Open Access Article. Published on 07 May 2026. Downloaded on 5/8/2026 10:44:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis
Science &

Technology

ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal

{ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5cy01501d

Received 9th December 2025,
Accepted 21st April 2026

DOI: 10.1039/d5cy01501d

rsc.li/catalysis

Photothermal flash light doping of strontium
titanate photocatalyst nanoparticles

¢ Paul Kant, (¢
d

@ Wanderson O. Silva, @° Anselm Dreher,
@ Arthur E. Bouchez, (222 Coral Felipe Gracia,
9 Roland Dittmeyer, ¢

® and Kevin Sivula

Melanie Johanning,
Mara Blochlinger,
Hannah Johnson,
Mathieu Soutrenon @

Rhodium and lanthanum co-doped strontium titanate (Rh,La:SrTiOs) is a promising material for green
hydrogen (H,) production via heterogeneous photocatalytic (PC) water splitting. State-of-the-art
Rh,La:SrTiOs nanoparticle photocatalysts mitigate charge recombination using an undoped core/doped shell
structure. However, the typically-employed synthesis methods use high temperatures >1000 °C in a slow
dopant diffusion process, which induces inhomogeneities, causes nanoparticle sintering, and limits material
performance. In this work, we demonstrate a rapid flash light annealing (FLA) technique that affords suitable
nanoparticle doping in only 7.5 seconds. FLA samples show a PC performance three times greater than
conventional thermal doping, which we attribute to mitigated particle sintering and dopants incorporated
closer to the surface. Moreover, the H, evolution rate under full spectrum simulated solar illumination
increased by 50% compared to the undoped precursor nanoparticles. Finally, varying the flash parameters
shows the tunability of the FLA process. The developed method paves the way for extending rapid doping
by FLA to other powdered materials without the need for ion implantation.

light.>'®  Moreover, the scalability of SrTiO;-based

Introduction

Heterogeneous photocatalysis is predicted to be the most
economically attractive route for the global-scale production
of green hydrogen (H,) directly from solar energy, if the
technology can meet a threshold performance of ca. 5% solar-
to-hydrogen (STH) efficiency with years-long durability.
Despite significant progress in recent years,>’ reported
systems with potential scalability and stability still fall below
this threshold. Of the many materials investigated, strontium
titanate (SrTiO;) stands out as one of the most promising and
most investigated material candidates.>®* SrTiOz-based
photocatalysts offer good chemical and thermal stability,
tunable properties due to their perovskite structure, and
relatively high abundance of the principle elements.®'* State-
of-the-art aluminum-doped (Al:SrTiO;) nanoparticles (NPs)
have demonstrated both, stable performance for 1000 h, and
an apparent quantum yield (AQY) of almost unity under UV
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photocatalysis has been demonstrated on the order of 100 m”
using immobilized Al:SrTiO; NPs as photocatalyst sheets.™
However, low solar light harvesting due to its relatively large
electronic band gap (3.2 eV) limits the STH efficiency of
Al:SrTiO; and only less than 1% of STH efficiency was
achieved.’

To enhance solar light harvesting while also maintaining
decent performance, a strategy of Rh doping together with
additional n-type co-doping (La, Sb, or Bi) has recently
emerged.”""*"® The co-dopants are crucial for stabilizing
the photoactive Rh*" state and thus to avoid the formation of
Rh** recombination centers."””>° Z-scheme photocatalyst
sheets with Rh,La-doped strontium titanate (Rh,La:SrTiO;)
and Mo-doped bismuth vanadate as H, and oxygen (O,)
evolution particles, respectively, have achieved significant
STH efficiency of over 1%.> Moreover, Bi instead of La
co-doping was found to reduce the generation of
oxygen-vacancy defect states, leading to a demonstration
of Rh,Bi:SrTiO; in a Z-scheme with 7.1% AQY under 420 nm
illumination and thus outperforming Rh,La:SrTiO;.>%"?

Despite these promising demonstrations of Rh-doped
SrTiO; for H, evolution, improving the quantum yield (QY) is
still needed to realize PC systems with practical viability. This
task represents a challenge that requires further fundamental
understanding of the charge dynamics as well as tunable
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synthesis techniques to control the doping characteristics.
Indeed, the best performing Rh,La and Rh,Bi:SrTiO; NPs
feature an undoped core/doped shell structure.”®' Tt has
been suggested that the enhanced visible light absorption
(and thus charge carrier generation) in proximity to the NP/
water interface as well as the highly crystalline precursor
template are reasons for the improved performance of the
core/shell structure over homogeneously doped NPs."
Moreover, the junction between doped and undoped SrTiO;
is also expected to play a role based on studies on non-visible
light absorbing dopants in other materials.>'>* However, the
conventional synthesis of core/shell co-doped SrTiO; involves
a relatively slow diffusion-based process between pre-formed
SrTiO; NPs and oxide precursors of the dopants at 1100 °C
for several hours.*'? Processing of NPs at these conditions
limits the control of dopant concentration profiles and is
unavoidably accompanied by NP sintering, which reduces the
available surface area for PC and therefore diminishes
performance. Alternatives to the conventional solid-state
processing via thermal annealing (TA) have so far been little
explored in the literature for the synthesis of core/shell-doped
SrTiO;: only few reports are available on the hydrothermal
synthesis of SrTiO; with La and Nb dopants in the shell.***’
A rapid doping technique to synthesize core/shell-doped
Rh,La:SrTiO; could improve the PC performance by mitigating
sintering and incorporating the dopants closer to the surface.
To realize such rapid doping, an attractive alternative to
TA is photothermal heating, which reduces processing times
because the sample is directly heated through the
absorption of high-energy light irradiation.**° Rapid
processing methods for semiconductors by photothermal
annealing have been developed in the past years to afford
greater control over their electronic properties and/or
shortened processing time.”***?°3>  For example, the
sintering of metal oxides, a process that requires self-
diffusion and typically several hours at temperatures above
1100 °C, can be now realized in seconds by photothermal
annealing using Xe flash lamps and powerful blue
LEDs.””?**® The rapid formation of high temperatures
using flash lamps was also employed to dope
semiconductors (most commonly after ion
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implantation), synthesize metal oxide thin films,
catalyst NPs,**™** and single atom catalysts.*>*°

Among different methods for photothermal annealing,
flash light annealing (FLA) appears as a suitable candidate to
develop a rapid synthesis method for core/shell-doped
Rh,La:SrTiO;. Compared to rapid thermal annealing with
halogen lamps, FLA is known to provide greater surface
sensitivity (ie., less substrate heating) and allow smaller
processing times.”® Flash lamps also provide relatively
homogeneous illumination over the processing area, while laser
annealing provides very local heating.’® The FLA technique
therefore appears more suitable for homogeneous, rapid doping
of a precursor spread over a cm®scale surface area. Moreover,
the FLA technology is commercially available and was already
demonstrated for continuous processing and various
applications. 283047

Based on these advances, we hypothesized that the Rh,La-
doping of SrTiO; can be realized in much shorter times by
photothermal FLA, which should minimize the surface loss
by sintering and incorporate the dopants closer to the surface
than conventional TA.

Herein we demonstrate FLA on SrTiO; NPs for the first
time, establishing it as promising processing technique for
Rh and La co-doping and compare FLA to conventional and
short-time TA. We find that materials prepared by FLA
significantly outperformed various thermal references for
sacrificial photocatalytic (PC) H, evolution and showed a
50% higher H, evolution rate under full spectrum simulated
sunlight compared to an undoped precursor. We further
demonstrate the crucial enablers, reproducibility, and
tunability of the FLA process.

Results and discussion

The FLA process developed in this work yields undoped core/
Rh,La-doped shell NPs within seconds using a commercial
SrTiO; NP precursor impregnated with Rh and La salts. The
synthesis process illustrated in Fig. 1 comprises the main
steps of precursor preparation, coating on silicon (Si)
substrates, FLA or TA, and powder collection (for details see
SI section 1.1).

Flash light annealing (FLA)

(voltage, frequency, pulse

Powder

Rh,La impregnated  Dispersion in Drop-casting width, no. of pulses) Product collection sedimentat_ion Drying under
SITiO3 powder iso-propanol on silicon Xe flash lamp by dispersion & separation vacuum
b i St Sy et
( o ( o
Thermal annealing (TA) (
50n0m P> 7 > (temperature, time) ) > > -@
= i el
Reference:

Pristine SrTiO3

Fig. 1 Synthesis process to compare Rh,La-doping of commercial SrTiOs by flash light annealing (FLA) and thermal annealing (TA). Powders were
coated on Si substrate for the annealing unless it is indicated that free powder was annealed directly. Undoped powder was coated and annealed

in a similar manner as a reference.
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In a typical synthesis, commercial SrTiO; NPs were
impregnated with 1 at% Rh and La (based on Ti and Sr,
respectively) from salts by wet grinding. Wet grinding does
not change the particle size or shape (see Fig. S1 in SI)
but presumably results in a more homogeneous coating
with the water-soluble dopant precursors than dry
grinding. The impregnated precursor or the pristine
commercial precursor (as a control) were dispersed in
isopropanol for coating on Si substrates before either FLA
or TA. We note that 1 at% doping was chosen to limit the
segregation of excess dopant precursors while drying the
coated films. A loading of 3.2 mg cm™> of the powder was
coated on the substrate to enable homogeneous heating
throughout the film (see scanning electron microscopy
(SEM) images in Fig. S2 confirming a homogeneous
transformation). After thermal treatment, the annealed
samples were collected in water by sonication, separated
by sedimentation, and dried to obtain a powder sample.
FLA conditions were a pulse frequency of 60 Hz and pulse
width of 1.5 ms for all samples. The voltage used to drive
the flash lamp controls the light intensity and voltages of
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225, 250, and 275 V were used. In addition, the number
of pulses incident on each sample was varied between 450
and 7200. For details regarding the lamp energy
consumption at each of the employed conditions, see
Table S1. As a control, TA was performed at 1100 °C
either in a muffle furnace for 6 h (3.6 h ramp time) or by
introducing the sample into a pre-heated tube furnace (for
times between 10 min and 120 min). We note that TA was
also performed on free powder samples (not coated on Si
substrates) in alumina crucibles. This applies to samples
with labels including “powder” in the following discussion.
Photographs of all samples after FLA and TA are shown in
Fig. S3. The samples were examined for phase purity,
optical absorption, morphology, particle size, elemental
composition, surface dopant concentration, and PC
performance (for experimental details, see SI section 1.2).

Doping by flash light annealing (FLA)

The powder transformation upon FLA is shown in Fig. 2 for
an annealing time of 7.5 s (275 V and 450 pulses). The inset

2000nm. ¥

Fig. 2 SEM images and photograph inserts of the (a) Rh,La-impregnated SrTiOs precursor and (b) Rh,La:SrTiOs with restructured NP surface after
FLA at 275 V for 450 pulses (7.5 s processing). (c) Optical absorption coefficients of powder dispersions (0.5 mg mL™ in H,O) comparing the
undoped precursor, FLA doping at two conditions, and conventional doping by TA at 1100 °C for 6 h. (d) SEM image and photograph insert of

Rh,La:SrTiO3 doped by TA at 1100 °C for 6 h.

This journal is © The Royal Society of Chemistry 2026

Catal Sci. Technol.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01501d

Open Access Article. Published on 07 May 2026. Downloaded on 5/8/2026 10:44:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

photographs in Fig. 2 show a clear color change of the Rh,La-
impregnated, pale pink precursor in Fig. 2a into the yellow
product in Fig. 2b. The yellow color of the product is
characteristic for Rh,La:SrTiO; and thus a first indication for
a successful doping.’®' The results of elemental analysis by
inductively coupled plasma mass spectroscopy (ICP-MS)
confirm the presence of Rh and La at the expected
concentrations (see Table S2). Further, the presence of Si in
the powder was not detected, which thus excludes
unintended Si doping above the detection limit.

For measuring the change in optical properties, the optical
absorption coefficients of dispersions were extracted from
reflectance and transmittance measurements using a ray
tracing optical model of the employed UV-vis cuvette (see SI
section 1.2 for experimental details and Fig. S4 for the
employed simulation geometry and resulting “optical
behaviour map”).**° This method allows measuring the
optical properties for a few mg of sample, which is beneficial
for the small batch size of ~20 mg in this study. A conventional
measurement of the Kubelka-Munk function would require
around 100 mg of powder. The absorption coefficients in
Fig. 2c show a clear shift of the absorption edge of undoped
powder (ca. 375 nm) towards 500 nm after doping by two FLA
conditions (for scattering coefficients, standard deviations, and
raw data of transmission and reflection, see Fig. S5a and b).
The absorption onset of around 500 nm after FLA matches well
with the reported value for Rh®" in Rh,La:SrTiO; (ref. 12) and
the Kubelka-Munk function obtained from a diffuse
reflectance measurement of a thermally doped reference (see
Fig. S5c). An incorporation of only Rh would increase the
absorption between 550 and 600 nm due to Rh*" mid gap
states.">'*?° The absence of this feature suggests the successful
co-doping with both Rh and La.

The SEM images in Fig. 2 show a change in the particle
morphology after FLA. The impregnated precursor in Fig. 2a
has a rough particle surface. After FLA, the particle surface is
smoother but the size and spherical shape appear to be mostly
conserved (see Fig. 2b). X-ray diffraction (XRD) patterns
confirm that the cubic perovskite structure of the precursor is
maintained and no phase transformation occurred (see Fig. S6
for XRD patterns of all samples). Therefore, the morphology
change is assigned to a surface restructuring of the rough
particles upon annealing resulting from a high driving force to
reduce their surface area. The essential role of this rapid
surface restructuring for the doping by FLA is described later
in the section on “process control”.

Reference samples were produced by FLA and TA of the
undoped precursor as well as Rh,La-doping through TA (for
photographs and SEM images see Fig. S3, S7 and S8,
respectively). Conventionally, Rh,La-doping is performed as a
powder by TA at 1100 °C for 6 h plus an additional ramping
time."> The sample annealed at these conditions has a
similar yellow color and a comparable optical absorption
coefficient as FLA samples (see Fig. 2c and d). This further
supports the successful doping by FLA. The morphology
change of the sample doped by TA for 6 h in Fig. 2d is
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however much more pronounced. The powder went through
significant sintering and a remarkable change of the particle
shape.

In an attempt to better compare TA to FLA, reference
samples were also produced by TA at much shorter annealing
times by sliding the samples coated on Si or as free powder
in and out of a pre-heated tube furnace. The heating of an
alumina crucible from room temperature to 1100 °C was
estimated to take at least 5 min by measurements with a
K-type thermocouple (see Fig. S9). Therefore, a minimum
annealing time of 10 min by TA was chosen to allow a
reproducible synthesis. These “fastest TA” conditions were
then compared to FLA. The same characteristic color change
is observed with TA for 10 min at 1100 °C (see Fig. S3).
However, even at 10 min annealing time, more sintering and
change in the particle morphology is observed when
compared to FLA (see SEM images in Fig. S7). Undoped
annealed reference samples show similar morphology
changes as their corresponding doped samples from FLA and
TA but no color change (see Fig. S3 and S8 for photographs
and SEM images, respectively).

The spatial dopant distribution as undoped core/doped
shell NPs has been reported as enabler of a good
performance of Rh-doped SrTiO;.*'* The dopant distribution
in the spherical particles cannot be observed directly by
mapping with scanning transmission electron microscopy
with energy-dispersive X-ray spectroscopy (STEM-EDX) for the
concentration of 1 at% due to an insufficient signal-to-noise
ratio (see Fig. S10 for elemental maps after FLA and TA, line
profile, and EDX spectrum). No overall increase of the net
count rate for dopants is detected in the particle shell.
However, the dopant distribution can be observed by STEM-
EDX for 4 at% doping (see Fig. S11). In this case, STEM-EDX
maps clearly show a shell enriched with Rh and La. While
the rough surface restructured into a smooth surface, the
internal particle structure featuring voids remained
unchanged. This observation is similar to the FLA and TA
samples with 1 at% doping (see Fig. S10). Thus, the FLA and
TA samples with 1 at% doping are also expected to have a
similar core/shell structure with doping most likely limited to
the surface region. Nevertheless, the dopant depth profile
may depend on the annealing time and method. The dopant
distribution was thus qualitatively assessed in Fig. 3a by
comparing the bulk concentration from ICP-MS and the
surface concentration from X-ray photoelectron spectroscopy
(XPS) as the share of all four elements Sr, Ti, Rh, and La (for
XPS spectra with integration regions, see Fig. S12). The bulk
dopant concentration remains within the error of
measurement at the expected 0.5 at% after FLA or TA
(0.5 at% as share of four elements). The dopants adsorbed to
the surface of the impregnated precursor hence remain in the
powder products. In contrast, the surface concentration from
XPS is significantly higher after FLA than for the two samples
annealed at 1100 °C for 10 min and 6 h. The dopants are
thus present in higher concentration at the surface after FLA,
which implies a thinner doped shell with higher dopant

This journal is © The Royal Society of Chemistry 2026
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(a) Bulk (ICP-MS) and surface (XPS) dopant concentrations for the impregnated precursor, after FLA at 250 V for 1800 pulses, and thermal

references doped as powder at 1100 °C for 6 h and film at 1100 °C for 10 min. (b) Mean particle sizes and standard deviations obtained from
number distributions based on DLS measurements of dispersions for the undoped precursor, undoped and doped samples from FLA and thermal

references annealed as powder and film.

concentration. A second XPS measurement series on the
same samples generally supports the same trend when
comparing the different annealing techniques (see Fig. S12h).
The Rh-to-La ratios extracted from this second XPS data set
differ from the ones in Fig. 3b. These differences may arise
from local fluctuations in the sample composition or
experimental errors of the quantification via XPS.
Quantification of Rh and La from XPS measurements on six
different samples show comparable dopant concentrations
and ratios close to 1:1 (see section “process control”). This
suggests the different doping ratios in the case of Fig. 3a and
S12h are most likely caused by local fluctuations of the
dopant concentrations in the particular sample.

The incorporation of the dopants closer to the surface for
FLA is further supported by the surface morphology of FLA
and TA samples described above. After FLA, the powder
retains a morphology with particle sizes and shapes very
similar to the initial precursor. In contrast, thermally
annealed samples show more significant changes in the
morphology by more advanced surface restructuring and
fusion of particles by sintering. This is expected to
incorporate the dopants into a thicker shell at lower
concentrations.

The morphological changes during TA also affect the
particle size and thus available surface area for PC.
The mean particle sizes were determined from dynamic
light scattering (DLS) to provide a  qualitative
comparison of FLA and TA. Fig. 3b shows that the
mean particle size for doped and undoped FLA particles
remains comparable to the precursor (see Fig. S13 for
particle size distributions). The particle size increases
during TA, most significantly for the sample annealed
as a film. This is assigned to the larger extent of
sintering of individual particles into agglomerates when
sintered as a coated film (see SEM images in Fig. S7).
The size distribution is therefore broadened as well. As

This journal is © The Royal Society of Chemistry 2026

a reference, the size distributions were also analyzed by
counting at least 200 particles in STEM images. The
results in Fig. S14 support the general trend that FLA
closely conserves the particle size and prevents
sintering, while the particle size increases significantly
during TA due to sintering. Furthermore, the trends in
the particle size are also consistent with changes in
the optical scattering coefficients of the dispersions.
The scattering behavior depends on the ratio of the
particle size and wavelength.”’ While the trend of the
scattering coefficient remains closer to the pristine
precursor for FLA samples, samples from TA show
decreased scattering coefficients at shorter wavelengths
(see Fig. S5a).

Overall, the developed FLA process successfully
synthesized undoped core/doped shell Rh,La:SrTiO; with a
morphology closer to the initial powder than for TA and
incorporates the dopants closer to the particle surface. In
parallel to the dopant incorporation, a surface restructuring
was observed. The magnitude of morphology changes
correlates well with the differences in dopant surface
concentrations and is thus assumed to play a crucial
mechanistic role for the dopant incorporation (see section
“process control” for further investigation).

Photocatalytic performance of FLA compared to TA

The H, evolution rates in Fig. 4a compare the performance of
doped and undoped SrTiO; prepared with FLA or TA (for
details on PC testing methods, see section 1.2 in SI). Notably,
testing was performed with the addition of a sacrificial
electron donor (ascorbic acid) since Rh,La:SrTiO; cannot
effectively oxidize water, and a Pt co-catalyst was used to
facilitate the H, evolution reaction. The reproducibility of the
PC testing and FLA process is demonstrated below (see
section “process control”). Deviations of the H, evolution
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Fig. 4 PC performance of Rh,La:SrTiOs doped with the FLA
and TA route along with undoped references. (a) Average

performance under 365 and 415 nm illumination for undoped
reference samples, 1 at% Rh,La-doped samples from FLA, and various
thermal references (0.4 wt% Pt, 0.2 M ascorbic acid, average from 2
runs). (b) Full spectrum PC performance and stability test
after in situ photodeposition at 365 nm. A 420 nm cut-off filter was
introduced during the measurement.

rates for the FLA-prepared Rh,La:SrTiO; (at 250 V and 1800
pulses) are shown to be *15%. These deviations are
significantly lower than the differences measured between
samples prepared with FLA or TA, as discussed below. The H,
evolution rates in Fig. 4a were measured by a screening
approach which does not allow accurate AQY measurements.
As a benchmark, the performance of the FLA-prepared
Rh,La:SrTiO; (250 V and 1800 pulses) corresponds to an AQY
of 3.7% at 365 nm and 3.0% at 415 nm (for raw data and
experimental details, see Fig. S15 and section 1.2 in the SI,
respectively).

Rh,La:SrTiO; prepared by FLA at two conditions was
found to outperform Rh,La:SrTiO; prepared by TA (either as
coated films or as loose powder) at various representative
conditions (see Fig. 4a and S16 for more conditions). The
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listed samples doped with FLA represent those with the best
performances among all tested FLA conditions. The best
performance for TA-prepared samples was achieved for
powders annealed without the Si substrate in a pre-heated
tube furnace for 10 min annealing time.

All undoped SrTiO; powders evolve H, under 365 nm
illumination but only trace H, is detected at 415 nm due to
the very limited light absorption at the latter wavelength. We
cannot discount that the small H, production under 415 nm
illumination in this case originates from a small number of
photons with sufficient energy to excite undoped SrTiO; (for
illumination spectral distributions, see Fig. S17a). The
significantly increased H, evolution of Rh,La:SrTiO; at
415 nm confirms the successful doping when using the FLA or
TA preparation routes. Processing via FLA reduced the H,
evolution rate at 365 nm only slightly, but TA reduced the UV
light performance more significantly. Samples from FLA
therefore have a higher ratio of UV to visible light
performance than for TA. Testing under full spectrum
simulated solar illumination further emphasizes the
difference between the FLA-treated and undoped samples.
Here the FLA-prepared Rh,La:SrTiO; outperforms the
undoped precursor SrTiO; by 50% and exhibits decent
stability (see Fig. 4b). After removing photons with a
wavelength below 420 nm from the illumination spectrum
with a cut-off filter, the performance is 685% higher for the
doped vs. the undoped sample (for illumination spectra, see
Fig. S17b). To estimate the performance under standardized
solar irradiance, the STH efficiency was calculated
considering the spectral mismatch between the full spectrum
emission from the Xe arc-lamp based solar simulator and the
AM 1.5G standard spectrum with respect to the two
different band gaps of the doped and undoped SrTiO; (for
details see SI section 1.2). Applying this correction, a
comparable STH performance of 0.11% for the undoped
precursor and 0.12% for FLA-prepared Rh,La:SrTiO; was
estimated. These results highlight the necessity for a
comparison of undoped and doped samples under full
spectrum illumination and taking into account the spectral
mismatch rather than solely comparing the performance
under visible light illumination.

The potential reasons for the higher H, evolution rates of
the FLA-prepared samples compared to all samples doped by
TA are discussed in the following. The PC performance data
indicate a benefit of doping through FLA within shorter time
beyond minimizing the loss of surface area. The different
ratios of UV to visible light performance of the Rh,La:SrTiO;
prepared with the FLA and TA approaches imply a different
factor limiting their performances. If a loss of specific surface
area (due to increased particle size of samples prepared by
TA) was the sole factor to explain the performance
differences, a similar performance loss would be expected for
the undoped SrTiO; control sample after TA. This is not the
Thus, we infer that the photogenerated charge
recombination rate in TA-prepared Rh,La:SrTiO; is higher
than for FLA-prepared samples for other reasons.

case.
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To evaluate if differences in the crystallinity are the origin
of the different PC performance, we analyzed the crystallinity
of three key samples by TEM. Note that the extraction of a
crystal correlation length from XRD patterns is not reliable
due to the small amount of powder measured in Bragg-
Brentano geometry. Therefore, we used convergent-beam
electron diffraction (CBED) and HRTEM to compare particles
of the undoped SrTiO; precursor with Rh,La:SrTiO; prepared
via FLA (250 V and 1800 pulses) and TA (1100 °C for 6 h). The
results in Fig. S18 indicate the presence of only one crystal
orientation in the particles of all three samples. The pristine
precursor however shows a mesocrystal structure. As the
morphology changes upon annealing, the composing sub-
particles appear to fuse continuously with prolonged
annealing (see above and SEM images in Fig. 2 and S7). This
morphology change is more pronounced after TA than FLA.
We thus exclude superior crystallinity as the origin of a better
PC performance for FLA-doped Rh,La:SrTiO;.

The valence and conduction band position of a
semiconductor can affect its PC activity. The optical
properties for FLA- and TA-prepared Rh,La:SrTiO; agree well
with the reported absorption edges for Rh*" doping of SrTiO;
in the literature (see Fig. 2c).">'>*° Previous studies have
investigated the band structure of Rh,La:SrTiO;."""* We
expect similar electronic structures for our samples and no
significant differences in the band edges for FLA- and TA-
prepared samples due to their similar light absorption
properties (see Fig. 2c). It is nevertheless possible that the
concentration of defects (e.g., oxygen vacancies) formed
during doping depends on the annealing time and method.
It was previously reported that Sr-rich phases incl. SrO,
segregate on the surface of undoped and doped SrTiO; single
crystals  during thermal annealing in  oxidative
atmospheres.”*™® Such changes may affect the chemical
composition on the surface and thus PC activity. While the
quality of the XPS spectra on the powder does not allow a
conclusive analysis due to issues with partial charging, it is
possible to quantify the Sr/Ti-ratios on the surface. The
results in Fig. S19 show that undoped SrTiO; and
Rh,La:SrTiO; show a Sr excess after TA but the ratio remains
close to 1:1 after FLA. This may suggest a different doping
mechanism during the rapid FLA that kinetically inhibits the
segregation of Sr on the surface. We note that our analysis of
the crystallinity through TEM (see above) could not find any
evidence for secondary phases in a Rh,La:SrTiO; particle after
TA (1100 °C for 6 h). This factor thus needs further
investigation in future studies to clarify the effect of the
different processing time scales on the surface composition
and defects of Rh,La:SrTiO; NPs.

As another factor, the incorporation of dopants closer to
the surface by FLA may affect the PC properties by changing
the thickness and composition of the doped shell. The effect
of the core/shell structure on the PC performance of Rh-
doped based SrTiO; is a topic of ongoing research.®'*® The
initial study on Rh,La:SrTiO; reported that the PC
performance depends on the annealing time and assigned
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this to the evolving dopant distribution.'® A recent study on
Rh,Bi:SrTiO; found that a homogeneously doped sample
showed a 10 times lower H, production rate than core/shell-
doped particles.® Studies that control the shell thickness and
dopant concentration independent from each other and
other properties such as the particle morphology as well as
in-depth mechanistic studies are still needed. Such
systematic studies have been performed on other metal oxide
photocatalysts with core/shell-doping of non-visible light
absorbing dopants and found effects of the depth-dependent
electronic structure on the charge separation.”' >’

Based on our findings, (i) significant differences in the
powder morphology and (ii) spatial dopant distribution
between FLA and TA samples likely contribute to the superior
PC performance of Rh,La:SrTiO; prepared from FLA. (i)
Mitigated sintering during FLA, which is associated with a
smaller particle size, increases the specific surface area
available for the PC reaction, and may thus enhance the H,
production rate. (ii) A thinner shell brings the visible light
absorption, ie., carrier generation, closer to the particle
surface.”” In addition, if the thickness of the doped shell is
reduced, this may allow more UV light to penetrate into the
undoped regions effectively shortening the required diffusion
length through the doped material (which possesses higher
recombination rates). We speculate that these factors allow
more charge carriers generated by UV light to reach the
surface before recombination. Further, the interplay of the
doped-undoped junction may be affected by changing the
dopant distribution. Detailed investigations to understand
the charge carrier dynamics in core/shell particles of
Rh,La:SrTiO; are therefore necessary in future work.

Process control

The reproducibility of the FLA treatment was evaluated by
analyzing six different samples of Rh,La:SrTiO; prepared at
250 V and 1800 pulses from the same precursor powder. The
results are summarized in Fig. S20 (for photographs see Fig.
S3). All samples have comparable powder morphology (see
Fig. S20a-f), which is also similar to samples obtained from
another precursor (in Fig. S2 and S7). The absorption and
scattering coefficients of the sample dispersions (as shown in
Fig. S20g and h) confirm comparable optical properties for
the six samples, which are also in good agreement with
optical properties obtained from processing a different
precursor (Fig. 2c). The surface dopant concentrations (Fig.
S20i) vary only slightly within an expected range (up to +0.5
at%) and are comparable to the sample presented in Fig. 3a.
The Rh-to-La ratio for these samples is close to 1:1. The PC
performance of eight samples from three different precursors
is shown in Fig. S20j. The average H, production rate of all
measurements is 1.1 + 0.3 umol h™* at 365 nm and
0.6 + 0.2 umol h™" at 415 nm, where the standard deviation is
given as the error. One outlier measurement (sample 1,
precursor 3) has a lower performance, but the second
measurement for the same sample is comparable to all other
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results. Without this outlier, the H, production rates are
1.3 = 0.2 umol h™" and 0.6 + 0.1 pmol h™" at 365 nm and
415 nm, respectively. These variations may arise from slight
differences in the dopant concentrations and/or ratios
between batches and samples as well as errors that originate
from the photodeposition and PC testing procedure.

Since we have established the promise of FLA treatment in
the rapid doping of SrTiO; powders, it is next worth detailing
how the treatment parameters affect the FLA process. The
process conditions during FLA are controlled indirectly
instead of directly controlling the temperature and time as
for conventional TA. Besides the flash parameters (frequency,
pulse width, voltage, number of pulses), the light absorption
and thermal properties of the material and support are
important parameters.>’

The light absorption properties of the SrTiO; precursor
and Si support differ strongly in our experiments. Si has a
band gap of ca. 1.1 eV while the band gap of the undoped
SrTiO; precursor is ca. 3.2 eV.”°® The Si substrate can
therefore absorb a much higher fraction of the spectrum of
the Xe flash lamp. If a sufficient share of the FLA pulses
reaches the substrate, it could thus also show significant
photothermal heating and indirectly heat the SrTiO; powder.

To test if the Si substrate contributes to the heating of the
sample during FLA, we compared the FLA of Rh,La-
impregnated SrTiO; powder on Si substrates to non-light
absorbing substrates (quartz and Al,03). We found that the
loose precursor powder is effectively doped by FLA when
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deposited on Si while doping is not successful on the non-
light absorbing substrates (see sample color on photographs
in Fig. 5a and b and S21 for SEM images and Al,0O;
substrate). We conclude that a crucial contribution to the
heating is delivered from the Si substrate to the SrTiO;
precursor through indirect heating. However, we note that
likely the light absorption of SrTiO; and direct photothermal
heating of the precursor contributes significantly as well after
an initial heating from the substrate. The band gap of SrTiO;
narrows with increasing temperature, thus increasing the
absorbed light fraction.?””*®*  Further, photothermal
sintering of SrTiO; green bodies was reported without using
a light absorbing substrate.”” This suggests that indirect
heating from the light-absorbing Si substrate and direct
photothermal heating of SrTiO; both contribute to heat the
samples sufficiently for successful Rh,La-doping.

To test the role of the precursor's surface morphology on
the effectiveness of the doping process, the FLA doping of
the rough commercial precursor was compared to a similar
doping process for faceted cubes of undoped SrTiO; prepared
with a hydrothermal synthesis.®® The particle surface of the
rough precursor (incl. undoped references) evolves into a
smooth surface during FLA (see SEM images in Fig. 2 and S7
and S8). In contrast, the faceted SrTiO; cubes do not show
significant surface restructuring (see SEM images in Fig. S22a
and b). After FLA, the faceted cubes have a brownish color
(not the typical yellow color as for the rough precursor, see
Fig. 5¢ and d). STEM-EDX mapping shows well distributed
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Fig. 5 Photographs after FLA of the Rh,La-impregnated precursor powder at 250 V and 1800 pulses on (a) quartz and (b) Si substrates. STEM-EDX
maps and photograph inserts after FLA of Rh,La-impregnated (c) commercial SrTiOz with rough surface structure and (d) faceted STiOz cubes. (e)
PC performance and photograph inserts of Rh,La:SrTiOz synthesized with FLA at different process conditions by varying the voltage and number
of pulses. The calculated total energy consumption of the flash lamp for each condition is plotted additionally.
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dopants when wusing the rough precursor but strong
segregation for the hydrothermal cubes (see Fig. 5¢ and d).
Accordingly, the cubes show no significant PC activity (see
Fig. S22¢). It is concluded that doping was not successful for
the faceted cubes and the restructuring is crucial for rapid
dopant incorporation during FLA. Further studies to
elucidate the mechanism of dopant incorporation into SrTiO;
precursors are needed to better understand the contribution
of diffusion and surface restructuring.

The sensitivity of the H, production rate on the variation
of the voltage and number of pulses shown in Fig. 5e was
used to gain insights on how to control the process temperature
and time by these parameters. Varying the number of pulses
at 250 V results in a volcano-type evolution of the sample
performance starting with only a modest visible light activity
when 450 pulses are used, and with an optimum H,
production rate at 1800 pulses (at which a distinct yellow
color is reached, see Fig. S3 for photographs). The
performance then decreases continuously with increasing
energy input when using 3600 or 7200 pulses. The absorption
coefficient in the visible light increases strongly up to 1800
pulses and less significantly afterwards (see Fig. S23). SEM
images in Fig. S24 show increasing sintering at 3600 and 7200
pulses. Sufficient heating is thus needed to incorporate the
dopants, but prolonged flashing has a similarly detrimental
effect on the performance as longer TA. Based on these
observations, an initial heating is followed by a regime in
which the number of pulses mainly controls the annealing
time. FLA therefore gives the opportunity to perform the
doping reliably in a time regime not accessible for TA. The
reasons for the decreased performance above 1800 pulses can
be attributed to a combination of factors including a
decreased surface area, changing defect concentrations, and
less favorable dopant distributions.

Remaining at 1800 pulses but changing the voltage
shows fundamental differences in the occurring process. At
225 V, there is a less pronounced color change and
incomplete surface restructuring (see Fig. S3 and S23g for
photographs and SEM images, respectively). The visible light
performance remains low and doping is thus not
completed. At 275 V and 1800 pulses, the Si substrate
melted (see photograph and SEM image in Fig. S3 and
S24h, respectively). Different temperature regimes are thus
reached at different voltages. At 275 V, doping with
comparable performance to using 250 V and 1800 pulses is
successful after 450 pulses. The process was apparently
stopped before reaching a temperature above the melting
point of Si, but within the processing window for doping.
This condition consumes less total energy than 1800 pulses
at 250 V (73.0 kJ vs. 219.3, see Table S1 for all energy
consumptions). Therefore, optimizing the lamp parameters
can also reduce the energy consumption.

The results discussed above promote the view of
establishing a thermal equilibrium, which depends on the
voltage and the number of pulses (see scheme in Fig. S25).
For sintering, the thermal balance of energy input absorbed
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from the incident light compared to heat losses through
convection, IR-emission, and thermal conduction was
suggested to allow temperature stabilization.>” The voltage,
frequency, and pulse width control the average power
delivered by the lamp, which affects the thermal balance of
the sample and thus the established temperature after an
initial heating phase. Neither melting of the Si substrate nor
the SrTiO; particles was observed for conditions of successful
doping in this work. This suggests that the stabilized
temperature for those conditions did not exceed 1414 °C.
However, the sample is not illuminated continuously but by
1.5 ms pulses with repetition rate of 60 Hz. The actual
temperature reached during the pulse remains unknown
since direct temperature measurements are not trivial for
these temperature and time scales.”® The peak temperatures
may be significantly higher than the typical processing
temperature of 1100 °C. Measurements on the synthesis of
single atom catalysts have shown that >2000 °C can be
reached in a ms time scale with just one pulse but using a
more powerful lamp than in this work.*> Overall, choosing a
suitable support material and lamp parameters can afford
control over the FLA process and selection of a suitable
processing window for doping of SrTiO; without exact
knowledge of the temperature profile.

On large scale, the energy efficiency of doping via FLA
compared to TA or other alternative doping processes would
be a relevant criterion influencing the final process choice.
Qualitatively speaking, FLA and other photothermal
techniques differ from conventional TA: photothermal
annealing enables targeted heating of just the precursor
material while conventional TA requires heating of external
equipment (e.g. the furnace itself), which also impacts the
energy efficiency depending on the batch size. Based on
estimated energy demands, Porz et al. conclude that light-
based sintering processes are significantly more efficient
than other available sintering techniques.>”®" Their study
further shows that sintering with blue LEDs needs around
50% less energy than FLA (<2 kWh kg™ vs. 4 kWh kg™).>’
The use of blue LEDs may thus be a more energy-efficient
but less mature technique to explore in future studies. To
make relevant statements about potential energy savings of
doping via FLA compared to TA or other methods, the
processes should be compared after optimization and
considering scale-up effects, which is beyond the scope of
this study.

This work established FLA as tunable and reproducible
method for the rapid synthesis of core/shell-doped
Rh,La:SrTiO; photocatalysts with superior performance than
TA. The comparison to other rapid annealing techniques
such as microwave heating, rapid thermal annealing, or laser
annealing in future research may provide relevant insight
by comparing the effects of different processing methods
on the properties of the doped NPs. Further,
extending the doping of NPs through FLA to
other dopants and materials may be explored in future
research.
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Conclusions

Flash light annealing (FLA) enables the surface doping of
SrTO; with Rh and La to obtain NPs with an undoped
core/doped shell structure within less than 10 s. The
restructuring of the rough precursor particle surface is crucial
for successful doping by FLA. Doping by FLA incorporates
dopants closer to the surface than thermal annealing (TA)
and mitigates unwanted particle sintering. The FLA therefore
yields Rh,La:SrTiO; photocatalyst NPs with tripled H,
evolution compared to conventional TA at 1100 °C for 6 h
and 50% improved harvesting of full spectrum illumination
compared to the undoped precursor.

The FLA process can be controlled by varying the lamp
voltage and number of pulses, which indirectly control the
equilibrium temperature and annealing time, respectively.
More broadly, this work demonstrates new pathways for the
doping of metal oxides within seconds without an ion
implantation step and the possibility to process powders
instead of thin films or wafers.
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