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Effects of Periodic Pore Ordering on Photocatalytic
Hydrogen Generation with Mesoporous Semiconductor

Oxides

Tobias Weller, Jana Timm, Leonie Deilmann, Tobias S. Doerr, Christopher Greve,
Alexey S. Cherevan, Peter A. Beaucage, Ulrich B. Wiesner, Eva M. Herzig,

Dominik Eder, and Roland Marschall*

Crystalline and 3D continuous mesoporous quaternary CsTaWOg semicon-
ductors are prepared with different degrees of long-range periodic order and
local order, respectively, to investigate the influence of periodic pore order on
the photocatalytic performance in hydrogen evolution of mesoporous photo-
catalysts. The degree of long-range order of the mesopores is changed by
modifying the ratio between metal precursors and soft polymer template
poly(isoprene-b-styrene-b-ethylene oxide) (PI-b-PS-b-PEO; ISO) in the sol-gel
synthesis. Long-range periodic order is found to have no appreciable advantage
compared with an only locally ordered continuous pore system. On the
contrary, nonperiodically ordered mesopores result in higher activity toward
photocatalytic hydrogen evolution, even with slightly smaller pore diameter and
lower cumulative pore volume. Most importantly, it is shown that pore con-
nectivity and heterogeneous pore systems in mesoporous photocatalysts play a
major role for hydrogen evolution when other parameters are confirmed to be
not rate limiting.

1. Introduction

Since the first reports on periodically ordered
mesoporous silica materials by the Kresge
group!™ and some earlier works, scientists
all over the world have been fascinated by
crystalline (periodic) pore ordering in such
materials. This was facilitated by continuous
developments in electron microscopy able to
visualize such porosity on the nanometer
scale.’! Since then, long-range periodically
ordered mesopores with a number of geom-
etries have been reported, including 2D hex-
agonal, 3D cubic, 3D continuous gyroidal,
and others, for a range of different materials
including a vast number of (crystalline)
oxides and hybrid materials.*~! Several syn-
thesis approaches have been developed to
prepare periodically ordered mesoporous
materials, with hard and soft templating
being the most ubiquitous ones.

Due to the fascination with long-range periodic pore order on

the nanometer scale, scientists have been using such mesopo-
rous materials for a range of different applications. This is
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especially true in catalysis, since the large surface area, for exam-
ple, of periodically ordered mesoporous oxides, can exhibit a
higher number of active sites, especially after suitable postfunc-
tionalization.” The advantages of a large surface area have been
utilized in a number of other applications including sensing, pro-
ton conduction, and batteries.’® In many cases where periodically
ordered mesoporous materials have been achieved, the authors
were inclined to link the improved performance with the degree
to which the material displayed porosity and associated increased
surface area. Nevertheless, to the best of our knowledge, no study
is actually known that varies pore ordering of a material up to
high-long-range ordering systematically and correlates the varia-
tion of pore ordering quantitatively with, for example, photoca-
talytic hydrogen evolution activity.

Some efforts to perform such studies have been reported,
including a comparison of different types of ordered pore
structures®'” or pore order."""'?) However, since a review by
Rolison"?! suggesting that periodic pore order in catalysis is
not required, no systematic study has been reported on how peri-
odic order in mesoporous materials affects catalytic applications,
including photocatalysis.

The most probable reason for the lack of such studies is that it
is experimentally challenging to vary solely the degree of periodic
pore order, for example, of a mesoporous oxide, without chang-
ing other important material parameters, like the crystallite size,
pore wall thickness, surface area, pore diameter, or pore wall sur-
face chemistry, the latter being easily affected using different
types of templates (e.g., using polymer or silica spheres as tem-
plates). The parameter easiest to cope with from this list likely is
surface area: If all other parameters could be fixed, the resulting
performance could be normalized to the accessible surface
area,!' while still making it possible to investigate the influence
of the degree of mesopore order.

In earlier works, P123-derived nonordered mesoporous
CsTaWOg samples were hinting at a larger pore size being bene-
ficial compared with small and narrow pores for photocatalytic
hydrogen evolution due to presumed improved mass transport
in the larger pores." Hard-templating approaches for
CsTaWOg led to the same conclusion.!*! Motivated by these find-
ings, we showed earlier that the triblock terpolymer poly
(isoprene-b-styrene-b-ethylene oxide) (PI-b-PS-b-PEO; ISO) can
Dbe used for the preparation of a phase-pure and 3D cocontinuous
periodically ordered mesoporous quaternary CsTaWOg semicon-
ductor for photocatalytic hydrogen generation with cubic alter-
nating gyroid morphology."”’

Aiming for an experimental study on the impact of periodic
mesopore order on photocatalytic performance, here we demon-
strate improved synthesis control of this interesting semiconduc-
tor. By varying the amount of templating polymer ISO relative to
inorganic precursors, as well as adjusting other synthetic param-
eters, we are able to control major physicochemical characteris-
tics of the resulting mesoporous network. We show the
preparation of a series of mesoporous CsTaWOg, powders with
large pore diameters that differ mainly in the degree of long-
range periodic mesopore ordering, without significantly chang-
ing crystallite size in the pore walls or accessible surface area.
Utilizing the resulting complex oxides as photocatalysts for
sacrificial hydrogen evolution reaction (HER), we experimentally
demonstrate that the degree of pore connectivity in mesoporous
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photocatalysts is the main factor controlling liquid-phase
photocatalysis when other parameters are kept non rate-limiting.

2. Results and Discussion

2.1. Material Characterization

SEM images of ISO-derived mesoporous CsTaWO, with differ-
ent precursor-to-polymer ratios and calcined at 550 °C are shown
in Figure 1. These SEM images reveal increasing degrees of long-
range mesopore disorder for samples with higher ISO ratio.
Using 1000 pL of the precursor solution in the synthesis
(see Experimental Section) instead of 250 pL essentially leads
to a complete loss of long-range periodic order of the resulting
mesoporous material, while preserving local order. This is
expected as the polymer-to-precursor ratio is a well-known
parameter to influence soft templating.!®

Transmission electron microscopy (TEM) images in Figure 2
corroborate the highly mesoporous nature of the ISO-derived
mesoporous CsTaWOg photocatalysts and the high degree of

Figure 1. SEM images of ISO-derived mesoporous CsTaWOg with differ-
ent precursor-to-polymer ratios, calcined at 550 °C, resulting in samples
with different pore sizes and different degrees of long-range periodic pore
order. The amounts of inorganic precursor solution added were a) 250 pL
and b) 1000 pL, whereas the amount of polymer solution was kept
constant at 2000 pL.
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Figure 2. TEM images of 1SO-derived mesoporous CsTaWOs derived from different precursor-to-polymer ratios, calcined at 550 °C (upper row) and
700 °C (lower row), resulting in long-range periodically ordered or disordered pore systems. The amounts of precursor solution were 250 pL (left) and
1000 pL (right), whereas the amount of polymer solution was kept constant at 2000 pL.

local periodic order when 550 °C calcination temperature is used
(upper row images). Under these conditions, when moving from
250 to 1000 pL of inorganic precursor solution, the local periodic
pore order is only weakly affected, consistent with SEM results.
The situation changes substantially after calcination at 700 °C.
Under this higher calcination temperature, while the porosity
remains high, the local periodic pore order breaks down as
expected due to sintering and crystal growth. High-resolution
TEM images demonstrate that crystalline pore walls already
emerge at a calcination temperature of 550°C (Figure S1,
Supporting Information).

Small-angle X-ray scattering (SAXS) examines a large sample
volume of the bulk material and hence gives access to statistically
averaged information on dominating length scales in the sam-
pled volume. The SAXS results support the surface characteriza-
tion carried out with TEM. The data on samples calcined at
550°C for 1h (Figure 3a) suggest that the long-range periodic
mesoscale order of the mesoporous CsTaWO, derived from
250 uL inorganic precursor solutions is better developed than
that derived from the 1000 pL amount, as the scattering peaks
are much less smeared out. This is consistent with SEM results
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in Figure 1. Moreover, with more inorganic precursor, the lowest
q peak shifts to higher scattering vector g, indicating a smaller
lattice size and associated mesopores, consistent with TEM
results shown in Figure 2 (upper row). SAXS results of samples
from different amounts of inorganic precursor in their synthesis
and calcined at the higher temperature of 700°C for 1h
(Figure 3b) show weak low q peaks at similar q values like their
counterparts calcined at 550 °C, but with almost complete loss of
higher q peaks. This suggests similar lattice parameters and at
the same time a reduced long-range periodic order for both
CsTaWOg samples treated at the higher temperature.

N, physisorption isotherms of samples derived at 550 °C are
depicted in Figure 4a. Desorption branches were analyzed using
the quenched solid density functional theory (QSDFT) model for
carbons with slit/cylindrical pores (see Experimental Section).
Using this model, fitting errors stayed below 2% for each sample.
The resulting pore size distribution (PSD) for CsTaWO4 materi-
als calcined at 550 °C and using 250 pL inorganic precursor solu-
tion in the synthesis suggests large pore sizes with a maximum
approximately around 50 nm.'”) For material derived from
1000 pL inorganic precursor solution calcined at the same
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Figure 3. SAXS analysis of mesoporous CsTaWOg structure directed with terpolymer ISO, derived from either 250 pL (blue curves) or 1000 pL (black
curves) inorganic precursor solutions, and a) calcined at 550 °C for 1h (left side) or b) calcined at 700 °C for 1h (right side).
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Figure 4. a) N, physisorption isotherms and b) PSDs calculated from the desorption branches of mesoporous CsTaWOsg powders structure directed by
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terpolymer 1SO with 250 pL (blue curves) or 1000 pL (black curves) inorganic precursor solutions and calcined at 550 °C for 1 h. c) N, physisorption

isotherms and d) PSDs calculated from the desorption branches of mesoporous CsTaWOg powders structure directed by terpolymer 1ISO with 250 pL

(blue curves) or 1000 pL (black curves) inorganic precursor solutions and calcined at 700 °C for 1 h. In (a) and (c), data are shifted vertically for samples
derived from 1000 pL inorganic precursor solutions as indicated.

temperature, derived mesopore sizes were substantially smaller
with a maximum around ~25 nm, but more broadly distributed
than for the 250 pL-derived oxide. These results corroborate
earlier findings by SAXS, SEM, and TEM. Thus, using the
applied QSDFT model for pore analysis is further validated.
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The cumulative pore volume of the sample derived from 250 pL
inorganic is more than double that of the sample derived
from 1000 pL inorganic (250uL: 0.597cm’g™' ; 1000 pL:
0.263 cm® g7!). The specific surface area from BET analysis is
45.8 or 38.2m?*g™! for samples derived from 250 or 1000 uL
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inorganic precursor, respectively. This suggests that despite
differences in pore volume, accessible surface areas of the two
samples remain close to each other.

Results of N, physisorption measurements and analysis of
similarly prepared samples but calcined at 700 °C instead of
550°C are depicted in Figure 4c,d, respectively. The N, physi-
sorption isotherms still show a hysteresis, suggesting accessible
pore systems. The PSDs from QSDFT model analysis of the
desorption branches are markedly different from those of mate-
rials calcined at 550 °C, however. They show a much smaller
maximum around ~5nm but also exhibit contributions at
much larger pore sizes around 40-50 nm. With values around
~0.2 cm’®g™", the cumulative pore volumes are similar in both
samples and lower than for samples calcined at 550°C, in
particular, as compared with the sample obtained from 250 uL
inorganic precursor and calcination at 550°C. The specific
surface areas derived from BET analysis for the two materials
calcined at 700 °C came out identical at 31.6 m® g~* and are lower
than those of the oxides calcined at 550 °C.

In order to investigate whether the losses in local (Figure 2)
and long-range order (Figure 3), as well as those in cumulative
pore volume and accessible surface area (Figure 4), are associated
with crystal growth, in particular when moving from 550 to
700 °C calcination temperature, detailed powder X-ray diffraction
measurements and subsequent Rietveld refinements were car-
ried out. Results are summarized in Figure 5. A fully crystalline,
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phase-pure product was received independent of the synthesis
conditions. Crystallite sizes were estimated via Rietveld
refinements for all samples. For oxides calcined at 550°C
(Figure 5a,c), as expected, a slightly higher average crystallite size
was found for the sample derived from more inorganic
precursors in the synthesis, that is, ~12 versus 10nm for
materials from 1000 versus 250pL inorganic precursor
solution in the synthesis, respectively. For the higher calcination
temperature of 700°C (Figure 5b,d), analysis of both samples
yielded the same crystallite sizes of around 16nm. In all
cases, the entire diffraction pattern could be refined well
(crystallite sizes and discrepancy values are shown in
Table S1, Supporting Information).

Raman spectra of all samples, including a reference sample
prepared without the polymer template, always showed nine dis-
tinct Raman modes.!*”) No substantial differences between mate-
rials obtained from different precursor amounts and different
calcination temperatures could be detected (Figure 6a), corrobo-
rating results on phase purity from XRD pattern analysis
(Figure 5). The bandgaps of all materials were determined via
Tauc plot from diffuse reflectance UV-vis spectroscopy data,
as illustrated in Figure 5b. All quaternary oxides displayed a
bandgap of around 3.6 eV. This is consistent with values deter-
mined for a P123-derived mesoporous sample™ and other
CsTaWOQy reference materials.*” No quantum size effect could
be observed in our measurements.

—
O
~

Intensity / arb. units

20/°
(d)

Intensity / arb. units

20/°

Figure 5. Rietveld refinements from XRD patterns of mesoporous CsTaWOg obtained from 250 pL inorganic precursor solution calcined at a) 550 °C
and b) 700 °C and of mesoporous CsTaWOs obtained from 1000 pL inorganic precursor solution calcined at c) 550 °C and d) 700 °C.
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Figure 6. a) Raman and b) UV-vis spectra of mesoporous CsTaWOg structure directed by 1ISO from different inorganic precursor solutions and calcined
at two different temperatures, as well as of reference samples with calcination steps at the same temperatures (SSR: solid-state reaction) but without ISO

polymer (nonporous references).

2.2. Photocatalysis

Based on earlier reports on the application of CsTaWOg in photo-
catalysis, we tested the performance of our model materials
toward solution-based HER."**") We used methanol as a sacrifi-
cial agent, thereby taking its relatively small size into account that
should not pose any diffusion limitations inherent to photocatal-
ysis in mesoporous materials with small pores or larger organic
reactants.

Results of hydrogen evolution performance (steady-state H,
evolution rates) are depicted in Figure 7 for samples derived from
250 or 1000 pL inorganic precursor solution in the synthesis and
calcined at 550°C. As described before, Rh as co-catalyst was
deposited via in-situ photodeposition.”? We presume that due
to the addition of a liquid precursor in the dark, homogeneous
deposition is achieved under stirring.

Figure 7a summarizes the hydrogen evolution rates for differ-
ent amounts of Rh metal deposited on the two mesoporous
CsTaWOg materials obtained from calcination at 550°C. The
results show higher performance for the material obtained from

.
5

40

reduced long
range order -

high long
35 range order

550 °C

Il 0.025 wt% Rh
[ 0.050 wt% Rh

I 0.075 wt% Rh

2 -1
H, (steady state) / umol m™ h

1000 pL

250 pL

more inorganic precursor used in the synthesis. To account for
the different surface areas of the materials, steady-state H,
evolution rates were normalized per absolute surface area of
photocatalysts present in the experiment. We believe that this
normalization is valid, since the CsTaWO; photocatalysts pre-
pared in this study were derived from similar soft-templating
protocols, followed by the same calcination post-treatment,
and thus should have similar surface chemistry.

It needs to be pointed out that relative to mesoporous
CsTaWOg prepared from 1000 pL inorganic solution, the mate-
rial obtained from 250 pL inorganic precursor solution shows
better long-range periodic order (Figure 1 and 3), has larger
pores, and larger cumulative pore volume (Figure 2 and 4)
and therefore is expected to have more accessible pore surface
area. Our H, evolution results in Figure 7a suggest, however, that
these characteristics barely affect the photocatalytic activity, as
the pores in both materials are large enough to eliminate
potential diffusion limitations. Furthermore, the crystallite sizes,
L,, of our mesoporous materials are similar to those in the
best-performing CsTaWO, nanoparticles, which is around
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Figure 7. a) Photocatalytic steady-state hydrogen evolution rates normalized to surface area of mesoporous CsTaWOg samples prepared from 250 or
1000 pL inorganic precursor solution in the synthesis and calcination at 550 °C. Average crystallite sizes (L, white letters) from XRD, and pore diameter
(Dp blue letters) from the physisorption measurements and quality of long-range order from SAXS are indicated on the respective histograms; b) after

calcination at 700 °C.
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13 nm.123 Thus, this little difference should present no limitation
for charge carrier separation as well, thus also excluding this
process as a limiting factor for H, generation.

For comparison, Figure 7b shows the steady-state H, evolu-
tion rates for the samples calcined at 700 °C which are lower than
for the samples calcined at 550 °C. These 700 °C-samples exhibit
strongly reduced long-range periodic order (Figure 1 and 3),
smaller and irregular pores, and lower cumulative pore volume
(Figure 2 and 4). In contrast to the materials prepared with
higher precursor amount (right side of Figure 7ab), both
samples calcined at 700 °C (Figure 7b) show significantly lower
H, evolution rates than samples calcined at 550 °C. It is impor-
tant to note that, although the crystallite size of the pore walls is
slightly increased, it is still close to the optimum size reported
earlier.®! Thus the crystal size is representing no rate-limiting
factor for charge carrier separation. In fact, one would expect an
evolution rate increase for 700°C calcination, as higher
calcination temperatures usually heal oxygen defects that often
represent major recombination centers in oxide-based photoca-
talysts including CsTaWOg.2% Interestingly, it seems that the
lower cumulative pore volume and the strongly reduced long-
range periodic order found for the 700°C calcined samples
counteract this defect healing and overall lead to reduced photo-
catalytic activity in comparison with the samples calcined at
550 °C.

In order to understand the fundamental impact of the pore

characteristics in more detail, we conducted scanning diameters, while only the intensity of the distribution and the
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physisorption measurements (Figure 8).*" In particular, this
method can reveal the pore connectivity of mesopores in a
material, which is of key importance for diffusion and mass
transport-related applications, for example, photocatalytic hydro-
gen generation. In addition, this technique also allows to differ-
entiate between multiple pore systems in the same material.l”!

The desorption scanning method was used to investigate the
gas desorption behavior within one pore depending on the pore
characteristics and filling grade of its neighboring pores. In gen-
eral, if the gas desorption behavior of a pore is dependent on the
neighboring pores and their filling grade, the desorption
branches of different isotherm scans intersect in only one point,
at the p/p° value of the start/end of the hysteresis loop of the
respective isotherm. If the gas desorption behavior of a pore
is independent of the neighboring pores and their filling, the
desorption branches of different isotherms show comparable
hysteresis loops and comparable courses of their respective
desorption branches. Furthermore, the PSD resulting from
the different scans would be comparable with each other in
the latter case.l”®

As shown in Figure 8a, the scanning isotherms for the mes-
oporous CsTaWO, photocatalyst obtained from 250 pL inorganic
solution follow the shape of the initial isotherm from each start-
ing point, indicating one independent pore system.*’?! The
resulting PSDs (Figure 8b) show this effect more clearly. The
maxima of the PSDs for each scan display similar pore

Figure 8. a) N, physisorption isotherm scanning curves of mesoporous CsTaWOg prepared from 250 pL inorganic solution and calcined at 550 °C, with
b) the resulting PSD and cumulative pore volumes; c) N, physisorption isotherm scanning curves of mesoporous CsTaWOg prepared from 1000 pL
inorganic solution and calcined at 550 °C, with d) respective PSC and cumulative pore volume.
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Figure 9. a) H; gas evolution (depicted are H; gas bubbles of different sizes) from an independent pore system, as present in mesoporous CsTaWOg
prepared from 250 pL inorganic solution and calcined at 550 °C; compared with b) H; gas evolution from a heterogeneous pore system interconnected, as
present in mesoporous CsTaWOg prepared from 1000 pL inorganic solution and calcined at 550 °C. In (b), different release pathways for H; gas bubbles

are available, facilitating mass transport from the pore system.

cumulative pore volume is decreasing. This further underlines
the presence of an ordered pore system in which the pores must
be filled or emptied independently.

In contrast, the scanning isotherms of the mesoporous
CsTaWOg prepared with higher precursor amount (Figure 8c)
do not follow the shape of the initial isotherms at each starting
point, indicating a heterogeneous pore system where filling or
emptying pores depends on the neighboring pores. The analysis
of the respective PSD for high precursor amount (Figure 8d)
shows these differences more clearly. This observation suggests
that the release of evolved gas bubbles in this mesoporous mate-
rial is improved due to the possibility to choose different pore
pathways (see Figure 9).

This faster gas release can also be responsible for the observed
increased photocatalytic activity of the mesoporous CsTaWOq
derived from 1000 pL precursor compared with the mesoporous
CsTaWOg from 250 pL precursor. Therefore, despite its lower
long-range order, lower cumulative pore volume, and smaller
pore sizes, the presence of a heterogeneous intercorrelated pore
system appears to be the crucial factor in the improvement of
porous CsTaWOy for gas evolution here. Conclusively, the direct
analysis of the filling or emptying behavior of porous materials
plays a major role in predicting transport characteristics and
(photo)catalytic performances in porous materials.

3. Conclusion

A set of model mesoporous CsTaWO, samples with different
pore sizes and pore ordering degrees were prepared using
the block copolymer ISO as the structure-directing agent.
Scanning physisorption measurements revealed that the hetero-
geneity of the pore system as well as the intercorrelated pore
connectivity can have a major influence on the activity of mes-
oporous materials for photocatalytic hydrogen evolution, when
long-range pore ordering, cumulative pore volume, and crystal-
lite sizes of pore walls are no more rate-limiting factors. In addi-
tion, short-range order of mesopores does seem to play a major
role in mesoporous photocatalysts for hydrogen evolution, since
calcination and breakdown of porosity resulted in lower hydro-
gen evolution rates per surface area. These results can be likely
extended for similar applications in liquid-phase photo-, electro-,
and acid-base catalysis using mesoporous systems.

Small Struct. 2023, 4, 2200184 2200184 (8 of 10)

4. Experimental Section

Materials: 1SO synthesis and characterization were described in earlier
work.['72%31 Metal precursor and solvents were dissolved separately, the
ISO polymer in pure THF, and the precursors in abs. EtOH, starting with
Cs,CO;. After 1h of stirring, TaCls was added and stirred for another
30 min. Finally, WClg was added to the precursor solution, which imme-
diately turned from colorless to orange/brown. The solution was stirred for
another hour. Then, 2 mL of polymer solution was mixed together with
varying volumes of inorganic precursor solution, with the exact ratio deter-
mining the degree of pore ordering (e.g., 250 pL led to long-range period-
ically ordered mesopores, 1000 pL to disordered mesopores). All solutions
were then stirred for another 2 h. Solutions were finally transferred into a
PTFE cup, each with a volume of 5 mL, and put on a heating plate at 40 °C
under a glass dome to trigger slow evaporation-induced self-assembly
(EISA). After solvent evaporation was complete, the PTFE cups were trans-
ferred into a small vacuum oven for final drying (Biichi glass oven B-585)
by heating to 50 °C under vacuum for 24 h. The resulting pellet-like dark
blue solids were calcined in air for 1 h at 550 or 700 °C resulting in white
powders.

Characterization: Scanning electron microscopy (SEM) was performed
on a Zeiss Merlin instrument. For TEM images, a 200 kV JEOL JEM-2200FS
EFTEM was used equipped with Schottky FEG and In-Column Omega
Energy filter from JEOL GmbH. Prior to each measurement, 1-2 mg of
the sample was suspended in 1mL of ethanol (AcrosOrganics, extra
dry, 99.5%). Then, 4-8 pL of the suspension was dropped on a carbon
film-coated Cu TEM grid (200 Mesh).

X-ray powder diffraction (XRPD) patterns were measured on an X'Pert
PRO diffractometer from PANalytical Instruments (Cu Ko radiation,
1 =1.5418 A) with an acceleration voltage of 40 kV and an emission cur-
rent of 40 mA. Data were recorded in a step scan mode from 10° to 90°
with a step size of 0.03°. For Rietveld refinement, FULLPROF 2.05 software
and a modified Thompson—-Cox—Hastings Pseudo—Voigt profile function
were used. The quality of the fits was characterized through the weighted
profile R-factor (R,) and the goodness of fit (/%).

SAXS measurements were carried out on a Xenocs Xeuss 3.0 (Xenocs,
France) equipped with a copper source (A= 1.5418 A). Scattering images
were detected on an Eiger2 R 1M detector (Dectris, Switzerland) with
1028 x 1062 pixels and a pixel size of 75 pm x 75 pm located 1.8 m from
the sample (sample detector distance deducted via AgBeh calibration).
The beam size was adjusted to 0.5mm x 0.5mm and each sample
was measured for 48 h, with single-image exposure times of 4 h. The mea-
sured single SAXS images were masked around the direct beam to elimi-
nate refraction effects resulting from the measurement container prior to
azimuthal averaging and summation with the software XSACT 2.0
(Xenocs, France). The resulting 1D cuts were further corrected for back-
ground scattering from an empty sample container.

Raman spectroscopy was performed on a Senterra || Raman spectrom-
eter from Bruker.

© 2022 The Authors. Small Structures published by Wiley-VCH GmbH
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Nitrogen (N,) physisorption analysis was performed at 77 K using an
Anton Paar QuantaTec ASiQ-MP-MP-AG instrument (scanning curves)
and an Anton Paar QUADRASORB evo surface area and pore size analyzer
(standard isotherms). PSDs were calculated using the QSDFT?? model
for carbons with slit/cylindrical pores. We chose this kernel due to several
reasons. First, the fitting of quaternary material systems is very difficult due
to the assumptions which are made by the different fitting models. For
example, nonlocal DFT (NLDFT) can only be used when having materials
with homogenous surfaces, 33 but due to the composition of our mate-
rial the surface could not be considered as homogeneous or smooth. That
makes QSDFTE**¢! more suitable to use, because here inhomogeneities
in the pore walls are taken into account. Second, the surface termination
has also a huge impact on the fitting model, but there is no fitting model
available for other metal oxides than silica or zeolites for QSDFT. Even the
similarity of the silica/zeolitic surface and the surface of CsTaWOg is
questionable. Therefore, we checked on the smallest fitting errors for
all nitrogen physisorption measurements in this manuscript (including
the hysteresis scans) and found that the chosen QSDFT kernel (carbon,
slit/cylindrical pores) fit best with fitting errors with maximum of 2%.
Specific surface areas were estimated by applying the Brunauer—
Emmett-Teller (BET) model.” All samples were degassed in vacuum
at 150°C for at least 12h prior to the measurements. Data evaluation
was carried out with the program ASiQwin 4.0.

For the scanning isotherm technique, several isotherms were measured
subsequently, with stepwise-reduced endpoints of the adsorption branch.
Therefore, after the first full isotherm between 0 and 0.99 p p~°, a second
adsorption measurement was started immediately up to 0.97pp~°,
followed by another desorption branch using this last data point as start.
A third adsorption measurement was started immediately after the second
adsorption measurement, but only up to 0.95 p p~°, followed by the final
desorption measurement.

A PerkinElmer Lambda 750 UV/Vis/NIR spectrometer, equipped with a
Praying-Mantis mirror unit from Harrick, was used to record the diffuse
reflectance with step size of 1 nm. A spectralon pellet was used as white
standard. The spectra were converted into absorption spectra using
Kubelka—-Munk function; band gaps were estimated using Tauc plots.*®!

Hydrogen Evolution: 300 mg mesoporous photocatalyst was suspended
in 600 mL of an aqueous methanol solution (10vol%) and filled into a
homemade inner irradiation-type glass reactor.'’! A 700 W Hg midpres-
sure immersion lamp set to 50% (350 W, Peschl UV-Consulting) was used
as a light source; the lamp was cooled to 10 °C with a double-walled quartz
mantle using a thermostat (LAUDA RP845). Gas evolution was measured
online using a mass spectrometer (Hiden HPR-20 Q/C). Argon 5.0 was
used as carrier gas; the continuous gas flow was controlled by mass flow
controller (Bronkhorst). The gas flow was set to 100 mLmin~". All
reactions were performed at 10 °C, and again the reactor cooled with a
thermostat (LAUDA RP845). Before the photocatalytic reaction, the whole
reactor system, with the photocatalyst included, was flushed with argon
5.0 for 1h to remove any trace of air. Successive cocatalyst precursor
(Na3RhClg (Aldrich)) addition for photodeposition was performed through
a rubber sealing (without opening the reactor) after turning off the light
source, to avoid prolonged intermediate argon flushing for air removal.
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