased partial amount of the 1.1 eV (040)



orientation. Moreover, differences in the reflection and transmittance due to the different morphology
and crystallographic orientation are very plausible. Further studies are required to elucidate the
mechanisms of different crystallographic orientations in the RTP- and FH-treated films. However, we
hypothesize that the significant differences in heating rates are a major contributing factor, as recently
reported by us with CuBi204 films.?* In RTP-treated films, the high heating rate (10 K/sec) brings the
system into a steady-state temperature of 550 °C in = 1 min. However, in FH-treated films, a slower
heating rate (10 K/min) brings the system into a steady-state temperature of 550 °C after = 1 h. In each
case, it is expected that the diffusion processes and atomic rearrangement would not be identical,

resulting in different orientations and grain sizes (vide infra).

Figure 5d presents the photocurrent values for sulfite oxidation at 1.23 V vs. RHE, as well as the
average grain sizes plotted against the type and duration of the heating treatment of a-SnWO4
photoelectrodes. The linear sweep voltammetry scans of all films are shown in Figure S11. All films
were coated with a 20 nm NiOx protection layer prior to PEC measurements.>”* The FH-treated
photoelectrode displays a photocurrent of 0.57 mA/cm?, whereas the 1 and 2 min RTP-treated
photoelectrodes exhibited much lower photocurrents. However, for photoelectrodes that are RTP-
treated from 3 to 8 min, the photocurrents are increased from ~ 0.65 mA/cm?to ~ 0.95 mA/cm?, which
is higher than the previously reported benchmark value of ~ 0.75 mA/cm?.3” The low photocurrents of
the 1 and 2 min RTP-treated photoelectrodes are likely a result of smaller grains which were reported
to affect the photoconductivity of a-SnWOa,*® and insufficient heating times that subtly affected their
defect concentration. The higher photocurrents of the 3 — 8 min RTP-treated photoelectrodes can be
attributed to one or more of the following factors: i) higher crystallinity, as indeed evidenced by the
narrower FWHMs of the XRD peaks, ii) subtle changes in the electronic structure (e.g., defects, surface
trap states), as shown above for the case of TiOy, ii1) larger grains (primarily in length), iv) minor
increase in absorption due to dominant (040) orientation, or v) more positive valence bands for the

(121) and (040) orientations; these are in fact > 1 V more positive than the oxidation potential of sulfite,



which increases the driving force for charge transfer. Whereas factors i — iii are highly likely to
contribute to the higher photocurrents, conclusive proof and accurate quantification of increased light
harvesting for the (040) orientation and more efficient charge transfer processes for the (040) and (121)

orientations requires further elaborate studies e.g., on singly oriented or epitaxial films.

In summary, the unique possibilities and impact of RTP for overcoming two significant challenges in
the development of oxide thin-film photoelectrodes were shown. The first challenge is the need to
exceed the normal temperature limit (~ 550 °C) for the most commonly used glass-based FTO
substrates for PEC and PV research without thermally degrading its properties. This was successfully
demonstrated by flash-heating Ta20s, TiO2, and WO3 photoelectrodes to 850 °C without damaging the
FTO. The second challenge is to avoid structural defects and undesired phase transformations, which
may potentially be harmful to the photoelectrode performance and stability. While we have previously
shown that RTP can reduce the formation of impurity phases for other materials, like CuBi204,'>%
clear evidence for this effect is not present in our a-SnWO4 data. Nevertheless, we showed that RTP
reduced the number of traps states in TiO2 and resulted in superior crystallinity, electronic properties,
and performance of a-SnWO4 when compared with conventional furnace heating of similar
photoelectrodes, culminating in a new performance record for a-SnWOs for sulfite oxidation. The
improvements are not due to significant structural or optical changes but to more subtle changes in the
electronic structure that are likely related to the nature and number of trap states in the material and
crystallographic orientation. We also found that a higher heating rate improves the crystallization of
Ta20s, even though high heating rates imply shorter exposure times to elevated temperatures. We
attribute this to the increase in lamp power that is needed to sustain the higher heating rate, which
shifts the maximum of the spectral radiant flux (SRF) of the lamp to shorter wavelengths. This results

in an overlap of the SRF spectrum with the absorption spectrum of the material, which allows efficient

heating of the material by direct absorption of the emitted photons. These findings offer valuable



insights for the further optimization of RTP systems and heating protocols and offer a promising path

towards the development of efficient complex oxide-based photoelectrodes on glass-based substrates.
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1. Experimental Section

Films Deposition: all films were deposited using a PLD system (PREVAC, Poland) by ablating with a
KrF-Excimer laser (248 nm, LPXPro 210, COHERENT) commercial targets (SnWOa4, 99.99%,
METALLIC FLEX, Ta20s, TiO2 and WO3, 99.99%, FHR, Ni 99.99%, Alfa Aesar). The target-to-substrate
distance was 60 mm, and all substrates were FTO-coated glass (TEC 7, Pilkington), cleaned in a 1 vol %
Triton solution (Triton X-100, Sigma-Aldrich), deionized water, and ethanol (Sigma-Aldrich) for 10 min

in each solution. Table S1 shows the PLD and RTP conditions for each material.

Table S1. Summary of the PLD and RTP parameters and conditions used in the study.

Target Laser PLD PLD RTP RTP Dwell time
Material fluence Substrate Background | environment | temperature
temperature pressure (1 atm)
a-SnWO4 | 2 J/em* | Room 1x10* Ar 550 °C 1-8 min
temperature millibar
Ni 2J/em®> | Room 1 x 107 N/A N/A N/A
temperature millibar
Ta20s 2.5 J/em? | 500 °C 1x10° 02/A1/N2 850 °C <5 sec
millibar
TiO2 2 J/em* | 500 °C 1x10° 80:20 850 °C <5 sec
millibar mixture of
N2:02




WO3 2 J/em? | 500 °C 1x10° 80:20 850 °C <5 sec
millibar mixture of
N2:02

Furnace heating and rapid thermal processing: Conventional furnace heating of the binary oxides was
performed at 500 °C in air at a heating rate of 10 °C/min. Rapid thermal processing (RTP) was conducted
using a Rapid Thermal Processor (model: AS-One 100, ANNEALSYS). In a typical RTP procedure, a
sample is placed on a SiC wafer, used as a susceptor, with an optical pyrometer monitoring the temperature
of the SiC. Additionally, the surface temperatures of the samples were monitored by a thermocouple
attached to the surface with an indium contact. The susceptor with the sample placed on top is slowly
heated to 400 °C (rate = 1 K/sec) and then maintained at that temperature for 5 minutes. Next, the
temperature is rapidly increased to the desired process temperature. In the case of SnWOs, the desired
temperature was 550 °C (rate = 10 K/sec), which was maintained for 1 to 8 minutes. In the case of the
binary oxides, the RTP was configured to shut off the illumination when the temperature reached 850 °C.
At the highest heating rates of 90 K/sec, the maximum temperature overshoots were ~ 30 °C, and the
dwell time is defined as the length of time > 850 °C (i.e., ~ 850 — 880 °C). The dwell time at each desired
temperature appears in Table S1. In all cases, when illumination shuts off, the temperature decreases below

300 °C after ~ 1 min and reaches room temperature after ~ 10 min.

Characterization: X-ray diffraction (XRD) measurements were performed using a Bruker DS
diffractometer with Cu Ka radiation. Measurements were carried out in a grazing incidence geometry
(angle of incidence was 2 degrees) with a step size of 0.04 degrees and a step duration of 6 sec. The data
were normalized after removing the background without additional data averaging or noise reduction. X-
ray photoelectron spectroscopy (XPS) was performed with a SPECS PHOIBOS 100 analyzer at a base

pressure of ~107' mbar. Monochromatic Al Ka radiation (hn= 1486.74 eV, SPECS FOCUS 500



monochromator) was applied with the pass energy of 30 and 10 eV. The step sizes were chosen to be 0.5
eV for the survey and 0.05 eV for the fine spectra. For fitting the peaks, XPSPEAK software with Voigt
profiles and a Shirley background subtraction was applied. The adventitious carbon (C 1s) peak at a
binding energy of 284.5 eV was used for the calibration of binding energies.

UV-VIS measurements were performed using a PerkinElmer Lambda 950 spectrophotometer with an
integrating sphere. Samples were placed inside the integrating sphere with an offset of ~7.5° from the
incident light, and the transflectance TR (transmittance T + reflectance R) was measured. SEM imaging
was carried out at a Zeiss UltraPlus scanning electron microscope operated at 12.5 kV acceleration

voltage. The grain sizes were quantified by using the ImagelJ software.

Photoelectrochemical measurements were performed in the three-electrode configuration under the
control of a potentiostat (EG&G Princeton Applied Research 273A). The studied films were connected as
the working electrode in a custom-designed PEC cell with a calibrated Ag/AgCl reference electrode
(XR300, Radiometer Analytical, Eag/agci=0.199 V vs. normal hydrogen electrode, NHE), and a platinum
wire as the counter electrode. All the measured potentials were converted to the reversible hydrogen
electrode (RHE) scale using the Nernst equation. The illuminated area of the sample was 0.28 cm?, which
is identical to the area exposed to the electrolyte. The electrolyte used to measure the a-SnWO4 was a 0.5
M potassium phosphate (KPi) buffer solution prepared by adjusting the ratio of KH2PO4 (99%, Sigma-
Aldrich) and KoHPO4 (99%, Sigma-Aldrich) to obtain a pH 7 solution. 0.5 M Na2SOs (99%, Sigma-
Aldrich) was added as a hole scavenger. Measurements of the binary oxides were performed in 0.1 M
boric acid (H3BO3, 99.5%, Merck) at pH 9. A WACOM super solar simulator (Model WXS-50S-5H, class
AAA) was used as the illumination source and calibrated to closely resemble the AM1.5 global spectrum

at 100 mW cm™.



For incident photon-to-current efficiency (IPCE) measurements, a LOT (LSH302) lamp and Acton
Research monochromator (SP2150) were used. The incident-photon-to-current conversion efficiency

(IPCE) values were calculated as follows:

Acm™2) * 1240(V 1
IPCE (%) =]P(;E T:;/n m)l_z) - M(m:)m) 100 M

Where J) is the averaged photocurrent density, P is the power density of the incident light, and 4 is the
wavelength. The power density was calibrated through the electrolyte contained between two quartz
windows for front-side illumination and through FTO glass for backside illumination. This means that the
reported IPCE values are for the film itself and not for the entire photoanode / PEC cell assembly.
Absorbed photon-to-current efficiency (APCE) values were calculated by dividing the IPCE through the

absorptance of the measured photoelectrode:

IPCE (%) )

APCE (%) = ————
(%) Absorptance
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Figure S1. X-ray diffractograms of a bare FTO substrate, TaxOy on FTO: after RTP at 850 °C in Ar and N at a rate of ~ 90 °C/sec. Ta20s
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Figure S2. The absorption spectra of RTP-treated TaxOy films under Oz, Ar, and Na2. The spectrum of bare FTO is shown as a reference.
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Oz results with Ta20Os, whereas in the films heated under N2 and Ar multiple, lower oxidation states exist. C) Oxidation states quantities of
Ta for each heating atmosphere.
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Figure S4. Measured spectral irradiances of a tungsten halogen lamp at different powers/temperatures. Modified from ref !.
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Figure SS. a, b) X-ray diffractograms of the 30 nm TiO2 and WOs photoelectrodes (and bare FTO as a reference), heated by RTP at 850 °C
(15°C/sec, an 80:20 mixture of N2:02) and FH at 500 °C (in air). ¢) The absorption spectra of all four photoelectrodes.
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Figure S6. Chopped LSV scans and APCE spectra of RTP-treated TaxOy photoelectrodes under Oz, Ar, and N2. The measurements were
performed in 0.1 M boric acid (pH 9) under front-side illumination. These low photocurrents can result from one or more of the following
factors: i) low specific surface area, ii) high bandgap energy that decreases the available light-harvesting range, iii) un-optimized films
thickness, and iv) poor charge transport, which can lead to high recombination rates. A complete understanding of the carrier dynamics of
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these photoelectrodes and their structure cannot be resolved here is beyond the scope of this study.
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Figure S7. X-ray diffractograms of 1 — 8 min RTP-treated and FH 2 h-treated 100 nm a-SnWOs4 photoelectrodes, shown on a shared baseline,
with bare FTO as a reference.
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Figure S8. Top-view SEM images of a-SnWO4 photoelectrodes after heating by FH for 2 h at 550 °C in Ar, and by RTP for 8 min at 550 °C
in Ar. The average grain sizes (length and width) — FH: 233 4+ 89 and 106 + 36 nm, and RTP: 466 + 90 and 172 + 43 nm.
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Figure S9. The FWHM of the (040) and (121) peaks plotted against the type and duration of heating treatment.
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Figure S10. UV-VIS measurements of a-SnWOs films heated by both methods. Top: absorption plots, which were obtained by either
measuring directly using an integrating sphere or by calculation by using the separately measured reflection and transmittance values that

appear in the

bottom plots.
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Figure S11. Chopped linear sweep voltammetry scans of the 1 — 8 min RTP-treated and FH 2 h-treated 100 nm a-SnWO4 photoelectrodes.
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