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Sol-gel synthesis of defect-pyrochlore structured
CsTaWOg and the tribochemical influences on
photocatalytic activity T

Larissa Schwertmann,? Michael Wark®® and Roland Marschall*a

The semiconductor mixed oxide photocatalyst CsTaWOg was prepared via an aqueous sol-gel citrate route
for the first time. The mild reaction conditions yield smaller primary particle sizes and larger specific surface
areas than the conventional solid state reaction. The photocatalytic properties are determined using both
photocatalytic terephthalic acid hydroxylation and photocatalytic hydrogen generation. All of the
materials described herein generate hydrogen without the addition of a co-catalyst. Due to the initially
agglomerated but porous morphology of the sol-gel-derived CsTaWOg, tribochemical treatment via short
term ball milling has a strong effect on the photocatalytic activities of these materials. Ball milling increases
the surface area of the materials, leading to strongly improved activity for the generation of "OH radicals,
but also generates surface defects in the materials. The defective sites act as electron traps, which depress
the photocatalytic hydrogen evolution activity. However, by combining ball milling and photodeposition
of Rh, highly improved hydrogen generation rates for CsTaWOg are achieved. The sol-gel citrate route
finally leads to more active materials than the solid state reaction.

1. Introduction

Converting solar energy into sustainable fuels is one of the
main challenges scientists are facing nowadays." Solar water
splitting with semiconductor materials is an attractive
approach for sustainable energy conversion using solar
radiation.> Since the pioneering reports by Boddy and
Fujishima describing photoelectrochemical water splitting by
TiO,,** numerous reports and reviews have appeared in the
last decades that describe active photocatalysts for clean
hydrogen production and direct water splitting, including
TiO,, Ta,05, Nb,Os, WO; and Ga,03.”™°

TiO, has been one of the most investigated photocatalysts
due to its high activity, low toxicity and low cost.’®'" However,
the large band gap values (E,) of anatase and rutile-type TiO,
(3.2 and 3.0 eV, respectively) impair the utilisation of visible
light that comprises ca. 43% of the solar spectrum.
Consequently, many research groups are searching for alter-
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native photoactive materials with band gaps below 3 eV in
order to more effectively utilise visible light in photocatalysis.

Another highly investigated material for energy applica-
tions including electrochromic applications," photoelectro-
chemistry and photocatalysis is WO;. Like TiO,, WO; is very
stable and is active towards water oxidation, as was first
reported in 1976."% Additionally, WO; has a lower E, than TiO,,
lying between 2.4-2.8 eV,"*'® enabling it to harness longer-
wavelength light for photocatalysis. However, due to its
conduction band (CB) minimum being more positive than
the standard hydrogen potential (+0.5 V vs. NHE),"” no
spontaneous hydrogen generation and overall water splitting
can be achieved with pure WO;.

To tune the electronic structure and shift the conduction
band upwards to achieve photocatalytic hydrogen generation,
WO; can be fused with other metal oxides to form binary or
ternary tungstates.'® One promising example is CsTaWOs,
which crystallises to form the defect-pyrochlore structure, and
was first reported to be photocatalytically active under UV light
(E; = 3.8 eV) by Ikeda et al.'® Very recently, the group of Lu
et al. demonstrated that CsTaWOg can generate hydrogen from
aqueous solutions containing 20% ethanol without any co-
catalyst under solar irradiation.”® Moreover, the ecrystal
structure of CsTaWO, was found to be well suitable for
homogeneous anion doping with nitrogen and/or sulfur,
which readily incorporate as anions into the lattice of
CsTaWO, and consequently reduce its band gap. CsTaWOg
doped with nitrogen and/or sulfur exhibited remarkable red
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shifts of the absorption into the visible light range, and was
highly active for hydrogen generation under sunlight irradia-
tion, even without co-catalysts. Recent reports show the
applicability of this strategy also to other photocatalyst
materials with such open crystal structures like BasTa 0,5 or
Sr,Ta,0,.21723

Most mixed-oxide semiconductor materials used for photo-
catalysis are usually synthesised via solid state reaction (SSR),
which involves mixing stoichiometric amounts of metal oxide
and/or carbonates and heating them to temperatures between
800 and 1200 °C. However, various mixed metal oxides can be
synthesised under milder conditions using sol-gel techniques
like the polymerisable complex (PC) method>**
route.*® Using these sol-gel methods, photocatalytically active
mixed oxide powders featuring smaller particle sizes and high
crystallinity can be obtained at relatively low calcination times
and temperatures compared to those required by SSR
methods, yielding more efficient photocatalysts due to their
higher surface areas and short charge carrier diffusion
pathways.

In the present manuscript, we report the first sol-gel
synthesis of CsTaWOg via an aqueous sol-gel route called the
citrate route. Sol-gel-derived CsTaWO, was calcined over a
wide range of temperatures and times to optimise its surface
area, crystallinity and photocatalytic activity, all of which are
compared to the properties of CsTaWOg prepared by conven-
tional SSR. We also show that post-synthetic ball milling has a
strong influence on the photocatalytic activity of CsTaWOg
prepared by either SSR or sol-gel method towards terephthalic
acid hydroxylation and hydrogen generation in the absence of
a co-catalyst. Finally, we demonstrate the effects of photo-
deposition of co-catalyst onto ball-milled and as-synthesised
(sol-gel or SSR) materials on photocatalytic hydrogen genera-
tion. These investigations lead to an optimised material
amendable to future anion doping and hydrogen generation
in visible light.

or the citrate

2. Experimental

Synthesis of materials

For the synthesis of CsTaWOe via citrate route, 7 ¢
ethylenediaminetetraacetic acid (EDTA, 99%, Alfa Aesar) and
7.25 g citric acid (98%, Alfa Aesar) were dissolved in 570 mL
water, the pH was adjusted to 8.3 using conc. ammonia (aq.)
(33%, J. T. Baker). After dissolution, the pH was adjusted to 5
using conc. nitric acid (J. T. Baker), and 15 mL hydrogen
peroxide was added to stabilise the highest oxidation states of
Ta and W. Tantalum ethoxide (Ta(OEt)s, Alfa Aesar) was
dissolved in abs. ethanol, and added in small portions to the
solution while heating to 90 °C. Then, ammonium tungstate
((NH4)10(W12041)-H,0, Aldrich) was added slowly. Finally,
caesium nitrate (CsNO;, Aldrich) was added to the clear
solution. After solvent evaporation, a black powder precursor
remains, which is calcined at different temperatures (600-900 °C)
and for different times (4-36 h) to burn away residual carbon and
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Fig. 1 Synthesis procedure for the citrate route to CsTaWOeg.

induce crystallinity, yielding the final white product. A schematic
representation of the citrate route synthesis is shown in Fig. 1.
For the SSR synthesis, CsTaWO, was synthesised according
to a literature procedure.”® Briefly, stoichiometric amounts of
caesium carbonate (CsCO3, Aldrich), tantalum(v) oxide (Ta,Os,
Aldrich) and tungsten(vi) oxide (WOj, Aldrich) were mixed
vigorously in a mortar and calcined at 810 °C for 36 h with one
intermediate grinding after 18 h. Ball-milling of some citrate
route and SSR-derived CsTaWO, samples was performed in a
rotary ball mill (Spex Industries) with agate crucible and 2
agate balls (diameter 5 mm and 10 mm) for up to 10 min.

Characterisation

X-ray diffraction patterns were recorded on a PANalytical MPD
diffractometer using Cu-Ko radiation (1 = 1.5406 A) in the
range of 10 to 70 degrees 2@. Brunauer-Emmett-Teller (BET)
surface areas were measured by N, gas physisorption
isotherms with a Quantachrome Autosorb-1-MP. UV-Vis
diffuse reflectance spectra were measured using a Perkin
Elmer Lambda 650 UV-Vis spectrometer equipped with a
Praying-Mantis mirror unit. The obtained spectra were
converted by the Kubelka-Munk function, F(R), into absorp-
tion spectra, using BaSO, as a white standard. Optical band
gaps (E,) were obtained via Tauc-plot method*~*" using the
calculation o« = A(hv — Eg)"/hv, where o is the absorption
coefficient, A is a constant, &v is the energy of light, and n = 2
or 0.5 is used for materials with indirect or direct transition,
respectively. Assuming that the absorption coefficient o is
proportional to the Kubelka-Munk function F(R), the E, can be
obtained from the plot of [F(R)hv]"" versus hv, by extrapolation
of the linear part near the onset of the absorption edge to
intersect the energy axis.

Photocatalytic activity tests

The amount of photogenerated -OH radicals upon irradiation
was measured according to a literature method.>® 500 mg
photocatalyst was suspended in 500 mL solution containing
0.01 M NaOH and 3 mM terephthalic acid (TA, 98%, Aldrich).
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The suspension was stirred in the dark for 30 min, and then
illuminated using a 150 W Xe immersion lamp (Peschl UV
Consulting). Samples of 5 mL were taken every 15 min and
filtered before taking fluorescence measurements (Horiba
Jobin Yvon FL322 Fluorolog-3-system). Upon irradiation, the
photogenerated -OH radicals react with TA to form 2-hydro-
xyterephthalic acid (TAOH), which shows a characteristic
fluorescence band at 426 nm.*> An increase in intensity with
time is thereby directly related to an increased concentration
of photogenerated -OH radicals. The applied excitation
wavelength was 320 nm.

Photocatalytic hydrogen generation was measured in a
home-built, air-free closed gas system using a typical double-
walled inner irradiation-type quartz reactor comparable to
those described in the literature.” As a light source, a 700 W
Hg mid-pressure immersion lamp (Peschl UV-Consulting, set
to 50% power = 350 W) was used for irradiation and cooled to
10 °C with a double-walled quartz mantle using a thermostat
(LAUDA). Gas evolution was measured online using a multi-
channel analyser (Emerson) equipped with a detector for the
determination of the concentration of hydrogen (thermal
conductivity detector), oxygen (paramagnetism) and carbon
dioxide (IR). Argon 6.0 was used as a carrier gas, the
continuous gas flow was controlled by a Bronckhorst mass
flow controller. The gas flow was set to 50 NmL min~"'. All
reactions were performed at 13 °C.

400 mg photocatalyst was suspended in 460 mL water and
40 mL methanol. Before photocatalytic reactions were
initiated, the whole system, with the photocatalyst included,
was flushed with Argon 6.0 at 100 NmL min "' for approx.
30 min to remove any trace of air.

Metallic Rh was deposited onto the photocatalysts via
reductive photodeposition®* using a 1.3 mM NazRhClg
(99.999%, Aldrich) solution as the precursor for loading of
the co-catalyst.>*?* Before adding the Rh salt solution, the
light irradiation was stopped and the precursor solution was
added via syringe through a rubber seal without opening the
reactor. Traces of air were subsequently removed by flushing
the reactor again with Argon before starting light irradiation.
Upon light irradiation, metallic Rh is preferentially deposited
onto more electron-rich photocatalyst surface sites. During Rh
photodeposition, CO, derived from catalytically oxidised
methanol was also detected with our gas analyser. Gas
evolution measurements were continued to determine the
hydrogen generation activity of the Rh-modifed CsTaWOg, still
using methanol as the sacrificial reducing agent.
Measurements were repeated several times, the error is
<10 pmol h™%.

3. Results and discussion

Characterisation

Fig. 2a shows the X-ray diffraction (XRD) patterns of the sol-
gel-derived CsTaWO4 powder precursors calcined at different
temperatures for 10 h, as well as those for the SSR product.
The reflections of the SSR product indicate a highly crystalline
material, and the XRD pattern is in perfect agreement with
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Fig. 2 XRD patterns determined after (a) 10 h calcination at different
temperatures; (b) after calcination at 600 °C for different times.

previously published CsTaWOg XRD data'®*® and the standard
diffraction pattern of CsTaWOg (JCPDS 25-0233). The defect-
pyrochlore structure of CsTaWOg consists of corner-sharing
TaOs and WO, octahedra, forming a three-dimensional
framework possessing tunnels with hexagonal cross-section
down the c-axis, in which the Cs cations are located on the
crystallographic 8b sites.>® After calcination of the powder
precursor derived from the citrate route at 500 °C, few
reflections indicating crystalline CsTaWOg are visible in the
XRD patterns. However, after calcination for 10 h at 600 °C, all
reflections for the defect-pyrochlore structure are already
visible, and no impurities are evident. The reflections are very
broad compared those for the SSR product, which indicates
that the sol-gel product features a small particle size. The SEM
and TEM images (Fig. 3) further confirm that the citrate route
product consists of much smaller primary particles (<50 nm)
than the SSR product (several 100 nm).>° However, the SEM
images show that the citrate route particles tend to form
sponge-like agglomerates with big cavities, which is also the
reason for the only little increase in surface area (Table 1).
With increasing calcination temperature, the XRD reflections
in Fig. 2a become narrower and increase in intensity, which
indicates increasing crystallinity and particle growth due to
sintering. Fig. 2b shows the effect of calcination time on the
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:

Fig. 3 SEM pictures of CsTaWOyg after SSR (upper left) and sol-gel synthesis
calcined for 10 h at 850 °C (lower left); TEM pictures (right) of CsTaWOg calcined
for 20 h at 850 °C.

crystallinity of CsTaWOg. At 600 °C, the crystallinity of the
samples does not change distinctly over time and a well-
crystallised material is already obtained after calcination of
sol-gel-derived CsTaWOg for only 4 h. The calcination
temperatures and times necessary to crystallise citrate route-
derived CsTaWOg are remarkably low in comparison to the
long reaction times and high reaction temperatures required
to obtain CsTaWO, via SSR." Although the trend is barely
visible when calcining at 600 °C, at temperatures >600 °C our
materials become markedly more crystalline with increasing
calcination time. The XRD reflections increase in intensity
with calcination time, as exemplarily shown for the citrate
route product calcined at 850 °C (supplementary information,t
Fig. SD1). The effects of a wide range of calcination times and
temperatures on the crystallinity of sol-gel-derived CsTaWOs
are summarized by the XRD data in Fig. 2a and 2b. The data
reveal that the calcination temperature has the bigger
influence of the two variables on the crystallinity of the sol-
gel materials. We also calculated the mean primary particles
sizes using the Scherrer equation to confirm this trend. The
particles sizes increase from ~23 nm to ~50 nm by increasing

Table 1 Surface area and H, production (with co-catalyst Rh) of different
CsTaWOg samples

Specific surface H, production®/

CsTaWOy, area/m> g~ ! pmol h™*
SSR 2,2 651
SSR-BM 3,9 769
20 h 850 °C 2,2 742
20 h 850 °C BM 5,1 828
10 h 850 °C 3,3 743
10 h 850 °C BM 3,9 648
36 h 810 °C 1,5 406
36 h 810 °C BM 4,8 506

“ 0.4 g photocatalyst, 460 mL water, 40 mL methanol, 350 W Hg
mid-pressure lamp, inner-irradiation setup, Ar carrier gas, 0.075 wt.-
% Rh; BM = after 10 min ball milling.
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Fig. 4 Kubelka-Munk spectra (inset) and Tauc plot of 4 exemplarily chosen
synthesis pathways: SSR (black), 4 h @ 600 °C (dark grey), 10 h @ 800 °C (grey),
20 h @ 850 °C (light grey).

the calcination temperature from 600 °C to 850 °C, while only
minor changes are observed at 850 °C when the calcination
time was varied from 5 h to 20 h (50-55 nm).

Fig. 4 shows the absorption spectra and the Tauc plots of
CsTaWO, prepared with different calcination temperatures
and times, as well as that for the SSR product. All materials
exhibit nearly the same band gap of ca. 3.6 eV, which is slightly
smaller than the reported literature values.'®*° Although the
materials therefore still require UV irradiation in order to
generate charge carriers, CsTaWO, derived from the SSR is a
very good photocatalyst for visible light hydrogen generation
after suitable post-synthetic anion doping,>® and sol-gel-
derived CsTaWO, should be similarly amenable to anion
doping. While this investigation primarily describes the first
successful sol-gel low temperature synthesis of this defect-
pyrochlore photocatalyst, CsTaWOg, and the factors influen-
cing its performance, different anion doping experiments will
be pursued in the future to extend the absorption of the
optimised sol-gel photocatalysts.

Terephthalic acid hydroxylation

The sol-gel synthesis of CsTaWOg and the small particle size
of the as-prepared materials have a strong influence on the
photocatalytic activity of the materials. We used the photo-
catalytic hydroxylation of terephthalic acid (TA) to investigate
the ability of the photocatalysts to generate holes in its valence
band (VB) under broad-spectrum (including UV) illumination.
Photogenerated holes can react with surface adsorbed water to
generate highly reactive -OH radicals which can be used to
decompose e.g. organic pollutants. These radicals also can
react with TA to form 2-hydroxy terephthalic acid (TAOH),
which emits a characteristic fluorescence at 426 nm.>***?

Fig. 5a (inset) shows the TAOH fluorescence signals arising
upon irradiation of a CsTaWOs (SSR) suspension in TA/NaOH
with a 150 W Xenon immersion lamp. With progressive
irradiation time the fluorescence signal increases, indicating
an increased amount of TAOH formed in the suspension.

RSC Adv., 2013, 3, 18908-18915 | 18911
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Fig. 5 (a) Fluorescence spectra of UV light irradiated CsTaWQg suspension in
3 mM terephthalic acid at different irradiation times (inset), and maximum
intensities (at 426 nm) after 120 min irradiation for different prepared samples;
(b) maximum intensities after 120 min irradiation of different prepared samples
compared to ball-milled samples.

Thus, positive charge carriers are generated in the VB of the
photocatalyst upon irradiation, which react with surface water
to form -OH radicals, which then react with TA to generate
TAOH. The linear increase of fluorescence intensity with time
indicates good material stability. Fig. 5a also shows the
fluorescence intensities at 426 nm after 120 min for different
CsTaWO, samples. CsTaWO, prepared via SSR reaction
exhibited the highest activity in this photocatalytic reaction,
even though the sol-gel product calcined for 20 h at 850 °C has
a higher degree of crystallinity (Fig. 2a). The specific surface
area of the SSR product was 2.2 m”> g~ '; the materials derived
from the sol-gel citrate route exhibit comparable specific
surface areas (Table 1). Additionally, with appropriate calcina-
tion time the activity of our sol-gel materials improves
substantially. Samples calcined at 850 °C for 20 h have the
highest activity among our sol-gel products, although the
specific surface area decreases from 3.3 to 2.2 m> g~ after
increasing the calcination time at 850 °C from 10 to 20 h.
Presumably the increased degree of crystallinity achieved at
the longer calcination time greatly improves the photocatalytic
process, such that the photocatalytic activity more than
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doubles after the longer calcination time in spite of a ca.
33% loss in specific surface area. Similarly, sol-gel-derived
CsTaWOg calcined at 600 °C, which featured the poorest
crystallinity of all of the catalysts tested for photocatalytic
activity, exhibits very low activity. After calcination at 700 °C,
however, the activity increases >6-fold, which is again due to
increased crystallinity.

We also prepared a CsTaWO, sample via sol-gel citrate
route using calcination time and temperature comparable to
those used in the SSR procedure, producing a photocatalyst
with very low activity. The long calcination time of 36 h yields
highly crystalline, but also highly sintered CsTaWOy particles
and a substantially reduced specific surface area (1.5 m* g~ ),
leading to dramatically decreased activity. Excessive calcina-
tion times (e.g. 36 h) and temperatures higher than 850 °C
produce materials with severely diminished activities. Sol-gel-
derived CsTaWOjs calcined for 10 h at 900 °C (not shown) has
negligible photocatalytic activity for terephthalic acid hydro-
xylation, further supporting this conclusion.

In order to break up the large, micrometer-scale agglomer-
ates that form during the sol-gel citrate route preparation of
CsTaWOs (Fig. 3), we performed short tribochemical treat-
ments using a ball mill. Comparison of the XRD patters before
and after ball milling reveals that the procedure has no effect
on the crystal structure of our materials (Supplementary
Informationt Fig. SD02). However, the activity for photocata-
Iytic TA hydroxylation increases substantially after 10 min of
ball milling for all samples calcined at temperatures higher
than 800 °C (Fig. 5b). Additionally, due to the morphology of
the sol-gel-derived CsTaWO, after calcination, the effect of
ball milling on their activity is much more pronounced than
for CsTaWO, prepared by the SSR. Ball milling breaks up the
sponge-like agglomerates, thereby increasing the accessible
surface area. This can also be seen in SEM images taken after
ball milling (Fig. SD03, ESIf) in comparison to Fig. 3. The
tribochemical treatment enlarges the specific surface area of
all samples, even of the SSR product (Table 1). The largest
increase in specific surface area occurs in the sol-gel product
calcined for 36 h at 810 °C (this sample was prepared under
comparable heating conditions to those in the SSR synthesis),
increasing more than three fold, from 1.5 to 4.8 m* g~ '. The
activity of this sample for TA hydroxylation increases 14-fold
after ball milling, which is also the highest increase in TA
hydroxylation activity among all samples. The citrate route
product calcined for 10 h at 850 °C also exhibits a large (8-fold)
increase in activity after ball-milling, while the already-larger
specific surface area for this sample (3.3 m> g~ ') increased
more modestly (by <20%) to 3.9 m> ¢~ '. This sample, after
ball milling, is the most active material for TA hydroxylation,
even better than the ball-milled SSR product.

The surface area clearly has a significant effect on the TA
hydroxylation activity, but crystallinity is an equally and
perhaps more critical variable. When only calcination tem-
peratures and times are varied, the relationship between TA
hydroxylation activity and material specific surface area
change is complicated by these competing effects. This
competition is evident in the lack of clear trends in measured
TA activities in Fig. 5a and the measured specific surface areas
for the non-ball-milled samples in Table 1. The tribochemical

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 (a) Hydrogen production without co-catalyst from water/8% methanol
solution for CsTaWOg prepared via different synthesis routes; (b) effect of
10 min ball milling on hydrogen production (dashed) without co-catalyst.

treatment provides a partial solution to this complication, as
the activities of all materials for TA hydroxylation increases
after ball milling, but the increase in activity compared to that
in surface area varies substantially. For example, the sol-gel
samples after 20 h calcination at 850 °C show a distinct
increase in specific surface area after ball milling, from 2.2 to
5.1 m> g~ ', but the activity for TA hydroxylation only doubles.
Thus, other effects must play a role in the photocatalytic
activity of our materials, which will be shown in the next part.
Despite these complications, short-time ball milling is a
simple method that significantly improves TA hydroxylation,
as it opens the particle agglomerates after sol-gel synthesis,
leading to improved specific surface areas and TA hydroxyla-
tion activities of CsTaWOQg in all cases.

Photocatalytic hydrogen production

As a second photocatalytic evaluation we investigated the
hydrogen generation capability of our materials, since
CsTaWO is known to be a very good hydrogen generation
photocatalyst.'®*° As shown in Fig. 6a, CsTaWO, prepared via
different synthesis routes and calcination procedures generate
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hydrogen from alcoholic solutions without the need for a co-
catalyst. These results are in agreement with those reported
elsewhere,>® however the active surface sites for this reaction
are not yet known. The activity of sol-gel-derived CsTaWOs
increases with calcination temperature and time, and thereby
with crystallinity, and calcination temperature has a bigger
influence than calcination time. Without co-catalyst, the SSR
product exhibits a slightly higher activity than the sol-gel
products for hydrogen production, but these differences
deriving from the synthesis method are relatively minor.

Since ball milling had such a large effect on the photo-
catalytic TA hydroxylation activity of our materials, we also
performed hydrogen production experiments with ball-milled
CsTaWO,. In contrast to the TA hydroxylation results, ball
milling has a very negative effect on the photocatalytic
hydrogen generation activity of CsTaWO, without co-catalyst,
independent of the synthesis procedure. Hydrogen evolution
rates decrease substantially for all samples after ball milling
(Fig. 6b). The contrast between the changes in TA hydroxyla-
tion and H, generation activity of CsTaWO, before and after
ball milling may derive from surface defects created during
ball milling, which can act as electron traps.

Ball milling increases the surface area of CsTaWOs,
especially of our sol-gel products (Table 1). The tribochemical
treatment had a positive effect on activity of CsTaWOg for
photocatalytic TA hydroxylation because increasing the surface
area directly increases the probability that positive charge
carriers generated in the VB during illumination can reach the
surface and generate "OH radicals by oxidising surface-
adsorbed water, which then react with TA. In contrast, in
hydrogen generation reactions the negative charge carriers
photoexcited into the conduction band of CsTaWOg are the
primary reactive species in the initiation of the catalytic
reaction pathway. Therefore the negative effect of ball milling
must be related to the electron pathway in the photocatalytic
reaction (e.g. the energetics and/or recombination kinetics of
the photogenerated electron), not only to surface area effects.
Surface defects acting as electron traps may divert photo-
generated electrons from sites that are active for the catalytic
reduction of water, thus decreasing H, generation rates. While
the evidence for the generation of surface defects by short time
ball milling that act as electron traps is indirect, such a
mechanism is a reasonable explanation for the decreased
hydrogen generation activity in the absence of a co-catalyst.

We have tried to investigate the nature or type of the formed
defects by XPS, but no changes in surface composition were
found, giving no indication for general creation of point
defects. Local defects due to the reduced agglomerate size and
the increased surface area might not have been detected.
Additional Raman investigations before and after ball mill of
representative SSR and sol-gel samples did also not give rise to
any new modes which would indicate the formation of defects
upon ball milling (Fig. SD04, ESIf). All appearing modes are
according to literature.’” Only slight shifts of some Raman
modes can be observed, which might be due to tension created
inside the crystal structure, however more detailed investiga-
tions are needed to confirm these results.

The influence of ball milling also depends on the intrinsic
materials properties. The decrease in activity for sol-gel-
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Fig. 7 Hydrogen production rates from water/8% methanol solutions with
calcined samples after photodeposition of 0.075 wt.-% Rh (grey), compared to
additionally ball-milled samples decorated with 0.075 wt.-% Rh (dashed).

derived CsTaWO, samples is more pronounced for samples
with higher crystallinity (Fig. 6b). Samples calcined at low
temperatures suffer less pronounced decreases in activity than
the samples calcined at 850 °C. Ball milling of highly
crystalline CsTaWO, creates surface defects on materials that
have few defects initially, thus the fractional increase in defect
concentration after ball milling is high. In contrast, samples
with low crystallinity have already many defects, so the relative
change in concentration of surface defects after ball milling is
lower. Such changes in relative surface defect concentration
may explain the corresponding changes in the hydrogen
generation activity of the ball-milled CsTaWOg samples.

As mentioned before the electron traps at the freshly formed
surfaces are in concurrence to the sites at which hydrogen is
formed, but their presence positively influences the TA
hydroxylation activity after ball milling. Negative charge
carriers trapped in surface states should be less likely to
undergo recombination, extending the lifetimes of positive
charge carriers available for TA hydroxylation, leading to the
highly improved activities (Fig. 5b). Trapping effects could be
at least partially responsible for the monotonic but nonlinear
relationship between the increasing surface areas and increas-
ing TA hydroxylation after ball-milling of the CsTaWOs
photocatalysts.

The negative effect on the hydrogen generation should be
negated or reversed by depositing Rh co-catalyst onto the
photocatalysts surface, since metallic co-catalysts usually act
as electron sinks for photoexcited charge carriers and as active
sites for hydrogen production.®*® Fig. 7 shows the hydrogen
production rates after Rh photodeposition before and after
ball milling. First, its can be seen that after Rh deposition, the
hydrogen evolution rates of the non ball-milled samples
increase as expected compared to the pure CsTaWO, samples
(Fig. 6a).

The hydrogen production rates more than double, reaching
a maximum of 743 pumol h™' for the non ball-milled sol-gel
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sample calcined for 10 h at 850 °C. It is also clear that the sol-
gel materials calcined at 850 °C exhibit superior hydrogen
production relative to that of the SSR products. As described
earlier, a highly crystalline CsTaWOg powder can be obtained
via the SSR, but a comparably crystalline CsTaWO, powder
with improved surface area and smaller particle size can be
synthesised via sol-gel method as long as the correct
processing conditions are applied. Insufficiently low calcina-
tion temperatures yield an insufficiently crystalline sol-gel
product, as observed for samples calcined below 850 °C
(Fig. 7), and exceedingly long calcination times also lead to
decreased activity (e.g. 36 h calcination). These effects on the
hydrogen evolution were already apparent without addition of
the Rh co-catalyst, but become even more pronounced after Rh
deposition.

By photodeposition of Rh onto our ball-milled samples, the
diminution of hydrogen production rates after ball milling is
negated and the rates in most cases even improve compared to
those of the non-ball-milled photocatalysts. The hydrogen
production rates for all ball-milled defect-pyrochlores are
much higher after Rh photodeposition (compare Fig. 6b and
7). This might indicate that the Fermi level of the Rh co-
catalyst is energetically favoured compared to the proposed
generated surface electron traps, lying at a more positive
potential. Additionally, Rh is photodeposited at CsTaWOg
surface sites preferentially where electrons accumulate, which
are in this case the surface electron traps. Thus, the migration
of photoexcited electrons to the co-catalyst Rh is highly
promoted, leading to improved H, evolution rates. For
example, the sol-gel product after 20 h calcination at 850 °C
produces only 100 pmol h™"' hydrogen after ball milling,
decreased from 299 pmol h™'. But after photodeposition of
0.075 wt.-% Rh, the hydrogen production rate increased by
700% to 828 umol h™". This rate is 11% higher than for the Rh
decorated sample without ball milling, demonstrating that the
tribochemical treatment has a strong but complex effect on
hydrogen evolution at semiconductor photocatalysts. It is also
the highest rate among all samples, even higher that the SSR
sample, proving that via sol-gel citrate route a more crystalline
and more active photocatalyst material can be prepared after
much shorter synthesis time.

4. Conclusions

A facile synthesis approach to produce the highly crystalline
and highly active mixed-oxide photocatalyst CsTaWOg via
aqueous sol-gel citrate route was presented. The crystallinity
of both SSR and sol-gel-derived CsTaWO, was dependent on
calcination time and temperature, with the sol-gel route
yielding materials with smaller primary particle sizes and
improved specific surface area. The agglomerates that formed
during sol-gel synthesis were tribochemically treated, leading
to improved surface areas and highly improved photocatalytic
activities for the oxidative generation of OH radicals for all of
the CsTaWO, materials, which had been systematically
calcined at different combinations of temperatures and times.
Ball milling however generates surface defects that appear to
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act like electron traps, resulting in decreased activities for
hydrogen generation. All CsTaWO, samples generate hydrogen
from water/8% methanol solutions without any co-catalyst, but
combining ball milling and photodeposition of Rh resulted in
the highest hydrogen production rates up to 828 pmol h™" for
the optimum sol-gel sample. This tribochemical approach
should be easily transferable to other mixed oxide photo-
catalysts prepared via sol-gel or hydrothermal routes,’”
significantly improving their photocatalytic activities and
leading to optimised materials for anion doping and hydrogen
generation under visible light illumination.
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