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hermal etching and conversion on
photocatalytic hydrogen evolution and overall
water splitting with nanoparticulate and
mesoporous TiO2 and SrTiO3/TiO2 composites†

Lion Schumacher, Jana Timm and Roland Marschall *

TiO2 and SrTiO3 are well-studied semiconductors for photocatalytic H2 evolution and overall water splitting,

respectively. Hydrothermal conversion of different TiO2 starting materials enables the synthesis of SrTiO3/

TiO2 composites with various morphological designs, which have so far shown increases in photocatalytic

H2 evolution activity. Herein, we address this phenomenon and the underlying influences of alkaline and

pH-neutral media during hydrothermal conversion reactions by detailed material characterization of

SrTiO3/TiO2 composites and etched TiO2. Trends in photocatalytic H2 evolution activities can be related

directly to morphological factors, which in turn determine the influence of hydrothermal treatment. TiO2

nanoparticles are mainly subjected to agglomeration, while mesoporous TiO2 benefits from increasing

hydrophilicity and a broadening of pore size distributions. Taken together, both influences lead to “pore

activation” that strongly enhances photocatalytic H2 evolution activities. Simple hydrothermal treatment

in diluted NaOH solution or even plain H2O might be a promising strategy to enhance photocatalytic

activities of mesoporous TiO2 and potentially other mesoporous semiconductors, but more importantly,

it also needs to be taken into account in the case of hydrothermal conversion reactions, since the subtle

impact of the reaction medium may be overlooked or misinterpreted as a composite effect.
Introduction

Affordable energy is socially and economically indispensable,
but over the past few decades, our overall demands for energy
sources and energy carriers have evolved beyond this basic
requirement. Today and in the future, aspects of sustainability,
reliability, cost effectiveness, and versatility must be considered
to address one of the most pressing challenges of the 21st

century: a complete transformation of the global economy away
from fossil fuels.1,2

Hydrogen (H2) is a promising energy carrier due to its high
gravimetric energy density and foreseeable applications in fuel
cells and various industrial processes.3–6 In this regard, abundant
solar energy allows for scalable and potentially emission-free
green H2 production.7 The production of green H2 could be
mainly realized by two methods, namely electrocatalysis and
photocatalysis. Both methods exhibit benets and hindrances. In
the case of electrocatalysis, electrocatalysts require an external
potential to drive the electrolysis of water, which can be provided,
for example, using photovoltaic cells. In this case, electrolyzers
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have a high efficiency for emission-free green H2 production or
even the water splitting reaction, but the use of platinum group
metals and the resulting high costs of this technology limit the
competitiveness compared to conventional steam reforming.8,9

Furthermore, the replacement of noble metals is challenging due
to the high demands on electrocatalysts such as high current
densities, a large number of active sites, high conductivity, pH
stability, and effective mass transfer properties.8,10–14 In contrast,
semiconductor photocatalysts can be made from earth-abundant
elements. In order to enhance the photocatalytic performance,
only small amounts of noble metals or even earth-abundant
elements as co-catalysts are combined with the semiconductor.
In the long run, the competitiveness of photocatalysis compared
to steam reforming and electrocatalysis will depend on the price
and the availability of the used materials. Semiconductors are
already largely made from comparably inexpensive alkaline earth
metals, transition elements, and p-block elements.15–17 Examples
are TiO2 and SrTiO3, which are model systems for photocatalytic
H2 evolution and OWS, respectively.18–20 Kinetic limitations,
electronic structures, and inuences of morphologies, facets or
surface treatments have been investigated for both semi-
conductors, and knowledge gained over decades is used to opti-
mize photocatalysts.21–32

Despite various performance-limiting characteristics, pho-
tocatalytic activity can be exclusively limited by the surface
This journal is © The Royal Society of Chemistry 2024
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area.33 Therefore, increasing the surface area by nano-
structuring is a common strategy to enhance photocatalytic
activity.33 In comparison to nanoparticles, porous photo-
catalysts benet from enhanced light harvesting due to reec-
tion and scattering by pores, diffusion of reactants and products
through pores, efficient charge carrier transport, and easy reuse
of the material.34,35 Antonelli et al. used a so-templating
approach and were the rst to synthesize mesoporous TiO2 in
1995.36,37 Since then, TiO2 has also become a model system for
porous photocatalysts. Over the last few decades, ordered
mesoporous structures, larger pore sizes, and highly crystalline
frameworks have been synthesized.35 Unfortunately, only some
of this progress could be transferred to other semiconductors.
More demanding synthesis conditions and higher calcination
temperatures mainly limit the synthesis of mesoporous ternary
oxides such as SrTiO3 or even quaternary semiconductors.38,39

Apart from intrinsic and morphological properties, TiO2 and
SrTiO3 are frequently processed further for the deposition of co-
catalysts or to form composite materials with other
semiconductors.29,40–43 The latter allows for improved absorp-
tion of solar light if the oxides are combined with semi-
conductors with smaller band gaps. Enhancements in
photocatalytic activities in composite systems are mostly
attributed to heterojunctions or Z-scheme charge carrier sepa-
ration mechanisms.44,45 Improvements have even been observed
for composites such as SrTiO3/TiO2, ZnO/TiO2, or BaTiO3/
SrTiO3, which consist of semiconductors with similar band gap
values and similar potentials of valence and conduction band
edges.46–52

Titanate perovskites (ATiO3, A = Ca, Sr, Ba) rank among the
most active semiconductors in the eld of photocatalytic water
splitting.53 Limiting factors such as wide band gaps, insufficient
charge carrier extraction, and inherent Ti3+ recombination
centers have been tackled by different doping strategies,
advanced combinations of co-catalysts, and formation of
heterostructures.32,54–59 Commercial applications lie further in
the future, but a rst attempt at scaling solar H2 production has
been established for SrTiO3 already.7 Aside from yet insufficient
solar-to-hydrogen (STH) energy conversion efficiencies, basic
research on morphological diversity and heterostructures is
indispensable for the subsequent combination of existing
research results. Lately, different SrTiO3/TiO2 composites
synthesized by hydrothermal conversion of TiO2 materials have
shown strongly enhanced performance in photocatalytic H2

evolution.46,47,60–67 The structural diversity includes nano-
spheres, MOF- and MXene-derived structures, nanotubes, and
nanobers/nanowires. However, simpler morphologies such as
nanoparticles are noticeably underrepresented.63

In this work, we highlight the reason for the dependence of
photocatalytic activities on morphological differences and we
emphasize that inuences of composite syntheses on individual
semiconductors must be considered carefully for the correct
attribution of observed activity enhancements. We used
a simple hydrothermal method to convert mesoporous and
nanoparticulate TiO2 into SrTiO3/TiO2 composites. In the case
of the mesoporous starting material, considerable increases in
photocatalytic H2 evolution rates have been detected, while
This journal is © The Royal Society of Chemistry 2024
partial conversion of nanoparticles only led to a decrease in
photocatalytic activity. To address this phenomenon, we per-
formed hydrothermal etching of the starting materials by
omitting the Sr precursor. N2 and H2O physisorption
measurements of mesoporous samples reveal that hydro-
thermal etching in diluted NaOH solution and even in H2O
leads to a broadening of pore size distributions and more
hydrophilic TiO2 surfaces. The latter effect already occurs in the
rst 30 minutes of the synthesis of mesoporous SrTiO3/TiO2

composites, and thus can be misinterpreted as a composite
effect. On the other hand, hydrothermal treatment of meso-
porous photocatalysts in diluted NaOH solution or H2O might
be a simple and promising strategy to improve photocatalytic
activities in general.

Experimental
Materials

Ti(OCH(CH3)2)4 (TTIP) (Sigma-Aldrich, 97%), PEG–PPG–PEG
(Pluronic® P123) (Sigma-Aldrich), acetone (Fisher Chemical,
$99.8%), ethanol absolute (VWR), 2-propanol (VWR, p.a.), TiO2

nanoparticles (Hombikat N100, Sachtleben), SrCl2$6H2O
(abcr, 99%), NaOH (Grüssing, 99%), Na2SO4 (Roth, $99%),
HCl (1 M) (Grüssing), methanol (Fisher Chemical, 99.99%),
H2PtCl6$6H2O (Roth, 99.9995%), Co(NO3)2$6H2O (abcr, 99%),
K2CrO4 (Alfa Aesar, 99.9%), and Na3RhCl6 (Sigma-Aldrich) were
used without further purication. Demineralized H2O and
ultrapure H2O were used in the synthesis and for photocatalytic
measurements, respectively. Fluorine-doped SnO2 (FTO)
samples were purchased from XOP glass with the specication
TEC T10 (8–10 U sq−1) and were cleaned with ethanol, acetone,
and isopropanol followed by ultrapure H2O for 30 min each in
an ultrasonic bath. The FTO samples were dried with N2 for the
subsequent spray-coating.

Mesoporous TiO2

Mesoporous TiO2 (denoted as M0h) was synthesized via an
adapted so-templating approach.68

Triblock copolymer Pluronic® P123 (3.00 g) was dissolved in
absolute ethanol (20 g, 25.3 mL) and stirred vigorously for 30
minutes to obtain a clear solution. Titanium tetraisopropoxide
(TTIP) (0.02 mol, 5.7 g, 5.9 mL) was added, and the solution was
stirred for another 30 minutes. Aerwards, the solution was
transferred to a 100 mL Teon-cup, which was stored for
approximately four days at 40 °C under a glass dome without
stirring. Dried-up samples were calcined in air in a muffle
furnace (Nabertherm). The temperature was kept at 350 °C for
10 h and 525 °C for 3 h. Heating rates were set to 3 K min−1.

Conversion of TiO2

A single-step direct hydrothermal synthesis was employed to
convert mesoporous TiO2 (M0h) or commercial Hombikat N100
nanoparticles (denoted as N0h) to SrTiO3 or SrTiO3/TiO2

composites. The procedure by Zhang et al. was adapted in terms
of starting materials, temperature, holding time and concen-
tration of the NaOH solution.69
J. Mater. Chem. A, 2024, 12, 30768–30782 | 30769
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TiO2 (0.500 g, 6.260 mmol, 1 eq.) was mixed with a slight
excess of SrCl2$6H2O (1.8361 g, 6.887 mmol, 1.1 eq.). In the case
of M0h, the material was ground beforehand for 10 minutes to
obtain a ne powder. Then, NaOH solution (0.2 M, 25 mL) was
added to the mixture, and the dispersion was transferred to
a PTFE-lined stainless-steel autoclave. The autoclave was heated
to 150 °C for 0.5 h, 1 h, 2 h, 5 h, 10 h, 20 h, or 1 day, respectively.

In the following, samples are abbreviated related to the
respective starting material and conversion time. Converted
mesoporous TiO2 is denoted as MCxh, x showing the reaction
time. The respective samples converted from nanoparticles are
denoted as NCxh.

Higher concentrated NaOH solution (5 M) and a longer
reaction time of 6 days (144 h) were applied for the synthesis of
the samples MC144h(5M) and NC144h(5M).

The autoclave was quenched in ice water and the product
was washed two times with 10 mL H2O to remove excess alkali.
Subsequently, HCl (1 M, 10 mL) was added and the obtained
dispersion was treated in an ultrasonic bath for 10 minutes at
room temperature to eliminate unreacted hydroxides. The
centrate was removed aer centrifugation and the sediment was
washed again two times with 10 mL H2O. The product was
transferred with 4 mL H2O to a glass vial and dried in an oven at
80 °C.
Etching of TiO2

Etching of M0h and N0h was performed analogously to the
conversion reactions but without the addition of SrCl2$6H2O.
Etching was conducted for reaction times of 0.5 h, 1 h, 2 h, 5 h,
10 h, and 20 h. The work-up procedure was performed analo-
gously to the above stated steps for converted samples. Samples
are denoted as MExh and NExh, respectively.
H2O treatment

H2O treatment of M0h and N0h was performed analogously to
the conversion reactions but without the addition of SrCl2$6H2O
and in 25 mL H2O instead of NaOH solution. The treatment was
conducted for reaction times of 0.5 h and 20 h. The work-up
procedure was performed analogously to the above stated steps
for converted samples. Samples are denoted as M0.5hH2O,
M20hH2O, N0.5hH2O, and N20hH2O, respectively.
HCl work-up procedure and H2O work-up procedure

HCl work-up and H2O work-up were employed to investigate the
inuence of the above stated work-up procedure aer hydro-
thermal conversion, etching or H2O treatment reactions.

HCl work-up was conducted by performing the above stated
washing steps and ultrasonic treatment directly on the TiO2

starting materials M0h and N0h without any previous hydro-
thermal treatment. The respective samples are denoted as
M0hHCl and N0hHCl.

The H2O work-up procedure was performed analogously to
the HCl work-up but H2O was added before ultrasonic treat-
ment instead of 1 MHCl. The respective samples are denoted as
M0hH2O and N0hH2O.
30770 | J. Mater. Chem. A, 2024, 12, 30768–30782
Material characterization

Samples were characterized with powder X-ray diffraction (XRD)
using a Malvern PANalytical Empyrean XPert Pro device
equipped with a PIXcel1D detector. Copper Ka irradiation (l1 =
1.5406 Å; l2 = 1.54443 Å) was generated using an emission
current of 40 mA and an acceleration voltage of 40 kV.
Measurements were carried out with a scattering slit of 1°,
a step size of 0.02626° or 0.0393908° and a scan step time of
147.390 s or 296.31 s, respectively. Reference Bragg reections
were obtained from the Crystallography Open Database (COD)
(anatase: 1526931, rutile: 9001681, SrTiO3: 1512124). Average
crystallite sizes were estimated using the Scherrer equation:

D ¼ Kl

B cosðqÞ ¼
0:94l

B cosðqÞ
where D is the crystallite size, l is the X-ray wavelength of the
diffractometer, K is a dimensionless shape factor, B is the full
width at half maximum (FWHM) in radians, and q is the
diffraction peak angle. Average crystallite sizes were calculated
based on ts (Lorentz function) of the (101) anatase reections
and (110) reections of SrTiO3.

Transmission electron microscopy (TEM) was employed for
the determination of sample size, crystallinity, and morphology
using a 200 kV JEOL JEM-2200FS EFTEM, equipped with
a Schottky FEG and an omega in-column energy lter. Lattice
planes were evaluated with ImageJ 1.53e.

The nanoparticulate and porous morphologies were further
examined by scanning electron microscopy (SEM). Imaging was
performed on a Zeiss Leo 1530 device at an acceleration voltage
of 3.0 kV aer sputter coating with platinum (Cressington
Sputter Coater 208 HR). The same instrument was used for
energy-dispersive X-ray spectroscopy (EDX) using an accelera-
tion voltage of 20.0 kV and a Thermo Fisher Scientic NS7
UltraDry-EDX detector.

X-ray photoelectron spectroscopy (XPS) was performed on
a Physical Electronics (PHI) VersaProbe III scanning XPS micro-
probe instrument equipped with a monochromatized Al Ka

source. The beam voltage was set to 15 kV, the X-ray power was set
to 25 W and a beam diameter of 100 mm was used. Survey scans
were recorded in the range of 1200 eV to 0 eV with a step size of
0.4 eV and step time of 50 ms at a pass energy of 224 eV. High-
resolution spectra were recorded with a pass energy of 26 eV,
a step size of 0.1 eV, and a time per step of 50 ms. To avoid
charging effects, samples were continuously ooded with elec-
trons and Ar+ ions at low energy. XP (X-ray photoelectron) spectra
were evaluated with CASA XPS 2.3.25 using Shirley backgrounds.70

Gaussian–Lorentzian line shapes with a 30% Lorentz ratio (GL30)
were assumed for peak tting. The C–C t of the carbon 1s signal
was set to 284.8 eV for charge correction. Curve-tting of adven-
titious carbon was performed based on parameters reported by
Biesinger et al.71 Fitting of Sr 3d, Ti 2p, and O 1s signals is based
on different parameters reported for TiO2 (anatase),72 SrTiO3,73–75

SrCO3,73,76 and SrCl2.73,77

Diffuse reectance infrared Fourier transform (DRIFT)
measurements were performed on a Bruker Alpha II spec-
trometer using the soware OPUS. The resolution was set to
This journal is © The Royal Society of Chemistry 2024
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4 cm−1 and measurements were conducted from 4000 cm−1 to
350 cm−1 with 24 scans per sample.

Raman measurements were conducted using Labspec so-
ware and a LabRam Horiba Jobin Yvon spectrometer, that was
equipped with an Olympus BX41 microscope. A He–Ne-laser
(l = 633 nm; 11.5 mW) was employed for excitation. Measure-
ments were conducted from 65 cm−1 to 1450 cm−1 (Raman
shi) with an exposure time of 0.5 to 2 s and an accumulation
number of 20.

Diffuse-reectance UV/vis measurements were performed on
a PerkinElmer Lambda 750 UV/vis/NIR spectrometer with
a Praying Mantis geometry (Harrick). A step width of 1 nm and
a range of 200 nm to 800 nm were used. A Spectralon tablet was
used as the white standard. Diffuse reection was converted to
pseudo-absorption using the Kubelka–Munk equation. Band
gaps were estimated from Tauc-plots assuming indirect
semiconductors.

DLS measurements were performed on a Litesizer 500 by
Anton Paar. Kalliope soware was used andmeasurements were
conducted in quartz cuvettes and aqueous methanol disper-
sions (10% methanol; 0.33 mg nanoparticulate photocatalyst
per mL, analogous to photocatalytic H2 evolution experiments).
The measurement angle was set to automatic. Titania was
assumed to be the analyzed material, since its refractive index is
expected to be similar to the refractive indices of the measured
TiO2 and SrTiO3/TiO2 samples. Measurements of mesoporous
samples could not be conducted due to the large secondary
particle sizes and the resulting instability of the dispersions.

Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out with a Zahner Zennium CIMPS-PCS
system and Thales soware in a three-electrode photo-
electrochemical cell lled with aqueous 0.1 M Na2SO4 electro-
lyte. The working electrodes were prepared via spray-coating of
nanoparticulate TiO2 dispersions (6 mg in 6 mL ethanol) on
FTOs and subsequent heating on a heating plate at 80 °C for
5 minutes. Higher temperatures were avoided to preserve the
surface characteristics of the samples. A platinumwire was used
as the counter electrode and an Ag/AgCl (3 M NaCl) electrode
was used as the reference electrode. The working electrode was
irradiated with simulated solar light using a 300 W Xe lamp
(LOT-QuantumDesign) with an air mass 1.5G lter and the EIS
measurements were performed from 0.1 Hz to 100 kHz.

For the characterization of specic surface area and gas
adsorption properties, N2 physisorption isotherms were
measured at 77 K with a Quadrasorb evo surface area & pore size
analyzer (Anton Paar) or a Nova 800 surface area & pore analyzer
(Anton Paar) or an Autosorb iQ-MP-MP-AG instrument (Anton
Paar QuantaTec). Samples were degassed for 12 h at 120 °C prior
to the measurements. For surface area calculations, the Bru-
nauer–Emmet–Teller (BET) model was used, and the data
evaluation was conducted with ASiQwin™ from Quantachrome
Instruments and Kaomi for Nova from Anton Paar. Data tting
of full isotherms was performed with a QSDFT adsorption
model and adsorption of N2 on carbon and slit/cylindrical
shaped pores was assumed.

H2O vapor isotherms were recorded with an Autosorb iQ-MP-
MP-AG (Anton Paar QuantaTec). Samples were degassed for 12 h
This journal is © The Royal Society of Chemistry 2024
at 30 °C before the measurement. The measurement tempera-
ture was 20 °C and the saturation vapor pressure (p0) was set to
17.38 torr.

Photocatalytic activity regarding H2 evolution from aqueous
methanol solution was tested under simulated solar light irra-
diation. A dispersion of H2O (135 mL), methanol (15 mL), and
the respective sample (50 mg) was added to a glass reactor with
a quartz window on top. In advance, the sample was dispersed
in a small amount of H2O and treated in an ultrasonic bath
(Emmi® 20 HC, EMAG) for 10 minutes to support the dispersal.
The reactor was placed under a solar simulator (Newport),
equipped with a 150 W Xe lamp and an air mass 1.5G lter. The
setup was cooled and kept at 20 °C with a thermostat (Eco RE
1050, LAUDA). The suspension was stirred with a magnetic
stirrer. O2 was removed by ushing the suspension with Ar. H2

evolution was recorded via a gas chromatograph (Shimadzu GC-
2014), which was equipped with a thermal conductivity detector
(TCD) and a shin carbon ST column. Pt was used as the co-
catalyst and added via an aqueous H2PtCl6$6H2O solution
(0.1 wt% Pt; photodeposition) aer two hours of measuring
time through a rubber sealing. The measurement was then
performed for another two hours. The lamp was switched off
and the measurement continued until no more H2 was detec-
ted. The amount of H2 was converted to mmol h−1 using the
ideal gas law. An additional long-term measurement was per-
formed analogously but the irradiation time aer addition of
H2PtCl6$6H2O solution was extended to 20 h.

Photocatalytic overall water splitting (OWS) activity was
measured under UV light irradiation in an immersion lamp
setup. Ultrasonic treatment was conducted as described above.
A dispersion of the sample (300 mg) in H2O (600 mL) was added
to a glass reactor. The reactor was equipped with a double-
walled quartz glass envelope into which an Hg vapor lamp
(700W, TQ 718 Peschl Ultraviolet) was inserted. The suspension
was stirred with a magnetic stirrer and cooled to 10 °C with
a thermostat (Proline RP845, LAUDA). O2 was removed by
ushing the suspension with Ar overnight. Gas evolution was
measured using a mass spectrometer (HIDEN Analytical
HPR20). The lamp was switched on and set to a power of 71.4%
(500 W). Aer 30 min, the lamp was switched off for 5 min to
add Na3RhCl6 solution (1.0 wt% Rh). Aer 2 h of irradiation, the
lamp was switched off again for 5 min to add K2CrO4 solution
(0.5 wt% Cr2O3). The dispersion was irradiated for another 2 h
until the lamp was switched off again for 5 min. Co(NO3)2
solution (0.5 wt% assuming CoOOH) was added and the lamp
was switched on for at least 2 h or until steady H2 and O2

evolutions were measured. Aer the lamp was switched off, the
measurement was continued for at least 45 min. Detected
amounts of H2 and O2 were converted to mmol h−1 using the
ideal gas law.

Results and discussion

To differentiate between composite effects and different
morphological aspects, we conducted hydrothermal conversion
reactions on mesoporous TiO2 (M0h) and on commercial
anatase nanoparticles (Sachtleben Hombikat N100, N0h). Fig.
J. Mater. Chem. A, 2024, 12, 30768–30782 | 30771
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S1† illustrates the schematic structure of all conducted reac-
tions and treatments. The synthesis of mesoporous starting
material M0h is based on an evaporation-induced self-assembly
(EISA) approach but adapted in terms of synthesis parameters
to obtain high yield and crystallite sizes comparable to those of
the nanoparticulate starting material N0h.

SrTiO3 reexes become visible in XRD patterns of converted
nanoparticles (NC series) and converted mesoporous TiO2 (MC
series) aer 2 h of reaction time (Fig. 1). A prolonged reaction
time of 6 days (144 h) in higher concentrated NaOH solution
(5 M) leads to a seemingly complete conversion of the nano-
particles (NC144h(5M)), whereas anatase with only a minor
decrease in crystallite size (Tables S1 and S2†) remains present
in the case of the mesoporous sample MC144h(5M). A phase
transformation from anatase into rutile is not observed.

All samples absorb UV light as visible from Kubelka–Munk
plots (Fig. S2†). Band gap values derived from Tauc plots are
3.14 eV and 3.31 eV for the starting materials M0h and N0h,
respectively. The divergence can be attributed to the presence of
defect states and a more pronounced absorption tail (Urbach
tail) in the case of M0h.78 Band gap values tend to approach
3.2 eV with increasing reaction time, which is the expected value
for SrTiO3.53 Only the Tauc plot of NC144h(5M) shows another
linear range in the absorption edge, which can be assigned to
a small portion of amorphous TiO2. Experimental data reported
for the optical band gap of amorphous TiO2 lie between 3.2 and
Fig. 1 XRD patterns (top) and Tauc plots (bottom) of converted mesopo

30772 | J. Mater. Chem. A, 2024, 12, 30768–30782
3.4 eV.79 Limited mass transport during the unstirred hydro-
thermal reaction could be the reason for incomplete conversion
aer 144 h in 5 M NaOH solution.

DRIFT spectra of the NC and MC series (Fig. 2) differ in the
presence of a CO2 signal at 2350 cm−1.80 Calcination of the as-
synthesized M0h most likely leads to CO2 residues trapped in
pores without connection to the surface. Thus, hydrothermal
conversion does not lead to the disappearance of the CO2 signal
but only to a reduced intensity due to the growing SrTiO3 layer
on the surface. SrTiO3 formation can be followed by the
appearance of a band at around 500 cm−1.81 The less intense
signal in the spectrum of MC144h(5M) in comparison to
NC144h(5M) corresponds to the incomplete conversion of M0h,
which is in accordance with the XRD results. Intense absor-
bance at around 900 cm−1 can be ascribed to Ti–O and Sr–O
vibrations.82,83 Differences in the range of 1250 cm−1 to
1750 cm−1 within a series and between both series can be
attributed to surface H2O (1620 cm−1), C]O bond stretching of
carbonate species (SrCO3, 1450 cm−1), respective protonated
species, and signals of other organics.84–87 No clear trend is
observed from the intensities of the broad OH vibrations
(2600 cm−1 to 3800 cm−1).

Raman spectra (Fig. 2) are dominated by intense anatase
signals.88 Only the highly converted sample NC144h(5M) shows
a signicantly different spectrum. The distinct peak at 149 cm−1

can be ascribed to either the anatase or rutile phase. A lack of
rous (left) and nanoparticulate (right) TiO2.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 DRIFT (top) and Raman spectra (bottom) of converted mesoporous (left) and nanoparticulate (right) TiO2.
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long range order is indicated by peak broadening and the
observed shi of 5 cm−1.89 SrTiO3 spectra generally show rela-
tively broad signals, but the individual course of the spectra is
quite diverse and allows for conclusions regarding strains or
defects. Due to its theoretically ideal cubic perovskite structure,
SrTiO3 exhibits no rst-order Raman activity. Instead, spectra
are dominated by second-order scattering.90 Aside from broad
intensities, the spectrum of NC144h(5M) exhibits two further
signals at 176 cm−1 and 542 cm−1. Both bands arise from rst-
order Raman scattering due to local loss of inversion symmetry.
The peak at 176 cm−1 corresponds to the TO2 polar phonon and
seems to exhibit Fano asymmetry, which hints at the presence
of polar domains. The feature at 542 cm−1 can be assigned to
the TO4 Raman band and is likewise a consequence of distor-
tion from the long range cubic structure.90,91

SEM images of the mesoporous starting material M0h show
large micrometer sized secondary particles as they are obtained
from the EISA synthesis (Fig. 3). The mesoporous structure with
slit-like pores can be surmised only at maximummagnication.
Hydrothermal conversion leads to less pronounced edges and
rougher surfaces at the micrometer scale. SrTiO3 at the surface
can be observed as small crystallite structures (Fig. S3†). The
generally smaller secondary particles are the result of grinding
of M0h before hydrothermal conversion.

Fig. S3† shows the respective images for nanoparticulate
samples. The EDX results (Table S3†) conrm the incomplete
This journal is © The Royal Society of Chemistry 2024
conversion of MC144h(5M) with a Sr/Ti ratio of 0.24. A notice-
ably higher value of 0.87 was determined for the NC144h(5M)
sample. However, the deviation from the expected value of 1
hints at the presence of a small amorphous portion of TiO2,
which is in accordance with the UV-vis and Raman results.
Primary particles and lattice planes of SrTiO3 are visible in TEM
images in Fig. S4.†

XPS survey data (Fig. 4a and S5†) show the presence of O, C,
and Ti and the increase of the Sr 3d signal aer 2 h of conver-
sion time. Small amounts of Na and Cl can be detected in some
samples due to the work-up procedure (Tables S4 and S5†). The
Sr/Ti ratios of the MC and NC series show a completely different
behavior with increasing conversion time (Fig. 4b). The
micrometer sized TiO2 particles of M0h are quickly covered with
Sr species. The Sr/Ti ratio for the MC series surpassed 1 aer 5 h
of reaction time, while that for the NC series surpassed 1 only in
the case of the longest reaction time of 144 h in 5 M NaOH. The
incomplete conversion of M0h can therefore be attributed to the
large secondary particle sizes but also to the dissolution–
precipitation mechanism of the hydrothermal conversion
reaction. Zhang et al. described the process by progressive
dissolution of TiO2 and subsequent precipitation of SrTiO3 due
to the reaction of [Ti(OH)6]

2− with Sr2+ in the reaction
medium.69 Sr/Ti ratios surpassed 1 because of the presence of
SrCO3 at the surface. Respective ratios obtained from the EDX
results are generally lower due to a larger escape depth. The
J. Mater. Chem. A, 2024, 12, 30768–30782 | 30773

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta03416c


Fig. 3 SEM images (top) of the mesoporous TiO2 starting material (M0h) and a SrTiO3/TiO2 composite (MC144h(5M)). EDX mapping of
MC144h(5M) is shown at the bottom.
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phenomenon of surface SrCO3 is known for SrTiO3 surfaces
because Sr(OH)2 and other surface-bound Sr2+ species will form
SrCO3 during drying or calcination processes. Low amounts of
CO2 in the atmosphere and surface-bound organics are enough
to promote the formation of SrCO3 on the surface.32,92

High-resolution XP (X-ray photoelectron) spectra clearly
show the presence of SrTiO3 aer 2 h of conversion time (Fig. S6
and S7†), which is in accordance with XRD data. Shorter reac-
tion times of 1 h and 0.5 h and subsequent drying, however,
Fig. 4 XP survey spectra of the MC series (a); derived Sr/Ti ratios of the
MC144h(5M).

30774 | J. Mater. Chem. A, 2024, 12, 30768–30782
already lead to SrCO3 and possibly small amounts of SrCl2(H2O)x
on the surface. In the case of longer reaction times, two Sr species
had to be considered for a reasonable t of the Sr 3d signals.
Based on binding energies, these two species can be assigned to
SrTiO3 and SrCO3 (Fig. 4e). SrTiO3 formation can also be followed
by a shi of the O 1s and Ti 2p signals to lower binding energies.
In the case of MC144h(5M), TiO2 still had to be assumed to
obtain reasonable ts of the O 1s and Ti 2p spectra, whereas
MC and NC series (b); and O 1s (c), Ti 2p (d), and Sr 3d spectrum (e) of

This journal is © The Royal Society of Chemistry 2024
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Table 1 Maximumphotocatalytic H2 evolution rate (mmol h−1) from 10% aqueousmethanol solution under 1 sun during an irradiation time of 2 h.
The highest photocatalytic activity of each series is marked in bold

Synthesis reaction time 0 h (starting material) 0.5 h 1 h 2 h 5 h 10 h 20 h

Converted N0h (NC series) 118.1 111.9 103.9 90.8 59.9 66.1 74.3
Converted M0h (MC series) 52.8 71.5 68.5 45.4 21.1 21.0 22.3
Etched N0h (NE series) 118.1 110.1 101.1 98.6 84.5 80.8 76.1
Etched M0h (ME series) 52.8 70.0 67.1 65.8 86.5 91.3 106.7
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spectra of NC144h(5M) indicate no TiO2 in surface proximity
(Fig. 4c, d, S6, and S7†).

Photocatalytic H2 evolution activities of the MC and NC
series were tested for conversion times up to 20 h (Table 1).
Surprisingly, different trends were observed for both series. In
the case of the converted nanoparticles, increasing conversion
time led to a decrease in photocatalytic activity. In the case of
the converted mesoporous TiO2, the same treatment led to an
increase of 35% and 30% for short conversion times of 0.5 h and
1 h, respectively. Photocatalytic activity of the mesoporous
starting material M0h was notably lower compared to the
nanoparticulate starting material N0h, but the difference in the
overall trend seems inexplicable based on the given character-
ization results. Similar results of an enhanced photocatalytic
activity aer short hydrothermal conversion have been observed
elsewhere but without detailed comparison of different
morphologies.46,47 We therefore decided to expand our study by
performing analogous hydrothermal treatments but without
the addition of SrCl2$6H2O. Thus, M0h and N0h were treated
only in 0.2 M NaOH solution to account for any inuences of the
reaction medium that were so far undetected in the case of the
MC and NC series. These etched samples, denoted as the ME
and NE series, were tested under the same conditions for their
photocatalytic H2 evolution activity (Table 1).

Etched nanoparticles showed a decreasing activity with
increasing synthesis reaction time, which is a similar trend
compared to the NC series despite some considerable devia-
tions for 5 h and 10 h reaction times. The photocatalytic activ-
ities of the ME series were unexpected and were comparable to
those of the MC series for samples treated up to 1 h reaction
time but increased even further with prolonged hydrothermal
treatment. Aer 20 h, H2 evolution rates of up to 106.7 mmol h−1

were measured, which correspond to an increase of 102%
compared to the starting material M0h. Furthermore, the
sample ME20h almost reaches the activity of the nano-
particulate starting material N0h.

Standard characterization methods such as X-ray diffraction,
UV-vis, DRIFT, and Raman spectroscopy, as well as scanning
and transmission electron microscopy, were performed on
samples of the ME and NE series. As expected, hydrothermal
treatment in 0.2 M NaOH at 150 °C leads to no substantial
changes. XRD patterns (Fig. S8†) continue to show anatase
reexes with similar crystallite sizes (Tables S6 and S7†). Only
NE20h exhibits a slightly larger crystallite size of 23 nm instead
of the 18 nm in the case of the starting material N0h. Again,
a phase transformation from anatase into rutile is not observed.
This journal is © The Royal Society of Chemistry 2024
Kubelka–Munk plots (Fig. S9†) again show absorption in the UV
range, and band gap values obtained from Tauc plots (Fig. S10†)
are similar to those of the respective starting materials. DRIFT
(Fig. S11†) and Raman spectra (Fig. S12†) show no signicant
differences. SEM images of ME20h reveal rounded edges of
secondary particles and nanoparticle agglomerations in the
case of NE20h (Fig. S13†), but no substantial differences are
shown in their converted (MC or NC) counterparts on the
micrometer scale. On the nanometer scale, ME20h appears
rougher than the starting material M0h, which hampers display
of the slit-like mesopores. XPS survey data (Fig. S14 and Table
S8†) suggest no changes in surface compositions. High-
resolution XP spectra of O 1s and Ti 2p show no noticeable
shis in binding energy (Fig. S15†). Overlaid O 1s spectra of the
ME series (Fig. S16†) show exemplarily the comparability of the
signals and indicate that ts of the signals are very similar.
Thus, differences in the amount of hydroxides, hydrated
oxygen, defective oxygen or hydroxyl groups on the outer
surfaces are minor and cannot be detected systematically by
XPS. Moreover, a more detailed evaluation would be compli-
cated by the inuences of organics on the O 1s signal. However,
surface characteristics are known to be important for the pho-
tocatalytic activity of nanoparticulate and mesoporous mate-
rials. This includes inuences of surface bound cations, which
are known to modify the charge, surface potential, and photo-
catalytic proton reduction rate of suspended metal oxides.93 We
therefore decided to expand our study by conducting hydro-
thermal treatment in pure H2O to eliminate the inuence of Na+

and the inuence of the alkaline medium (control samples
M0.5hH2O, M20hH2O, N0.5hH2O, and N20hH2O). Further-
more, we wanted to assess the inuence of hydrothermal
treatment in general and the inuence of the work-up proce-
dure, which consists of multiple washing steps and ultrasonic
treatment in hydrochloric acid. Control samples M0hHCl and
N0hHCl were exposed to the standardized HCl work-up proce-
dure but not to hydrothermal treatment. The study is completed
using the control samples M0hH2O and N0hH2O, which were
treated analogously but H2O instead of 1 M HCl was added
before ultrasonic treatment.

N2 physisorption was used to study inuences of hydro-
thermal treatment on BET surface areas and pore size distri-
butions. BET surface areas (Fig. 5a and Tables S9–S11†)
decreased for both the MC and NC series with increasing
hydrothermal reaction time. However, conversion of N0h led to
decreases in BET surface area even in the case of short hydro-
thermal reaction times, whereas samples of the MC series
J. Mater. Chem. A, 2024, 12, 30768–30782 | 30775
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Fig. 5 BET surface areas (a), pore size distributions (each shifted by 0.03 cm3 nm−1 g−1) of the MC (b) and ME series (c), and maximum pho-
tocatalytic H2 evolution rates of all mesoporous (d) and nanoparticulate samples (e) up to synthesis reaction times of 20 h.
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remained within the range of all M0h syntheses for conversion
times up to 2 h before dropping below 10 m2 g−1. The ME series
remained entirely within the range of M0h, which already
indicates the general preservation of the mesoporous structure.
In contrast, the NE series is subjected to a decrease in BET
surface area but less pronounced compared to the NC series.
Control samples show only minor deviations from their
respective counterparts with the exception of N20hH2O, which
exhibits a signicantly higher surface area than NE20h or
NC20h.

Pore size distributions (PSDs) of the MC series show the
inuence of SrTiO3 crystallite growth on the mesoporous
structure (Fig. 5b). The starting material M0h exhibits
a maximum at around 6 nm, which is preserved for short
conversion times of 0.5 h and 1 h. The beginning loss of the
porous structure is clearly visible in the course of MC2h and
goes along with the formation of SrTiO3 crystallites. Aer 5 h,
the initial PSD has vanished due to a complete coverage of TiO2

with SrTiO3 and small amounts of SrCO3 as indicated by XPS
analysis. The loss of the porous structure is consequently also
visible by the disappearance of the hysteresis (Fig. S17†). The
ME series is not subjected to a loss of porous structure as shown
in Fig. 5c and S17.† The course of the PSDs, however, undergoes
broadening, which seems to be a continuous process that starts
aer 2 h of reaction time. Isotherms of this series resemble type
IV isotherms with type H2-like hystereses, which can result from
30776 | J. Mater. Chem. A, 2024, 12, 30768–30782
cavitation or pore blocking effects.94,95 The presence of type H2-
like hystereses conrms the mesoporous structure of the pho-
tocatalysts. Converted and etched N0h remain nanoparticles as
visible from the course of the isotherms (Fig. S18†). The pres-
ence of hystereses, however, indicates considerable interpar-
ticle voids caused by nanoparticle agglomeration, which can
also be seen in the resulting broad and varying PSDs of the NC
and NE series (Fig. S18†). Control samples (Fig. S19†) behave
similarly to the respective etched samples and show formation
of hystereses in the case of nanoparticulate samples and
retention of the initial hysteresis in the case of mesoporous
samples. Interestingly, pore size broadening can also be
observed for the mesoporous sample hydrothermally treated for
20 h in H2O (sample M20hH2O). Thus, hydrothermal treatment
in H2O seems to have a similar but less pronounced effect than
etching in 0.2 M NaOH solution. Furthermore, dynamic light
scattering (DLS) analysis conrms the agglomeration behaviour
of nanoparticulate samples (Fig. S20 and Table S12†).
Measurements were performed in aqueous methanol solution,
thus simulating the conditions during photocatalytic H2

evolution. A prolonged conversion time of 20 h leads to
a maximum of the number weighted size distribution at
approximately 2 mm, whereas the starting material N0h exhibits
a maximum at only 44 nm. A similar but less pronounced trend
can be observed for the NE series and nanoparticulate control
This journal is © The Royal Society of Chemistry 2024
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samples with maxima at 77 nm and 66 nm for NE20h and
N20hH2O, respectively.

All eight control samples show no signicant changes in X-
ray diffraction, UV-vis, DRIFT, or Raman spectroscopy
compared to the starting samples M0h/N0h or the respective
samples of the ME and NE series (Fig. S21 and Table S13†).
Survey and high-resolution XP spectra are also unremarkable
(Fig. S22, S23 and Table S14†).

Maximum photocatalytic H2 evolution of all tested samples
is shown in Fig. 5d and e. The course of the individual
measurements is shown in Fig. S24,† and post-photocatalytic
characterization is depicted in Fig. S26–S30.† N2 phys-
isorption is the rst characterization method that allows for
explanations of the observed changes in photocatalytic activity.
Under conditions of optimal light absorption, long charge
carrier lifetimes, and efficient charge carrier separation, surface
area can be the only limiting factor in the performance of
a photocatalyst.33 Correlations between BET surface area and
photocatalytic activity can be seen for MC, NC, and NE series. In
all three series, a general trend of decreasing photocatalytic
activity with increasing hydrothermal reaction time can be
observed. In the case of the NE series, this trend is consistent.
Samples of the NC series decrease in photocatalytic activity up
to conversion times of 5 h and slightly increase from 5 h to 20 h
of conversion time. In the latter case, a benecial effect of
charge carrier separation by formation of heterojunctions
cannot be entirely excluded. However, the effect is minor and
the general divergence between samples of NC and NE series for
samples aer 5 h and 10 h of hydrothermal is rather attributed
to the difference in BET surface area, which is largest between
NC5h and NE5h as well as NC10h and NE10h. This explanation
can also be applied for the observed higher activity of the
control experiment N20hH2O compared to NC20h or NE20h.
Furthermore, electrochemical impedance spectroscopy (EIS) of
nanoparticulate samples indicates lower charge transfer resis-
tance for the N0h starting material compared to converted or
etched samples (Fig. S25†), which also corresponds to the
photocatalytic results. EIS measurements of mesoporous
samples could not be obtained due to insufficient contact of the
large secondary particles with the FTO substrate.

The increase in photocatalytic activity observed for MC0.5h
and MC1h compared to the starting material M0h cannot be
explained using the N2 physisorption results. However, a corre-
lation between BET surface area and photocatalytic activity is
apparent as soon as SrTiO3 crystallization occurs. The increase
in photocatalytic activity of the ME series is not correlated with
BET surface area but can be attributed to pore size broadening
at least for samples that were etched hydrothermally for 2 h or
longer. Broadening of slit-like pores might benet diffusion
processes during photocatalysis, which are known to be
restricted in narrow pores.96

Still, the N2 physisorption results are insufficient to explain
the initial increase in photocatalytic activity of the MC and ME
series and most control experiments. Yet, inuences of hydro-
thermal treatments and work-up processes are not limited to
BET surface areas and PSDs. In fact, changes in surface
This journal is © The Royal Society of Chemistry 2024
characteristics and hydrophilicity might inuence photo-
catalytic performance directly and indirectly.

Direct inuences of surface treatments are manifold and
have been observed mainly in the context of photocatalytic
degradation reactions.97–105 Most commonly observed is the
formation of abundant surface hydroxyl groups, for example
aer treatments in NaOH solutions and alkaline H2O2 solution,
or aer a NaCl-assisted acidic EISA process and subsequent
washing.97–100,105 During photocatalytic H2 evolution from
methanol solution, methanol is photooxidized to carbon
dioxide via the formation of the stable intermediates formal-
dehyde and formic acid. Photogenerated holes will either be
trapped by reacting with surface Ti–OH groups or reacting with
adsorbed H2O to form hydroxyl radicals. Alternatively, holes can
be directly transferred to adsorbed methanol molecules.106 All
three reaction pathways might be positively inuenced by even
very mild surface treatments. An enhanced water-dispersibility
and formation of hydroxyl radicals have been observed by Wu
et al.100 A noticeably higher mobility of hydroxyl radicals on
anatase than on rutile has been detected by Kim et al.103,104 And
furthermore, Nie et al. observed facilitated diffusion and
transport of reactants and products in porous structures.99

Generally, direct and indirect inuences are not universal and
photocatalytic behavior needs to be understood with a broad
view of the material and the conducted reaction.28,102

With regard to indirect effects, surface treatments can also
inuence morphological aspects.100,107 Nanoparticle agglomer-
ations, for example, depend on surface charges and the density
of hydroxyl groups on the catalyst surface.100 Thus, BET surface
area and PSDs can be inuenced by changes in hydrophilicity.
Differences in PSDs are, for example, very apparent for the
nanoparticulate control samples N0hHCl, N0hH2O, N0.5hH2O,
and N20hH2O and might contribute to the varying photo-
catalytic performances (Fig. 5 and S19†). To further assess these
inuences, H2O physisorption measurements were conducted.
Isotherms as well as tabular data are given in the ESI (Fig. S31–
S33 and Tables S15–S17).† As an example, Fig. 6 shows H2O
physisorption isotherms normalized to BET surface area of
three samples of the MC and NC series, respectively. Normali-
zation to N2 BET surface area allows for better comparability of
hydrophilicity, due to the considerable variations in BET
surface area. In the case of the MC series, H2O adsorption is
signicantly enhanced with longer conversion times, whereas
changes are far less pronounced in the case of the NC series.

In general, etched and converted samples are difficult to
compare because hydroxylation of SrTiO3 and TiO2 might differ
despite the same treatment. Furthermore, hydroxylation of both
semiconductor surfaces might inuence the photocatalytic
activity differently. SrTiO3 surfaces are also newly formed
during the conversion, which is not directly the case for etched
samples. Still, based on adsorbed volumes per H2O BET surface
area in the monolayer range (approx. p/p0 = 0.3), all samples are
more hydrophilic than the respective starting material M0h or
N0h. Plain isotherms of the MC, NC, and NE series (Fig. S31 and
S32†) show less differences because the surface gets more
hydrophilic, but N2 BET surface areas decrease due to SrTiO3

crystallization or nanoparticle agglomeration.
J. Mater. Chem. A, 2024, 12, 30768–30782 | 30777
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Fig. 7 (Near) steady-state gas evolution of M0h, N0h, MC24h, NC24h,
MC144h(5M), and NC144h(5M) (top). The course of gas evolution
during the experiment is shown exemplarily for NC144h(5M) (bottom).

Fig. 6 Selected H2O physisorption isotherms normalized to N2 BET
surface area.
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In terms of photocatalytic activity, it is therefore essential to
consider the samples that benet from surface treatment
without losing BET surface area. This only applies to the ME
series, mesoporous control samples, and samples of the MC
series before the start of SrTiO3 crystallization, namely MC0.5h
and MC1h. Thus, these samples exhibit higher photocatalytic
activities than M0h. As visible from the activities of the ME
series, increased hydrophilicity and pore size broadening seem
to be particularly advantageous. Both effects together could be
described as “pore activation”. The long-lasting effect of this
pore activation is visible in Fig. S34.† ME20h exhibits excellent
stability under simulated solar light irradiation during a long-
time measurement by maintaining 93.7%/87.4% of its initial
activity 10 h/20 h aer addition of H2PtCl6$6H2O solution.

Considering the enhanced hydrophilicity and the contin-
uous pore size broadening, an increase in photocatalytically
active surface area might occur if the smaller and less hydro-
philic pores of M0h cannot fully contribute to the photocatalytic
activity.96 An indication of the pore activation effect might also
be visible in the course of the H2 evolution rate during the
photocatalytic measurement of M0h: it is the only H2 evolution
rate that increases noticeably over the course of the measure-
ment (Fig. S24†), which could hint at an in situ increase in
hydrophilicity.

In contrast to the existing literature on hydrothermally
converted TiO2 materials (cf. comparison in Table S18†), little to
no charge carrier separation effect was observed in this work for
SrTiO3/TiO2 composites. The synthesized composites are
30778 | J. Mater. Chem. A, 2024, 12, 30768–30782
heterostructures in the sense that SrTiO3 and TiO2 are in
contact with each other. However, no substantial effects due to
formation of a conceivable heterojunction could be observed.
The reason might be a low thermodynamic driving force due to
similar band gaps and similar band edge positions.44 According
to literature data of undoped TiO2 (anatase) and SrTiO3,
potential differences of valence band edges and conduction
band edges amount to 0.55 V and 0.6 V, respectively. The
difference of the Fermi level potentials amounts to 0.18 V and is
therefore even smaller (Fig. S35†).51,108–111

Photocatalytic activities generally depend on band gap
values, band edge positions, and other physicochemical prop-
erties. Therefore, the occurrence of composite effects also
depends on the conducted photocatalytic redox reaction. Pho-
tocatalytic OWS is hence another possibility to check for bene-
cial composite effects. Gas evolution rates of OWS
measurements under UV light irradiation are shown in Fig. 7
and S36.†

SrTiO3 is known to be an excellent photocatalyst for OWS,
whereas TiO2 exhibits high photocatalytic H2 evolution activity
but only minimal OWS activity, which is also known only for
historical reasons.19,53,112 The absence of benecial composite
effects during photocatalytic OWS has been reported for SrTiO3/
TiO2 materials earlier.47 (Near) steady-state gas evolution rates
shown in Fig. 7 are in accordance with this report. NC144h(5M)
as the highly converted sample exhibits by far the highest OWS
This journal is © The Royal Society of Chemistry 2024
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activity and reaches 3.2 mmol h−1 H2 production aer Rh/
Cr2O3/CoOOH co-catalyst photodeposition. The samples
MC24h and NC24h both consist of SrTiO3 and crystalline
anatase (Fig. 1) and thus were chosen for OWSmeasurements as
representatives for crystalline SrTiO3/TiO2 composites. Both
composites exhibit much lower activity, and the starting mate-
rials M0h and N0h show no steady-state gas evolution. However,
both starting materials exhibit O2 evolution aer co-catalyst
photodepositions (Fig. S36†). The O2 evolution is clearly pho-
toresponsive but temporary and cannot be maintained. This
might be attributed to the inability of TiO2 to perform the
reduction reaction under the given conditions.

Post-photocatalytic characterization is shown in Fig. S37–
S41.† Changes in UV-vis and Raman spectra can be related to
photodeposited co-catalysts. XRD patterns show no differences.

In summary, similar to the H2 evolution measurements,
photocatalytic OWS results show no indication of benecial
charge carrier separation by heterojunction or even Z-scheme
formation. In contrast, H2 evolution activities are determined by
the proportion of TiO2 and underlying etching effects, while
OWS activities are determined by the proportion of SrTiO3. The
pore activation effect, which is observed for photocatalytic H2

evolution of etched mesoporous TiO2 (ME series), likely
enhances diffusion processes, as well as the photocatalytic
reaction. Since hydroxyl groups play an important role in the
oxidation of sacricial agents, we assume that a higher density
of surface hydroxyl groups within the pores increases the
methanol oxidation rate.106 However, future studies will show
whether this strategy can be transferred to other photocatalytic
reactions. In particular, reactions that involve reduction and
oxidation reactions on co-catalysts might benet less from the
pore activation effect. Furthermore, follow-up work could focus
on transfer of the pore activation effect to nanoparticles. To
obtain a similar effect, agglomeration must be prevented
without reducing the effect of increasing hydrophilicity by the
hydrothermal treatment.

Conclusions

Hydrothermal treatment of mesoporous TiO2 and other meso-
porous photocatalysts might be a valuable strategy to enhance
photocatalytic H2 evolution activity. We attribute improvements
in photocatalytic activity to increased hydrophilicity of pore
surfaces and broadening of pore size distributions. The latter
was observed aer longer hydrothermal treatments ($2 h at
150 °C), while enhanced hydrophilicity was observed even aer
only 30 minutes. Advanced syntheses of mesoporous TiO2,
which include, for example, carbonization steps of the surfac-
tant using sulfuric acid or treatments with ammonia or ethyl-
enediamine, might benet from additional post-synthetic
hydrothermal pore activation.113–117 Specically, mesoporous
materials with smaller pore sizes might benet from this mild
treatment in diluted NaOH solution or even just H2O due to
pore size broadening and thus reduction of diffusion limita-
tions.35 Potentially, this strategy can be transferred to other
photocatalytic reactions, other semiconductor oxides, or even
semiconductor non-oxides.
This journal is © The Royal Society of Chemistry 2024
Syntheses of composite materials, especially alleged hetero-
junctions and Z-schemes, need to be accompanied by control
experiments to account for any changes of the individual
components or starting materials. Standard characterization
methods such as XRD, UV-vis, SEM/TEM, DRIFT, and Raman
spectroscopy might not be sufficient to detect changes in
surface characteristics or other properties. In the presented
case, even XPS could not show the changes in hydrophilicity
(OH groups) of converted or etched mesoporous TiO2 in
comparison to the starting material. The potential for misin-
terpretation is high, since charge carrier separation effects are
reported frequently and inuences of diluted NaOH solution
and even H2O during hydrothermal treatment are unexpected
and subtle. Regarding hydrothermal conversions/treatments of
mesoporous photocatalysts, we therefore emphasize the usage
of N2 and H2O physisorption to investigate changes in pore size
distribution and hydrophilicity, respectively.
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J. Hämäläinen, T. Iivonen, M. Leskelä and W. Macyk, J.
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