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Photogenerated charge carrier dynamics on Pt-
loaded SrTiOz nanoparticles studied via transient-
absorption spectroscopyf
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Loading cocatalysts on semiconductor-based photocatalysts to create active reaction sites is a preferable
method to enhance photocatalytic activity and a widely adopted strategy to achieve effective photo-
catalytic applications. Although theoretical calculations suggest that the broad density of states of noble
metal cocatalysts, such as Pt, act as a recombination center, this has never been experimentally demon-
strated. Herein, we employed pico—nano and nano—-micro second transient absorption spectroscopy to
investigate the often overlooked photogenerated holes, instead of the widely studied electrons on Pt- and
Ni-loaded SrTiO3 to evaluate the effects of cocatalysts as a recombination center. It is demonstrated that
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Pt serves as the recombination center with no sacrificial agent; recombination can be suppressed by a
hole scavenger, while recombination is not significant on Ni with localized density of states. It is also
found that photo-generated holes in SrTiOz tend to migrate to Pt within 400 ps, and photo-generated
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1. Introduction

Photocatalysis has garnered significant attention as a green
technology since it can utilize sunlight to convert ubiquitous
molecules, such as water, carbon dioxide and nitrogen, into
chemical energy." ™ Despite extensive efforts, its efficiency
still remains far from industrial demands, and its practical use
has not been achieved yet. One approach to improving photo-
catalytic efficiency is loading “cocatalysts” on photocatalysts.
Certain cocatalysts are known as rectifiers for efficient photo-
catalytic hydrogen evolution reactions (HERs) and oxygen evol-
ution reactions (OERs). For example, Pt,"*'® Ni, Ni0'®™*° and
CrO,/Rh*® are established cocatalysts for the HER, and
Ir0,,*"**  Ru0,,>™** CoPi (cobalt phosphate)**>” and
Co0, **%?° are frequently used as cocatalysts for the OER.
There are two primary purposes of loading cocatalysts: (i) to
reduce the overpotential required for the respective redox
process and (ii) to inhibit the recombination of photogene-
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holes generated in the bulk gradually migrate to Pt cocatalysts in a micro-second regime.

rated charge carriers by securing and storing electrons or
holes. While the former purpose has been verified using
electrochemical measurements, there is limited experimental
evidence to confirm the latter purpose with regard to carrier
collection behavior.

In the field of theoretical calculations, cocatalyst loading is
predicted to act as a recombination center.** When Pt is
loaded on TiO,, the broad density of states of Pt overlaps with
the conduction band minimum and valence band maximum
of TiO,. Thus, it is expected that both photo-generated elec-
trons and holes are captured by Pt cocatalysts. Consequently,
the recombination is promoted. Furthermore, even though
Pt is an excellent cocatalyst for hydrogen generation, the Pt
cocatalyst is not suitable for complete water splitting owing to
its backward reaction, in which the generated hydrogen and
oxygen recombine and revert to water.’’ Conversely, in the
case of transition metals such as Ni and Co, localized 3d orbi-
tals do not serve as a bridge between the conduction band and
valence band.**** It is therefore expected to result in a
relatively low recombination when such transition metals
are loaded as cocatalysts. As described above, the cocatalyst
plays a crucial but complicated role in the photocatalyst
design, and it is essential to obtain experimental insights
into how cocatalyst loading influences charge carrier
dynamics.

Transient absorption spectroscopy is a very useful tech-
nique for measuring and evaluating such recombination pro-
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cesses in semiconductors and reactions proceeding on the
surface of a photocatalyst.>*° This method allows for the
observation of non-emission carrier dynamics in the semi-
conductor, following photoexcitation. It has already been
applied to investigate the carrier dynamics of Pt-TiO,,**
NiO-NaTaO;,*° Pt-LaTiO,N," CoPi-Fe,05,*"** Pt, Au-CdS,****
Ni-Cds,” and MoS,-CdS.*® However, in many cases, the
measurements are focused on the carriers that are anticipated
to migrate, and the role of the cocatalyst as a recombination
center has not been sufficiently discussed. For instance, in the
case of Pt-TiO, where electrons are highly expected to migrate
to Pt cocatalysts, the migration behavior of the photogenerated
holes is often overlooked.

In this study, we used transient absorption spectroscopy to
observe the interaction between photo-excited holes and the
broad density of states of Pt on SrTiOz;, and compared these
results with the situation using the Ni cocatalyst. By examining
the carrier dynamics loading of Pt and Ni, the relationship
between the cocatalyst type and recombination dynamics is
discussed.

2. Experimental section
2.1 Photocatalyst preparation

SrTiO; nanoparticles were synthesized through a polymeriz-
able complex method.”” Specifically, Ti(OCsHo); (99.9%,
Sigma-Aldrich) was dissolved in ethylene glycol, and the
mixture was stirred under N, atmosphere for 30 min.
Afterwards, Sr(NOs); (99.9%, Sigma-Aldrich) and citric mono-
hydrate (99.5%, Carl Roth) were added, and the stirring was
continued until the solution became completely transparent.
The reaction mixture was subsequently stirred for an
additional 15 minutes to ensure full dissolution of the
reagents, and then heated at 120 °C for 5 hours to promote
polymerization. During heating, the solvent evaporated and
the suspension transformed into a transparent brownish resin.
This resin was further heated to 350 °C with a slow ramping
temperature rate (1 °C min~") and kept for 3 hours. The result-
ing cinders were ground to obtain fine nanoparticles, and
further calcined at 750 °C for 6 hours.

2.2 Photo-deposition of the cocatalyst and photocatalytic
reaction

Pt and Ni photo-deposition was carried out in 300 ml of 10
vol% methanol (MeOH) aqueous solution, and the evaluation
of the photocatalytic hydrogen evolution was continued after
the deposition. 50 mg SrTiO; powder was placed in a Pyrex
glass reactor, and subjected to ultrasonic treatment for
30 minutes. Then, H,PtCls-6H,0 or Ni(NO3), aqueous solution
was added with vigorous stirring for the Pt and Ni photo-depo-
sition, respectively. The photocatalytic activity evaluation was
performed with a gas-closed circulation system, as shown in
Fig. S1.7 The Pyrex glass reactor and solution were degassed by
linking to a gas-closed circulation system connected to a rotary
pump. The solution was irradiated for 3 hours with the full arc
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of a 300 W Xe lamp for the photo-deposition and photo-
catalytic reaction. The produced H, was analyzed by gas
chromatography (GC) (GC-8A, Shimadzu, Japan; carrier gas,
Ar) with a thermal conductivity detector (TCD), which was con-
nected to the gas-closed circulation system.

2.3 Characterization

The sample was characterized by X-ray diffraction (XRD: D8
Advance; Bruker Corp, Germany) using Cu Ka radiation in the
26 range of 10-70° with a step width of 0.01°. The diffused
reflectance spectra of the sample were recorded on a UV-
visible spectrometer (UV-2600; Shimadzu, Japan) with BaSO,
as the reference. The reflectance spectra were converted to
absorption spectra by the Kubelka-Munk function. The photo-
luminescence (PL) spectra of the sample were recorded on a
FP-8550 (JASCO, Japan) with the excitation wavelength of
355 nm. The microstructure observations were performed with
transmission electron microscopy (TEM, JEM-ARM200F; JEOL
Ltd, Japan) at an acceleration voltage of 60 kV. X-ray photo-
electron spectroscopy (XPS) analysis was performed on a
EnviroESCA (SPECS GmbH, Germany) equipped with Al Ka
radiation, and the pass energy for all measurements was set to
20 eV. I-V measurements were performed by potentiostat
(SP-300; Bio-Logic SAS, France) with the voltage range of —6 to
6 V.

Charge carrier dynamics were measured by transient
absorption spectroscopy. The details of the set-up of the nano-
micro®®*® and pico-nanosecond transient absorption are
described in Fig. S2 and S3,f respectively. For the transient
absorption experiments, the powder photocatalysts were
packed in a quartz cuvette, which allowed for the introduction
of reactant gases. Here, O, gas and MeOH vapor were applied
as electron and hole scavengers, respectively.***°

3. Results and discussion
3.1 The characterization of Pt, Ni-loaded SrTiO;

Fig. 1(a and b) shows the XRD patterns of the synthesized
SrTiO; and Pt and Ni-loaded SrTiO;. The synthesized SrTiO;
shows a perovskite structure with the lattice constant of a =
3.9233 A, which is relatively consistent with the reported value
of @ = 3.911 A.>° In addition, no other diffraction patterns were
observed after the Pt and Ni cocatalyst is loaded, indicating
that the Pt and Ni cocatalyst was loaded as relatively small par-
ticles. Fig. 1(c and d) shows the UV-Vis absorption spectra of
(c) Pt and (d) Ni-loaded SrTiO;. SrTiO; exhibits light absorp-
tion in the UV range, as reported in the previous literature.*®
Fig. 1(c) shows an increase in absorption in the 400-700 nm
range with increasing loading amount of the Pt cocatalyst,
which can be attributed to the absorption of Pt nanoparticles,
as observed by TEM (Fig. S41).”" In Fig. 1(d), the absorption of
Ni-loaded SrTiO; increased with increasing Ni loading
amount, as in the case of Pt. A slight change in the shape
of the shoulder of the absorption edge was observed when the
Ni loading amount was 1.0 wt%, indicating that a part of

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 XRD patterns of (a) Pt and (b) Ni-loaded SrTiOs. UV-vis absorption spectra of (c) Pt and (d) Ni-loaded SrTiOs. PL spectra of (e) Pt and (f) Ni-

loaded SrTiO3z with an excitation wavelength of 355 nm.

the Ni cocatalyst was oxidized. Fig. 1(e and f) shows the PL
spectra of Pt and Ni-loaded SrTiO;. The broad photo-
luminescence signal of SrTiO; was derived from a radiative
recombination between electrons located in numerous
numbers of trapping states between the band gap and holes at
the valence band. The PL signal intensity was weakened when
the Pt or Ni cocatalysts were loaded. This is probably due to
the non-radiative recombination pathway of the photoexcited
electrons formed by cocatalyst loading. Fig. S51 shows the XPS
spectra of the Pt and Ni 1.0 wt%-loaded SrTiO;. Fig. S5(a and
b)T shows that the carbon species and -OH groups adsorbed
on SrTiO; were reduced by the loading process of the cocata-
lyst. This is considered to be due to the removal of the surface
adsorbed species by the photocatalytic effect of SrTiO; irra-
diated with light during the loading process. The chemical
states of Ti and Sr shown in Fig. S5(c and d)f showed only
limited changes due to the loading of the cocatalyst, indicating
that the cocatalyst can be loaded without causing side
reactions, such as alloying and or elemental interdiffusion.
The chemical states of Pt and Ni shown in Fig. S5(e and f)}
indicate that Pt was metallic, while Ni was partially oxidized.
This partial oxidation of Ni is considered to correspond to the
change in the shape of the absorption edge observed in
the UV-Vis spectrum (Fig. 1(d)). Fig. S61 shows the I-V curves
of SrTiO; and Pt and Ni-loaded SrTiO;. The voltage-current
response shows no linear response components even after
the addition of the Pt or Ni cocatalysts, indicating that the
junction between SrTiO; and the cocatalyst is a Schottky
junction.

This journal is © The Royal Society of Chemistry 2025

3.2 The photocatalytic activity of the Pt, Ni-loaded SrTiO;

Fig. 2(a) shows the effect of Pt loading on the photocatalytic
HER activities of the SrTiO; nanoparticles. The results show
that the photocatalytic activity was significantly enhanced
from 25.5 pmol g " h™" to 851.3, 1149.4, 1386.3 pmol g* h™*
with the increase of the Pt weight percent from 0.0 to 0.25, 0.5,
and 1.0 wt%, respectively. This is reasonable as loading noble
metals such as Pt is expected to create active sites for HER.
However, the photocatalytic activity gets saturated with further
increases in the Pt loading. Therefore, the loaded Pt contents
affect the electron-hole recombination rate in SrTiO; nano-
particles. Fig. 2(b) shows the photocatalytic HER activities with
respect to the amount of Ni that is loaded. A similar trend was
observed in the case of Ni loading up to 1.0 wt%, although the
activity at 1.0 wt% was as low as 205 pmol g~' h™", approxi-
mately one-seventh of that achieved with Pt.

3.3 Transient absorption of photogenerated charge carriers
in SITiO,

Fig. 3(a) shows the transient absorption spectrum after the
irradiation with a 355 nm Nd:YAG laser over SrTiO;. The
energy of the Nd:YAG laser is a suitable excitation wavelength
to induce a band-to-band transition of SrTiO;. A broad absorp-
tion band is observed around 765 nm, and a relatively narrow
absorption band is observed around 825 nm. To identify the
observed carriers, decay measurements were taken at 765 nm
with the presence of an electron scavenger (O, gas) and a hole
scavenger (MeOH vapor) (Fig. 3(b)). As a reference, a decay

Nanoscale, 2025,17, 2567-2576 | 2569
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Fig. 2 Effect of the loaded platinum weight percent on the photocatalytic activity of (a) Pt- and (b) Ni-loaded SrTiOs nanoparticles for photo-

catalytic hydrogen evolution.
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measurement was also performed in a N, gas atmosphere,
where no reactive species are present, representing a simple
process of electron-hole recombination. In the measurement
under O, atmosphere, the decay began to slow down slightly
after 1 ps. This is because the electrons that tend to recombine
with holes are captured by 0,.”*

0(g) +e~ — 07 (a) (1)

Where (g) and (a) represent the gas phase and adsorbed
phase, respectively. Interestingly, the decay was dramatically
accelerated when measuring in MeOH. This is because the
holes were collected by MeOH-derived adsorbates:

CH;0 (a) + h™ — CH;30(a) (2)

From the above results, it can be concluded that the photo-
excited carriers at 765 nm are transient absorption bands
derived from holes. As shown in Fig. S7,1 the decay of the
signal was decelerated in O, atmosphere and accelerated in
MeOH vapor, similar to the signal seen at 765 nm, indicating
a hole-derived transient absorption signal.

2570 | Nanoscale, 2025, 17, 2567-2576
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(a) Transient absorption spectra of SrTiO3 particles irradiated by a UV (355 nm) pulsed laser under N, gas. The pump energy was 1.3 mJ
, and the repetition rate was 10 Hz. (b) Decay curves of transient absorption of the SrTiOz at 765 nm.

3.4 Transient absorption of photogenerated charge carriers
over Pt, Ni-loaded SrTiO;

Fig. 4(a and b) shows the transient absorption spectra of SrTiO;
loaded with 0.25 wt% Pt and Ni, respectively. Both transient
absorption spectra of Pt and Ni-loaded SrTiO; show broad
absorption peaks at around 765 nm and 825 nm, similar to
those observed on the pure SrTiO;. This suggests that even after
cocatalyst loading, the transient absorption signal reflects the
transient feature of SrTiO;. To further investigate the interaction
between the cocatalyst loading and the trapping behavior of
photogenerated holes in SrTiOs, the relationship between the
amount of cocatalyst loading and the decay constant in the inert
N, atmosphere was determined (Fig. 5). The transient absorp-
tion spectra of SrTiO; loaded with 0.5 wt% and 1.0 wt% Pt or Ni
can be found in Fig. S8.7 The linear increase in k, ¢ which indi-
cates the rate of decay with respect to the amount of cocatalyst,
indicates the transfer of holes to the cocatalyst. This phenom-
enon is also considered to be reasonable since holes can easily
move through the Schottky junction between n-type semi-
conductors SrTiO; and Pt or Ni cocatalysts, as shown in the I-V

This journal is © The Royal Society of Chemistry 2025
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under N, gas. The pump energy was 1.3 mJ cm™2

o = PtinN, -
' e NiinN,
& 0.8 P
=
8
2 o6l /
8 P
o m
[
3 044 [ ]
[a)
o
0.2 //
'///".'//"
0.0 1
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Cocatalysts loading amount [wt%]

Fig. 5 The relationship between the loading amount of Pt and Ni coca-
talysts and the decay constant kx .

curves (Fig. S61). The increase in the decay constant k, ¢ with Pt
loading was much more pronounced than that with Ni,
suggesting that the broad density of states of Pt act as a recombi-
nation center.

Fig. 6(a) exhibits the relationship between the amount of Pt
loading and the decay constant of Pt-loaded SrTiO; in different
atmospheres. As described in Fig. 5, an increasing decay con-
stant in N, atmosphere with respect to the increase of the Pt
amount has been observed. This increase in decay constant
was further promoted in the presence of O, gas and sup-
pressed in MeOH vapor (Fig. 6(a)), suggesting that the adsorp-
tion of O, and MeOH molecules influences the decay
dynamics. In contrast, the decay constant of Ni-loaded SrTiOs3,
shown in Fig. 6(b), was less affected by the increase in the Ni
amount and the various atmospheres.

To further understand the effect of the adsorbed molecules
on the Pt cocatalyst, the decay curves of Pt-loaded SrTiO; at

This journal is © The Royal Society of Chemistry 2025

, and the repetition rate was 10 Hz.

765 nm in N,, O, and MeOH atmospheres are compared, as
shown in Fig. 7(a). As described in Fig. 6(a), the decay rate
accelerates in the O, atmosphere and decelerates in MeOH
vapor, compared to that of N, atmosphere. Unlike SrTiO;
(Fig. 3(b)), Pt loading causes the transient decay to be slowest
in MeOH vapor. In the O, atmosphere, the decay rate is
slightly accelerated as the decay constant &,y increases from
0.395 to 0.449, compared with that in N, atmospheres.
Moreover, Fig. 8 illustrates the decay curves of SrTiO; with
different loading amounts of Pt at 765 nm in N, and MeOH
atmospheres. In Fig. 8(a), the Pt loading dramatically
decreases the signal intensity and increases the decay constant
in a N, atmosphere. Meanwhile, in a MeOH atmosphere
(Fig. 8(b)), the decrease in signal intensity and increase in
decay constant are not as significant as those observed in a N,
atmosphere. These limited changes in MeOH indicate that
MeOH scavenges photogenerated holes in SrTiO;, thus miti-
gating the impact of Pt cocatalyst loading on the decay curves.
Conversely, as seen in Fig. 7(b) and Fig. S9,t for Ni-loaded
SrTiO;, the decay was decelerated in an O, atmosphere and
accelerated in a MeOH atmosphere compared with that in a N,
atmosphere, similar to that of SrTiOs, confirming that the Ni
cocatalyst loading has a small effect on the carrier dynamics of
SrTiO; and does not act as a recombination center.

From the results discussed above, the dynamics shown in
Fig. 9 can be considered as follows: in an O, atmosphere, O,
adsorbed on Pt scavenges the electrons of the Pt cocatalyst to
form charged oxygen species and produce holes.*>>® These
charged oxygen species and the holes generated at the Pt coca-
talyst are expected to trap the electron-hole pairs generated in
SrTiO;, accelerating the consumption of charge carriers in the
O, atmosphere compared to the N, atmosphere. In the case of
MeOH vapor, MeOH molecules tend to scavenge the photo-
generated holes in SrTiO;. Thus, there is no large effect
observed over the carrier dynamics from loading different
amounts of Pt cocatalyst. Therefore, the recombination at the

Nanoscale, 2025,17, 2567-2576 | 2571
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Fig. 10 (a) Pico-second transient absorption spectra and (b) normalized spectra of Pt-loaded SrTiOz nanoparticles irradiated by UV (355 nm) pulsed

laser under ambient conditions at 765 nm.

Pt cocatalyst has been suppressed in the presence of hole sacri-
ficial reagents.

3.5 Hole behavior observed by femtosecond transient
absorption measurement

The photocatalytic reaction takes place in three steps, ie.,
carrier generation, charge transfer, and surface reaction.>” In
order to investigate the time scale on which the photo-gener-
ated holes transfer, we measured the transient absorption
spectrum at 765 nm on the pico-second scale, as shown in
Fig. 10(a). When Pt was loaded on SrTiOs;, the sample itself
absorbed light at 765 nm, and the signal intensity decreased
with an increase in the Pt loading amount. After normalizing
the spectra (Fig. 10(b)), it was observed that the photo-
excitation showed a faster decay than pure SrTiO; as the Pt
loading increased up to about 400 ps. This is similar to the
accelerated decay of LaTiO,N, which has the same perovskite
structure as SrTiO;, in the range of 2-350 ps due to Pt
loading."> However, the lifetime was extended after 400 ps.
This phenomenon indicates that photoexcited holes near the
surface were effectively transferred to the Pt cocatalysts within

This journal is © The Royal Society of Chemistry 2025

400 ps. Beyond this time frame, hole trapping behavior from
the bulk did not occur within the pico-nano second time
range of the transient absorption measurement. As described
above, the holes were likely drawn and recombined in Pt coca-
talysts in the micro-second range.

4. Conclusion

SrTiO; samples loaded with Pt and Ni cocatalysts by photode-
position were evaluated and compared using nano-micro and
pico-micro second transient absorption spectroscopy.
Focusing on the transient absorption signal derived from
holes, rather than the normally studied electron signals, it was
found that the decay constant, representing the speed of
carrier decay, increased linearly with the loading amount of
cocatalysts. When loading with the Pt cocatalyst, this increase
in the decay constant was more significant than that with Ni
cocatalyst loading, indicating that the broad density of state of
Pt may act as a recombination center, as suggested by theore-
tical calculation. In MeOH vapor, this increasing recombina-
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tion tendency was suppressed compared with that of a N,
atmosphere, indicating that the Pt cocatalyst did not act as a
recombination center in the presence of hole sacrificial
agents. As a contrast, for the transition metal Ni-loaded
samples, the recombination was not accelerated. Therefore,
this suggests that designing a cocatalyst with a localized
density of states is desirable, and an appropriate hydrogen
absorption/desorption feature is crucial for efficient overall
water splitting. Furthermore, by measuring the charge
dynamics in the picosecond-to-nanosecond range, it was
observed that photo-generated holes near the surface were
transferred to Pt cocatalysts within 400 ps following photo-
excitation, while the holes generated in bulk migrated to Pt in
a micro-second regime.
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