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A crystalline and 3D periodically ordered
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Tobias Weller,a Leonie Deilmann,b Jana Timm,a Tobias S. Dörr, c,d

Peter A. Beaucage, e Alexey S. Cherevan, b Ulrich B. Wiesner,e Dominik Eder b

and Roland Marschall *a

We have prepared the first crystalline and 3D periodically ordered mesoporous quaternary semiconductor

photocatalyst in an evaporation-induced self-assembly assisted soft-templating process. Using lab syn-

thesized triblock-terpolymer poly(isoprene-b-styrene-b-ethylene oxide) (ISO) a highly ordered 3D inter-

connected alternating gyroid morphology was achieved exhibiting near and long-range order, as evi-

denced by small angle X-ray scattering (SAXS) and electron microscopy (TEM/SEM). Moreover, we reveal

the formation process on the phase-pure construction of the material’s pore-walls with its high crystalli-

nity, which proceeds along a highly stable W5+ compound, by both in situ and ex situ analyses, including

X-ray powder diffraction (XRPD), Fourier transform infrared spectroscopy (FTIR) and electron paramag-

netic resonance (EPR). The resulting photocatalyst CsTaWO6 with its optimum balance between surface

area and ordered mesoporosity ultimately shows superior hydrogen evolution rates over its non-ordered

reference in photocatalytic hydrogen production. This work will help to advance new self-assembly

preparation pathways towards multi-element multifunctional compounds for different applications,

including improved battery and sensor electrode materials.

Introduction

Heterogeneous photocatalysis is considered a promising
method to convert and store solar energy by deriving chemical
fuels, e.g. via water splitting into hydrogen and oxygen.1–6

However, photocatalytic efficiencies are strongly limited by
charge carrier recombination at lattice defects, grain bound-
aries, or at the surface of the semiconductor.7

Improvements in activity of the most prominent semi-
conductors, which are mainly binary compounds including
TiO2, WO3, α-Fe2O3, or CdS, are severely hampered by their

intrinsic material limitations such as low light absorption,
insufficient charge carrier mobility, inappropriate band posi-
tions, and high toxicity. Therefore, the need for new and
efficient photocatalysts by expanding the materials library is
evident, and a number of more complex ternary and quatern-
ary semiconductors have been found to be very active
candidates.8–10 In contrast to binary compounds, ternary and
quaternary oxides allow the exchange of two and three
different cations, respectively, while keeping the same crystal
structure, thus providing more flexibility to tailor and control
properties such as band gap, band positions, and trap
states.11

In order to enhance photocatalytic activity, increasing
surface area has been investigated by preparing complex nano-
porous semiconductors,12 including mesoporous materials
with pore sizes between 2 and 50 nm.13 Simply increasing the
surface area is often not enough to improve activity in photo-
catalysis, as other parameters like pore size, pore morphology,
and pore surface faceting play a crucial role in optimizing per-
formance.14 In contrast to binary compounds, it remains
highly challenging to prepare phase-pure mesoporous ternary/
quaternary oxides with well-defined and ordered porosity. The
complex hydrolysis and condensation kinetics of multiple pre-
cursors need to be controlled, requiring fine-tuning of reaction
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conditions and interactions between different precursors, as
well as their diverse solubility and sol–gel transition behavior.
Moreover, crystallization and crystallite growth need to be tai-
lored in localized nanosized environments to avoid pore struc-
ture collapse.

Therefore, the choice of template or structure-directing
agent enabling a three-dimensionally (3D) accessible pore
network, such as gyroidal structures,15 with large ordered and
interconnected pores is crucial for the final application. The
structure-directing agent must not disturb the crystallization
process and needs to be removed without pore collapse, prefer-
ably at temperatures exceeding those used for the initial
network crystallization, which is hardly possible with e.g.
Pluronic P123 due to its low decomposition temperature.16 If
not fully controlled, formation of undesired by-phases, phase
separation, or simply a less porous or even non-porous
material due to ripening processes or phase transformations
during processing can be the result.

These are indeed major challenges; yet once solved,
ordered mesoporous quaternary semiconductors have the
potential to open up a route towards a new, highly customiz-
able generation of photocatalysts, providing tunable pore
morphology and accessibility to avoid mass transport limit-
ations, and adjustable response by tailored surface
properties.

CsTaWO6 is a well-understood semiconductor and fulfills
the major criteria for sufficient light induced hydrogen gene-
ration. The position of the conduction band minimum at
−0.5 eV vs. NHE is perfectly suited for the generation of
hydrogen, including sufficient overpotential.11 This com-
pound has further been reported as an active photocatalyst
for water splitting with a band gap of 3.6 eV,17 which can be
decreased by nitrogen and/or sulfur doping down to 2.4/2.1 eV
resulting in visible light activity.18,19 It has been prepared
in the past via a solid state reaction,17 sol–gel synthesis,20

and as nanoparticles via hydrothermal synthesis.21

Moreover, CsTaWO6 is highly crystalline irrespective of its
nanostructure and crystallizes in a single crystal phase, the
cubic defect-pyrochlore structure. The latter is a considerable
advantage over materials like TiO2 as no phase transformation
occurs during temperature treatments, that could lead to
structure collapse, e.g. on the way to the final mesoporous
material.

Here we successfully employ a tailor-made triblock-terpoly-
mer poly(isoprene-b-styrene-b-ethylene oxide) (PI-b-PS-b-PEO,
or simply ISO), used in the past to structure-direct binary
oxides,14,22 to prepare a 3D periodically ordered mesoporous
quaternary semiconductor, CsTaWO6, for photocatalytic hydro-
gen production. We reveal details of its complex formation
mechanism in controlling the hydrolysis and condensation
reaction of three metal precursors simultaneously, thereby
highlighting design rules that will help to synthesize other
multi-element and multifunctional porous materials using
facile and cost-effective self-assembly approaches as opposed
to more complex chemical/physical vapor deposition or mole-
cular beam epitaxy techniques.

Experimental
Materials

Benzene (99%, TCI America), 1,1-Diphenylethylene (DPE, 98%,
Alfa Aesar), isoprene (99%, <1000 ppm p-tert-butylcatechol,
Sigma Aldrich), sec-Butyllithium (secBuLi, 1.4 M in cyclo-
hexane, Sigma Aldrich), n-butyllithium (1.6 M in hexane, Acros
Organics), styrene (ReagentPlus©, stabilized, Sigma Aldrich),
calcium hydride (CaH2, 1–20 mm granules, 88–98%, Alfa
Aesar), ethylene oxide (EO, 99.8%, Sigma Aldrich), potassium
(98%, pieces in mineral oil, Fisher Scientific), hydrochloric
acid (HCl, reagent grade, 37%, Sigma Aldrich), methanol
(99%, Macron), naphthalene (99%, Fisher Scientific), tetra-
hydrofuran (THF, 99%, <1000 ppm stabilizer, Fisher Scientific)
and chloroform (CHCl3, 99.8+%, ACS, Fisher Scientific),
cesium carbonate (99.9%, Alfa Aesar), tantalum chloride (99%,
H. C. Starck) and tungsten chloride (99%, H. C. Starck) were
either purified as described or if not further described used as
received.

Syntheses

Poly(isoprene-block-styrene-block-ethylene oxide) (ISO; PI-b-PS-
b-PEO) terpolymer was synthesized via living sequential
anionic polymerization as described elsewhere.23,24 Briefly, all
chemicals were distilled from either nBuLi or CaH2 to remove
all residual impurities, water, and dissolved gases. The first
two blocks were sequential synthesized in benzene using sec-
BuLi as initiator. The living PI-b-PS was endcapped with
double-distilled EO and terminated with MeOH/HCl. To
exchange the lithium counter ion with potassium, the polymer
was washed several times with deionized water (18.2 MΩ),
thoroughly dried, dissolved in THF and (re-)initiated by potass-
ium naphthalenide. An appropriate amount of double-distilled
EO was added and the living ISO was then terminated by
MeOH/HCl, dried and dissolved in CHCl3. The polymer/CHCl3
solution was washed several times with deionized water and
finally precipitated in an aliquot of MeOH, filtrated, dried and
stored at −20 °C to prevent cross-linking or degradation.

In a typical synthesis for mesoporous CsTaWO6, 66 mg
Cs2CO3 was dissolved in 2 mL abs. EtOH, and stirred for one
hour. Then, 145 mg TaCl5 were added, with one hour of
additional stirring, followed by the addition of 158 mg WCl6
and another hour of stirring. In a second vessel, 405 mg ISO-
polymer was dissolved in 11.55 g THF. 2 mL of polymer solu-
tion and 250 µL of precursor solution were combined in six
glass vessels, and stirred for another 2 hours. The solutions
were then transferred into 5 mL PTFE cups, followed by
solvent evaporation under a glass dome at 40 °C on a heating
plate for two days. Afterwards, another drying step at 50 °C in
a vacuum furnace was performed. The resulting residue was
calcined for 1 hour at 550 °C (heating rate: 1 °C min−1).

Characterization

To determine polydispersity and molar mass of the syn-
thesized ISO terpolymer, gel permeation chromatography
(GPC) was used with polyisoprene standards (Polymer

Paper Nanoscale

3226 | Nanoscale, 2018, 10, 3225–3234 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 1
8 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 C

or
ne

ll 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

10
/0

6/
20

18
 1

3:
32

:4
2.

 
View Article Online

http://dx.doi.org/10.1039/c7nr09251b


Standards Service, Mainz, Germany). Polymeric samples were
dissolved in THF (1 mg mL−1) and filtered through a 0.45 μm
PTFE filter. GPC measurements were performed on a Waters
ambient-temperature GPC system equipped with a Waters
2410 differential refractive index (RI) detector.

1H-Nuclear magnetic resonance spectroscopy (1H-NMR) was
used to analyze the composition of the triblock-terpoylmer.
A Bruker Avance III HD Nanobay equipped with a
SampleXpress autosampler and a BBFO probe for 5 mm tubes
was used. Samples were dissolved in CDCl3 and measured at
300 MHz (Table 1).

X-ray powder diffraction (XRPD) patterns were measured on
an X’Pert PRO diffractometer from PANalytical Instruments (Cu
Kα radiation, λ = 1.5418 Å) with an acceleration voltage of 40 kV
and an emission current of 40 mA. Data were recorded in a step
scan mode from 10–90° with a step size of 0.03°. For Rietveld
refinement a FULLPROF 2.05 software and a modified
Thompson–Cox–Hastings Pseudo–Voigt profile function was
used. The quality of the fits was characterized through the
weighted profile R-factor (Rwp) and the goodness of fit (χ2). In situ
XRPD measurements were performed on an X’Pert PRO MPD
diffractometer from PANalytical Instruments (also Cu Kα radi-
ation) equipped with an HTK 1200 chamber from Anton Parr.

Scanning electron microscopy (SEM) was performed on a
Zeiss Merlin instrument. High resolution transmission elec-
tron microscopy (HRTEM) images were obtained on a FEI
Tecnai F20 operated at 200 kV. The powdered oxide sample
was briefly sonicated in EtOH and the solution was dropped
onto a carbon coated Cu grid.

Nitrogen physisorption experiments at 77 K were acquired
with an Autosorb IQ2 automated gas adsorption station from
Quantachrome Corporation. Prior to the measurement,
samples were degassed in vacuum at 120 °C overnight. For
elucidation of the specific surface area, the Brunauer–
Emmett–Teller (BET) model was used. NLDFT was used to
determine the pore diameter.

Fourier transform infrared (FTIR) spectra were recorded on
a Bruker Optics Alpha instrument in a range of 400 to
4000 cm−1 with a resolution of 4 cm−1, using a pellet consist-
ing of KBr and the verified sample.

Electron paramagnetic resonance (EPR) spectra were
measured on a 9.5 GHz EPR spectrometer Bruker ESP 300E
(10 mW power, modulation amplitude 1 G, modulation fre-
quency 100 kHz). The EPR setup was equipped with an
Oxford-He-flow cryosystem. The measurement temperature
was set to 100 K to obtain optimum signal to noise ratio.

SAXS measurements were performed at station G1 of the
Cornell High Energy Synchrotron Source (CHESS) with a beam
energy of 9.83 keV and a sample-to-detector distance of 2 m.
A DECTRIS Eiger 1 M pixel array detector was used to collect
the two-dimensional scattering data, which were integrated to
produce intensity vs. q data plots using the Nika package for
Igor Pro.25 Intensity was normalized by the exposure time and
incident beam intensity.

Photocatalytic hydrogen evolution

300 mg photocatalyst were suspended in 600 mL of an
aqueous methanol solution (10 vol%) and filled into a home-
made inner irradiation-type quartz reactor.26 A 700 W Hg mid-
pressure immersion lamp set to 50% (350 W, Peschl
UV-Consulting) was used as light source and 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
Bronkhorst mass flow controller. The gas flow was set to 100
NmL min−1. All reactions were performed at 10 °C. Before
photocatalytic reactions were initiated, the whole system, with
the photocatalyst included, was flushed with Argon 5.0 for one
hour to remove any trace of air. Successive co-catalyst precur-
sor (Na3RhCl6 (Aldrich)) addition for photodeposition was per-
formed through a rubber sealing (without opening the reactor)
after turning off the light source to avoid prolonged intermedi-
ate Argon flushing for air removal.

Results and discussion
Materials synthesis and characterization

Polystyrene-block containing copolymers have been used quite
often in the past to prepare ordered mesoporous metal oxides
like WO3,

27 Ta2O5,
28 TiO2–SiO2-composite films,29 and even

mesoporous metals.30 Using ISO as structure directing agent a
variety of different mesoporous (>20 nm) morphologies are
accessible, such as hexagonally-packed cylinders (HEX),
double gyroid (GD) and the alternating gyroid (GA), recently
reported for carbon, TiO2 and Ta2O5, respectively.14,22,31

Besides selective chemical compatibility of the O block with in-
organic precursors, tailoring of final pore size by variation of
either block sizes or overall terpolymer molar mass, renders
this system attractive when compared to alternative templating
methods.

ISO terpolymer was optimized as structure-directing agent
in its composition and overall molar mass to yield large pore
3D periodically ordered mesoporous CsTaWO6. The desired
terpolymer was synthesized employing sequential living
anionic polymerization to produce well-defined composition
(PI : PS : PEO vol% = 31 : 64 : 5), low polydispersity index (PDI)
of 1.09, and average molar mass, Mn, of 80k (see Experimental
section). The polymer was dissolved in THF and combined
with a defined aliquot of a solution containing the metal pre-
cursors in EtOH (see Experimental section). The mixture was

Table 1 Structural data of used ISO polymer

Name Mn (g mol−1) PDI fPI
a (%) fPS

a (%)

ISO006 80 400 (NMRb) 1.09 28.9 (1.4) 64.2
2.3 (3.4)

a From NMR. b Calculated from a combination of integrated 1H-NMR
spectra and GPC data of the PI block using PI standards for
calibration.
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then transferred into PTFE dishes and placed on a hotplate for
evaporation induced self-assembly (EISA). Samples with well-
defined GA morphology were obtained from slow solvent evap-
oration in a saturated solvent vapor environment. To remove
the residual solvent after microphase separation and avoid
pore collapse, a two-step drying process was applied. Vacuum-
assisted drying at 40 °C and 50 °C removes the undesired
solvent residues and promotes cross-linking of the embedded
precursors, respectively. Further calcination at 550 °C in air
simultaneously removes the polymeric structure-directing
agent and crystallizes the inorganic material to yield highly
ordered mesoporous CsTaWO6.

Small angle X-ray scattering (SAXS) was used to investigate
the mesoscale structure of our mesoporous CsTaWO6. The
two-dimensional SAXS datasets (Fig. S1 ESI†) exhibit a remark-
able degree of order indicative of mesoporous material with
large grains. Fig. 1 shows the corresponding azimuthally inte-
grated one-dimensional SAXS patterns of the mesoporous
CsTaWO6 before and after calcination. The ordered material
shows well-defined reflections, consistent with expected reflec-
tions for an alternating gyroid (I4132) lattice,

14 as indicated by
solid vertical marks. The first main reflection in the SAXS pat-
terns can be used to determine the average cubic lattice con-
stant, d100. The ordered ISO/CsTaWO6 hybrid before calcina-
tion had a d100 spacing of 85.4 nm, which decreased to
56.7 nm after calcination, consistent with expected structural
shrinkage of the polymer-inorganic hybrid system upon heat
processing during conversion to CsTaWO6.

Fig. 2a and b show SEM images of the resulting powders
after calcination depicting a highly and periodically ordered
mesoporous morphology observed over a wide area (Fig. S2,
ESI†), with mesopores around 40 nm in size as determined

from images at higher magnifications. Comparison with a
simulated image (Fig. 2c) corroborates the assignment to a
gyroidal pore structure. Such large mesopores are beneficial
for photocatalytic hydrogen production.14,33,34

Furthermore, 3D networked mesopores like the ones shown
in Fig. 2 provide easy pore access and reduce pore blocking,
ultimately enabling superior photocatalytic performance. TEM
images in Fig. 3 corroborate SEM results by also exhibiting a
highly ordered and periodic mesoporous morphology of the
calcined CsTaWO6 samples. Together with the SAXS data pre-
sented above, all microscopy investigation results are consist-
ent with an alternating gyroid (GA) structure.

Nitrogen physisorption measurements were performed on
mesoporous CsTaWO6 after calcination to investigate porosity
and surface area (Fig. 4). Using the Brunauer–Emmet–Teller
(BET) model, a surface area of 37 m2 g−1 was determined,
slightly smaller than what was found for non-ordered meso-
porous CsTaWO6,

33,34 and consistent with a larger mesopore
size in the current material.

The isotherm in Fig. 4a shows a typical hysteresis loop at
high relative pressures indicating large mesopores. Applying a
NLDFT adsorption model for cylindrical pores in SiO2 onto the
adsorption branch of the isotherm (Fig. 4b) provides a very

Fig. 1 SAXS pattern of ordered mesoporous CsTaWO6 before (red) and
after calcination (blue) at 550 °C. The peak markings are for reflections
consistent with the cubic alternating gyroid morphology (I4132) with a
d100 spacing of 85.4 nm before calcination and 56.7 nm after calcination.
These patterns are taken of a selected angular range of 45° ± 20° for the
sample before calcination and 110° ± 60° for the sample after, in order
to capture the intense oriented spots. The blue pattern is shifted verti-
cally for clarity.

Fig. 2 (a) SEM image of ordered mesoporous CsTaWO6 calcined at
550 °C; (b) a higher magnification of (a); (c) simulated image of an GA

pore structure along the [111] direction, corresponding to the observed
structure in (a) and (b) (reprinted with permission of ref. 32, © 1998
American Institute of Physics).

Fig. 3 TEM images of ordered mesoporous CsTaWO6, calcined at
550 °C.
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accurate fit to the data and leads to a pore size distribution dis-
played in the inset of Fig. 4a centred at 42 nm, which is in
good agreement with the pore dimensions observed with SEM
(compare with Fig. 2). Isotherm and pore size distribution are
as expected for an ISO-derived mesoporous materials with 3D
gyroidal pore structure.14 A small friction of connecting meso-
pores with a slightly reduced diameter (31 nm) can be seen in
the NLDFT pore size distribution calculation, probably due to
sample preparation.

X-ray powder diffraction (XRPD) supported by Rietveld
refinement was performed on calcined samples to analyze
crystal structure and phase purity, both being highly impor-
tant for photocatalytic performance. Results displayed in
Fig. 5 suggest a highly crystalline product after calcination.
No impurity phases could be detected in such XRPD patterns,
and all reflections could be indexed according to the cubic
defect-pyrochlore structure, Fd3̄m, of CsTaWO6 (reference:
JCPDS 25-0233). The average crystallite size, La, after calcina-
tion is 10 nm, as determined via Rietveld refinement. This
value is slightly below the optimum crystallite size found for
CsTaWO6 in the form of nanoparticles,21 but corresponds
well with the wall thickness observed in TEM. To the best of
our knowledge, this is the first fully crystalline and period-

ically ordered mesoporous quaternary semiconductor ever
reported.

Investigation of the formation mechanism

Ordered mesoporous CsTaWO6 was prepared via a non-
aqueous sol–gel route. In order to understand how this phase-
pure mesoporous CsTaWO6 is formed, we have investigated
the formation mechanism in more detail. This investigation is
of general interest, in particular outlining a general prepa-
ration pathway to synthesize complex multi-element catalysts,
e.g. tungstates,35 aluminates,36 and other complex
compounds37–39 with ordered mesoporous morphology.

The first step in synthesizing ISO-derived mesoporous
CsTaWO6 is the preparation of the precursor solution, starting
by dissolving Cs2CO3 in ethanol (EtOH) followed by the
addition of TaCl5. A white powder can be obtained by drying
the clear precursor solution at this point, resulting in the
XRPD pattern shown in Fig. S3 (ESI†). The reflections belong
to the cubic CsCl phase, which indicates the reaction of both
precursors, most likely according to the following equation:

Cs2CO3 þ TaCl5 þ 2C2H5OH ! 2CsClþ Ta OC2H5ð Þ2Cl3
þ H2CO3:

ð1Þ

The tantalum ethoxy chloride can further condense to an
amorphous tantalum oxide, which may contribute to the
strong background in the XRPD pattern between 20 and
35° 2θ. The formed carbonic acid decomposes into CO2 and
water, released water accelerates further condensation of tanta-
lum chloride/tantalum ethoxychloride (and later of the tung-
sten chloride).

After adding WCl6 to the clear solution of Cs2CO3 and
TaCl5 in EtOH, the solution immediately turns yellow and gets
darker with time, ending up as an orange/brown solution. Due
to the high excess of ethanol as solvent for the precursor, WCl6
hydrolyses in a similar fashion as described by eqn (1), but
then further condenses with other molecules of tungsten

Fig. 4 Nitrogen physisorption measurement results on mesoporous
CsTaWO6: (a) isotherm of CsTaWO6, calcined at 550 °C; inset: respective
pore size distribution from NLDFT and cumulative pore volume. (b) Fit of
the adsorption branch using the NLDFT model for cylindrical pores in
SiO2.

Fig. 5 XRPD pattern of mesoporous CsTaWO6 with Rietveld refine-
ment. Black symbols mark experimental data, while the red solid line
represents the calculated pattern. Individual peak positions and residue
plot (blue) between experimental data and the fit are shown below the
diffractogram, respectively.
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chloride or tungsten ethoxy chloride. One example for this
condensation is shown in eqn (2):40

2W OC2H5ð Þ2Cl3 !Cl2 C2H5Oð Þ2W � O�W OC2H5ð ÞCl3
þ C2H5Cl:

ð2Þ

The hydrolysis behavior of WCl6 in EtOH is already known
to be dependent on the molar ratio of the two compounds.40

At a molar ratio of 1 : 1, W(OC2H5OH)Cl5 is formed, but about
half of this compound decomposes to WOCl4 and C2H5Cl. At
higher amounts of EtOH, the reaction proceeds further and
the product for a ratio of around 10 : 1 has an average compo-
sition around W(OC2H5OH)3.5Cl2.5. In our experiments, the
molar ratio of EtOH to WCl6 is ∼100 : 1. At such high excess of
EtOH, another reaction can occur, forming pentavalent
tungsten:

WCl6 þ 2C2H5OH ! W OC2H5ð Þ2Cl3 þ 2HClþ 1=2 Cl2 ð3Þ

This behavior was confirmed in previous studies via
elemental analysis and EPR of the reaction solution.40 It is
therefore possible to get stable compounds with pentavalent
tungsten in non-aqueous sol–gel processes.

As was described above, the precursor solution has an
orange-brownish color, which can be evidence for the presence
of WOCl4.

44 After drying at 40 °C under high solvent vapor
pressure, the solid has a dark red-blue color. The oxidation
state of tungsten changes from +VI in WCl6 to +V after hydro-
lysis and condensation. This oxidation state can often be
observed via strong blue coloration (see inset Fig. 6b).45 The
red color shade originates from the formation of a cesium
tungsten (oxy)chloride, which is known to be of red color.44 An
XRPD pattern of the solid after drying is shown in Fig. 6a. All
reflections can be attributed to a cubic crystal structure with
space group Fd3̄m.

From XRPD, however, it is not possible to obtain the exact
composition of this compound, because Cs2WCl6, Cs2WOCl5,
and Cs2WO2Cl4 do all have the same crystal structure, and the
changes in relative intensities of the diffraction peaks are very
weak (small changes of the intensities can be seen in the
region around 2θ ≈ 30°), as shown in Fig. 6a.

An indication for the existence of tungsten in the oxidation
state +V is the color, as Cs2WOCl5 is reported to be a green-
blue solid.46 Due to the different oxidation states of tungsten
in the three compounds (Cs2W(+IV)Cl6, Cs2W(+V)OCl5, and
Cs2W(+VI)O2Cl4), we used EPR spectroscopy to unravel the
stable composition after drying. In EPR, the only active species
is W5+ because of the unpaired d-electron in this oxidation
state (electron configuration [Xe] 4f14 5d1). The EPR spectrum
of the dried precursor solution shows two signals in the range
between 3500 and 4000 G (black curve, Fig. 6b, arrows). The
two signals with g∥ = 1.79 and g⊥ = 1.76 fit perfectly to the
experimentally measured and theoretically calculated values
for W5+ in the (WOCl5)

2− anion.41,42 These results strongly
support the proposed mechanism in eqn (4) and (5). The inter-
mediate product has most probably the composition

Cs2WOCl5. It is notable that this W5+ intermediate is air-stable
for several weeks without any observable color change.

However, the targeted compound is CsTaWO6. Thus, half of
the stoichiometric amount of tungsten and all of the tantalum
are missing in this intermediate product.

It has already been mentioned that tantalum could be
present in the form of an amorphous tantalum oxide/tantalum
oxychloride before the addition of tungsten chloride, which
could also be the case after the addition. Furthermore, tanta-
lum could be incorporated in the Cs2WOCl5 structure, partially
replacing tungsten of the same valence (Cs2TaOCl5). This
would also lead to a very fine mixture of the precursor, which
is beneficial for the following calcination step to form the final
CsTaWO6.

Fig. 7a shows the XRPD patterns of the precursor solution
after first drying at 40 °C and subsequent vacuum drying at
50 °C, as well as following calcination at 550 °C. In both cases,
a cubic crystal system is observed, but the relative intensities
and peak widths of the reflections change considerably. The
crystal structures of the oxychloride, Cs2WOCl5, and the
defect-pyrochlore, CsTaWO6, are illustrated in Fig. 7b. The

Fig. 6 XRPD and EPR characterization of dried precursor solution
material, (a) Cs2CO3, TaCl5 and WCl6 dissolved in EtOH, after drying.
Reference cards of Cs2WCl6, Cs2WOCl5 and Cs2WO2Cl4 are shown
below (JCPDS card no. 40-9674, 18-0374, and 22-0202, respectively);
(b) EPR spectra of Cs2WOCl5 (black), exhibiting the typical EPR signature
(see arrows) for W5+ in the (WOCl5)

2− anion at g∥ = 1.79 and
g⊥ = 1.76,41,42 and CsTaWO6 (red) for which no W5+ signature is found.43
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lattice parameters of both compounds are very similar,
enabling a smooth transformation via oxidation and
Cs2WOCl5 possibly acting as a host crystal. In principle, in
both structures the transition metal is six-fold octahedrally co-
ordinated with either chlorine or oxygen. During oxidation, all
residual chlorine atoms are replaced by oxygen.

The exact mechanism of the oxidation can be followed by
in situ and ex situ XRPD as well as ex situ IR spectroscopy.
Ex situ measurements were executed after heating up the dried
precursor solution to the respective temperatures (Fig. 8a & b),
while in situ XRPD measurements were performed in a high
temperature chamber under air with the ground powder
(Fig. S4†). Proof for the existence of W–O bonds, either in the
Cs2WOCl5 or the amorphous gel, can be found in the IR spec-
trum of the red-blue solid before calcination, which includes a
band at 957 cm−1 that can be attributed to the stretching
mode of W–O in Cs2WOCl5 (Fig. 8a).

47,48

Up to a temperature of 250 °C in the ex situ, and up to a
temperature of 150 °C in situ measurements, XRPD patterns
(Fig. 8b & S4†) show no changes. The difference in the onset
temperature for phase transformation between the two sets of
experiments originates from the sample preparation pro-
cedure: in the in situ XRPD experiments a ground powder was
used with a higher contact surface, as a result the transitions
occur at lower temperatures compared to the sample in the ex
situ XRPD measurements.

Beginning at 200/300 °C, Cs2WOCl5, starts to decompose:
the intensities of the reflections are getting smaller and reflec-
tions of the cubic CsCl phase can be detected in the XRPD pat-

terns. At the same time, the IR spectrum does not substantially
change and all bands associated with ISO terpolymer are still
present. Increasing the temperature to 300/350 °C, reflections
of Cs2WOCl5 further disappear, and broad reflections of a
cubic structure appear with relative intensities that fit well to
the mesoporous CsTaWO6 compound. An amorphous back-
ground in the in situ PXRD patterns can be observed up to
300 °C, indicating tantalum ethoxy chloride and/or amorphous
tantalum oxide. IR spectroscopy shows that bands corres-
ponding to the ISO terpolymer start to disappear at
300–350 °C, indicating the decomposition of the structure
directing agent, which is corroborated by thermogravimetric
analysis in combination with mass spectrometry, TG-MS
(Fig. S5 & S6†).

This result is of general importance, indicating that large
mesopores using ISO can be obtained and preserved (Fig. 1)
when the crystallization process of the final complex com-
pound starts before ISO decomposition. Keeping this in mind,
other complex and multi-element compounds could be pre-
pared with 3D periodically ordered mesoporous morphology
using ISO as structure-directing agent.

Fig. 7 Comparison of XRPD derived structures of dried precursor solu-
tion and calcined materials, (a) XRPD patterns of the dried precursor
solution before and after calcination; (b) crystal structures of Cs2WOCl5
(JCPDS card no. 18-0374) and CsTaWO6 (JCPDS card no. 25-0233).46

Fig. 8 (a) Ex situ IR spectra of the dried ISO-Cs2WOCl5 composite cal-
cined at different temperatures; (b) ex situ XRPD patterns of the dried
ISO-Cs2WOCl5 composite with reference lines for CsCl (green, JCPDS
card no. 02-2173) and CsTaWO6 (red, JCPDS card no. 25-0233), cal-
cined at different temperatures.
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At a temperature of around 500 °C, only weak reflections of
CsCl remain (e.g. at around 2θ = 30°, Fig. 8b) and finally disap-
pear only after heating to 550 °C, when pure crystalline
CsTaWO6 is obtained. The final temperature step is needed to
dispose of the CsCl, and to get a homogenous distribution of
tantalum and tungsten (B and B′) on the Wyckoff 16c position,
observable as the broad band at 500–1000 cm−1 in IR spec-
troscopy (Fig. 8a), which becomes nearly a plateau. This
means metal–oxygen bonds are statistically distributed and no
accumulation of one species (Ta or W) occurs. The corres-
ponding total release of chlorine during heating to 550 °C can
also be detected in TG-MS measurements.

Fig. S5† shows the TG analysis curve for the ISO/CsTaWO6-
hybrid. A small mass loss takes place below 100 °C, likely
corresponding to adsorbed water. ISO terpolymer decompo-
sition seems to start slowly beyond 150 °C with a strong
maximum at 320 °C and another local maximum at approxi-
mately 450 °C.49 Complete decomposition occurs after a
temperature treatment at around 500 °C. In Fig. S6,† MS
traces of all arising fragments during the thermal treatment
of the ISO/CsTaWO6-hybrid are illustrated. Starting at a temp-
erature of 150 °C, small hydrocarbon fragments with a
number of carbon atoms from 1 to 3 can be detected, corres-
ponding to the degradation of the polyisoprene and poly
(ethylene oxide) block in the ISO triblock-terpolymer.50

Evolution of the expected HCl species takes place at a temp-
erature of around 200 °C with a maximum at 300 °C, arising
from the decomposition of Cs2WOCl5. Thus, formation of
CsTaWO6 starts before major decomposition of ISO, which
strengthens the complex quaternary inorganic matrix during
template removal and results in extraordinary long range
order of the mesopore system (Fig. S2†). We envision this
process to be crucial for the preparation of other mesoporous
complex materials and model systems for accessible and
highly ordered mesopores.

At around 320 °C, a few strong MS signals appear and
can be assigned to hydrocarbons of the general formula
C4Hx and C6Hy. This temperature region and the corres-
ponding mass-to-charge ratios are typical for the decompo-
sition of polystyrene.51,52 For higher calcination tempera-
tures, smaller fragments are dominant but with decreasing
intensities up to a temperature of around 500 °C. Shortly
before 500 °C is reached, another two maxima can be
detected for CO2

+ and C+, both providing a hint for the
existence of residual carbon inside the pore walls and its
removal at this temperature. Weight loss and removal of
organic residues are thus observed at much higher tempera-
tures for this ISO-derived sample compared to P123-derived
materials,33,50 which may cause increased stabilization of
the pore system.

The described observations can be summarized in the fol-
lowing proposed mechanism: at around 300 °C, Cs2WOCl5 and
tantalum oxychloride form CsTaWO6 under the consumption
of oxygen in a redox reaction, whereas oxygen is reduced and
tungsten and chlorine are oxidized. The excessive cesium
forms CsCl and chlorine gets released (or HCl if it further

reacts with hydrogen from the terpolymer, water-hydrolyzed
educts, or moisture).

ð4Þ

Alternatively, if tantalum is also incorporated as Cs2MOCl5
(with M = Ta, W), the following similar reaction can occur:

Cs2TaOCl5 þ Cs2WOCl5 þ 2O2 ! CsTaWO6 þ 3CsClþ 3:5Cl2
ð5Þ

With increasing temperature and reaction time, the CsCl in
excess is consumed by residual tantalum and tungsten oxy-
chloride, once again in a redox reaction and under release of
chlorine (or HCl):

CsClþ ðTa;WÞOyClz þ 6� y
2

O2 ! CsTaWO6 þ z þ 1
2

Cl2 ð6Þ

The different steps revealed in the formation of this meso-
porous tantalum tungstate will be of general importance for
the non-aqueous preparation of other mesoporous transition
metal-based materials with multi-element composition.

Photocatalytic experiments

Hydrogen production from water/methanol mixture was used
as a test reaction to investigate the photocatalytic performance
of ISO-derived ordered mesoporous CsTaWO6 (ISO-CTW).
Fig. 9 shows the steady-state hydrogen evolution rates of
ISO-CTW after calcination and after in situ photodeposition of
several minor amounts of co-catalyst rhodium (Rh, for details
see Experimental section). For comparison, a P123-derived
non-ordered mesoporous CsTaWO6 control sample (P123-

Fig. 9 Steady-state hydrogen evolution rates of ordered versus dis-
ordered materials. Results for mesoporous ISO-derived CsTaWO6

(ISO-CTW) are compared to non-ordered P123-derived CsTaWO6, both
samples measured in this contribution under identical conditions
(described in the Experimental section). Photonic efficiencies (ζ) after
actinometry with ferrioxalate are also given.
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CTW) described in ref. 33 was measured in this contribution
again at the conditions given in the Experimental section.
Even at amounts of Rh deposited as low as 0.025 wt%, the
ISO-CTW with alternating gyroid structure already shows a
factor two increased activity (relative to the available surface
area) as compared to the non-ordered sample. We have to note
that the exact amount of Rh and the exact oxidation state of
Rh could not be determined due to the low amounts being
below the XPS detection limit.

Importantly, increased activity of the ISO-CTW is observed
despite its much smaller surface area as compared to the non-
ordered sample. Taking the initial surface area of the tested
samples into account, the ISO-CTW shows more than 300%
hydrogen evolution activity compared to the non-ordered refer-
ence (Fig. 9) at Rh loadings as low as 0.075 wt% (the optimum
amount for mesoporous P123-CTW33) and tested under identi-
cal conditions here. The main reason for the strongly
increased activity likely lies in the improved transport of liquid
educts and gaseous products into and out of the large meso-
pores, respectively. The median pore diameter of the P123-
derived non-ordered mesoporous CsTaWO6 is only about
10 nm, leading to capillary forces sucking water/methanol into
the pores but blocking the release of many product gas
bubbles.33

In contrast, the large networked mesopores of the ISO-CTW
with alternating gyroid pore structure avoid pore blocking, and
all gaseous products can be detected. An additional factor
could be improved optical effects, e.g. multiple light absorp-
tion due to the mesoporous structure,53 which will be investi-
gated in the future.

The results show that even with decreased surface area
strong activity enhancements can be achieved when large
mesopores are established in semiconductor materials. In the
future we want to prepare 3D ordered mesoporous CsTaWO6

with comparable pore size to P123-CTW, to investigate whether
pore ordering (3D deriving from ISO or 2D deriving from P123)
actually has an influence on hydrogen evolution, as pore size
seems to have as shown before,33 and to finally demonstrate
the detailed relation between mesopore ordering and size with
photocatalytic performance.

Conclusions

In summary, we have prepared the first crystalline and 3D
periodically ordered mesoporous quaternary semiconductor,
revealed the details of its complex formation mechanism, and
used it for photocatalytic hydrogen production. ISO terpoly-
mer-derived ordered mesoporous CsTaWO6 with 3D gyroidal
pore structure exhibits mesopores larger than 42 ± 10 nm and
a surface area of 37 m2 g−1, which results in superior photo-
catalytic performance over a non-ordered mesoporous refer-
ence material, due to the presence of interconnected large and
accessible pores, which cannot be achieved with templates like
Pluronic P123. We envision our approach to prepare complex
quaternary materials with ordered mesoporous morphology to

have significant influence on synthetic pathways for other
complex materials and model systems including e.g. perovs-
kites. The chemical interplay between ISO and the inorganic
precursors, as revealed in the formation mechanism, will be
leading the ways towards a large variety of other multi-element
functional mesoporous materials for improved batteries,
sensors, and (photo)electrodes.
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