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Visible-light H, evolution using dye-sensitized TiO,: effects
of physicochemical properties of TiO, on excited carrier
dynamics and activity

Shining light on Ru(i)-dye-sensitized TiO,, we reveal how
crystal phase controls interfacial charge transfer and
visible-light H, evolution. Both rutile and anatase allow
efficient electron injection from the excited state dye, but
faster back electron transfer from TiO, to dye suppresses
activity in rutile. In contrast, anatase outperforms by sustaining
charge separation, driving more efficient H, evolution.
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Dye-sensitized photocatalysts have emerged as promising materials for solar-driven water splitting due to
their ability to utilize visible light, in contrast to conventional wide-band-gap semiconductors. However, the
relationship between semiconductor properties and charge carrier dynamics remains insufficiently
understood. In this study, we investigated Pt/TiO, systems sensitized with a visible-light-absorbing Ru(i)
polypyridyl complex (RuP), focusing on how the crystal phase and specific surface area of TiO, influence
excited carrier dynamics and H, evolution activity. To isolate the effects of TiO, properties, Pt and RuP
loadings were standardized across samples. Emission lifetime analysis showed similarly efficient electron
injection from RuP to TiO, in all cases, suggesting that injection efficiency does not account for
observed differences in activity. Transient absorption measurements revealed that back electron transfer
(BET) rates depended strongly on the TiO, phase, with anatase and P25 exhibiting slower BET and higher
activity for H, evolution than rutile. The highest apparent quantum yield for H, evolution was 12.0% at
450 nm. Among anatase samples, larger surface areas correlated with higher activity, while smaller-area

samples exhibited slower BET rates but still low H, evolution activity, implying a role for RuP dye—-dye
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lowering RuP loading or adding co-adsorbents. Overall, these results demonstrate that both BET
DOI: 10.1039/d5ta05528h suppression and control over RuP dye aggregation are essential for designing efficient dye-sensitized
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which limits their ability to utilize visible light that constitutes
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In response to pressing global environmental issues such as
global warming, the realization of a sustainable energy society is
of critical importance. Among various energy carriers, H, has
attracted considerable attention as a clean energy source, since
its combustion does not release CO,. One promising method for
H, production is semiconductor-based photocatalytic water
splitting using solar energy."” H, produced by this approach can
serve as a medium for the storage and transport of renewable
energy, contributing to the establishment of a future carbon-
neutral society.

Against this background, numerous photocatalytic materials
have been developed.*®* However, photocatalysts exhibiting
high quantum yields for overall water splitting are comprised
mostly of wide band gap semiconductors exceeding 3 eV,”®
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the majority of the solar spectrum. To address this challenge,
dye-sensitized photocatalysts have been proposed.>'’ In these
systems, visible-light-responsive dyes are adsorbed onto the
surface of wide band gap semiconductors, enabling the injec-
tion of electrons from the excited dyes into the conduction band
of the semiconductor under visible light irradiation, thereby
driving the H, evolution reaction. Most dye-sensitized photo-
catalysts are primarily active for H, evolution alone; however, by
employing reversible redox mediators, such as the I;"/I" couple,
overall water splitting based on Z-scheme designs is
possible.** ¢

While dye-sensitized photocatalysts have demonstrated their
effectiveness in extending visible light absorption capability,
their photocatalytic performance remains insufficient for
practical application. One of the major factors limiting the
efficiency is back electron transfer (BET), in which electrons
injected into the conduction band of the semiconductor
recombine with the oxidized dye molecules (Scheme 1).*>*7*°
While the electron injection process from the excited state dye
to the semiconductor is generally very efficient,” the BET
process competes with the desired H, generation reaction and
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constitutes a significant source of energy loss in dye-sensitized
photocatalytic systems.

Research on BET has so far been mainly conducted in the
field of dye-sensitized solar cells (DSSCs).?** For example, it
has been reported that coating the semiconductor surface with
insulating materials such as alumina (Al,O0;) can effectively
suppress BET to the dye.” In addition, factors such as surface
modification,* the pH of the solution,***® and light intensity**
are known to influence charge recombination processes.

Studies on DSSCs have also shown that the crystal structure
of TiO,—anatase versus rutile—has a strong impact on device
performance.®” In general, rutile-type TiO, exhibits lower short-
circuit current density (Jsc) compared to anatase, mainly due to
its lower specific surface area (SSA), which limits dye adsorp-
tion. Furthermore, since anatase has a more negative conduc-
tion band potential, it can potentially provide an enhanced
driving force for the photocurrent observed in DSSCs.*
Commercial TiO, materials such as P25, which contain rutile
and amorphous phases in addition to the main anatase phase,
have also been reported to exhibit lower dye uptake and lower
performance.** However, it remains unclear whether these
differences are solely attributable to dye adsorption, or if they
are fundamentally related to crystal structure and surface
properties. These findings underscore the importance of
intrinsic material characteristics in controlling interfacial
electron transfer. In contrast, such relationships have not been
extensively investigated in dye-sensitized photocatalytic
systems.

Some studies have examined photocatalytic H, production
using different TiO, materials in dye-sensitized systems. For
instance, the influence of SSA and surface functional group
density on H, evolution activity was evaluated using several
anatase-type TiO, samples and an organic dye (a binaphthol
derivative).** In another study, comparisons of various TiO,
samples in a Ru-complex-sensitized system showed that pho-
tocatalytic activity varied depending on support properties such
as SSA.>> While these studies provided valuable insights into
how TiO, characteristics affect H, evolution efficiency, they did

36998 | J Mater. Chem. A, 2025, 13, 36997-37007

View Article Online

Paper

not delve into how these factors govern interfacial electron
transfer processes.

In this study, we systematically investigated how the crystal
structure and SSA of TiO, influence photocatalytic activity and
interfacial electron transfer processes, including both BET
characteristics and excited dye-to-TiO, electron transfer, using
14 different TiO, samples. By unifying the amount of adsorbed
dye and the Pt cocatalyst loading across all samples, we elimi-
nated variations arising from differences in dye coverage or
cocatalyst quantity. This carefully controlled experimental
design is a key feature of our study, as it allows for a direct
comparison based primarily on the intrinsic physicochemical
properties of TiO,. Furthermore, by combining time-resolved
emission and transient absorption spectroscopy, we dynami-
cally observed both electron injection from the excited dye into
TiO, and BET from TiO, to the oxidized dye, and clarified the
relationships between the kinetics of these processes and the
properties of TiO,. As a result, we found that differences in
photocatalytic activity are influenced not only by variations in
dye adsorption and surface area, but also by differences in
interfacial electron transfer dynamics associated with the
crystal structure and surface properties of TiO,.

This study is the first comprehensive investigation that
explicitly evaluates the differences in electron transfer processes
arising from intrinsic semiconductor properties, which have
often been overlooked in dye-sensitized photocatalytic systems.
It provides a new perspective and rational design guidelines for
photocatalyst development.

Experimental
Preparation of Pt/TiO,

The loading of Pt nanoparticles onto TiO, was carried out by
a photodeposition method.*® Each TiO, sample (300 mg) was
dispersed in an aqueous methanol solution (15 vol%, 140 mL)
containing H,PtCls-6H,O (=98.5%, FUJIFILM Wako Pure
Chemical Corporation) (0.10 wt% Pt vs. TiO,), and irradiated for
1.5 h using a 300 W Xe lamp (Cermax, PE300BF) equipped with
an CM-1 cold mirror. The irradiation was performed over an
area of 44 cm”, and the average light intensity was approxi-
mately 22.3 mW cm > (measured over the 300-410 nm range
using a UV light meter, model C9536-01 with H9958-01 sensor
head, Hamamatsu Photonics). After irradiation, the suspension
was filtered using an Omnipore™ 0.1 um PTFE membrane filter
(47 mm, Merck Millipore), washed with water, and collected as
a powder after drying at 343 K. The TiO, samples used in this
study included the JRC-TIO series (JRC-TIO-1, 4(2), 6, 7, 8, 9, 10,
12, 13, 14, 15, 16), kindly supplied by the Catalysis Society of
Japan, as well as commercially available AEROXIDE TiO, P25
(=99.5%, NIPPON AEROSIL CO.) and anatase-type TiO,
(=99.5%, Kanto Chemical Co., Inc.). It has been reported that
lowering the Pt loading is preferable for quantitative adsorption
of Ru(u) complex dyes onto the oxide surface.*® Hence, this
study adopted the same conditions based on that insight. It
should be noted that TiO, (X) refers to photocatalysts prepared
using JRC-TIO-X as the TiO, material, where X denotes the
specific sample number. Likewise, TiO, (P25) and TiO, (Kanto)

This journal is © The Royal Society of Chemistry 2025
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refer to photocatalysts prepared from AEROXIDE TiO, P25
(NIPPON AEROSIL CO.) and anatase-type TiO, (Kanto Chemical
Co., Inc.), respectively.

Preparation of RuP/Pt/TiO,

[Ru(4,4'-(CH3),-bpy),(4,4'-(PO3H,),-bpy)|Cl, (RuP, Chart 1a),
synthesized according to a previous report,* was adsorbed by
a stirring method onto Pt/TiO,."* RuP aqueous solution (50 uM,
15 mL), adjusted to pH 4 with 2 M HCI, was added to a 200 mL
Erlenmeyer flask containing Pt/TiO, powder (50 mg) and stirred
for 15 h at room temperature in the dark. After stirring, the
suspension was filtered using an Omnipore™ 0.1 um PTFE
membrane filter (47 mm, Merck Millipore), washed with water,
and collected as a powder after drying at 343 K. The amount of
adsorbed RuP on Pt/TiO, was estimated by using the following
equation:

Adsorbed amount (pmol g™)
C (umol L") x ¥ (L)
M (g)

where Apefore and Auger indicate the absorbance of the RuP in
a test solution at the singlet metal-to-ligand charge transfer
("MLCT) maximum wavelength before and after the adsorption
procedure, C is the concentration of the complex in the solution
before adsorption, V is the volume of the RuP-containing solu-
tion, and M is the weight of the Pt/TiO, powder, respectively.

. Avefore — Aafter

Abefore

Preparation of [RuP, OPA]/Pt/TiO,

RuP and octadecylphosphonic acid (OPA, see Chart 1b)
(>98.0%, Tokyo Chemical Industry Co., Ltd) were co-adsorbed
onto Pt/TiO, in a 1:1 molar ratio via a stirring method. A 50
uM solution of RuP and OPA was prepared in a mixed solvent
consisting of tert-butyl alcohol (>99.0%, Tokyo Chemical
Industry Co., Ltd) and acetonitrile (>99.5%, Kanto Chemical
Co., Inc.)—each 7.5 mL, for a total volume of 15 mL. This
solution was added to a 200 mL Erlenmeyer flask containing Pt/
TiO, powder (50 mg), and the mixture was stirred at room
temperature in the dark for 15 h. After stirring, the suspension
was filtered using an Omnipore™ 0.1 um PTFE membrane filter
(47 mm, Merck Millipore), washed with water, and dried at 343
K to obtain the [RuP, OPA]/Pt/TiO, powder. The amount of RuP
adsorbed was determined using the same method as for RuP/Pt/
TiO,.

Chart1 Molecular structures of (a) RuP and (b) OPA.

This journal is © The Royal Society of Chemistry 2025
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General characterization

X-ray diffraction (XRD) patterns were acquired using a powder X-
ray diffractometer (Rigaku MiniFlex600) equipped with a Cu Ka
radiation source operating at 40 kV and 15 mA. UV-visible diffuse
reflectance spectra (DRS) and UV-visible absorption spectra were
obtained using a spectrophotometer (V-770, JASCO), which has
a spectral resolution of 0.1 nm. The measurements were con-
ducted with a wavelength interval of 1.0 nm.

SSA was measured using a gas adsorption apparatus
(MicrotracBEL, BELSORP-maxIl) at liquid nitrogen temperature
(77 K), and the data were analyzed by the BELMaster software
and determined based on the Brunauer-Emmett-Teller theory.
The Brunauer-Emmett-Teller equation was linearized as
follows:

P _C-1_p 1
Cvm Po CVm

v(po — p)

where v is the volume of gas adsorbed at a relative pressure (p/
Do), Ym is the monolayer adsorbed gas quantity, and C is the
Brunauer-Emmett-Teller constant, respectively. The monolayer
capacity (v,) was determined from the linear region of the
Brunauer-Emmett-Teller plot in the relative pressure range of
Plpo = 0.10 to 0.25. The specific surface area (SSA) based on the
Brunauer-Emmett-Teller theory was then calculated using the
following equation:

Vm X NA X 0

A =
SS v

where N, is Avogadro's number (6.022 x 10** mol "), ¢ is the
cross-sectional area of the adsorbate molecule (0.162 nm? for
N,), and V;, is the molar volume of gas at standard temperature
and pressure (22.414 L mol ).

FT-IR spectra were measured using an FT/IR-4600 (JASCO) by
the ATR method with a diamond prism. The instrument has
a spectral resolution of 1.0 cm ™", and the measurements were
performed with a resolution setting of 4 cm ' and a data

interval of 1.0 ecm ™.

Photocatalytic reactions

The photocatalytic activity was primarily evaluated according to
previously reported methods.” Photocatalyst powder (10 mg)
was dispersed in 100 mL of a 10 mM EDTA-2Na (=99.5%,
Dojindo Laboratories) aqueous solution, which served as
a sacrificial electron donor. The pH of the solution was adjusted
to approximately 4 using H,SO,. After degassing the reaction
cell, a small amount of Ar gas was introduced, and the mixture
was irradiated for 3 h using a LED (Asahi Spectra Co., CL-1501,
450 nm) under 0.30 mW cm > (the irradiation area was 39 cm?)
in the wavelength range of 360-560 nm, as measured by using
a calibrated silicon photodiode, in a closed gas circulation
system to investigate H, evolution. The evolved gases were
analyzed by gas chromatography (Shimadzu, GC-2014 with
a TCD detector and an MS-5A column, Ar carrier gas).

The apparent quantum (AQY) for H, evolution was measured
with 2 = 450 nm and was estimated according to the following
equation:

J. Mater. Chem. A, 2025, 13, 36997-37007 | 36999
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AQY (%) = % y

100

where A, R, and I represent the reaction coefficient, the H,
evolution rate, and the rate of incident photons, respectively.
The AQY values are calculated with the assumption that one
photoinjected electron can produce one H, molecule through
current doubling, hence the assumption of A = 1.*® The rate of
incident photons was measured by using a calibrated silicon
photodiode. The spectral irradiance is shown in Fig. S1.

Transient absorption spectroscopy

Transient absorption measurements for the assessment of back
electron transfer (BET) rates were performed using an enVISion
transient absorption spectroscopy system (Magnitude Instru-
ments, State College, PA). The second harmonic of a Nd:YAG
laser (A = 532 nm) was used as the excitation source, while
a xenon lamp was used as the probe light. The probe beam was
dispersed through a monochromator and detected by a photo-
diode detector. The measurements were conducted with
a temporal resolution of 1 ns per point. 10 mg RuP/Pt/TiO,
samples were dispersed in either pure water or 10 mM EDTA
aqueous solution, both adjusted to pH = 4, and sealed in
a quartz cuvette for measurement. The measurements were
conducted in diffuse reflectance mode, and the suspension was
purged with Ar for more than 20 min prior to the measure-
ments. The transient absorption spectra were recorded to
monitor the bleaching signal derived from the "MLCT absorp-
tion of RuP and its subsequent recovery over time. The decay of
the oxidized RuP species was used to evaluate the rate of BET.
The resulting temporal profiles were analyzed by exponential
fitting to extract lifetime components. All the profiles could be
fitted by a following triple-exponential function:

f(x)=yo— 4, exp(fx_xo> fAzexp(fx_x())
T (%]

A exp< _ %XO>

Time-correlated emission measurements

Emission lifetime measurements were performed using a life-
time spectrometer (HORIBA, DeltaFlex) equipped with a pulsed
laser diode excitation source (HORIBA, DeltaDiode, 451 nm) and
with emission monitored at 630 nm. The measurements were
conducted with a bin width of 0.42 ns, which corresponds to the
time resolution of the system. Samples were prepared by intro-
ducing 3 mg of RuP/Pt/TiO, and 4 mL of aqueous HCI solution
(pH 4) into a dedicated measurement cell, followed by 30 minutes
of Ar bubbling to remove dissolved gases. All the profiles could be
fitted by a following triple-exponential function:
X — x0>
Te2

Tel

X — xo)
Te3

. X — X,
S(x) =yo+ A4, eXP(— °) + 4, exp(—

+A4; exp< —
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Emission quantum yield measurements

Emission quantum yields were measured using a UV-NIR
absolute PL quantum yield spectrometer (HAMAMATSU,
Quantaurus-QY Plus) equipped with a 150 W xenon lamp, with
excitation at 451 nm. The spectral resolution of the instrument
is <2.5 nm. Measurements were carried out by introducing 3 mg
of RuP/Pt/TiO, and 4 mL of aqueous HCI solution (pH 4) into
a dedicated measurement cell, followed by 30 minutes of Ar
bubbling to remove dissolved gases.

Steady-state emission measurements

Emission spectra were measured using a spectro-
fluorophotometer (Shimadzu, RF-6000) equipped with a 150 W
xenon lamp, with excitation at 451 nm. The instrument's
spectral resolution is =1.0 nm (emission bandwidth), and the
spectra were recorded with a wavelength interval of 1.0 nm.
Measurements were conducted after introducing 3 mg of RuP/
Pt/TiO, and 4 mL of aqueous HCI solution (pH 4) into a dedi-
cated measurement cell, followed by 30 minutes of Ar bubbling
to remove dissolved gases.

Results and discussion
Preparation of RuP-adsorbed Pt/TiO,

UV-vis diffuse reflectance spectra (DRS) were measured for TiO,,
Pt/TiO,, and RuP/Pt/TiO, samples. As displayed in Fig. 1a,
a characteristic background rise in the visible region was
observed upon Pt loading, indicating the successful deposition
of Pt nanoparticles. Given the same Pt loading of 0.10 wt%, the
particle size of Pt nanoparticles is generally reported to be
around 2-4 nm.** Additionally, an absorption band attributed to
the "MLCT transition of RuP was detected, confirming that RuP
was adsorbed onto the surface of TiO,.

Furthermore, the adsorption amount of RuP was quantified
by comparing the absorption spectra of the RuP aqueous solu-
tion before and after adsorption. The absorbance at around
460 nm was measured for the initial 50 uM RuP solution and the
filtrate obtained after adsorption (Fig. 1b), and the adsorbed
amount was calculated based on the difference. As a result,
most TiO, samples, including the JRC-TIO series, achieved
quantitative adsorption of RuP, with an adsorbed amount of 15

(b)

—~
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~

35 25
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S — N
© 25 l:::/:/(‘r;?z o 21 — Before
~ . i 1
< — 1o 72 3 5 — After
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Fig. 1 (a) UV-vis DRS of RuP/Pt/TiO,, Pt/TiO, and TiO, (7), (b) UV-vis

absorption spectra of RuP aqueous solution (50 uM) (red line) and the
filtrate after adsorption onto Pt/TiO, (7) (blue line).

This journal is © The Royal Society of Chemistry 2025
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umol g~ *. On the other hand, the anatase-type TiO, from Kanto
Chemical exhibited a slightly lower value of 12.3 pmol g~ .

Determination of specific surface area and surface coverage

The specific surface areas (SSAs) of the various TiO, samples
were measured by the Brunauer-Emmett-Teller method. The
full adsorption/desorption isotherms data are provided in
Fig. S2. As listed in Table 1, anatase-type TiO, such as TiO, (7)
and TiO, (10) exhibited high SSAs of 250-300 m” g™, whereas
samples like TiO, (13) and TiO, (Kanto) showed lower values,
below 50 m* g .

Despite similar amounts of adsorbed RuP, the difference in
SSAs led to variations in surface coverage. The fractional
coverage was calculated by assuming a molecular diameter of
12.3 A for RuP.* It was found that TiO, samples with high
surface areas had a dye coverage lower than 5%, whereas for low
surface area TiO, samples, the coverage could exceed 20%.

Photocatalytic activity

H, evolution experiments using RuP/Pt/TiO, were conducted to
evaluate the photocatalytic activity of various TiO, samples. The
H, evolution AQYs were summarized in Table 1, and the cor-
responding time course data are shown in Fig. 2. Regarding the
influence of crystal structure, the observed trend in activity was
anatase = P25 (anatase/rutile mixed phase) > rutile. The influ-
ence of specific surface area was particularly evident among
anatase-type samples (Fig. 3); those with larger specific surface
areas, such as TiO, (7) and TiO, (10), exhibited significantly
higher H, evolution activity compared to samples with smaller
specific surface areas, such as TiO, (13) and TiO, (Kanto). In this
study, the loading amount of Pt and the adsorption amount of
RuP were unified for all samples except for TiO, (Kanto), thereby

View Article Online
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Fig. 2 Time courses of H, evolution of RuP/Pt/TiO,. Reaction
conditions: catalyst, 10 mg; solution, agueous EDTA solution (10 mM,
100 mL, pH 4); light source, LED (Asahi Spectra Co., CL-1501, 450 nm)
under 0.30 mW cm™ (the irradiation area is 39 cm?). Symbols: [J,
anatase; <, P25; A, rutile. Numbers in parentheses correspond to
sample designations in Table 1.

eliminating variations due to differences in the number of
active sites or dye loading. Therefore, the observed differences
in photocatalytic activity can be attributed to intrinsic differ-
ences in crystal structure and specific surface area.

XRD measurement for the most active TiO, (7) sample showed
that the crystal structure of TiO, remained unchanged after the
reaction (Fig. S3a). While the overall spectral shape of UV-vis
absorption spectra was retained, a slight red-shift was observed
after the reaction (Fig. S3b). This shift suggests that the RuP dye
may have undergone partial degradation,***” which could explain
the deactivation of H, evolution rate over time (Fig. 2).

Table 1 Specific surface areas (SSAs) of TiO,, adsorption amount of RuP on Pt/TiO,, coverage of RuP and H, evolution AQY of RuP/Pt/TiO,

TiO, SSA/m*> g7* Crystal structure® Adsorbed RuP/pumol g~* Coverage?/% AQY/%
TiO, (1) 76.2 A 15 14.1 6.7
TiO, (4(2)) 53.9 AR 15 20.0 6.0
TiO, (6) 85.2 R 15 12.6 1.1
TiO, (7) 268 A 15 4.0 12.0
12 3.2 10.4
9 2.4 5.2
TiO, (8) 252 A 15 43 8.0
12 3.4 7.3
9 2.6 6.1
TiO, (9) 230 A 15 47 8.7
TiO, (10) 290 A 15 3.7 11.7
TiO, (12) 303 A 15 3.5 10.2
TiO, (13) 48.6 A 15 22.1 5.6
12 17.7 7.4
9 13.2 6.5
TiO, (14) 276 A 15 3.9 8.2
TiO, (15) 52.4 AR 15 20.5 5.4
TiO, (16) 97.9 R 15 11.0 1.5
TiO, (Kanto) 22.6 A 12.3 39.1 3.8
TiO, (P25) 53.8 A/R 15 20.0 4.6

“ A: anatase, R: rutile. ” According to the previous report,” the diameter of RuP was assumed to be 12.3 A for the calculation.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The relationship between specific surface area of TiO, and H;
evolution AQY. Only anatase-containing samples are shown. The
correlation coefficient (R?) between AQY and specific surface area was
calculated to be 0.76.

Evaluation of the electron injection process by emission
lifetime measurements

The result of photocatalytic reactions indicated that when using
samples with specific surface areas of 50-100 m* g™, the trend
in activity followed the order of anatase = P25 > rutile under
identical reaction conditions. This result is consistent with
previously reported findings in dye-sensitized solar cells, where
rutile exhibits lower photoelectrochemical conversion efficiency
than anatase or P25, primarily due to its lower specific surface
area and reduced dye adsorption.**** However, since dye
loading was standardized in the present study, the difference in
photocatalytic activity cannot be attributed to variations in dye
adsorption.

To evaluate the electron injection process from the excited
state of RuP into TiO,, emission lifetime measurements were
conducted using several selected TiO, samples. For compar-
ison, the excited state decay rate of RuP adsorbed on the

View Article Online
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insulating material Al,O; was also measured. Since Al,O; is an
insulator, electron injection from the excited state of RuP into
Al,O; does not occur.” Additionally, the emission quantum
yield of RuP/Al,O; was 4.5%, which is generally consistent with
previously reported values for RuP adsorbed on Al,0,."

The emission decay of RuP/Pt/TiO, was clearly faster than
that of RuP/Al, O3, indicating efficient electron injection into
TiO, (Fig. 4 and Table 2). Although the emission lifetime of RuP/
Pt/TiO, was different from sample to sample, no clear correla-
tion with photocatalytic activity was found. The emission
quantum yields of all samples were below 1%, suggesting that
electron injection from the excited state of RuP proceeds with
high efficiency. Previous studies have pointed out that when
emission quenching is on the order of several tens of percent,
electron injection efficiency may influence photocatalytic
activity.*® Since more than 90% quenching was observed in this
study, it is unlikely that electron injection is the dominant
factor governing photocatalytic activity.

Nevertheless, variations in emission lifetimes provide useful
insight into interfacial electron transfer behavior. A comparison
of RuP/Pt/TiO, systems employing anatase-, rutile-, and mixed-
phase TiO, revealed that the sample using rutile-type TiO,
clearly exhibited a shorter emission lifetime than the others
(Fig. 4 and Table 2). Specifically, anatase-type TiO, exhibited
predominantly long-lived components with lifetimes on the
order of several hundred nanoseconds, whereas rutile-type TiO,
was characterized by extremely short-lived components with
lifetimes of 2 ns or less. This difference in emission lifetimes is
considered to arise from differences in surface structure and the
distribution of trap states between the two materials.

Anatase-type TiO, has a large specific surface area but low
crystallinity and small particle size, which suggests the presence
of numerous surface defects and heterogeneous crystal facets.
These features are thought to lead to inhomogeneous adsorp-
tion modes of RuP, resulting in diverse interfacial environments
with varying electron injection efficiencies. Since the emission
quantum yield of RuP/Pt/TiO, was below 1%, it is inferred that
the majority of excited RuP molecules were deactivated through
electron injection or nonradiative processes. On the other hand,

10000 ®RuP/AL,O; ® RUP/PYTIO, (12) 10000 10000
® RuP/PYTIO, (10) ® RuP/AlLO;
] ::;iﬁgz E;; ] ® RuP/PYTIO, (4) i ® RuP/A,0,
1000 A .RuP/PifT':Oi o 1000 4 ® RuP/PYTIO, (P25) 1000 i @ RuP/PYTIO, (6)
© RuP/PYTIO, (13) |
2 y 2 )
3 100 3 100 S 100 |
° : ] 3 s) 1
O : O (&)
10 £ 10 £ 10 4
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16

Decay time / ps

Decay time / us

Decay time / ps

Fig.4 Emission lifetimes of RuP/Pt/TiO, samples with different TiO, crystal structures: (a) anatase, (b) mixed phase of anatase and rutile, and (c)
rutile. Emission lifetime measurements were performed after introducing 4 mL of an aqueous HCl solution (pH 4) and 3 mg of RuP/Pt/TiO, into
a dedicated cell, followed by 30 minutes of Ar bubbling to remove dissolved gases, using an excitation wavelength of 451 nm and monitoring the

emission at 630 nm.
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Table 2 Emission lifetimes and emission quantum yields of RuP/Pt/TiO,*

Emission lifetimes/ns

Sample” Crystal structure® Te1 (%) Teo (%) Te3 (%) D/ %o
Al,0; — 50 + 8 (2) 301 + 2.2 (98) — 4.5
TiO, (12) A 3.9+ 0.2 (5) 33 +2(22) 226 + 5.3 (73) 1.0
TiO, (10) A 3.0+ 0.2(8) 26 + 2 (29) 174 £ 5.0 (63) 0.5
TiO, (1) A 3.5 £+ 0.2 (10) 26 + 2 (28) 186 + 6.0 (62) 0.5
TiO, (8) A 4.0 £ 0.2 (12) 28 +2(41) 130 + 4.0 (47) 0.5
TiO, (7) A 3.4 £0.2 (14) 24 + 2 (42) 128 + 4.0 (44) 0.3
TiO, (13) A 4.2 +0.2 (18) 25 + 2 (46) 138 + 4.6 (36) 0.5
TiO, (4) AR 2.9 £ 0.2 (6) 28 + 2 (28) 150 + 3.3 (63) 0.8
TiO, (P25) A/R 3.9+ 0.3(7) 28 + 2 (31) 152 + 3.6 (62) 0.5
TiO, (6) R 0.23 £ 0.07 (27) 1.9 + 0.4 (54) 85 + 30 (19) 0.1

“ The emission lifetimes were calculated from the emission decay curves shown in Fig. 4. > RuP (15 umol g~*) was adsorbed. For TiO,, 0.10 wt% Pt

was loaded. ¢ A: anatase, R: rutile.

the small amount of detectable emission is considered to
originate from RuP molecules adsorbed at sites where electron
injection is less favorable, leading to relatively long-lived
emission.

This relationship among the uniformity of the TiO, surface,
the adsorption state of RuP, and the resulting emission
behavior is also reflected the emission spectra. In particular,
notable differences in emission peak wavelengths were
observed even among samples employing the same anatase-
type TiO,. As shown in Fig. 5, distinct variations in peak posi-
tions were found across samples, suggesting differences in the
molecular conformation or orientation of RuP at the TiO,
interface. For instance, the spectra of RuP/Pt/TiO, (1), (10), and
(12) exhibited emission peaks around 630 nm, resembling that
of Ru(bpy);>" in solution,* implying that RuP may be adsorbed

20000 + RuP/PYTIO, (12)

RuP/PYTIO, (13)
RuP/PYTIO, (4)
RuP/PYTIO, (10)
RuP/PYTIO, (1)
RuP/PYTIO, (8)
RuP/PYTIO, (P25)
RuP/PYTIO, (7)
RuP/PYTiO, (6)

15000

10000

Intensity

5000

700 800 900

Wavelength / nm
Fig. 5 Emission spectra of RuP/Pt/TiO,. Samples were prepared by
introducing 3 mg of RuP/Pt/TiO, and 4 mL of agueous HCl solution
(pH 4) into a dedicated measurement cell, followed by 30 minutes of

Ar bubbling to remove dissolved gases, using an excitation wavelength
of 451 nm.

This journal is © The Royal Society of Chemistry 2025

in a conformation similar to that in solution. In contrast,
samples such as RuP/Pt/TiO, (13) showed peaks around
670 nm, suggesting that RuP molecules are predominantly
adsorbed in different adsorption states on the TiO, surface.
Given that the samples showing peaks around 630 nm tended to
exhibit relatively long emission lifetimes, it is likely that RuP is
more weakly adsorbed onto the TiO, surface in these cases,
resulting in weaker electronic coupling and suppressed electron
injection.

In contrast, rutile-type TiO, is known to possess deep trap
states, which are primarily associated with surface defects.?®*°
Given that RuP molecules are adsorbed directly on the TiO,
surface, it is highly plausible that electron injection from the
excited state of RuP occurs directly into these surface-localized
trap states. Furthermore, the larger energy offset (i.e., greater
driving force) between the excited state oxidation potential of
RuP and the trap states in rutile compared to anatase may
facilitate a faster electron injection process. Consequently, the
fraction of RuP contributing to emission is significantly
reduced, and the observed photoluminescence likely arises only
on a very short timescale, in direct competition with ultrafast
electron injection.

Effect of crystal structure on back electron transfer

To elucidate the origin of the activity differences associated with
crystal structure, transient absorption spectroscopy was
employed to measure the rate of BET from the semiconductor to
the oxidized state of RuP. Measurements were carried out in the
absence of an electron donor, such that the recovery of the
bleaching signal reflects the BET process.

As shown in Fig. 6a, the results revealed that the BET rates
for anatase and P25 were comparable, whereas the decay of the
oxidized RuP species was significantly faster for rutile, indi-
cating an accelerated BET process. To further interpret these
results, the bleaching recovery curves were fitted with a triple-
exponential function, yielding three lifetime components (t;-
13) (Table 3). These components are arranged in order of
increasing lifetime and do not necessarily correspond to

J. Mater. Chem. A, 2025, 13, 36997-37007 | 37003
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Fig. 6 Normalized AAbsorbance at 475 nm of RuP/Pt/TiO, as
a function of time. (a) Comparison of samples with anatase and rutile
TiO, crystal structures. (b) Comparison with anatase-type TiO,
samples having different specific surface areas. Experimental condi-
tions: water (adjusted to pH = 4 by addition of sulfuric acid); excitation
wavelength, 532 nm.

discrete elementary processes. However, based on the classifi-
cation proposed by Nishioka et al,'® they can be tentatively
assigned according to their timescales as follows: components
shorter than 10 ps are associated with radiative or nonradiative
deactivation of excited RuP that did not undergo electron
injection, or with ultrafast BET from the conduction band to the
oxidized RuP; components in the range of 10-100 ps are
attributed to BET from relatively deep trap states; and compo-
nents longer than 100 ps reflect slow BET processes involving
spatially separated charge carriers. The faster decay of the
oxidized RuP species observed for the rutile sample, corre-
sponding to shorter BET-related lifetimes, correlates well with
the lower photocatalytic activity of this sample, suggesting that
the lower performance of rutile-type TiO, is likely associated
with its accelerated BET.

This interpretation is also consistent with the emission
lifetime measurements. In the rutile sample, a significantly
faster emission decay was observed compared to anatase, sug-
gesting that a considerable fraction of electrons from excited
RuP are directly injected into deep trap states located on the
TiO, surface. Electrons trapped in such states lose their
mobility, and if oxidized RuP species are present nearby, BET
can proceed rapidly. Since this process is strongly favorable
energetically, it is expected to occur very efficiently. Further-
more, electrons injected into deep trap states cannot participate
in the H, evolution reaction in the same way as free electrons in

Table 3 Absorption decay lifetimes of RuP/Pt/TiO,*
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the conduction band, which likely contributes to the lower
photocatalytic activity observed in rutile-based systems.

Even under conditions where an electron donor (EDTA) was
added, transient absorption measurements showed that the
trend of accelerated BET to the oxidized RuP species in the
rutile sample remained unchanged (Fig. S4). Nonetheless, since
the rutile sample possessed a slightly larger specific surface area
than the other samples, the possibility that this contributed in
part to the observed activity differences cannot be completely
excluded. As the conduction band minimum of rutile TiO, is
more positive than that of anatase, the driving force for H,
evolution by the conduction band electron is smaller in rutile
than in anatase.*® This could be a contributor to the low H,
evolution activity of the rutile-based systems.

Effect of specific surface area on back electron transfer

The influence of specific surface area on BET was also examined
in a similar manner. Fig. 6b showed that among anatase-type
TiO, samples, the oxidized RuP species exhibited a longer life-
time on samples with smaller specific surface area (e.g., TiO,
(13)), and a shorter lifetime on those with larger specific surface
area (e.g., TiO, (7)). At first glance, this result appears incon-
sistent with the experimental finding that samples with higher
specific surface area showed higher photocatalytic activity. One
possible explanation for this discrepancy could be that TiO,
with larger specific surface areas tend to have smaller particle
sizes, which might shift the conduction band edge to more
negative potentials due to quantum size effects.* This shift
could enhance the driving force for the H, evolution reaction,
thereby leading to higher H, production in samples with larger
specific surface areas. However, although a slight blue shift was
observed in the absorption edge of some samples, DRS
measurements showed only minimal spectral changes across
the TiO, series (Fig. S5). This suggests that the contribution of
quantum size effects to the increase in the bandgap—and hence
to the enhancement of the driving force for H, evolution—is
likely to be minor in this case.

Instead, the observed discrepancy is more likely attributable
to differences in the crystallinity of TiO,. Highly crystalline TiO,
generally contains fewer defect-related trap sites, allowing
injected electrons to diffuse over longer distances before
recombination. This extended electron transport can prolong
the lifetime of the oxidized RuP species and suppress BET.

Lifetimes/us
Sample” Crystal structure® 71 (%) 75 (%) 73 (%)
TiO, (16) R 0.30 + 0.07 (10) 12 + 3 (47) 200 =+ 50 (43)
TiO, (4(2)) A/R 2.1+ 0.5 (11) 38 +7(39) 440 + 60 (50)
TiO, (13) A 2.3 £ 0.4 (20) 48 + 6 (33) 500 =+ 40 (47)
TiO, (7) A 0.34 4+ 0.03 (34) 4.0 £ 0.6 (38) 115 + 18 (28)
TiO, (14) A 0.23 + 0.07 (27) 1.9 + 0.4 (54) 85 + 30 (19)

“ Calculated from the bleaching recovery curves shown in Fig. 6. > RuP (15 umol ¢ ") was adsorbed. For TiO,, 0.10 wt% Pt was loaded. ¢ A: anatase,

R: rutile.
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Indeed, previous studies comparing materials with different
crystallinities have shown that higher crystallinity leads to more
efficient electron transfer and reduced BET via defect states.” A
similar mechanism is likely operative in the present system,
where the slower BET can be attributed to improved charge
transport associated with higher crystallinity. In addition, for
samples with higher specific surface area, the longest BET
component (sub-100 ps) was not observed, which may be due to
their smaller particle sizes limiting the spatial separation of
charge carriers. These findings suggest that the differences in
photocatalytic activity arising from specific surface area are
primarily influenced by factors other than BET.

Effect of intermolecular interactions among RuP molecules

Based on the above results, we hypothesized that the specific
surface area-dependent variation in activity could be influenced
by the intermolecular distance between RuP molecules on the
TiO, surface. Since dye loading was kept constant across
samples, those with smaller specific surface area are expected to
have shorter intermolecular distances between dye molecules
than those with larger specific surface area. Consequently,
intermolecular interactions may become non-negligible and
potentially lead to lower photocatalytic activity.

To test this hypothesis, RuP/Pt/TiO, samples were prepared
with intentionally reduced dye loadings (12 and 9 pumol g™ %),
and their photocatalytic activities were compared. In the case of
TiO, (7) and TiO, (8) with high specific surface area, reducing
the RuP loading resulted in decreased H, evolution activity, as
expected (Fig. 7). However, in the case of TiO, (13) with low
specific surface area, a counterintuitive increase in H, produc-
tion was observed. While lower dye loading typically limits light
absorption and lowers activity, the enhancement observed for
the low specific surface area sample supports the notion that
intermolecular interactions among RuP molecules negatively
affect photocatalytic performance.

To further investigate whether these interactions involve dye
aggregation, octadecylphosphonic acid (OPA), a co-adsorbent
known to suppress aggregation,** was used to prepare [RuP,
OPA]/Pt/TiO, samples. FT-IR measurements were conducted to

RuP/PYTIO, (7) RuP/PYTIO, (8 RuP/PYTiO, (13)
60
©°
§ s0
3:: 40
2
S 30 )
C
o
2 20
3
E 10
0
15 12 9 15 12 9 15 12 9

Adsorption amount / pmol g=*

Fig. 7 Effect of lowering the dye loading on H, production by RuP/Pt/
TiO, after 3 hours of irradiation. Reaction conditions: catalyst, 10 mg;
solution, aqueous EDTA solution (10 mM, 100 mL, pH 4); light source,
LED (Asahi Spectra Co., CL-1501, 450 nm) under 0.30 mW cm™2 (the
irradiation area is 39 cm?).
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confirm the co-adsorption of OPA. In both the OPA-only sample
and the [RuP, OPA]/Pt/TiO, sample, absorption bands were
observed near 2900 cm™ ', corresponding to C-H stretching
vibrations from the alkyl chains, indicating that OPA was
successfully adsorbed onto the TiO, surface (Fig. 8). As shown in
Fig. 9, the co-adsorption of OPA improved H, evolution for
samples based on low specific surface area TiO, (13). In
contrast, no significant effect was observed for higher specific
surface area TiO, (10). These findings provide the evidence that
intermolecular interactions among RuP molecules play a crit-
ical role in determining photocatalytic activity, particularly for
TiO, with low specific surface area.

To gain further insight into the nature of these intermolec-
ular interactions, we analyzed both the absorption spectra and
the emission lifetimes—parameters commonly used to assess
dye aggregation (Fig. S6-S8). While the absorption spectra
showed no significant differences upon co-adsorption of OPA,
a clear increase in emission lifetime was observed. This result
suggests that non-radiative deactivation pathways, likely caused
by dye-dye interactions, were suppressed in the presence of
OPA. Such behavior is consistent with previous reports attrib-
uting shortened emission lifetimes to dye aggregation. For
example, it has been reported that [Ru(bpy);]** adsorbed into
mesoporous silica exhibits significant luminescence quenching
upon dehydration due to aggregation of the dye molecules.*® It
has been also reported that in dye-sensitized photoelectro-
chemical cells for water splitting, dye aggregation could
enhance the rate of hole transfer between dye molecules,
thereby promoting hole transport to an O, evolution catalyst
such as IrO,.* In contrast, in the present RuP/Pt/TiO, system,
electrons injected from the excited state of RuP into TiO, may
be scavenged by holes migrating between adjacent RuP mole-
cules (i.e.,, BET reaction may occur) before reaching the Pt
cocatalyst where H, evolution occurs. The introduction of OPA
between dye molecules may serve to inhibit this inter-dye hole
transport pathway, thereby suppressing undesirable charge
recombination. Therefore, it is highly probable that intermo-
lecular interactions, including aggregation, are operative in our
system and contribute to variations in photocatalytic activity.

(b)

£ iE
— £ i iE
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§ alkyl region H,O(bending vibration) 8 £ 5
8 sl iz 2
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Fig. 8 FT-IR spectra of RuP/Pt/TiO, (8) adsorbed with OPA; from
bottom to top: OPA only, RuP/Pt/TiO,, [RuP, OPA]/Pt/TiO, (RuP : OPA
=1:0.5, OPA: 25 uM), [RuP, OPA]/Pt/TiO, (RuP: OPA =1:1, OPA: 50
uM). (a) Overview, (b) enlarged view for alkyl region.
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Fig.9 Comparison of H, production by RuP/Pt/TiO, and [RuP, OPA]/
Pt/TiO, using TiO, with different specific surface areas after 3 hours of
irradiation. Reaction conditions: catalyst, 10 mg; solution, aqueous
EDTA solution (10 mM, 100 mL, pH 4); light source, LED (Asahi Spectra
Co., CL-1501, 450 nm) under 0.30 mW cm™~2 (the irradiation area is 39
cmd).

Taken together, the observed specific surface area-
dependent differences in photocatalytic activity for dye-
sensitized TiO, systems could be explained by the interplay
between BET and intermolecular interactions among dye
molecules. In this system, the negative impact of dye-dye
interactions appears to play a more dominant role than the
losses due to BET in determining overall photocatalytic
performance.

Conclusions

In this study, the effects of TiO, crystal structure and specific
surface area on the photocatalytic activity of RuP/Pt/TiO,
systems were systematically investigated through H, evolution
experiments. The results showed that differences in activity due
to crystal structure were primarily attributed to variations in
BET rates, with rutile-type TiO, exhibiting significantly lower
performance owing to its faster BET. In contrast, the influence
of specific surface area could not be fully explained by BET rates
alone; in particular, for anatase-type samples with low specific
surface area, intermolecular interactions among RuP molecules
were suggested to be a major factor limiting activity.

Based on these findings, the design of high-efficiency pho-
tocatalysts should involve the selection of crystal structures that
suppress BET, while also incorporating strategies to minimize
intermolecular interactions among dye molecules. Specifically,
employing semiconductors with large specific surface areas or
applying techniques—such as the use of co-adsorbents—to
inhibit dye-dye interactions may prove effective.
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