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Abstract

In the present work, the influence of different morphologies on the photocatalytic activity
of a semiconducting transition metal oxide was investigated. The quaternary photocatalyst
caesium tantalum tungstate (CsTaWOs) was therefore used as a model system. This
compound exhibits a number of advantages compared to other photocatalysts such as
titanium dioxide (TiO2) due to its crystallization in just one cubic crystal structure and its
beneficial band positions for the test reaction of photocatalytic hydrogen generation.
CsTaWOs was nanostructured via hydrothermal and sol-gel processes to investigate the
influence of surface area, crystallinity and pore sizes on the photocatalytic activity. It was
possible to synthesize single crystal CsTaWOs nanoparticles with different crystallite sizes and
mesoporous materials with a number of pore sizes, pore ordering and resulting surface areas.
When looking at the photocatalytic hydrogen evolution of all the investigated samples, it could
be shown that an increase in surface area does not correlate with an increase in activity. In
fact, the optimum crystallite size was found to be the most important aspect in
nanostructured photocatalyst, whereas for CsTaWOs this optimum lies at 12 to 13 nm.
Furthermore, it could be shown that larger pores lead to an enhanced hydrogen production
in mesoporous photocatalysts. In general, a decrease of the synthesis temperature resulted
in an increase in the defect concentration (estimated from strain parameters) and therefore
a lower activity. The optimum morphology for the CsTaWOQOeg system was found to be a
mesoporous material with large pores (up to 40 nm), thin pore walls and an optimum

crystallite size of approximately 12 nm.
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Kurzfassung

In der vorliegenden Arbeit wurde der Einfluss unterschiedlicher Morphologie auf die
photokatalytische Aktivitit eines halbleitenden Ubergangsmetalloxids untersucht. Dazu
wurde der quaternare Photokatalysator Casiumtantalwolframat (CsTaWQg) als Modellsystem
verwendet. Diese Verbindung besitzt gegenliber anderen Photokatalysatoren wie Titandioxid
(TiO2) den Vorteil, dass es nur in einer einzigen, kubischen Kristallstruktur kristallisiert und
zudem Uber Bandpositionen verfligt, die fiir die Testreaktion der photokatalytischen
Wasserstoffproduktion optimal liegen. CsTaWQOs wurde Uber Hydrothermal- und Sol-Gel-
Synthesen nanostrukturiert, um den Einfluss von Oberflache sowie Kristallit- und PorengréfRe
auf die photokatalytische Aktivitat zu Uberpriifen. Dabei konnten einkristalline CsTaWQs-
Nanopartikel in unterschiedlichen KristallitgroRen hergestellt werden, sowie mesoporose
Materialien mit einer Reihe von PorengréBen, Porenordnung und daraus resultierenden
Oberflachen. Bei Betrachtung der photokatalytischen Wasserstoffentwicklung aller
praparierten Proben konnte gezeigt werden, dass eine OberflaichenvergroRerung nicht mit
einer VergroBerung der Aktivitat korreliert. Vielmehr kann die optimale Kristallitgrof3e als
wichtigster Aspekt in nanostrukturierten Photokatalysatoren angesehen werden, wobei
dieser Wert im Falle des CsTaWOe bei 12 bis 13 nm liegt. Zudem konnte herausgefunden
werden, dass groBRe Poren in mesopordsen Photokatalysatoren zu einer verbesserten
Wasserstoffentwicklung beitragen. Die Abhangigkeit der Synthesetemperatur auf die Aktivitat
wurde auf die steigende Defektkonzentration mit sinkender Temperatur zurtickgefiihrt, wobei
mit dieser auch die photokatalytische Wasserstoffproduktion abnahm. Als optimale
Morphologie konnte fiir CsTaWQs ein mesopordses Material mit groRen Poren (bis 40 nm),
diinnen Porenwanden und KristallitgréBen um das fir CsTaWOe gefundene Optimum von

12 nm bestimmt werden.
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1 Introduction

1.1 Motivation

One of the biggest challenges for society in the following decades will be a proper energy
supply alongside a simultaneous reduction of fossil fuel utilization. Besides the economical
aspect of increasing prices with a decreasing availability of fossil fuels, the ecological point of
view is getting more and more important, especially with regard to changes in the
environment and extraordinary weather phenomena due to the ongoing global warming.?
Scientists all over the world have worked and are still working on a sustainable energy supply
with renewable energies such as wind, solar, biomass and geothermal energy.® However,
these comparably new technologies are restricted regarding their possible contribution to the
worldwide energy consumption due to less or only local availabilities (biomass, geothermal
energy) or limited time frames of usage over day and year (solar, wind).* Even though the
energy provided by the sun is a few orders of magnitude higher than the overall power
consumed on earth,’ the limited time frames are a strongly limiting and detaining argument

against a further development of renewable energies.

One possibility to overcome the issue of energy storage is the direct conversion of solar
energy into chemical compounds, such as hydrogen via electrochemical photolysis/
photocatalysis.®™1° The light-driven direct splitting of water into its elements hydrogen and
oxygen on a semiconductor surface was first published by Fujishima and Honda in 1972.1
Since that time, many work groups have worked in this field and published their results on
different photocatalytically active materials. Up to now, the most investigated photocatalyst
is titanium dioxide (TiO2) in all its different polymorphs;'?714 the same material as used in the

first publication on this research field by Fujishima and Honda.

Similar to normal catalytically driven reactions, photocatalysis was also assumed as strongly
dependent on surface area and therefore the morphology of the photocatalyst.®'> A number
of structuration techniques were used to prepare photocatalytically active materials with
increasing surface area,'®? differently formed pores inside the material,?° pore ordering?'=23
and crystallite sizes,?*?> as the latter was also predicted to have a strong influence on the
photocatalytic performance. However, clearly systematic studies on just one material to get

the best comparability of results were still missing. This is due to the fact that TiO; as the most
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investigated compound has the disadvantage of phase conversion when decreasing its
crystallite size (from rutile to anatase) or increasing the calcination temperature above 600 °C
(phase transformation from anatase to rutile).?® Furthermore, TiO2 exists in a number of
different additional phases such as brookite or the (more rarely) Bronze phase or even just in
an amorphous phase for very small crystallites.?* The changing phases lead to different
electronic properties of the semiconducting material and therefore less comparable
materials.?”?® Besides TiO,, no material was investigated intensively enough to draw

conclusions about the relationship between morphology and activity.

In this work, the defect-pyrochlore structured compound caesium tantalum tungstate
(CsTaWOe) was used as a model system to investigate the relationship between morphology,
surface area and crystallite size on the corresponding photocatalytic activity. CsTaWOQOs was
reported as a highly active material for photocatalytic water splitting even without any co-
catalyst by lkeda et al. in 2008.2° Further investigations by Schwertmann et al. demonstrated
a wet-chemistry synthesis method, the so-called 'citrate route', for the preparation of
CsTaWOsg with a comparably high surface area of up to 4 m? g1.393! Doping experiments with
nitrogen and sulfur resulted in a band gap narrowing from 3.6 eV in the pure CsTaWOs
material into the visible light range with around 2.3 eV.3233 Nevertheless, no synthesis for a
nanostructured CsTaWQe was reported so far. The advantages when doing nanostructuring
experiments on CsTaWOQs is the existence of just one phase for this compound (a defect-
pyrochlore structure), thus causing no impurities when varying the crystallite sizes or pore
wall thicknesses in the material, and its excellent band positions with enough overpotential

for the hydrogen evolution.

In this work, different synthetic routes for the preparation of nanostructured CsTaWOQs,
namely nanoparticles3* and mesoporous materials,3> will be shown and characterized in detail,
especially regarding the influence of the morphology on the photocatalytic activity. The
syntheses will be adapted even for other defect-pyrochlore structured materials. Finally,
conclusions will be drawn to give an instruction of how to prepare a well-active photocatalyst.
These summarized requirements should be generally valid for all other kinds of photocatalytic

materials.



1.2 Structure of this work

1.2 Structure of this work

In the next Chapter (no. 2), the theoretical background of the necessity of energy storage
and the advantages and disadvantages of hydrogen as an energy carrier will be discussed as
well as the basic principles of heterogeneous photocatalysis. Transition metal oxides such as
CsTaWOs as a photocatalyst will be introduced and principles of nanostructuring techniques
on the example of nanoparticle preparation and soft-templating approaches with block

copolymers will be described.

The two subsequent parts (Chapters3 and 4) will depict the different experimental
approaches in detail, including the chemicals used, the exact synthesis conditions, and the
applied characterization techniques. In the latter part, the most important methods for the
characterization of nanostructured photocatalysts, namely X-ray diffraction (including
Rietveld refinement), nitrogen physisorption and the photocatalytic setups will be explained

in more detail.

Chapter 5 includes the main part of this work, in which all the results of preliminary
experiments, nanostructured CsTaWOe materials, mesoporous materials, continuative
experiments for other defect-pyrochlore structured compounds and the discussion of the
obtained findings will be presented. It will start with the defect-pyrochlore structured
nanoparticles together with a short outlook on continuative experiments for a further usage
of these nanoparticles to prepare e.g. nanofibers via electrospinning. The results of the
CsTaWOs nanoparticles have been already published in Nano Energy in 2017.3* Afterwards,
the results on mesoporous CsTaWOs will be shown, and the formation mechanism in this
special case of a sol-gel synthesis will be described in detail. Mesoporous materials prepared
with P123 as porogen using a climatic chamber for the controlled drying process will be
discussed first and have been published in Advanced Energy Materials in 2016.3> A more
advanced drying process on a heating plate with a glass dome for a more defined atmosphere
and circulation control was further used to get an ordered mesoporous CsTaWQs with the ISO
polymer as porogen. In continuative experiments of the mesoporous defect-pyrochlore
structured materials, this technique will be applied for other polymers such as P123 and

PIB-PEO as well as for another compound, namely P123-derived mesoporous KTaWOs.

In the last three Chapters (6, 7 and 8) of the main part of this work, the results on the

relation between morphology and photocatalytic activity will be highlighted and summarized
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to give an explanation on how nanostructuring influences the performance of a photocatalyst.

A short outlook will finish this part.

Attached to the main part, all used references are listed and an itemization of publications,

conference contributions and research visits of the author of this work is presented.
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2 Theoretical background

2.1 Challenges in future energy supply

Nowadays, the existence of global warming is mostly indisputable, especially by scientific
researchers. The reason for the ongoing warm-up of the atmosphere lies in the rising amount
of greenhouse gases in the earth’s atmosphere caused by human being, mainly by burning of
fossil fuels, deforestation and intensive animal breeding.3® All these processes lead to the
output of greenhouse gases such as carbon dioxide (CO2) or methane (CHa), whereas the

former is assumed to have most contribution on global warming (~ 60 %).

The direct relation between an increase in the average temperature on earth and the
amount of greenhouse gases in atmosphere can be seen in long-term measurements of
average temperatures. Such measurements were done by meteorologists and other scientist
since the middle of the 19t century and from recording atmospheric CO; since ~ 1950, e.g. at
Mauna Loa, Hawaii (Figure 2.1a).2373® More data of the CO, amount of former years are

available from arctic ice core samples.3®

a) b)
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Figure 2.1: a) The direct relation between CO; concentration in atmosphere and raise in the average
temperature, here shown as a temperature anomaly, both parameters measured at Mauna Loa,

Hawaii, USA;%*738 b) worldwide total energy supply by fuel in 2014.3°

Such a strong increase of the average temperature on earth can cause a number of serious
problems, such as rising sea levels due to defrosting of arctic ice and therefore flooding of low-
lying regions, expansion of unlivable desert regions and missing rainfall, leading to a shortage
of drinking water and massive problems in agriculture.3® Due to these facts, the global

community has declared to keep global warming below 2 °C.*° As it can be seen in Figure 2.1a,
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the average temperature raised dramatically in the last 40 years and it is questionable

whether it is possible to reach this ambitious goal.

Focus has to lie on the prevention of further burning of high amounts of fossil fuels, as it is
the case nowadays. Figure 2.1b shows the total energy supply by fuel worldwide in 2014,3°
indicating that around 90 % of the world’s energy is received from fossil fuels (oil, natural gas,
coal) or nuclear power, with the latter having the big problem of radioactive waste. Besides
the climate-damaging properties of all fossil fuels, there is also the disadvantage of their
natural limitation, which will lead to shrinkage of easily accessible resources.** This will cause
a stepwise increase of the prices of fossil fuels. Thus, finding new ways to gain a sustainable

energy supply are unavoidable (Figure 2.2).

~ 1800 ~ 1900 ~ 1950 ~2000 today future?

Figure 2.2: lllustrated timeline of mainly used energy sources of humankind over the last centuries.
Starting from wood and other biomass, coal was used with the beginning of the industrial revolution.
In the 20" century, oil became most important, while nuclear power came up after World War Il.
Around turn of the millennium, renewable energies rose up. In future, more renewable energies have

to be used and possibly hydrogen for energy storage.

An almost limitless alternative energy source is our sun, which provides the earth with free
energy the whole year. The sun energy can be used either directly in photovoltaic cells and
solar thermal collectors or indirectly via wind, wave power or tidal power.3 The average solar
irradiation Isc coming to the earth can be estimated via the Stefan-Boltzmann law*? and the
inverse-square law, leading to the following equation:

4mRg,, 2

Isc =0-Te,, - (FDS_E) = 1364 W m™, whereas (2.1)

0=5.670-108Wm?2K*
Tsun = 5772 K

Rsun = 6.963 - 10® m

Dsk =1.496 - 10" m
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o is known as the Stefan-Boltzmann constant,*® Tsun and Rsun are the temperature on the
surface of the sun* and the radius of the sun,* respectively, and Ds- is the average distance

between sun and earth,*® also known as astronomical unit (au).

The estimated value for Isc fits quite well with the average solar irradiation measured in
experiment, which is slightly lower with an exact value of 1360.8 W m=2.% In 2014, the average
power consumption of mankind on earth was 12.3 TW (or 1.1 - 10° TWh per year).3° Assuming
the radius of the earth r; to be 6.371 - 10° m (radius of a sphere of same volume as the
earth?’), the solar power on earth reaches a value of 1.74 - 10’W or 1.74 - 10° TW. That
means sun provides around 14,000 times more energy than needed for all civilizing energy-
consuming processes of mankind (transport, electricity, industry, mobility etc.) and therefore

could be the favorite future energy supply.

However, solar energy has some remarkable disadvantages, too. First, the above-
mentioned value for Isc is only valid if the incoming radiation is exactly perpendicular to the
earth’s surface, which is in fact never the case for regions north of the Tropic of Cancer or
south of the Tropic of Capricorn. Depending on the thickness of atmosphere that has to be
passed through by sun light, a parameter "air mass coefficient" (AM) can be defined as a

function of the angle z between incoming radiation and the ground:*®

1

AM =
cos(2)

(2.2)

A value of AM =1 (or just AM1) describes the case of a perpendicular incoming radiation,
therefore passing through a length of just one atmosphere, AM = 1.5 (AM1.5) passing through
a length of 1.5 atmospheres and so on. Longer distances through the earth’s atmosphere lead
to a stronger absorption and scattering of the radiation. At AM1, the above shown value of
1360.8 W m2 passes, whereas for AM1.5 just 1360.8 W m'2/1.5 = 907.2 W m™2 can be used.
Figure 2.3a illustrates the strong dependence of the incoming radiation on the angle between
sun irradiation and the ground on the example of Berlin, Germany. Berlin is located north of
the Tropic of Cancer; thus, even at midsummer, AM is 1.14 and the solar irradiation Isc is
approximately 1194 W m? on midday. Midsummer is the longest day of the year on the
northern hemisphere; consequently, the overall solar energy per square meter on this day of
around 12 kWh is also the highest value. On midwinter, the shortest day of the year, the
overall solar energy per square meter is just approximately 1.5 kWh. Furthermore, all these

values are valid for cloudless days, which is not the case over the whole year.
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Figure 2.3: a) Simulated daily sun irradiation in Berlin, Germany (52° 31’ 20" N, 13° 21’ 58" E),*® at
midsummer, midwinter and beginning of spring.>® Air mass values result from Equation (2.2) with a
latitude of 52.5° for the beginning of spring, 52.5 — 23.5° = 29.0° at midsummer and 52.5 + 23.5° = 76°
at midwinter (due to the earth axial tilt of 23.5°). A sinusoidal function was used for simulation inspired
by the model of Khatib and Elmenreich.®® DST (daylight saving time) was neglected. b) Land
consumption to provide the whole EU-28 with solar energy, depending on the efficiency of the sun
light usage and three different sunshine occurrences (1800 h = Middle Europe, 2500 h = Southern
Europe, 4000 h = Northern Africa). Dotted lines show areas of different countries; for simplification,

an average solar radiation of 1000 W m was assumed.

These considerations lead to the following conclusion: first, regions on earth that are closer
to the equator are more suitable for the use of sun light due to their lower AM value and in
consequence more irradiation over the whole year. Furthermore, territories with less cloudy
days are beneficial also due to more hours of sunshine per year. Figure 2.3b shows the
required area to provide the whole European Union with renewable, green energy as a
function of efficiency of conversion and the hours of sunshine per year. 1800 h is a typical
value in Germany, 2500 h can be used in Spain and a high value of around 4000 h of sunshine
can be reached in closed to the equator lying, rarely clouded regions like some parts of the
Sahara or Australia. This means, for example at an efficiency of 10 % (which is a low value for
photovoltaic cells, but a rather high value for energy-to-fuel photocatalytic processes such as
CO; reduction or water splitting), at a sunny place like Western Sahara, an area corresponding
to the size of Switzerland (~ 41000 km?) would be needed to collect enough solar energy to

power the whole European Union.



2.1 Challenges in future energy supply

When looking at artificial methods to use solar energy, most techniques require
semiconductors to generate electron-hole pairs, which can be further used to generate
electrical power (photovoltaic cells) or to perform redox reactions (photocatalysis). For a
detailed discussion of semiconductors and photocatalysis, see Chapter 2.3. However, all these
semiconductors offer a characteristic band gap and can therefore only use solar light with an
equal or higher energy than this band gap. The effective solar radiation is shown in Figure 2.4
and, before passing the earth’s atmosphere (AMO), resembling the radiation of a blackbody
with the temperature of the sun’s surface. In experiments, most time a value for AM of 1.5 is
adopted to simulate realistic condition like e.g. in Middle Europe. It can be seen that the total
intensity of the radiation after passing 1.5 atmospheres is slightly decreased due to absorption
and reflection. Characteristic bands can be seen especially in the IR region due to vibrational
and rotational modes of H,0 and CO,. The absorption in this part of the spectra makes CO; to
a greenhouse gas, while the main components of our atmosphere (N2, O,, Ar) do not absorb

in the IR region.
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Figure 2.4: Solar radiation spectrum on top of the earth’s atmosphere (AMO, black), which is nearly
identical to the spectrum of a black body with 5772 K (Tsun) and the solar radiation spectrum on sea
level after passing 1.5 atmospheres (AM1.5, red). The differences mainly occur from sun light

absorption by IR active species like H,O and CO, (explanation of the greenhouse effect).>?

If solar energy is used by semiconductors as sun light converters, it can be imagined that
depending on the band gap of the semiconductor, only a part of the sunlight can be used. For
example, with band gaps of 3.6 eV (CsTaWOg),3° 3.2 eV (TiO2, anatase)® and 1.1 eV (Si),>3 3.2,

6.6 or 76.9 % of the overall solar irradiation can be used, respectively. To perform overall
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water splitting for a chemical energy storage in hydrogen, an energy of 1.23 eV is required,!?
resulting in around 71 % of the sun light being potentially usable for this reaction (for more

details, see Chapter 2.3.1).

2.2 Energy storage

As it was shown in Figure 2.3a, the solar radiation changes extensively with daytime,
leading to zero radiation at night and a maximum at midday, and with the time of the year.
Therefore, it is not only necessary to store energy during sunshine periods for a consumption
at night, but also for cloudy days and long periods with less irradiation in winter months. So
there is a strong necessity to store energy in an easily storable way, e.g. chemical
compounds.>* Other forms of energy storage like batteries based on electrochemistry can only
store small amounts of energy (see Figure 2.5) and are only suitable for use in portable or
mobile devices, e.g. electric cars. Mechanical energy storage like in pumped hydroelectric
energy storage can be very destructive for the environment, expensive and is also not able to
store enough energy.> Energy storage in chemical compounds can provide several

advantages:

1) comparably high energy densities and therefore high amounts of storable energy
(Figure 2.5),

2) easy to transport,>*

3) existing infrastructure for liquid and gaseous fuels (from today’s oil and natural gas
applications),>®

4) and the applicability of chemical compounds as educts in e.g. chemical industry.>>>¢

An interesting way to directly convert sun energy in chemical energy is photocatalysis on
semiconducting materials (see Chapter 2.3).>’=>° In general, all uphill reactions, which means
endergonic reactions and therefore a higher energetic product(s) compared to the educt(s),
are suitable to store energy.®® Examples for such reactions are CO; reduction to methanol
(CH3OH)®! or methane (CH4)%%%3 or water splitting into its elements, hydrogen and oxygen.”%*
The former reaction has the advantage of producing chemical compounds that are directly
usable in e.g. combustion engines and the existence of an infrastructure for transportation.
Disadvantages are, if used in combustion engines, the low efficiencies compared to e.g. fuel
cells based on electrochemical reactions instead of just thermally combustion of fuels. Such

fuel cells are by now well investigated>>®° and first examples of fuel cell cars are commercially
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2.2 Energy storage

available.®® In most fuel cells, hydrogen together with oxygen from air is converted back to
water, which makes it a very clean reaction with just pure water as product. The required
hydrogen could come from water splitting, leading to an overall CO; free way of providing
mobility. Furthermore, hydrogen is a very important chemical in agricultural and chemical
industries, especially in the well-known Haber-Bosch process (generation of ammonia from

nitrogen and hydrogen) for the production of fertilizers.®’
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Figure 2.5: Gravimetric and volumetric energy densities for different solid, liquid and gaseous fuels;

red: hydrogen storage; blue: methane storage; black: other (fossil) fuels; purple: batteries.%®7°

Hydrogen exhibits a very high gravimetric energy density because it is the lightest element
(Figure 2.5, marked red). On the other hand, as it is gaseous under ambient conditions, the
volumetric energy density is very low.®8~7° Thus, for an economic use of hydrogen, the gas has
to be compressed or even liquefied, which reduces the potential size of a tank for
transportation or storage by two to three orders of magnitude. But even as a liquid, hydrogen
has still a low volumetric density compared to e.g. liquid methane or presently used fuels such
as gasoline or diesel. This strong disadvantage can be overcome in two different ways: either
the storage in metal hydrides as it is shown in Figure 2.5 for MgH, or Mg>NiH4,%8 which also
has the advantage of being more protected against burning, or the formation of hydrocarbons
by the reaction of CO; with H, having again the advantage of a possible use of the existing
infrastructure for fossil fuels.>> A combination of all of these strategies could lead to the

storage of nearly unlimited amounts of energy in chemical compounds. Scientists even dream

11
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of an economy based on the use of hydrogen instead of fossil fuels, called a hydrogen-based
economy.>61646971 A possible way to run several energy-consuming applications in a

hydrogen-based economy is illustrated in Figure 2.6.
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Figure 2.6: Scheme of a possible prospective hydrogen-based economy:*® hydrogen is produced via

b
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photocatalysis and either stored or directly consumed, for example in fuel cell cars or industry (e.g.
blast furnaces with hydrogen instead of coke’73), or further converted into chemicals (e.g. ammonia,

synthetic natural gas (Sabatier process®®”%)) or other organic hydrogen carriers.”

12



2.3 Photocatalysis

2.3 Photocatalysis

Compared to electrolysis of water into its elements via for example electricity from
photovoltaic cells,®>’®77 a more efficient way could be the direct photocatalytic splitting of
water on a semiconductor surface. In general, photocatalysis can be explained as a process in
which a chemical reaction occurs faster and/or can only occur due to the presence of light
(photons) as a catalyst.>®° Endergonic chemical reactions taking advantage of photocatalysis
for energy storage purposes are also known as "uphill reactions",>”®° and include processes
like the photocatalytic splitting of water into hydrogen and oxygen’®* or the photocatalytic

reduction of CO, to CH4 to store energy in chemical compounds.5%63

Like in all catalytic processes, photocatalysis can also be divided into homogenous and
heterogeneous photocatalysis, whereas the former consists of educt(s) and photocatalyst in
the same phase (generally aqueous) and the latter of two different phases.®’® In this work,
the focus will lie on heterogeneous photocatalysis with a solid, semiconducting photocatalyst

and liquid educts, that are converted into gaseous or solvated, energetically higher products.

a) b) C)

s, S, || e,

DOS DOS

Figure 2.7: Band structure of a) a metal and b) a semiconductor; blue color indicates occupied states,
the dashed line marks the position of the Fermi level Er and c) shows a simplified picture of an intrinsic
semiconductor, illustrating the most important parameters Ecg (conduction band), Eys (valence band)

and Eg (band gap).

To fundamentally understand the mechanism in a heterogeneous photocatalytic reaction,
some basics about semiconductor physics need to be considered. Figure 2.7 shows the
differences between metallic conductors and semiconductors. It can be seen that in
semiconductors, the main characteristics are the position of the valence band (Evs), which

consists of fully occupied energetic ground states, the conduction band (Ecg), which comprises

13
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all empty states, and the energy difference between the two bands, known as the band gap
Eg.”® Materials with a band gap above ~ 4 eV are insulators. In between the band gap, the so-

called Fermi level E is situated which is the energy level with an occupation probability of %5.6°

Semiconductors can be divided into three different types: intrinsic, p-type and n-type
semiconductors (Figure 2.8).8 Intrinsic semiconductors show the behavior already illustrated
in Figure 2.7b with a Fermi level exactly in the middle of the band gap. Pristine silicon is an
example for an intrinsic semiconductor.®® A lot of (transition) metal oxides do not show such
a behavior; they are either p- or n-type semiconductors. A small group of oxides are p-type
semiconductors due to a cation-deficiency and thus are hole-conductors.®' A bigger group
shows n-type behavior, resulting from anion-deficiency, which leads to electron conductors.
Examples for both types of semiconductors are copper(ll) oxide (CuO) with high content of
Cu(l), leading to a p-type behavior and for the more common n-type semiconductors TiO; or
WOs, where oxygen vacancies lead to a partial reduction of metal ions, e.g. Ti(+IV) to Ti(+lll)
or W(+VI) to W(+V). Due to the additional states near the valence band edge (p-type) or
conduction band (n-type) edge, the Fermi level Ef is strongly shifted towards the valence or

reduction band, respectively (Figure 2.8b and c).

a) b) C)
E

| [P

+

)80
’

Figure 2.8: Differences in the Fermi level of a) an intrinsic semiconductor (e.g., pure Si),* b) a p-type

semiconductor (CuO, CaFe;04)® and c¢) a n-type semiconductor (most transition metal oxides, e.g.: TiO,,

WO3, Tazos, CsTaWOe).&GO

By shining light on a semiconducting material, an electron from the valence band can be
excited into the conduction band, if the energy of the photon is at least as high as the band
gap energy Eg. At this state, there are an electron in the conduction band of the semiconductor

e cs and a hole h*yg at the electrons former place in the valence band (Figure 2.10a).8°7
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2.3 Photocatalysis

Apart from the value of the band gap itself, another characteristic feature has a strong
influence on the charge carrier lifetimes: the simplified schemes (Figure 2.7-Figure 2.10) do
not represent the detailed electronic structure of the conduction and valence band. When
having a closer look into the electronic structure of the bands (Figure 2.9), one is able to see
that there are direct or indirect transitions possible, depending on the positions of the valence
band maximum and the conduction band minimum.8? The so-called k-vector describes the
periodicity of the lattice of a crystal (in reciprocal space). In direct semiconductors, a direct
transition leads to the formation of an electron-hole pair at the same k-value, thus having a
high probability of recombination. In indirect semiconductors, an indirect transition occurs
and the change in k-value is carried out by phonon excitation. Due to the higher complexity of
this process, light absorption is weaker than in a direct semiconductor,®? but separation of the
charges is much more efficient. Thus, indirect semiconductors are beneficial if charge

separation is required, e.g. in photovoltaics and photocatalysts.

a) b)
E E

+ k + k

Figure 2.9: lllustration of a) a direct and b) an indirect semiconductor. The k value represents different

periodical points of the crystal lattice.

The two generated charge carriers inside the semiconductor, namely the electron e7cg in
the conduction band and the hole h*ys in the valence band, can now perform the catalytic
reactions. As they are generated by a photon, the process is called a 'photocatalytic reaction’.
Electrons can reduce an electron accepting educt (A), while holes can oxidize an electron
donating educt (D, Figure 2.10a). During the process of water splitting, protons are reduced
to hydrogen and water is oxidized to oxygen (Figure 2.10b).%* When talking about specific
reactions, the required valence and conduction band positions of a semiconductor can be

defined by the oxidation and reduction potential of both half reactions. For overall water
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splitting, the electrochemical potential for the hydrogen evolution reaction (HER) is at 0 V (at
pH=0) due to the definition of the standard hydrogen electrode (SHE), and the
electrochemical potential for the oxygen evolution reaction (OER) is at +1.23 V vs. SHE, leading
to a theoretical minimum band gap of 1.23 eV a semiconductor needs to have to perform this
reaction.®64848 The band positions have to enclose the HER and OER potential to proceed the
overall water splitting reaction, thus the conduction band has to be more negative than the
HER potential and the valence band more positive than the OER potential. Due to the necessity
of an overpotential for both half reactions, in reality the minimum value increases to around
2 eV.8¢The overall water splitting, as well as other possible redox reactions on a photocatalyst,

will be discussed in detail in the next chapter.

a) b)

1.23 V-
D 0
_h+_C D~ _h+_< HjO

Figure 2.10: a) Principles of photocatalytic reactions on a semiconductor surface. Electrons promote

+

the reduction, holes the oxidation half reaction, whereas an electron acceptor (A) is reduced and an
electron donor (D) is oxidized. b) Example of a photocatalytic redox reaction, here overall water

splitting into its elements.

2.3.1 Heterogeneous photocatalysis

As discussed above, the electrons and holes generated in a semiconductor due to the
irradiation with light can be used for the reduction and oxidation half reactions, respectively,

of a redox reaction.
2hv>2ep +2hig (2.3)

In overall water splitting, the half reactions are the oxidation of water into oxygen and

protons

+ 1 +
H,Oq) + 2 hyg 2 3 Oy + 2 Hag) (2.4)
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2.3.1 Heterogeneous photocatalysis

and the reduction of protons to hydrogen
2 Hag) +2 e, > Hapg) (2.5)

which leads to the reaction for the overall water splitting:>>76484
1
2hv+H;0() 2> 50z + Hage; AG® = +237 kI mol™ (2.6)

Therefore, two photons with a minimum energy of

237k mol?/ (Np-e)
- 2

have to be provided to decompose one molecule of water. This means, a semiconductor needs

=123 eV (2.7)

E=hv

a minimum band gap of 1.23 eV to generate electron-hole pairs suitable for water splitting.
Ohmic losses and kinetic hindering lower the driving force for the reaction, leading to a much

higher required band gap for an efficient photocatalyst of around 2 eV 8788

However, pure photocatalytic semiconductors show a very low activity for the overall water
splitting. For instance, the most prominent photocatalyst material TiO, does not show water
splitting activity if no modifications are made.?®# A major drawback is the recombination of
excited electron-hole pairs, which leads to heating of the photocatalyst instead of performing
redox reactions. Several mechanisms, which can lead to recombination, are summarized in
Figure 2.11. After the excitation of an electron-hole pair, the charge carriers are energetically
separated, but spatially still very close together (Figure 2.11a). This is especially the case in
direct semiconductors, whereas in indirect semiconductors they are at two different positions
of the unit cell (see Figure 2.9). Going to bigger particles, the formation of a depletion zone
causes a band bending, leading to a separation of electrons and holes.®3°%°! |n the case of a
n-type semiconductor (Figure 2.11b), this band bending leads to a strong driving force for the
holes to migrate to the surface of the photocatalyst particle, which is at the same time the
interface between photocatalyst and electrolyte. It is therefore an easy way to separate
electrons and holes and avoid recombination in bigger particles. But such a band bending does
not occur in smaller crystallites (below 100 nm). Thus, due to the generally smaller crystallite
sizes, all nanostructuring (see Chapter 2.5) lack the intrinsic driving force for charge carrier

migration.59°2

During the migration of charge carriers to the surface, several mechanisms can lead to

recombination processes, for instance:
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e surface recombination, because of the surface being the largest defect of a nanocrystal

(Figure 2.11c)?*%4

e bulk recombination at point defects (Figure 2.11d) or at grain boundaries

(Figure 2.11e) 246420

e recombination due to limited diffusion lengths of the charge carriers (Figure 2.11f).

The diffusion length is different for both charge carriers (electrons and holes) and

depends on the material.®°3 In general, smaller particles should lead to less

recombination, in this case due to smaller diffusion path ways to the surface, which is

contrary to the process explained for Figure 2.11b.%

The defects mentioned above will be summarized as 'strain' in some parts of this work,

because it is hard to distinguish between the different types of defects in most

characterization techniques, for example in in X-ray diffraction and refined X-ray data.

Nanostructured materials often require lower annealing temperatures during synthesis,

leading to more grain boundaries, and show a higher number of defects due to the higher

surface area, leading to increased surface recombination.

a)E

X

b)

X

E

X

X

Figure 2.11: Excitation of an electron-hole pair in a) a particle in the nanometer scale (< 50 nm) and b)

a bigger particle (= 100 nm, here for an-type semiconductor), shown from the energetic and spatial

point of view and c-f) different possible recombination processes: c) surface recombination, d) bulk

recombination, e) recombination at grain boundaries and f) influence of diffusion length.?*6486,90.93
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2.3.2 Co-catalysts and sacrificial agents

There are several ways to avoid these recombination processes and therefore enhance the

photocatalytic activity of a semiconductor:

1) loading with co-catalysts>4°>%6
2) usage of sacrificial agents®’~9°
3) combination of multiple photocatalyst with different band positions/band gaps (e.g.

Z-scheme)*%°8

The latter case 3) is a very powerful tool to enhance photocatalytic reactions. For instance,
the photocatalytic activity of TiO; is strongly enhanced if two different phases of titania are
present, usually anatase and rutile with slightly different band positions due to the different
crystal phases. The most prominent example is the rutile/anatase composition P25,'% often
used as a reference material to estimate the activity of a TiO, photocatalyst (sometimes even
if the photocatalyst is phase-pure and therefore hard to compare with a two-phase P25

material; see Chapter 2.5.4). Other prominent examples are CdS/Ti02%! or CdS/Zn0.1%?

Here, focus will be put on case 1) and 2) to avoid effects of charge separation due to
different phases, that could affect the photocatalytic activity in a way that would prevent
distinguishing from influences of the phases and morphologies. The idea behind the use of

both co-catalysts and sacrificial agents will be explained in the next chapter.

2.3.2 Co-catalysts and sacrificial agents

To avoid recombination, a faster separation of the charge carriers and/or a fast
consumption of at least one of the charge carriers is necessary. A faster separation can be
realized by the deposition of a so called co-catalyst, which is a metal, metal oxide or even a
more complex material that accumulates the electrons or holes on its surface (Figure 2.12a).%
Prominent examples of such co-catalysts for the reduction half reaction are metals like Pt, Rh,
or Au, metal oxides like NiO, Co304 or core-shell materials like Rh on Cr.0s3 and for the
oxidation half reaction metal oxides like IrO, or Co-species with phosphate (CoPi).””°> Here,
the focus will lie on metallic co-catalysts for the reduction half reaction, that is the hydrogen
evolution reaction in the photocatalytic hydrogen generation. For the oxidation half reaction,

a sacrificial agent will be used whose purpose will be explained later.

Co-catalysts for the hydrogen evolution reaction have to fulfill several requirements: first

of all, it is beneficial if the precursor is water-soluble in this case, which enables the
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photodeposition of the co-catalyst as a consequence. Photodeposition means the light-
induced in-situ deposition from an aqueous solution due to the reduction of the metal ions on
the photocatalyst, exactly at the position where the electrons reach its surface. Typical
examples for photodeposition are nanoparticles of Pt(0) from an aqueous HsPt(+lll)Cls
solution (Pt-TiO2)1% or Rh(0) from NasRh(+l1I)Clg (Rh-CsTaWOe).3° The advantages of this
technique are the small particle sizes of the co-catalyst, the good distribution over the whole
photocatalyst, and the easy handling of the deposition. Alternatively, the pure metal co-
catalyst can be grinded with the photocatalyst (e.g. Au nanoparticles) or the co-catalyst
deposition can be carried out via an impregnation or deposition-precipitation process. All of
these techniques normally lead to a diminished activity compared to photodeposition.1%* In

all cases, a Schottky contact between metal particles and semiconducting photocatalyst is

formed.®
a) b)
E E
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Figure 2.12: a) lllustration of the effect of a co-catalyst for the reduction half reaction and b) the
combination of co-catalyst for the reduction plus methanol as sacrificial agent for the oxidation half

reaction.

For the oxidation half reaction, the challenging step in overall water splitting is the
accumulation of four holes at one site of the photocatalyst to generate one molecule of
oxygen (Equation (2.4)). To avoid this limiting step, sacrificial agents can be used, mostly
organic molecules such as alcohols or organic pollutants (Figure 2.12b). The latter makes it
possible to generate hydrogen on the reduction site and degrade pollutants on the oxidation
site at the same time, making it also a very interesting application of photocatalysis for water
treatment. The most prominent example for a sacrificial agent is the oxidation of methanol to

COy:
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CH3O0H() =» HCHO(g) + HZ(g) (28)
HCHOg) + H,0() > HCO,H() + Hagg) (2.9)
HCO,Hy = COg* Hage) (2.10)
with the overall reaction being:®’
CH3OH ) + H0() > COg) + 3 Hyg;  AG®=+16 ki mol™ (2.11)

The Gibbs free energy (AGP) for this reaction is much smaller compared to +237 kJ mol for
the overall water splitting (Equation (2.6)). This reaction is called 'photocatalytic hydrogen
production’, whereas hydrogen is detected and the amount of evolved gas is given in
mol/mmol/umol. The generated CO; is often not detected, either because of non-useful
detection techniques or just due to its partial solubility in water.1%> The formation of carbonic
acid or carbonates binds CO; inside the solution to some extent, making it impossible to

guantitatively detect CO; in the gas phase.

A combination of both co-catalyst and sacrificial agent is shown in Figure 2.12b: when
choosing a suitable co-catalyst with a Fermi level lower than the one of the photocatalyst,
electrons are transferred to the metallic co-catalyst due to a Schottky contact between
semiconductor photocatalyst and the co-catalyst.® At the valence band, holes are consumed
for methanol oxidation quickly. Both techniques lead to a very efficient separation of charge

carriers and therefore enhanced photocatalytic activity.

2.4 Transition metal oxides in photocatalysis

2.4.1 Transition metal oxides: General aspects

The band gaps and band positions of different transition metal oxides are shown in
Figure 2.13. It can be seen that all valence bands occur from the oxygen O 2p orbitals, while
the conduction bands are composed of the corresponding transition metal d-orbitals.1% TiO;,
Nb2Os and Ta0s can theoretically produce hydrogen because the conduction band is more
negative than the proton reduction potential (0 V at pH = 0), while the overpotential for TiO>
is comparably low. WO3 cannot evolve hydrogen, because of the more positive conduction
band minimum. The principle of anion doping is shown for Ta;0s, where the introduction of

N 2p orbitals lead to a decrease in band gap.
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Figure 2.13: Origin of band positions in some transition metal oxides, also showing the change in the

band gap in Ta,0s due to nitrogen doping to Ta,0s.xNy or up to TaON, resulting in a visible light active

photocatalyst.21%7

The more complex quaternary transition metal oxide CsTaWOQs used in this work will be

presented more detailed in the following subsection.

2.4.2 Defect-pyrochlore structured materials

The defect-pyrochlore structure can be generally described as a modification of the well-
known  pyrochlore  structure with the general formula  A;B,06Y (e.g.
(Na,Ca)2Nb,0¢(0OH,F).197719° Removing a combination of A and Y ions leads to a wide variation
of different defect-pyrochlore structures with the general formula A,-xB20gYx (x = 0-1).109:110
Ikeda et al.?® reported some defect-pyrochlore structured materials as highly active

photocatalysts even for overall water splitting without any co-catalyst.

These materials were described with the formula ABB’Os, where A consists of an alkali
metal in the oxidation state +| and B and B’ are transition metals with oxidation states of +V
and +VI, respectively (Figure 2.14). In detail, Ikeda et al. investigated materials with A = Rb, Cs,
B = Nb, Ta and B’ = W.?° Later on, Schwertmann et al. extended this range of materials by the
compound CsTaMoOg, which was reported as a highly active photocatalyst for the oxygen

evolution reaction (OER).3!
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2.4.2 Defect-pyrochlore structured materials

Figure 2.14: Unit cell of the defect-pyrochlore structure with the general formula ABB'O¢ with e.g.
A=K, Rb, Cs (grey), B=Nb, Taand B' = Mo, W (both blue) and O (red).

Figure 2.15 shows a set of defect-pyrochlore structured transition metal oxides, their band
positions and band gaps related to the standard potentials of the hydrogen and oxygen
evolution reaction (HER and OER, respectively) in volt and the vacuum level in electronvolt.
The small differences in band positions between CsTaWOQOs and CsNbWOg result from the less
negative potential of the Nb 4d compared to the Ta 5d orbitals (see also Figure 2.13). The
small contribution of the Nb 4d and Ta 5d to the conduction band arise from the convolution
of Nb/Ta and W d-orbitals. Usually, the conduction band minimum in defect-pyrochlore
structured tungstate materials is supposed to be formed by W 5d, with contributions of the

corresponding second transition metal oxide (Figure 2.16).111.112

A reduction of the large band gap in the CsTaWOQOgs material of around 3.6 eV can be done
by substitution of tungsten with molybdenum, leading to a band gap of around 2.9 eVv.3!
However, this compound is only active for the oxygen evolution reaction due to the more
positive conduction band position, caused by the introduced Mo 4d states. A suitable
technique to synthesize a visible light-active defect-pyrochlore structured material for
hydrogen production is doping with nitrogen, sulfur or tin, as it will be explained in the next
Chapter 2.4.3 in detail. Introducing fully occupied s-orbitals leads to a shift of the valence band
minimum to more negative potentials, while the conduction band stays unaffected, leading to

a decreased band gap of around 2.3-2.4 eV.3?
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Figure 2.15: Band positions relative to the normal hydrogen electrode (SHE), the vacuum level and

corresponding band gaps of different defect-pyrochlore structured materials.®3%32

This work focusses on CsTaWQsg and its photocatalytic activity in hydrogen production from
a water/methanol solution. The exact crystallographic parameters of CsTaWQg are shown in
Table 2.1. The lattice constant of the cubic defect-pyrochlore structured CsTaWOg is
a=10.3768 A.32 Band positions of the pure, N- and Sn-doped material are shown in
Figure 2.15 and the origin of the conduction and valence band is shown in Figure 2.16. The

indirect character of the band gap (as described in Figure 2.9) is also illustrated.

Table 2.1: Crystallographic parameters of the defect-pyrochlore structured CsTaWOQg (JCPDS reference
card no. 25-0233).

Position Wyckoff  Site occupation
Element
b y z position factor
Cs 0.375 0.375 0.375 8b 1.0
Ta 0.000 0.000 0.000 16¢ 0.5
0.000 0.000 0.000 16¢ 0.5
0] 0.318 0.125 0.125 48f 1.0
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Figure 2.16: a) Calculated electronic band structure of CsTaWOQs as a function of the wave vector k,
representing different periodical points of the crystal lattice in reciprocal space (shown on the x-axis).
The indirect nature of the band gap of CsTaWO¢ becomes visible, even if the energetic differences
between direct and indirect transition are very weak. b) Calculated density of states, showing the origin

of the valence and conduction band.!
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2 Theoretical background
2.4.3 Doping of transition metal oxides for visible light absorption

As it was shown for transition metal oxides and CsTaWOs in particular, the band gap of
these materials is far too large for an efficient photocatalytic behavior under visible light
irradiation (e.g., CsTaWQe can only absorb around 3.2 % of sun spectrum; see Chapter 2.1).
Therefore, reducing the band gap is necessary for the use in applications to take advantage of
typical transition metal oxide properties, namely their stability under a wide range of
conditions (UV light, aqueous media, radical species). To decrease the band gap, additional
energy states have to be inserted between conduction and valence band. In the case of
CsTaWOs, these states should be more negative compared to the valence band (O 2p orbitals).
When consulting the periodic table of elements, a first idea of an element with these
properties would be nitrogen due to its lower electronegativity compared to oxygen, leading
to a weaker binding of electrons in the N 2p states of the N3 anion.'®” For same reasons, S 3p
orbitals of S should behave similarly. In fact, both N-doped and N/S-co-doped CsTaWOg were
already reported by Mukherji et al.? and Marschall et al.,?? respectively. Anion doping takes
place at the 48f Wyckoff position by substituting one oxygen by one sulfur atom or three

oxygen atoms by two nitrogen atoms, or as Kroger-Vink-notation:

305 +2NHzg > 2Ng + V& +3 H,0 (2.13)

These substitutions lead to the illustrated changes in band gap (Figure 2.15). Equation
(2.12) shows a simplified assumption of monoatomic sulfur in the gas phase (whereas gaseous
sulfur has a number of different allotropes in fact).}'® Both doping strategies show some
remarkable disadvantages. These are, in the case of nitrogen, the formation of oxygen
vacancies, which can be overcome in principal by co-doping with fluorine (from F2,'*4 HF%> or

PTFE16):
2 0% + NHz(g) + HF(g) > No + Fg + 2 H,0( (2.14)
Additionally, for N-doping as well as for S-doping, high temperatures are needed; for
nitrogen to decompose the ammonia gas and therefore to allow substitution of oxygen and

for sulfur to melt and further evaporate the solid sulfur precursor. Heating has to be carried

out with an inert carrier gas to avoid instantaneous reoxidation, but under these conditions,
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a reduction and therefore the initiation of defects can easily occur, leading to a defect-rich
material. Typical temperatures are 550 °C for N-doping and 650 °C for S-doping,3? which can
lead to a destruction of the morphology in the case of nanostructured CsTaWOQs. Furthermore,
the N and S atoms can be introduced into the material not only by substitution, but also on
interstitial places in the lattice. Thus, a full substitution cannot be considered and the formula

of the e.g. N-doped CsTaWOg is more likely CsTaWOs.xNy due to this reason (Figure 2.15).

Another strategy for band gap reduction can be the insertion of elements with the outer
shell being fully occupied 5s? orbitals, such as Sb3*, Sn?* and In*. For defect-pyrochlore
structured materials (KTaWOs), it was recently found in our group that the substitution of Cs*
by Sn?* (Equation (2.15)) leads to the highest increase in absorption and photocatalytic

activity.t’

2 Cs&s +Snfjy = Sn& + Vg +2 Csyy (2.15)

2.5 Nanostructuring

2.5.1 Nanostructured photocatalysts — Advantages and disadvantages

In general, heterogeneous catalysis is assumed to be a surface dependent process, which
means the larger the surface, the better the performance of a catalyst.® The activity of a
heterogeneous catalyst, e.g. catalytic converters in automobiles or iron catalysts in the Haber-
Bosch process, increases with its surface area.'’® However, heterogeneous photocatalysis
seems to be a much more complex process. First of all, heterogeneous photocatalysis is not
only a process at the surface of the photocatalyst, but also in the bulk of the material due to
the required generation of charge carriers inside the material that have to migrate to the
surface to perform redox reactions. These charge carriers recombine after a certain diffusion
length or at defects, that can be either inside the bulk (site defects, Frenkel defects, etc.) or at
the surface.?#648690.93 The ysually lower synthesis temperatures for materials with a high
surface area also contribute to a higher number of unhealed defects (or strain). Therefore, in
fact a higher surface area leads to a higher number of possible sites for the photocatalytic
redox reactions, but acts as a defect at the same time. These opposing effects make it difficult

to find the best morphology for a heterogeneous photocatalyst.
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Additionally, bulk properties, which are beneficial for a high activity, such as band-bending
at the interface between photocatalyst and the electrolyte (e.g. water), normally leading to
an enhanced charge separation and forcing them to the surface of the photocatalyst, do not

occur in crystallites smaller than approximately 100 nm.®°
In general, the following requirements for an effective photocatalyst can be assumed:

e high crystallinity,
e short diffusion ways,
e high surface area to increase the catalytic activity,

e overpotential large enough for hydrogen and oxygen production.

To find the optimum between high crystallinity, small crystallite sizes and therefore short
diffusion ways and maintaining a high surface area simultaneously, is the main challenge in
these studies on the enhancement of photocatalytic activity. Different morphologies that
could be beneficial in photocatalysis, are illustrated in Figure 2.17. Mesoporous materials
would lead to a high surface area (Figure 2.17a), while ordered porosity could have further
advantages due to very homogenous pore wall thicknesses and an improved transportation
of the electrolyte through the highly ordered pore channels (Figure 2.17b). Beside a high
surface area, nanoparticles could have a good dispersibility in the electrolyte because of their

smaller particle size (Figure 2.17c).

a) \ b) c)

Figure 2.17: lllustration of different nanostructure morphologies: a) non-ordered porous materials, b)

ordered porous materials and c) nanoparticles.*

Many contradictory results have been published during the last years about the influence
of surface area and morphology on the photocatalytic activity. A few examples for transition
metal oxides shall be discussed here. Grewe et al. published results on P123-derived ordered

mesoporous Ta;0s (108 m? g!) and compared it to a commercially available, non-porous
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Ta20s (1 m?2g?) reference. A 108 times higher surface area just led to 1.5 times higher
photocatalytic hydrogen production from water/methanol.??® On the other hand,
Cherevan et al. prepared the same compound, also with an ordered mesoporosity, and found
out, that their material had a rise in hydrogen generation activity by 15 times compared to a
reference material, while the surface area increased by a factor of 15 (34 m?g?! for
mesoporous Ta20s, 2 m? g1 for a non-porous sol-gel reference).?? The differences in their
findings could be due to one of the following reasons: the different ordering and pore sizes of
both materials (around 3 nm worm-like pores vs. > 20 nm gyroidal pores, respectively) or the
higher calcination temperature and therefore a higher crystallinity of the latter one
(amorphous (Tcalc = 550 °C) vs. highly crystalline pore walls (Tcaic = 700 °C)). Actually, Guo et al.
showed a strong influence of the calcination temperature on the photocatalytic performance
for mesoporous TaO0s. A higher calcination temperature (700 °C or higher) led to a 22 times
higher photocatalytic hydrogen production compared to amorphous materials (500 °C and
650 °C), although the surface area strongly decreased with increasing temperature.'?!
Unfortunately, the average pore size of the material also increased with increasing
temperature, making it therefore very hard to clarify which parameter had the larger influence

on the activity of the photocatalyst.

Other researchers did comparable studies especially for the most widely used
photocatalyst TiO, but this compound has on more disadvantage when heated up, namely its
phase transformation from anatase to rutile at around 600 °C,%® generating one more
parameter, that varies during temperature and morphology studies. Furthermore, phase pure
TiO2 in any crystallite phase is often compared to a standard, commercially available TiO; such
as P25, consisting of anatase and rutile, and thus cannot be consulted as a comparable

reference (see also Chapter 2.5.4).

Unlike surface area and morphology, studies on the influence of the optimum crystallite
size on the photocatalytic activity are rarely available. In theory, there should be such an
optimum in the crystallite size, mainly depending on the diffusion length D of the minority
charge carriers in the investigated material. Assuming spherical particles, the optimum should
be a crystallite size of around two times the diffusion length D (Figure 2.18b), whereby all
generated charge carriers can migrate to the surface and perform electrochemical reactions

theoretically. Slightly different crystallite sizes should lead to lower photocatalytic activities:
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in case of D>2 L (Figure 2.18a) due to recombination of excited charge carriers on their
diffusion path through the surface. For D <2 L (Figure 2.18c), the decrease in activity arises
from either an increase in strain/defects based on the higher surface-to-volume ratio (surface
as defect, see Figure 2.11c), the higher strain in decreasing crystallites and therefore higher
number of defects in general, or due to changing electronic properties (quantum size effect)

and therefore a higher band gap energy.

a) D>2L b) D=2L c) D<2L

A A A

Figure 2.18: lllustration of the optimum particle size in photocatalysis: a) particle with a size bigger
than two times the diffusion length of the charge carrier (red point), which thus recombines inside the
particle, b) optimum particle size with D = 2 L and c) smaller particle size than two times the diffusion

length.

2.5.2 Nanoparticle preparation: Hydrothermal synthesis

In this work, the preparation of nanoparticles was performed in a hydrothermal synthesis
process. Commonly, a hydrothermal synthesis can be described as a special case of
solvothermal synthesis with an aqueous solution as solvent. Suitable precursors are dissolved
in this solution and the preparation is performed in an enclosed, sealed vessel such as an
autoclave or a hydrothermal bomb at temperatures above the boiling point of water
(> 100 °C), leading to a high pressure inside the vessel.1?> Water shows a number of particular
properties at these conditions, e.g. a much lower density and viscosity, leading to a good
transport of the precursors inside the reaction solution and a decrease in the dielectric
constant.'?? The latter induces a complete change in the solubility of many precursors, which
results in a much better dissolution compared to that in water under normal conditions. The
hydrothermal synthesis shown in this thesis (see Chapter 3.2.1 for experimental details and
Chapter 5.1 for results) is an adaption of the sol-gel synthesis (citrate route) of CsTaWOes by

Schwertmann et al.>° The precursors for the hydrothermal synthesis of the CsTaWQs product
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are the same. Nevertheless, the complexing agents, which are necessary for dissolving the
precursor educts in the citrate route in water and normal pressure, can be neglected in the
hydrothermal synthesis due to the above-mentioned special conditions in the closed vessel.
The only additive that is necessary for the successful preparation of defect-pyrochlore
structured nanoparticles is a basic nitrogen atom containing molecule such as ammonia or
urea, which in both cases acts as a kind of complexing agent due to the free electron pair at
the nitrogen atom. The advantages of the hydrothermal synthesis are the formation of the
product at much lower temperatures and the prevention of organic complexing agents that
are hard to remove after the reaction. The additives in the hydrothermal synthesis, namely
ammonia and urea, can be removed easily with water after the synthesis, leading to a

completely phase pure material without any organic residues.

2.5.3 Preparation of mesoporous materials

There are two major techniques for the preparation of mesoporous materials, namely
hard- and soft-templating.??*=127 In hard-templating approaches, a mesoporous template, e.g.
a silica or carbon scaffold, is infiltrated with a precursor solution and after the formation of
the targeted compound (e.g. by sol-gel processes and crystallization) inside the pores of the
scaffold, the template is removed by etching (in the case of silica) or calcination (in the case
of mesoporous carbon). A negative of the template can be obtained. Such a hard-templating
synthesis was performed parallel to this thesis for CsTaWOe by Weiss et al.'?® The
disadvantages of this technique can be an incomplete removal of the template or an
incomplete infiltration of the precursor solution and therefore an imperfect negative of the
template.'?® Additionally, some precursors can react with the silica or carbon matrix to form

silicates or carbides.13°

These disadvantages can be overcome by the second prominent templating technique:
soft-templating. In soft-templating, a structure directing agent is kept inside a precursor
solution, either an ionic or non-ionic surfactant, which forms a template due to micelle
formation.31133 A multitude of different pore sizes, pore geometries and pore ordering can
be obtained by the choice of different surfactants.’?*#*2” Prominent and often used examples
of structure directing ionic surfactants are CTAB, and polymers as non-ionic surfactants.’3! The

latter exhibit a wide range of chain lengths, chain sequences and number of different chains,
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all having influence on the solubility, micelle formation, size and geometry, and the stability

of the polymer under heat treatment.

After dissolving precursors and surfactant, micelle formation has to occur under controlled
conditions to form the desired structure.’®® Afterwards, the solution is dried at a certain
temperature,3413> ysually followed by a calcination step to remove the surfactant and to get

the crystal phase and a high crystallinity of the product at the same time.24131,136

These steps are described in detail in the following chapters, beginning with the potentials
of the soft-templating technique in preparation of mesoporous transition metal oxides
(2.5.3.1) and followed by a short introduction into micelle formation with special attention to
the used polymers (2.5.3.2). It ends up with an explanation of the EISA (2.5.3.3) and the sol-

gel process for the preparation of transition metal oxides from soluble precursors (2.5.3.4).

2.5.3.1 Mesoporous transition metal oxides via soft-templating
All of the introduced binary transition metal oxides in Chapter 2.4 have already been
produced with a mesoporous morphology using the soft-templating approach. A few of them,

leading to different pore sizes with different polymers and synthesis procedures, are listed in

Table 2.2 20-22,120,121,137-139

Table 2.2: Examples of different mesoporous transition metal oxides and their synthesis routes.

Compound Polymer Precursor Solvent / ::ZE ;_1 /lr):;n Ref.
TiO2 Pl-b-PEO TiCla, Ti(O'Pr)a THF 30 30 137
TiO2 P123 TiCls, Ti(O'Pr)a EtOH 135 3.5 138

polyethylene n-BuOH, H20,
TiO2 glycol dodecyl Ti(OBu)a HAc, Acac, 20-61 7-20 ©
ether CHsCN
WOs3 PI-b-PEO WCle chloroform 56 23 21
WOs3 PEO-b-PS W(Cls THF 121 11 139
Tax0s P123 Ta(OEt)s EtOH 102 4 120
Ta,0s P123 TaCls EtOH 41 12 121
Tax0s ISO Ta(OEt)s THF 32 30 22

Seer = BET surface area, Dp = average pore diameter from physisorption
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2.5.3 Preparation of mesoporous materials

Starting from these literature results, a synthesis strategy for mesoporous CsTaWOs should
be developed in this work on the basis of caesium carbonate, tantalum chloride and tungsten
chloride as precursors due to their rather good solubility in ethanol.1?1-240 Different polymers
were used, namely Pluronic P123 and the ISO polymer, dissolved in ethanol and/or THF. The
features of these two polymers are explained in the next chapter. Another block copolymer,

PIB-PEO, will be also introduced shortly.

2.5.3.2 A short introduction to block copolymers

For the self-assembling of micelles in an aqueous or alcoholic solution to generate the later
pores, a polymer has to consist of hydrophilic and hydrophobic parts. Normally, such non-ionic
surfactants have two or three blocks, consequently called diblock and triblock copolymers,
respectively. In this work, the diblock copolymer Pluronic P123 and the triblock copolymer ISO
were used. Pluronic P123 is a commercially available polymer (BASF) of the composition
(PEO)20(PPO)70(PEO)20, with the hydrophobic propylene oxide (PPO) block embedded by two
sequences of the hydrophilic polyethylene oxide (PEO) block. With the general formula
(PEO)n(PPO)m(PEO)n, a whole group of diblock copolymers can be described, all of the Pluronic
family (see Figure 2.19a). 127141142 pepending on the chain lengths, these polymers are either
liquid (L), paste-like (P) or solid (F) and can assemble differently, e.g. as spherical micelles or

lamellar structures, depending on the size of the head group (hydrophilic part).
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Figure 2.19: a) The 'Pluronic grid',}?141142 gn jllustration of the different available polymers of the
general formula (PEO)(PPO)m(PEO), and their physical properties: L (or blue): liquid, P (or orange):
paste-like, F (or green): solid. The in this work used Pluronic P123 is highlighted in red. b) Structural
formula of Pluronic (PEO)n(PPO)m(PEO), and c) of the I1SO polymer (P1)x(PS),(PEO),.2* In this work, 1SO

with a composition of approximately (P1)330(PS)s20(PEO)70 was used.
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The ISO terpolymer consists of three different blocks with the composition (P1)x(PS)y(PEO).
(Figure 2.19c), with PEO being once again the hydrophilic part and polyisoprene (Pl) and
polystyrene (PS) the hydrophobic chains.#314¢ |n theory, under the used polar solvents EtOH
and THF, the formed micelles should lead to pores with a size of around 5 and 30 nm for P123

and ISO, respectively,2%121,146

The pore size and geometry directly depends on the size of the micelles and therefore the
used polymer. Other parameters that can influence the pores are the drying conditions, the
solvent and thus e.g. a possible swelling of the micelles and hence their growing, consequently
causing a growing of the pores in the final structure.14>47-14% |n the case of the I1SO polymer,
the addition of inorganic hydrophilic precursors leads to a swelling of the hydrophilic part of
the polymer (PEO), causing an aging of the polymer.??14> The mass ratio of the hydrophilic side
chain increases and the positon in the phase diagram is shifted towards the PEO side. Varying
this parameter can lead to a number of possible pore geometries, especially spherical cubically
ordered pores and non-ordered pores. This special property makes it an interesting tool to
investigate different pore geometries, all obtained at similar reaction conditions

(Figure 2.20).144/150

Figure 2.20: Phase diagram of the ISO block copolymer. The dashed line indicates the different pore
orders that are possible with the used polymer due to the swelling of the hydrophilic "O" part (PEO)
after the addition of hydrophilic precursor.’®® The marked region with G* belongs to the alternating

gyroid pore geometry.
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Besides the two already mentioned block copolymers P123 and ISO, another polymer,
namely the diblock copolymer PIB-PEO, was used in some continuative experiments in
Chapter 5.2.5.2. PEO acts once again as the hydrophilic chain of the polymer, PIB
(polyisobutylene) as the hydrophobic part. PIB-PEO plays a negligible role in this work;
detailed information about this polymer and the resulting pore morphology can be found in
literature.’>™>3 The average pore size for the polymer with the composition PIBso-PEQOas

should lie in the range of 10-15 nm. %53

2.5.3.3 EISA process

The spontaneous formation of the micelles from a solution of dissolved polymer chains is
known as the 'evaporation induced self-assembling' (EISA).131133 As it was described above,
the polymer can assemble in different arrangements, e.g. spherical, cylindrical or lamellar. In
Figure 2.21, the formation of spherical pores is shown. This mechanism takes place for P123

as well as for the ISO polymer.

inorganic I A s EISA
hydrophilic PEO PPO PEO :
precursors + ; or

i e
PI PS PEO

aging micelles

pores

N

calcination

 m—

Figure 2.21: lllustration of the evaporation-induced self-assembling (EISA) of polymers and the
formation of a mesoporous oxide: during evaporation of the solvent, polymer micelles are formed
(here: spherical, as it is the case for P123 and ISO under the used conditions). After an additional aging
step, the sol-gel transition is completed and the micelles are embedded in the matrix. The oxide is
formed after a calcination step and the polymer is removed, leaving pores inside the oxide

powder 131,154
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In a first step, the solvent is slowly evaporated under controlled conditions (in best case,
with temperature and humidity control).13%154 During this step, a critical micelle concentration
is reached at which the polymer starts to assemble, with hydrophobic tails away from the
polar solvent and hydrophilic PEO chains in the direction of the solvent and the hydrophilic
precursor.>1%¢ The inorganic precursors themselves form a wet gel (due to the sol-gel
process, see Chapter 2.5.3.4), still including solvent molecules. Furthermore, the inorganic
hydrophilic precursors are also incorporated in the hydrophilic part of the polymer. After
further aging, the precursors condensate and the solvents are evaporated completely. The
polymer micelles are now incorporated in a solid composite, at best in an ordered manner. In
a last step, the sample is usually calcined at an appropriate temperature to get the desired
crystal phase and at the same removing the polymer completely.??4131136 |n the end, a highly

porous powder can be obtained.

Most literature about polymer-derived transition metal oxides is based on binary
compounds (e.g. TiOz, Ta20s, WO3s; see Table 2.2); examples for more complex oxides are very
rare.’>’~161 Challenging aspects in the preparation of complex phases like defect-pyrochlore
structured CsTaWOQs are the interaction between the different precursors and their diverse
solubility and sol-gel transition behavior, all together leading to a synthesis difficult to control.
Results can be either the formation of undesired by-phases, phase separation, or simply a less
porous or non-porous material due to ripening processes or phase transformations on the way

to the desired phase.

2.5.3.4 Principles of sol-gel processes

During the evaporation of the solvent in the EISA process, the precursors undergo different
formation processes, especially sol-gel processes. In a first step, a sol is formed, consisting of
small nanoparticles in solution, which further proceed condensation to form a wet gel of
interconnected particles. After complete removal of the solvent, a solid gel is received.162-164
Nowadays, the mechanisms of aqueous sol-gel processes are well known, especially for very
fundamental reactions like the formation of Si0,.163 In principle, a suitable precursor such as
tetraethyl orthosilicate (TEOS, Si(OC;Hs)s4) or tetramethyl orthosilicate (TMOS, Si(OCHs)a) is
dissolved in a mixture of water and alcohol (e.g. ethanol). The initiated reaction is based on

two major steps: the partial hydrolysis of the precursor to

Si(OR), + x H,0 > Si(OR)1.,(OH), + x HR, with R = e.g. CH; or C,Hs (2.16)
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followed by the condensation to (OR,0OH)3Si—-O-Si(OR,0OH)3 under the release of H,O and

further condensation steps, resulting in the final gel.162716>

This mechanism is based on the hydrolysis and therefore takes place in agueous solutions
under water elimination. For non-aqueous solutions, the whole process is very similar, even if
it is not as much investigated as for the sol-gel process in aqueous solution. Here, the source
for oxygen to form an oxide material comes from the solvent or from the organic part of the
precursor. The non-aqueous synthesis reported in this thesis (Chapter 3.2.2) for the formation
of mesoporous semiconducting oxides is based on chloride precursors, dissolved in EtOH.
Therefore, only the formation of an oxide material from chlorides in alcohol will be described
here. The first step is once again the hydrolysis, taking place immediately after bringing

chlorides and alcohol together:166-168

MCI, +y ROH > (RO),MCl,., +y HCI (2.17)

with M =Ta, W. Here, the oxygen source is the hydroxy group of the alcohol. The elimination
of the alcohol leads to the hydrolysis of the chloride precursor and the release of hydrochloric

acid. The second step is the condensation reaction, described in the following equation:

MCl,+(RO),MCl,., = Cl,;M-0-MCl,, (RO), ; + RC| (2.18)

Besides this general synthesis procedure, the reaction was investigated in literature for
tungsten chloride (WClg) dissolved in ethanol (EtOH, C2HsOH).16>169.170 |t could be seen that
especially the hydrolysis step is strongly dependent on the ratio of EtOH to WCle.1%° At a molar
ratio of 1:1, W(OC;Hs0OH)Cls is formed, but about half of this compound decomposes to WOCl4
and C;HsCl. At higher amounts of EtOH, the reaction proceeds and the product above a ratio
of around 10:1 has an average composition around W(OC;Hs0H)35Cl2s. In our experiments,
the molar ratio of EtOH to WClg is around 100:1 (see Table 3.8 and Table 3.9). At such a high

excess of ethanol, another reaction can occur, forming pentavalent tungsten:

1
W(+V|)C|6 +2 C2H5OH - W(+V)C|3(OC2H5)2 + 2 HCl + ECIZ (219)

This interesting behavior was confirmed in literature via elemental analysis and EPR of the
reaction solution.®® So in general it is possible to get stable compounds with pentavalent
tungsten in non-aqueous sol-gel processes. This will be important when looking at the exact

formation mechanism for the mesoporous CsTaWQs. The other precursor for this compound,
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2 Theoretical background

namely Cs,CO3 and TaCls, take place in the sol-gel process as follows: Cs,CO3 does not undergo
any sol-gel process; only an anion exchange takes place, resulting in CsCl from the high excess
of chloride from TaCls and WCls, released during their sol-gel transitions. TaCls itself undergoes
the same reactions as shown in Equations (2.17) and (2.18), so the hydrolysis and
condensation in an alcoholic environment. The exact mechanism for the whole reaction of
Cs2C03, TaCls and WClg is even more complicated and will be explained in detail in

Chapter 5.2.2.

2.5.4 How to choose a reference material for nanostructured materials

The selection of a suitable reference material is quite important for a subsequent
evaluation of the enhancement of photocatalytic activity by nanostructuring. Choosing a
commercially purchasable standard material has the advantage of a good comparability to the
results of other groups due to the availability of getting the same material from the same
provider. On the other hand, disadvantages occur due to e.g. a missing full characterization of
the material and the mostly unknown synthesis procedure for the materials and therefore
possible by-phases, that are not taken into account. A prominent example for such a
commercially available material is P25 provided by Evonik, which is a TiO, powder mainly
consisting of the two phases anatase (~ 70-85 %) and rutile (~ 15 %), but also amorphous TiO>
(0-13 %).1%0 Due to this changing composition and the different phases, getting new
information about the influence of nanostructuring is very hard if compared to phase-pure,
nanostructured TiO, materials (e.g., TiO2 anatase nanoparticles).?4103171-173 The number of
phases leads to a charge separation caused by the different band positions and makes P25 a

rather good photocatalyst, compared to phase-pure TiO, materials.’*

For tantalum oxide, the commercially available Ta;Os powder can be used as a reference
material, but the missing full characterization and the high synthesis temperature make it
once again hard to compare with nanostructured materials. For example, Grewe et al.
compared the highly crystalline commercial Ta,0s powder with their amorphous, ordered
mesoporous Ta;0s and can therefore see just minor enhancements in photocatalytic
activity.?2° A more sensible way would be the production of a reference sample at the same
conditions as the nanostructured materials. At this point, the influences of the

nanostructuring itself (higher surface area, mesopore size etc.) could be observed much
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2.5.4 How to choose a reference material for nanostructured materials

better. Cherevan et al. used such a reference material to draw their conclusions on the

influence of nanostructuring on a Ta20s photocatalyst.??

CsTaWOs, as it is used in this work, is not available by any commercial provider. Therefore,
such a comparison can be omitted. However, there are two synthesis techniques, which lead
to phase-pure and already well-characterized CsTaWQOs materials, namely solid-state reaction
(SSR)?%3233 and sol-gel citrate route.3%3! Both syntheses are used in this work to prepare
reference materials and rank the results of the photocatalytic measurements. Furthermore,
at the beginning of this work, CsTaWOg via SSR and ball-milled CsTaWQg via citrate route were
still the most active configuration of this compound; thus, a comparison shows if the new
synthesis routes lead to any advantages in the photocatalytic performance. In the case of
CsTaWOs nanoparticles, the preparation of a reference material at the same temperatures,
but with surface areas as low as for SSR or citrate route (< 1 up to 4 m? g'!) is not possible.
Therefore, only the above-mentioned two reference materials can be considered. For the
mesoporous CsTaWQOs samples, non-porous references were prepared by just excluding the
polymer during the synthesis; drying and calcination steps stayed the same. Unfortunately,
such syntheses do not lead to a phase-pure reference material and are thus once again hard

to compare with phase-pure nanostructured materials (see Figure 5.58 in Chapter 5.2.4.2).
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3 Experimental section

3.1 Used chemicals

All chemicals were used without further purification and are listed here, divided into
precursor chemicals (Table 3.1), solvents, additives and acids/bases (Table 3.2), and polymers
(Table 3.3), which were necessary for either nanostructuring or electrospinning. In case of the
use of water for synthesis or washing (e.g. hydrothermal syntheses), demineralized water was

used.

Table 3.1: List of precursor chemicals.

Chemical Chemical Formula Purity CAS number Producer
caesium carbonate Cs2COs3 99.9 % 534-17-8 Alfa Aesar
tantalum chloride TaCls 99 % 7721-01-9 H.C.Starck
tungsten chloride WCle 99 % 13283-01-7 H.C.Starck

caesium nitrate CsNO3 99.8 % 7789-18-6 Alfa Aesar
tantalum ethoxide Ta(OEt)s 99.999 % 6074-84-6 Alfa Aesar
ammonium
(NH4)10(W12041) 99.99 % 11140-77-5 Alfa Aesar
tungstate
ammonium (NHa2)s(M07024) -
99 % 12054-85-2 Alfa Aesar

molybdate 4 H,0
potassium acetate KOAc 99.98 % 127-08-2 Sigma-Aldrich
niobium ethoxide Nb(OEt)s 99.999 % 3236-82-6 Alfa Aesar

tantalum oxide Ta205 99 % 1314-61-0 Alfa Aesar
electronic
tungsten oxide WOs3 1314-35-8 H.C.Starck
grade
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Table 3.2: List of solvents, additives, acids and bases.

3.1 Used chemicals

Chemical CAS
Chemical* Purity Producer
Formula number
VWR
ethanol (EtOH) C2HsOH 99.9% 64-17-5
chemicals
VWR
methanol (MeOH) CH30H HPLC grade 67-56-1
chemicals
tetrahydrofuran (THF) C4HsO 99.5% 109-99-9 Carl Roth
citric acid monohydrate CeHsO7 -H,0 99 % 5949-29-1 Alfa Aesar
ethylenediaminetetraacetic
C10H16N20s 99.4 % 60-00-4 Alfa Aesar
acid (EDTA)
Acros
hydrogen peroxide H,0> 30 % 7722-84-1
Organics
sulfuric acid H,S04 96 % 7664-93-9 Stockmeyer
hydrochloric acid HCI 37 % 7647-01-0 Stockmeyer
nitric acid HNO3 60 % 7697-37-2 Stockmeyer
sodium hexachlororhodate NazRhCls 99.999 % 14972-70-4 Aldrich
agueous ammonia NH3s 225% 7664-41-7 Fluka
Sigma-
urea CH4N20 >299.5% 57-13-6
Aldrich
N,N-dimethylformamide
C3H7NO 99 % 68-12-2 Stockmeyer
(DMF)
tin(ll) sulfate SnSO4 99 % 7488-55-3 Carl Roth

* in parentheses: trivial name/abbreviation
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Table 3.3: List of polymers.

Chemical CAS
Short name Long name Producer
composition number
poly(ethylene (PEO)160 Sigma-
PEO 25322-68-3
oxide) M, = 10000 g mol? Aldrich
poly(ethylene
oxide)-b-
PEO-PPO-PEO
poly(propylene  (PEO)20(PPO)70(PEO)20 Sigma-
(PEO-b-PPO-b-PEO, 9003-11-6
oxide)-b- My = 5800 g mol? Aldrich
Pluronic P123)
poly(ethylene
oxide)
poly(isobutylene)
PIB-PEO (PIB)so(PEO)as
-b-poly(ethylene - BASF SE
(PIB-b-PEO) My = 5620 g mol*?
oxide)
polyisoprene-b-
work group
ISO polystyrene-b- (P1)330(PS)s20(PEQ)70
- of Prof. Dr.
(PI-b-PS-b-PEO) poly(ethylene w = 80400 g mol*
U. Wiesner
oxide)
(PAN)2800 Sigma-
PAN polyacrylonitrile 25014-41-9
M, = 150000 g mol* Aldrich

The ISO polymer of this batch had a composition of approximately (P1)330(PS)s20(PEQ)7o,

calculated from the investigated composition of 27.85 wt% polyisoprene (31.21 vol%),

66.87 wt% polystyrene (64.18 vol%) and 5.27 wt% poly(ethylene oxide) (4.61 vol%). The

density of the used I1SO polymer is 0.93 g cm3.

In this list, all the hydrophilic poly(ethylene oxide) groups got the abbreviation 'PEQ' for

simplification; in general, for polymers with relatively smaller molecular weights like the

above-listed P123 and PEO, the term poly(ethylene glycol) (PEG) is often used.'”> This
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3.2.1 Nanoparticle preparation

(unofficial) rule was omitted to prevent a possible confusion of the reader due to changing

names in between the text.

3.2 Preparation techniques

3.2.1 Nanoparticle preparation

Defect-pyrochlore structured nanoparticles were prepared by stepwise addition of water-
soluble precursor in stoichiometric amounts in a snap-cap glass vial under stirring. After the
addition of the B-cation precursor (Nb(OEt)s, Ta(OEt)s), only a short intermediate stirring step
was performed to homogenize the solution, followed by transfer in the reaction vessel. The
hydrothermal reaction was carried out in a 45 mL Teflon-lined hydrothermal synthesis
autoclave (Parr Instrument Company, Model 4744 General Purpose Acid Digestion Vessel),
filled with 17 mL of the reaction solution (40 % filling). The principle reaction steps are
illustrated in Figure 3.1; detailed explanations for every compound can be found in the next

subsections.

water soluble precursor,

water, additives (NH,, urea) =
— O
A
i
Y R i e - :
+ MVY(OEt) transfer washing
 — —

white powder

\4/ SR

magnetic stirrer

e.g.12hat 150 °C

Figure 3.1: General synthesis procedure for the preparation of defect-pyrochlore structured

nanoparticles via hydrothermal synthesis.

3.2.1.1 CsTaWOg nanoparticles

CsTaWOe_ nanoparticles with 8-16 nm: CsNOs was dissolved in different amounts of

deionized water and conc. aqueous ammonia. After approximately 30 min of stirring,
ammonium tungstate was added. A solution of 0.24 M Ta(OEt)s in abs. EtOH was prepared,

and 2.8 mL of this solution were added to the clear precursor solution, after which it became
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opaque and white in color. After another 15 min of stirring, the solution was transferred into
the 45 mL autoclave and heated for several hours in a drying oven at different temperatures.
The product was washed with water for several times and finally one time with ethanol. The

resulting white CsTaWQOs nanoparticle powder was dried at 80 °Cin a drying oven.

CsTaWOs nanoparticles with 30 nm: For nanoparticles with a crystallite size of 30 nm, urea

was used instead of 1 mL ammonia solution in the same molar amount (£ 829 mg urea).
Precursor amounts and synthesis procedure were similar to the ammonia-containing route

described above.

Table 3.4: Precursor and ratios for the preparation of 400 mg CsTaWOg nanoparticles.

Mw / Amount / Amount /
Chemical Equivalent
g mol? mol g
CsNOs 194.91 6.75-10% 0.132 1
0.274
Ta(OEt)s 406.26 6.75-10* 1

(2 2.4 mL0.24 M in EtOH)
(NHa)10(W12041)  3060.58  5.40 - 10 0.165 0.083

dissolved in a mixture of water (0 to 16.75 mL) and conc. agueous ammonia

(17 to 0.25 mL) or urea (829 mg)

CsTaWOs 593.69 6.75-10* 0.400 1

3.2.1.2 CsTaMoOg nanoparticles

For the preparation of CsTaMoOs nanoparticles, only the precursor of the B' cation was
changed to the corresponding molybdenum containing compound ammonium molybdate.
Other precursors (A and B cation) stayed the same. Hydrothermal synthesis was carried out

at 150 °C for different times.
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Table 3.5: Precursor and ratios for the preparation of 342 mg CsTaMoOg nanoparticles.

Mw / Amount / Amount /
Chemical Equivalent
g mol? mol g
CsNO3 194.91 6.75-10% 0.132 1
0.274
Ta(OEt)s 40626  6.75-10* 1

(2 2.4 mL0.24 M in EtOH)
(NHa)s(M07024) - 4 H,0  1235.86  9.65 - 10 0.119 0.143

dissolved in a mixture of 16 mL water and 1 mL conc. agueous ammonia

CsTaMoOs 505.79 6.75-10* 0.342 1

3.2.1.3 CsNbWOg¢ nanoparticles
Besides the variation of the B' cation (W or Mo), also the B cation was changed from Ta to

Nb by changing the precursor from Ta(OEt)s to Nb(OEt)s to get the compound CsNbWOQs.

Table 3.6: Precursor and ratios for the preparation of 340 mg CsNbWOg nanoparticles.

Mw / Amount / Amount /
Chemical Equivalent
g mol? mol g
CsNOs 194.91 6.75-10* 0.132 1
0.215
Nb(OEt)s 318.21 6.75-10* 1
(2171 L)
(NHa)10(W12041) 3060.58 5.40 - 10°5 0.165 0.083

dissolved in a mixture of 16 mL water and 1 mL conc. aqueous ammonia

CsNbWOs 502.76 6.75-10* 0.340 1

3.2.1.4 Continuative experiments: Microwave synthesis, nanofibers, Sn-doping

Microwave-assisted CsTaWOs nanoparticles:

The same ratio and amount of precursor as shown in Table 3.4 were dissolved in 1 mL
aqueous ammonia plus 16 mL of water. 12 mL of the dispersion was poured into a 30 mL
microwave vial, which correlates to a filling of 40 %. Ratios, amount of solvents and filling were
identical to the hydrothermal synthesis of 13 nm CsTaWOs nanoparticles via hydrothermal
synthesis (see Chapter 3.2.1.1). The dispersion was heated in a microwave (Anton Paar

Monowave 300) to 150 °C as fast as possible, hold at this temperature for 90 min and cooled
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down with compressed air. Afterwards, the white precipitate was washed with water for

several times, one last time with ethanol and dried at 80 °C.

Electrospinning of CsTaWQg/carbon fibers:

250 mg as-prepared CsTaWOs nanoparticles (La = 13 nm, from hydrothermal synthesis with
1 mL 25 % aqueous ammonia, 16 mL H,O) were dispersed in a solution of 250 mg PANin 2.5 g
DMF and ultrasonicated for 20 min at 40 °C. The stable dispersion was filled in a syringe and
electrospinning was carried out with a collector voltage of 13 kV and the voltage at the needle
was set to 2 kV. The distance between needle and collector was 22 cm and the pump rate
0.2 mL hl. After electrospinning overnight, the as-spun fiber mat underwent a stabilization
step for 1 h at 225 °C in air, followed by a carbonization step for 1 h at 800 °C under argon

atmosphere (50 mL min?), in both steps with heating rates of 2 °C min.17¢

Sn-doped CsTaWOes nanoparticles:

350 mg as-prepared CsTaWOs nanoparticles (La = 13 nm, from hydrothermal synthesis with
1 mL 25 % aqueous ammonia, 16 mL H,0) were dispersed in 17.5 mL of a solution of SnSO4 in
water with a concentration of 7.2 mg SnSO4 mL. The dispersion changed its color from white
to yellow/orange immediately. After shaking overnight, the CsTaWOgs nanoparticles were
centrifuged and dried (1 d experiment) or a new SnSOa solution was added. The exchange of
the doping solution was repeated five times in total (7 d experiment). After the last exchange,
the dispersion was shaken for three days, followed by washing with water several times and

subsequent drying at 80 °C.

The same procedure was performed for a CsTaWOs reference sample, prepared via solid

state reaction (SSR, see Chapter 3.2.3.2).

3.2.2 Mesoporous materials

3.2.2.1 Mesoporous materials prepared in a climatic chamber

Preliminary experiments: Mesoporous Ta;0s, WO3 and Nb,Os:

For the pretests of the synthesis of mesoporous materials in a climatic chamber,
1.5 - 1073 mol of the corresponding precursor chloride (Table 3.7) was dissolved in a mixture
of 0.25 g P123 and 2.5 g abs. ethanol (for TaCls, NbCls) or THF (for WCle) and stirred for about

2 h. This procedure was an adaption of a literature-known synthesis of P123-derived
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3.2.2 Mesoporous materials

mesoporous Ta;0s.12! The solution was purred into a Petri dish (5cm in diameter) and
transferred into a climatic chamber (V6tsch VC? 4018), set to a constant temperature of 40 °C
and 50 % relative humidity. After 4 to 6 days, the resulting solid product was stabilized for 12 h

at 250 °C and calcined for 30 min at differing calcination temperatures.

Table 3.7: Amount of precursor for the synthesis of mesoporous Ta;0s, WOs and Nb,Os.

Chemical Mw / g mol? Amount / mol Amount /g
TaCls 358.21 1.5-10°3 0.537
W(Cle 396.56 1.5-10°3 0.595
NbCls 270.17 1.5-103 0.405

dissolved in 2.5 g EtOH (TaCls, NbCls) or THF (WCle) + 0.25 g P123

Mesoporous CsTaWOQOe:

For the preparation of mesoporous CsTaWQs, a similar total amount of precursor
(1.25 - 103 mol) and the same amount of polymer P123 (0.25 g) and solvent as in the pretests
were used, consisting of a mixture of abs. EtOH and THF to get a good solubility of all

precursors. The exact amounts can be found in Table 3.8.

Table 3.8: Exact precursor ratios for the synthesis of mesoporous CsTaWOe with P123 as porogen.

Chemical Mw / g mol? Amount / mol Amount /g Equivalent
Cs2C0O3 325.82 2.5-10% 0.081 0.5
TaCls 358.21 5.0-10* 0.179 1
W(Cle 396.56 5.0-10* 0.198 1

dissolved in 1.25 g EtOH, 1.25 g THF and 0.25 g P123

CsTaWOe 593.69 5.0-10% 0.297 1

For the standard synthesis of mesoporous CsTaWQs, P123 was dissolved in EtOH and THF
and constantly stirred for 1 h. Cs,CO3 was added, stirred for around 1 h and TaCls was added,
too. Finally, WCls was put into the clear solution, which became yellow-brown in color
immediately. After stirring for approximately 1 h, the whole solution was poured into a Petri
dish with 5 cm in diameter and transferred into a climatic chamber (Vétsch VC? 4018), set to

a constant temperature of 40 °C and 50 % relative humidity. After 4 days, the resulting dark
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blue-purple solid was calcined at different temperatures for 30 min (500, 550, 600 °C), 2.5 h
(450 °C) or 4 h (400 °C). Longer calcination times at lower temperatures were needed to

remove more of the polymer. The different synthesis steps are illustrated in Figure 3.2.

For the synthesis of mesoporous CsTaWOs with citric acid as additive,3 0.315 g of C¢HsO7
monohydrate was added at the beginning of the standard synthesis to the mixture of polymer

P123, EtOH, and THF. All following steps were unchanged.

For the third synthesis with inorganic acids as additive,*’” 0.125 g of 96 % H,SO; and 0.35 g
of 37 % HCl were added to the polymer/EtOH/THF solution at the beginning of the standard
synthesis. All other steps remained the same. Heat treatment was carried out for 30 min at
550 °C under argon atmosphere (50 mL min), followed by a calcination step for 1.5 h at
450 °C under oxygen gas flow (50 mL min?).

precursor solution
(P-123 in EtOH/THF, metal precursor)

+ additives
l EISA process: calcination in
40 °C, 50 % humidity air at e.g. 550 °C;
transfer grinding
— T
petri dish (or under Ar, O,)
1\ white powder

magnetic stirrer

Figure 3.2: Synthesis of mesoporous CsTaWQOs with P123 as porogen. Here, the EISA process was

carried out in a climatic chamber.

3.2.2.2 [ISO-derived Mesoporous CsTaWOg¢ prepared on a heating plate

This synthesis strategy was used for the preparation of ISO-derived mesoporous CsTaWQs
with the EISA process carried out on a heating plate instead of a climatic chamber. Precursor
and solvents stayed the same as for the P123-derived mesoporous CsTaWOe with drying step

in the climatic chamber (see above, Chapter 3.2.2.1). Exact ratios are listed in Table 3.9.

Here, precursor and solvents were dissolved separately; the ISO polymer in THF, and the
precursor in abs. EtOH, starting with Cs;COs (Figure 3.3). After 1 h of stirring, TaCls was added
and stirred for another 1 h. Finally, WCls came into the precursor solution, which immediately
turned from colorless to orange/brown. The solution was stirred for another 1 h. Afterwards,

2 mL of polymer solution were merged together with a certain volume of precursor solution,
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3.2.2 Mesoporous materials

whereas the exact ratio determines the pore ordering (e.g., 250 pL leads to ordered pores,
1000 pL to a non-ordered system). Each solution was stirred another 2 h and during that time
turned into a dark red-blue color. Finally, it was purred into 5 mL PTFE cups and put on a
heating plate under a glass dome, with a constant heating at 40 °C. Around 2 days later, the
PTFE cups were transferred into a small vacuum oven for a final drying step (Blichi glass oven
B-585) at 50 °C under vacuum for 24 h. The resulting pellet-like dark blue solid was calcined in
air for 30 min or 1 h at 550 °C or 700 °C. A picture of the dark blue solid before the calcination

step can be seen in the inset of Figure 5.29a.

Table 3.9: Exact precursor ratios for the synthesis of mesoporous CsTaWQg with ISO as porogen.

Precursor Mw/gmol! Amount/mol Amount/g Equivalent

Cs2C0s 325.82 4.0-10% 0.130 0.5
TaCls 358.21 8.0-10% 0.287 1
W(Cle 396.56 8.0-10* 0.317 1

dissolved in 4.0 mL (3.2 g) EtOH
405 mg ISO tripolymer dissolved in 11.57 g THF

precursor solution glass dome

pd

X calcination in

EISA process: air at e.g. 550 °C;

transfer o
g 40°C grinding
— —

/ PTFE cup

polymer solution

white powder

magnetic stirrer

Figure 3.3: Schematic illustration of the preparation steps for the synthesis of ISO-derived mesoporous
CsTaWOs. The drying step performed under a glass dome leads to a very stable and high solvent vapor
pressure atmosphere of the evaporating EtOH/THF solution and a stable temperature of 40 °C,

representing good conditions for a control of the EISA process.
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3.2.2.3 Continuative experiments: Use of other polymers and mesoporous KTaWOg

Mesoporous CsTaWQOgs with other polymers as porogen:

The synthesis strategy for PIB-PEO-derived CsTaWOQOs was the same as for the ISO-derived
one, described in Chapter 3.2.2.2, with a heating plate to carry out the drying process. The
405 mg of ISO polymer were replaced by 405 mg of PIB-PEO. The adjustment of the precursor-
to-polymer ratio was done by changing the amount of precursor solution in the synthesis (200,

400 or 600 pL), while the polymer solution was always 2000 pL.

For the P123-derived samples prepared on the heating plate, the precursor solution stayed
the same (Table 3.9), but the polymer solution was slightly changed to 1 g P123 in 5 g EtOH
plus 5 g THF. All other synthesis steps were kept unchanged; precursor-to-polymer ratios were

once again varied to find the best conditions.

Mesoporous KTaWQsg prepared on a heating plate:

The P123-derived mesoporous KTaWOs was prepared in the same way as the P123-derived
CsTaWOs (see section above), but with potassium acetate instead of caesium carbonate. Exact
ratios are listed in Table 3.10. For the synthesis shown in Chapter 5.2.5.3, 1270 pL precursor

and 2000 pL polymer solution was used.

Table 3.10: Exact precursor ratios for the synthesis of mesoporous KTaWOg with P123 as porogen.

Mw Amount Amount
Precursor Equivalent
/ g mol? / mol /g
KOAc 98.15 5.0-10% 0.049 1
TaCls 358.21 5.0-10% 0.183 1
W(Cle 396.56 5.0-10% 0.198 1

dissolved in 3.0 mL (2.5 g) EtOH
1 g P123 dissolved in 5 g EtOH plus 5 g THF

3.2.3 Reference materials

3.2.3.1 Citrate route
A non-porous reference material was prepared viag sol-gel citrate route with a calcination

step at 850 °C for 10 h, as described for the CsTaWOQs photocatalyst in literature.3°

50



3.2.3 Reference materials

3.2.3.2 Solid state synthesis
CsTaWOs was synthesized in a solid state reaction by grinding stoichiometric mixtures of
Cs2C0s3, Ta20s5 and WOs, followed by calcination for 36 h at 810 °C, with one intermediate

grinding step after 18 h.3?
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4 Characterization techniques

Techniques that had been most important for the characterization of the photocatalyst
powders are introduced in more detail. X-ray diffraction and analysis, nitrogen physisorption
and the setup for photocatalytic hydrogen generation will be described in Chapters 4.1 to 4.3.

The equipment for other applied characterization methods are listed in Chapter 4.4 et sqq.

4.1 X-ray diffraction

Powder X-ray diffraction patterns (PXRD or XRD) were recorded on a PANalytical X’Pert Pro
diffractometer with Bragg-Brentano geometry and a Cu K, radiation source with a wavelength
of A =1.5406 A. The measurements ranged from 2 6=10-90° and a step size of 0.016 or

0.034°, whereas the smaller step size was chosen if Rietveld refinements were required.

The XRD patterns were investigated regarding to phase purity, crystallinity, crystallite size
and lattice constants. Phase purity was determined by comparing with reference cards from
the PANalytical X’Pert HighScore Plus software, version 3.0.5 (2012) or the Crystallography
Open Database’®'82 (http://www.crystallography.net/cod/index.php), which had been in
some cases modified via the software Diamond, version 3.2k, especially to substitute elements
and/or adjust lattice constants (e.g. for CsTaMoOs). Reference cards are quoted with their

corresponding JCPDS (Joint Committee on Powder Diffraction Standards) number.

Crystallite sizes were determined via Scherrer equation or were received by Rietveld
refinements with the free software FullProf Program, version 2.05 (2011). The exact

procedures for both techniques are depicted in the next two chapters.

4.1.1 Scherrer equation

The classical Scherrer equation describes the relation between the full width at half

maximum (FWHM) B of a XRD reflection hk/ and the linear dimension of the crystallite L:183184

- KA (4.1)
= cos)’ whereas

A = 1.5406 A (wavelength of the radiation source Cu K,)
6 = Bragg angle of the hk/ reflection
K = Bragg constant (0.9-1)
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4.1 X-ray diffraction

Bragg calculated K to 2( (In 2)/1'[)1/2

=0.93,8 but there had been a discussion about the
exact value of K because this value depends on the profile function used to calculate B.18
Therefore, it is more suitable to convert the Bragg angle 6 into the scattering vector S via the
equation

.- 2 -sin (0) | (4.2)

A

plotting the diffraction intensity against this scattering vector S and afterwards calculating the
crystallite size from a simple integration of the hk/ reflection (integral breath). The obtained
values for height and area of the reflection have to be inserted into the following equation:

LIA] = Height of the reflection (4.3)
" Area of the reflection [A]

The reflections that should be taken into account for the calculation of the crystallite size
from Scherrer’s equation have to be well separated without any overlapping with other
reflections. In this work, a minimum of two different reflections were used and averaged for

every value of the crystallite size from Scherrer equation.

4.1.2 Rietveld refinement

To get reliable results in Rietveld refinements, the resolution of the instruments and thus
the instrumental line broadening has to be measured with a well-defined standard material.
A high purity lanthanum hexaboride (LaBs)'®®> was used as a profile shape standard and the

obtained values were converted into an instrumental resolution file (IRF).

For Rietveld refinements,8¢187 the peak shape was fitted with the Thompson-Cox-Hastings
Pseudo-Voigt profile function!® (convolution of Gaussian and Lorentzian functions) and the
background by either a 6-coefficient polynomial background function or a linear interpolation
between given points with refinable heights that is subtracted afterwards. For an exact
mathematical description of the formula used in the Fullprof software, please have a look at
the Fullprof manual.'® Shortly, different parameters define the Gaussian (U, V, W) and
Lorentzian (X, Y) part of the function and therefore the line broadening. If providing an IRF file,
the parameter V and W can be fixed due to the defined line broadening from the

instrument.18°
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For Rietveld refinements of defect-pyrochlore structured materials, the following sequence

for parameter fitting was found to be most promising:

1. Fitting of the background (polynomial or linear interpolation), the zero offset (offset
due to instrumental reasons), the lattice constant a and the X and Y values of the
Lorentzian part of the peak shape function!®® at the same time, till reaching
convergence.

2. Afterwards, the X and Y values were fixed and the Gaussian part of the peak shape
function was fitted (namely U, V, W; just if necessary).

3. Alternating refinement of the X, Y and U, V, W parameters until reaching an
optimum.

4. Refining the atom parameters, starting with the x, y, z positions of the different
elements (only values with no integer fraction, like the x position of oxygen in
CsTaWOs, see Table 2.1)

5. Inalast step, the Debye-Waller factors B for every element were refined.
All parameters were carefully examined during refinements to get reasonable results.

The FullProf Rietveld refinement is based on the least-square minimization to get the
optimum fit and the goodness of the fit can be estimated by several so-called R factors.’®* The
most important is the Rwp ("R weighted profile") factor, that makes it possible to follow the
minimization of the differences between the observed and the calculated intensities. The Rwp
value shows the least-square residual, normalized by the weighted intensities and decreases
during the refinement until reaching a minimum. A more common, but less meaningful
parameter is the X? ("Chi square") value, also called the "goodness-of-fit", which is strongly
influenced by the background of the refined XRD pattern.®* A high background leads to a
small and therefore "good" value for X?, even if the refinement of the reflections themselves
can be worse. Nevertheless, the very common X? value is also given for every Rietveld

refinement in this work.

In case of Fullprof Rietveld refinements for the estimation of strain in the samples, the V
and W were fixed to zero and did not undergo a refinement.8? One refinement was made to
obtain crystallite size and other values (La, @, and corresponding X?, Rwp), one without refining
V and W for the strain parameter. The obtained parameter for the dimension of strain gives

no physical interpretation; it is just a phenomenological treatment of line broadening®® and
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can be related to structural defects, but hardly to the exact nature of the defect (disorder,
vacancies, dislocations etc.).!%> The obtained strain parameter from Rietveld refinements
corresponds to 25 % of the strain defined by Stokes and Wilson'®® and represents the upper

192

limit of the strain.'”? It is calculated by the part of line-broadening in XRD that does not appear

from crystallite size and instrumental broadening.

Other strain characterization techniques such as Williamson-Hall plots921941% |ed to less
accurate results due to the low number of easily separable reflections in the cubic defect-
pyrochlore structured CsTaWOe. The strong line-broadening at high diffraction angles can be
hardly determined by hand; therefore, the overall refinement of the XRD patterns with

Rietveld gave more reliable values for the strain parameter.

4.1.3 SAXS measurements

Small-angle X-ray scattering (SAXS) was performed on a Bruker AXS Nanostar with a Vantec
2000 area detector and a Cu K, radiation source (A = 1.5406 A) at the Vienna University of
Technology. These measurements resulted in 2D patterns, which were integrated around the
beam center to obtain a plot of intensity against scattering vector g, whereas q is defined as

q = 4mnsind/A, with 6 = scattering angle and A = used X-ray wavelength.

4.2 Physisorption

In this work, nitrogen physisorption isotherms were collected at 77 K (boiling point of liquid
nitrogen) using a Quadrasorb evo Surface Area & Pore Size Analyzer from Quantachrome
Instruments. In principle, the exact amount of nitrogen adsorbed or desorbed on the surface
of a material at a constant temperature and different pressures is measured volumetrically.%®
Two branches are recorded: one at increasing pressure and therefore the adsorption of
nitrogen and one at decreasing pressure where nitrogen is desorbed again. This technique
provides several useful information, such as surface area, pore volume and pore size
distribution of a material.'®” In porous materials, one can estimate the size of the pores from
the increase of adsorbed nitrogen. Smaller pores are already filled at smaller relative pressures

p/po (micropores), medium pores (mesopores) at higher pressure and so on.

Isotherms of different shapes can be recorded, depending on the nature of porosity in the

measured sample. In general, porosity is divided into three different size ranges (IUPAC
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definition): micropores (pore size < 2 nm), mesopores (between 2 and 50 nm) and macropores
(above 50 nm).1% Figure 4.1 shows isotherms of different mesoporous materials. Type |
isotherms can be observed on samples with microporosity, whereas I(a) represents a solid
with narrow micropores and I(b) wider micropores up to the mesopore range (~ 2.5 nm). Type
Il and IIl are related to non-porous or macroporous materials, with monolayer formation in
type Il (see Chapter 4.2.1) and without monolayer formation in type Il (due to weak
interactions between adsorbent (solid) and adsorbate (here: N32)). Most important for this
work will be isotherms of type IV(a) or V, corresponding to mesoporous materials with and
without microporosity, respectively. A hysteresis occurs for mesopores wider than 4 nm (in
the case of N3 as adsorbate); smaller pores would lead to type IV(b) isotherms. The last case,
a type Vlisotherm, can be observed for non-porous materials with a layer-by-layer adsorption

(e.g., graphitic carbon).?®”

I(a) I(b) IV(a) 1IV(b)

F: # /)

~—
—

-

Figure 4.1: Different types of physisorption isotherms according to the IUPAC classification (adopted

from Thommes et al.*’).

4.2.1 Surface area determination

The most common method for calculating the surface area of a material is the BET equation
(after S. Brunauer, P. H. Emmett and E. Teller).1%2% |t correlates the adsorbed volume as a
function of the applied pressure p at small ratios p/po, whereas po is the saturation pressure
of the adsorbent (here: nitrogen). In this region, the gas is adsorbed in multiple layers and the
required volume to cover one monolayer (Vmono), Which is a single layer on the whole surface

of the sample, can be calculated via the following equation:
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p_ 1 . c-1 P (4.4)
V(po'p) Vimono * € Vimono - € Py

When plotting the left part of the equation against p/po, Vmono for the volume of nitrogen
necessary to form one monolayer and the BET constant C can be obtained. The surface area
Seer of the sample can be calculated by using the equation

Vimono * pNz “Na - ANZ (4.5)
ms * MNZ

Sger =

whereas P, Ay, and My, are the density, the contact surface area by each molecule and the

molecular weight of the liquid nitrogen (0.808 gcm?3, 16.2 A2 and 28.013 g mol?,

respectively),?®! ms is the sample mass and Na is Avogadro’s constant.

4.2.2 Estimation of the pore size distribution

Up to now, several models can fit the adsorption or desorption branch of an isotherm. A
classical method, based on macroscopic, thermodynamic assumptions, is the BJH model
(E. P. Barrett, L. G. Joyner, P. P. Halenda),?°> which theoretical considerations are based on the
layer-by-layer desorption of a filled cylindrical pore while decreasing the pressure. Therefore,
only the desorption branch is taken into account for estimating the pore size distribution
(PSD). This model is always good for a first impression of the pore size distribution, but it has
some remarkable disadvantages: first of all, it underestimates the size of pores especially for
mesopores smaller than approximately 10 nm by a factor of 0.2 to 0.3.2° Furthermore, this
model is only completely valid for cylindrical pores. In addition, the calculation of the pore size
distribution from the desorption branch can lead to wrong values if pore blocking takes place,
that means bigger pores cannot be emptied with decreasing relative pressures due to smaller

necks that are still filled and therefore block the emptying process.197,203,204

Due to the above mentioned reasons, DFT (density functional theory) methods are
nowadays mostly common, more detailed NLDFT (non-local DFT) and QSDFT (quenched solid
DFT), whereas the latter one is mostly used for porous carbon and is therefore not discussed
here.?%3 (NL)DFT methods are based on microscopic assumptions and can therefore also be
valid for very small pores.2%42% These approaches simulate the intermolecular potentials of
fluid-fluid as well as fluid-solid interactions in model pores. Because of the description on the

molecular level, NLDFT methods are more reliable compared to the BJH method.'®’
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Furthermore, data for the pore size distribution can be obtained from the adsorption as well
as from the desorption branch, making it possible to see possible pore blocking by a

comparison of both PSDs.2%*

For CsTaWOe, there are no explicit models which are valid for this material in total. Thus,
adsorption and desorption models for nitrogen on SiO, were used (for the adsorption branch:
cylindrical NLDFT model, for desorption branch: cylindrical NLDFT equilibrium model). In
general, the fluid-solid interactions in other oxide materials, like CsTaWOs, should behave
similar. The validity of these models was estimated by the fitting comparison (Figure 4.2),
provided by the used analysis software ASiQWin version 4.0. For the P123-derived
mesoporous CsTaWOg, the fitting error for both NLDFT models is below 1 %, indicating a good
validity for these samples (Figure 4.2a). The ISO-derived mesoporous CsTaWOs samples show
a low fitting error for the NLDFT adsorption model (1.3 %), but a higher value of 3.6 % for the
NLDFT equilibrium model, applied on the desorption branch (Figure 4.2b). However, main
deviation can be seen at the linear part of the isotherm between around p/po = 0.1-0.8. This
region has no major influence on the calculation of the pore diameter D, which is the most
important value taken from these NLDFT fittings. Therefore, the NLDFT models for SiO; are

sufficiently valid for the estimation of median pore sizes in mesoporous CsTaWOQe.
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Figure 4.2: Fitting comparison for the NLDFT adsorption and equilibrium model on the isotherms of a)
P123-derived mesoporous CsTaWQs with H,SO4/HCl additive (Chapter 5.2.3) and b) ISO-derived
ordered mesoporous CsTaWOg (Chapter 5.2.4).
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4.3 Photocatalytic hydrogen production

Photocatalytic activities were tested by performing photocatalytic hydrogen production
experiments from a mixture of 10 vol% methanol in water. The photocatalyst is dispersed in
this solution and hydrogen is produced by shining light onto the dispersion. The fundamental
decomposition process of MeOH can be found in Chapter 2.3.2. In general, hydrogen and
carbon dioxide is produced. Quantification of carbon dioxide is problematic due to its good
solubility in water (formation of carbonic acid/carbonates). Hydrogen is detected either by gas
chromatography (GC) or mass spectrometry (MS). Both techniques were used in this work and
will be explained in this chapter. The decision between choosing GC or MS has to be done
according to the desired reaction conditions. For instance, when using a sun simulator with
comparable low intensity and therefore also small amounts of evolved hydrogen, the
detection by GC is more suitable due to the better resolution. For small amounts of evolved
gases, the high signal-to-noise ratio of the MS leads to difficulties in the interpretation of data.
For more intense light sources like high-pressure or mid-pressure UV lamps, the amounts of
evolved hydrogen are much higher and thus the use of MS becomes reasonable. The
advantage of the MS is the small time interval between two measuring points of just a few
seconds, leading to a big data set and a good resolved hydrogen evolution curve with many
data points. In contrast, the time interval between two measurements in GC is around 30 min

due to a heating step and subsequent cooling down of the column (Figure 4.3).

For both techniques (GC and MS), measurements were carried out as long as a constant
rate of hydrogen was detected. In practice, this is the case after at least three measurements
and therefore approximately 1.5 h for GC detection and around 30 min to 1 h for MS
detection. For analyzing the results, the values of constant hydrogen production were taken
and denoted as hydrogen evolution at steady state (Figure 4.3). Equations (4.6) and (4.7) were
used to calculate hydrogen evolution rates (in umol ht) from the measured value of hydrogen
gas in the argon carrier gas (in %). Molecular volume of hydrogen was calculated using the
ideal gas equation with a temperature of 35 °C (308.15 K) for GC (column temperature) and

20 °C (293.15 K) for MS (room temperature).

In general, the setups for photocatalytic measurements with GC or MS are very similar.
After a certain time of flushing the stirred solution with argon to remove the oxygen from air,

a continuous Ar flow is adjusted and the measurement is started at the same time as the lamp
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is turned on. Gas flows were in all cases controlled with a Bronckhorst mass flow controller

(MFC), stirring of the solution was carried out with a magnetic stirrer.
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Figure 4.3: Comparison of a) hydrogen measurements with a GC under solar simulator irradiation and
b) with MS under UV light for the same sample (P123-derived mesoporous CsTaWOs, Tcac = 550 °C,

prepared without additives). Estimated steady state conditions are marked with a dashed red line.

4.3.1 Hydrogen generation under sun light irradiation (GC detection)

A scheme of the photocatalytic setup for measurements with the solar simulator is shown
in Figure 4.5. A solution of 20 mL MeOH as hole scavenger (see Chapter 2.3.2%03207) gnd
180 mL H,O was prepared. Around 30 mL of this solution together with 200 mg of the
photocatalyst was dispersed by using an ultrasonic bath for 10 min. The homogenous
dispersion and the remaining water/methanol mixture were filled in a glass reactor with a top
qguartz window and a water cooling jacket, keeping the whole solution at a constant
temperature of 20 °C using a thermostat (LAUDA RP 845). Some measurements under sun
light irradiation were carried out without any co-catalyst, leading in the nanostructured
materials to a strong blue coloring of the solution after irradiation (see Chapter 5.4 for detailed
discussion). For the deposition of co-catalyst, rhodium was added via an aqueous sodium
hexachlororhodate (NasRhCls, 99.999 %, Aldrich) solution. Before measurements, the whole
suspension was flushed with a continuous argon (Ar 5.0) gas flow of 100 mL min* and stirred
with 400 rpm. After at least one hour, the gas flow was set to 25 mL min™ and the 150 W solar
simulator (Newport Oriel Sol 1A, 1000 W m intensity) was turned on, shinning on the
dispersion trough the on-top quartz window. The incorporated AM1.5G glass filter was

removed before the photocatalytic measurements to get enough UV light for the high band
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gap material CsTaWOQg (for detailed spectra, see Figure 4.4. Hydrogen evolution was recorded

using a Shimadzu GC-2014 gas chromatograph with a thermal conductivity detector (TCD) and

a ShinCarbon GC column.
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Figure 4.4: Spectra of the used Newport Oriel Sol1A solar simulator with and without AM1.5 filtering,

and the solar spectrum with AM1.5 as reference.>?
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Figure 4.5: Scheme of the photocatalytic setup for the measurement of hydrogen generation under

sun light irradiation and detection of the evolved gases via gas chromatography.

One measurement took around 30 min, whereas in the first 4 min, a sample loop with a

volume of 500 pL was continuously flushed with the evolving Hy/Ar gas. Afterwards, the

sample loop was closed and the embedded gas was able to release for half a minute. Then,

the gas was carried by a second Ar gas flow into the column and the containing gases were
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separated and detected with a TCD detector with a detector current of 30 mA. After 5.5 min,
the separation of the gases was finished and the column was heated up from its constant
measurement temperature of 35 °C with a heating ramp of 42.5 °C min to 120 °C to remove
possible water inside the column. The column was cooled down again after a holding time of

2 min with a rate of =10 °C min™'. After this procedure, the next data point could be measured.

After getting a constant value of the evolved hydrogen gas, the measurement was
interrupted by turning off the sun simulator. Another portion of Rh co-catalyst was added via
an installed rubber sealing, and the solution was flushed with 100 mL min! Ar to remove
remaining hydrogen and included air. A new measurement was started as soon as all hydrogen
was flushed away, once again with an Ar flow of 25 mL min’. The evolved hydrogen rates in

percent were converted into rates in umol per hour via Equation (4.6).

H,[%
H, rate [pmol h™]= (( 12([)(;]> 1500 mL h™ / 25290 mL mol'1> - 108 (4.6)

4.3.2 Hydrogen generation under UV light irradiation (MS detection)

In principle, the setup of the hydrogen evolution from UV light irradiation, detected via MS

(Figure 4.6), is very similar to the setup described above (Figure 4.5).

Due to the bigger size of the glass reactor for the used UV lamp (mercury intrusion lamp,
Peschl UV consulting, TQ 718, 700 W, set to 350 W), a solution of 60 mL MeOH, 540 mL H,O
and 300 mg of photocatalyst was necessary. The photocatalyst was dispersed in around 30 mL
of the solution, using an ultrasonic bath for 10 min. The dispersion plus the residual part of
the MeOH/H,0 mixture were filled into the reactor and stirred with 200 rpm. Rh as co-catalyst
was added (aqueous NasRhClg solution). A thermostat (LAUDA RP 845) was used to generate
a continuous water flow of 10 °C in an inner and an outer cooling circle to cool down the UV
lamp and the glass reactor, respectively. To remove oxygen, the whole dispersion was flushed
with Ar 5.0 for 30 min. Reactor and lamp were shielded with a metal housing. The MS
(HIDEN Analytical HPR 20 QIC R&D) was started and after turning on the UV lamp, the evolved
hydrogen gas was continuously detected (MS settings: 70 eV ionisation energy, 20 pA

emission current).

After getting a constant value of the hydrogen evolution, the lamp was turned off, more Rh

co-catalyst was added via an installed rubber sealing and the lamp was turned on again after
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a complete removal of hydrogen. The evolved hydrogen rates in percent were converted into

rates in umol per hour via Equation (4.7).

H,[%
H, rate [umol h']= (( ;(Eﬂ) - 6000 mL h™* / 24054 mL mo|‘1> - 106 (4.7)
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Figure 4.6: Scheme of the photocatalytic setup for the measurement of hydrogen generation under UV

light irradiation and detection of the evolved gases via mass spectroscopy.

4.4 Raman spectroscopy

Raman spectra were obtained using a Bruker Senterra R200-532 with a laser power of
0.2-2 mW (A =532 nm), 50-250 co-additions a 3-6 s and in a range of 100 to 1555 cm™ with

a resolution of 3-5 cm™.

4.5 Infrared spectroscopy

Fourier transformed infrared spectra (FTIR) were recorded on a Bruker Optics Alpha
instrument in a range of 400 to 4000 cm™ with a resolution of 4 cm™, using a pellet consisting

of KBr and the verified sample.

4.6 UV-Vis spectroscopy

Diffuse reflectance UV-visible spectroscopy (DR-UV-Vis) was performed on a Perkin ElImer

Lambda 750 UV-Vis-NIR spectrometer and a Praying-Mantis mirror unit, using BaSO4 as a white
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standard. Conversion of diffuse reflectance spectra into absorption spectra was done via the

Kubelka-Munk function, and bang gaps were calculated from Tauc plots.?%®

4.7 Dynamic light scattering

Dynamic light scattering (DLS) was measured at a Malvern Zetasizer ZS to investigate the
hydrodynamic radius. The samples were dissolved in a solution of 10 % methanol in water
(same concentration as for photocatalytic experiments), ultrasonicated for several minutes

and measured at a temperature of 25 °C, an angle of 173° and a resolution of 300 size classes.

4.8 Scanning electron microscopy and energy-dispersive X-ray spectroscopy

Scanning electron microscopy images (SEM) were received on a Zeiss MERLIN field emission
scanning electron microscope (FE-SEM) and energy-dispersive X-ray (EDX) spectra were
obtained by an Oxford Instruments energy dispersive X-ray spectroscopy analyzer (X-Max 50
mm?) with an accelerating voltage of 20 keV. For mesoporous materials, pore diameter and

pore wall thickness were determined using the free software ImageJ, version 1.45s.

4.9 Transmission electron microscopy and selected area electron diffraction

Transmission electron microscopy (TEM) and selected area electron diffraction (SAED)
were received on a Philips CM30 with 300 kV acceleration voltage. Sample preparation was
made on carbon-filmed copper mesh grids. For nanoparticles, the average particle sizes of at
minimum thirty nanoparticles for each sample were estimated with the free software ImageJ,
version 1.45s. For mesoporous materials, pore diameter and pore wall thickness were also

determined using the free software ImagelJ.

4.10 X-ray photoelectron microscopy

X-ray photoelectron spectroscopy (XPS) measurements were carried out at a PHI
Versaprobe Il Scanning ESCA Microprobe (Physical Electronics) with a monochromatized Al Ky
X-ray source (beam diameter 200 um, X-ray power 50 W). The analyzer pass energy for detail
spectra was set to 23.5 eV with a step time of 50 ms and a step size of 0.2 eV. The sample was
flooded with slow electrons and argon ions using the built-in ion sputter and electron guns

during the measurements in order to compensate surface charging effects. Data evaluation
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4.11 Thermogravimetric analysis
was done using CasaXPS software. For charge correction, the energy of the C 1s-line was fixed
to 284.8 eV.

4.11 Thermogravimetric analysis
Thermogravimetric analyses (TGA) were obtained on a Netzsch STA 409 PC/PG instrument

from a temperature range of 30 to 800 °C with a heating rate of 1 °C min* or 5 °C min™* under

synthetic air and an attached mass spectrometer detected the evolving gases.
4.12 Electron paramagnetic resonance spectroscopy

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

frequency 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.
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5 Results and discussion

5.1 Nanoparticulate materials

Defect-pyrochlore structured nanoparticles of different composition will be shown in the
next chapter. The adjustment of the nanoparticle size for CsTaWOe will be explained and the
influence on the photocatalytic activity discussed carefully. Some continuative experiments,

like doping and electrospinning of the materials will be presented at the end of this part.

5.1.1 CsTaWO¢ nanoparticles

5.1.1.1 Influence of synthesis temperature and additives

The described low-temperature hydrothermal synthesis (see Chapter 3.2.1.1) was carried
out at different temperatures (Figure 5.1a). Above 100 °C, the average crystallite size (L;) does
not change remarkably with synthesis temperature and stays constant at a value of around
14-15 nm (Figure 5.1b; values for L, from Rietveld refinements). At 100 °C or below, XRD
patterns already show all desired reflections, but also a strong amorphous background,
indicating that these temperatures are too low to achieve full conversion of all precursors and
therefore a crystalline product in total. All syntheses above 100 °C show phase-pure and highly
crystalline CsTaWQOs. No further additional annealing step was necessary. This reaction
temperature is 400 °C lower than in the mesoporous reaction3> (Chapter 3.2.1.4) or citrate

route3 (Chapter 3.2.3.1), and 650 °C lower than in solid state reaction (Chapter 3.2.3.2).322%°
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Figure 5.1: (a) XRD patterns of CsTaWQs nanoparticles synthesized for 12 h at temperatures of 80 to
200 °C with 1 mL NHs in the reaction solution (reference card: JCPDS 25-2033) and (b) the calculated

average crystallite sizes from Rietveld refinements.
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Figure 5.2: Influence of different synthesis parameters on crystal phase and crystal size of the CsTaWOs
nanoparticles: a) different additives, b) doubled concentration compared to normal synthesis, c)
different fillings of the autoclave and d) increased amount of EtOH in the synthesis (reference card:

JCPDS 25-2033).

For a detailed investigation of the influence of the crystallite size on photocatalytic activity,
the average crystallite size of the nanoparticles had to be adjusted. Changing of different
parameters was carried out to investigate their influence on the average crystallite size. The
precursor ratio, the autoclave filling and the amount of ethanol (from different concentrated
Ta(OEt)s solutions) showed only a minor influence on the average crystallite size (Figure 5.2b-
d). The use of other bases, such as NaOH (Figure 5.2a), other nitrogen containing compounds,
such as HNOs, or pure water, did not lead to the desired phase. During these experiments it
could be seen that it was possible to double the amount of precursors at the beginning of the
synthesis leading to a higher yield and only slightly smaller nanoparticles (Figure 5.2b).

Therefore, all further syntheses were performed with this higher precursor ratio.
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It was found that the crystallite size could be varied with changing the amount of additives:
an increase of the amount of ammonia from 1 to 17 mL (= pure ammonia solution) leads to a
stepwise decrease of the crystallite size from 16 to 8 nm. Urea as an additive resulted in large
crystallites of 30 nm. The crystallite sizes were obtained from Rietveld refinements (Figure 5.3,

Table 5.1) and confirmed by TEM measurements (Figure 5.6).
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Figure 5.3: Rietveld refinements of CsTaWOs nanoparticles, synthesized with different amounts of
additives: a) urea instead of NH3, b) 0.25 mL NH3, ¢) 0.50 mL NHs, d) 1 mL NHs, e) 6 mL NHs and f) 17 mL
NHs (= pure 25 % aqueous ammonia solution), resulting in nanoparticles with average crystallite sizes

of around 30 down to 8 nm, respectively.

All XRD patterns indicate phase pure CsTaWOs material, crystallized in the cubic defect-
pyrochlore structure Fd3 m. No amorphous background is visible, evidencing a highly
crystalline product. The yield in every of the six shown synthesis routes was above 80 %,
resulting in around 350 mg CsTaWQOs nanoparticles per batch. The values for the strain from
Rietveld refinements, which are an indication for defects inside the material, are increasing

with decreasing crystallite size (Table 5.1).
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5.1.1 CsTaWOg nanoparticles

Table 5.1: Obtained parameters from Rietveld refinements of CsTaWOs nanoparticles.

Additive La/nm a/A Strain x> Ruwp/%

urea 30.2+2.6 10.3772 43.7 388 17.1
0.25mLNHs 16.2+2.6 10.3903 45.6 15.7 11.0
0.50 mLNHs 15.4+2.3 10.4005 474 13.0 10.0
1 mL NHs 13.0+1.7 10.4044 46.8 101 94
6 mL NH3 106+1.1 10.4209 56.3 9.7 8.1
17 mL NHs 8.4+39 10.4099 55.0 9.9 12.4

L. = average crystallite size, a = lattice constant, y* = goodness of fit, Rw, = Weighted profile R-factor

The reason for the change in the crystallite size with varying ammonia amount could be the
differences in the pH or the change in pressure due to the volatile NH3, outgassing from the
solution at higher temperatures and therefore increasing the pressure (Figure 5.4),210.211
Similar pressure dependencies were found for the hydrothermal synthesis of nanosized Fe,03
particles.?*? A linear dependence can be found when plotting the crystallite size of the
ammonia containing routes against the ammonia content and thus on the pH of the reaction
solution, approximately (Figure 5.5a). On the other hand, urea causes only a slightly change in
pressure due to its partial thermal decomposition at the reaction temperature of 150 °C into

ammonia and cyanic acid.213-215
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Figure 5.4: Pressure-temperature dependency of agueous ammonia solutions with different ammonia
concentrations. Dashed line indicates the temperature used in the synthesis of CsTaWOgs nanoparticles
(Figure 5.3). Even at highest ammonia concentrations (~ 30 wt% in water), pressure does not exceed

30 bar.21%211 The maximum pressure for the used autoclave is 124 bar.
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5 Results and discussion

Interestingly, an increase of the lattice parameter a with decreasing crystallite size can be
observed (Figure 5.5b). For the biggest crystallites, this parameter has a value of 10.3772(3) A,
which is nearly identical to the theoretical value for the bulk material (10.3768 A).33 Smaller
crystallites exhibit larger lattice parameters. This effect can be ascribed to the quantum size
effect and/or reduced ionic valencies, as it was reported for other metal oxide
nanoparticles.?167218 The different behavior of the nanoparticles with the smallest crystallite
size from this tendency can be explained by the strong deviation from the average, which is

also observable in TEM images (see Figure 5.6f and Figure 5.7).
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Figure 5.5: a) Crystallite size L, versus the amount of ammonia and therefore the pH in hydrothermal
synthesis; b) variation of the lattice parameter a with different CsTaWOg nanoparticle sizes (L, and a

from Rietveld refinements).

5.1.1.2 Morphology, surface and bulk chemistry

The morphology of the CsTaWOe nanoparticles was investigated by transmission electron
microscopy (TEM, Figure 5.6). At higher magnification, lattice planes can be observed on the
nanoparticles, which are prove for the high crystallinity of the material. This could be
confirmed by selected area electron diffraction (SAED) (insets Figure 5.6a-f), showing Debye-
Scherrer rings at the expected positions and fitting perfectly to the d-spacings of the defect-
pyrochlore structure (JCPDS card no. 25-0233). The smallest nanoparticles (~ 8 nm) have a
more spherical shape and are less uniform compared to the well-defined cubic nanoparticles
of larger crystallite sizes. Nevertheless, even the smallest particles show lattice planes and

rings in the SAED pattern, demonstrating a high crystallinity.
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5.1.1 CsTaWOg nanoparticles

Figure 5.6: TEM images and SAED patterns (insets) of differently sized CsTaWOs nanoparticles:

a) 30 nm, b) 16 nm, ¢) 15 nm, d) 13 nm, e) 11 nm and f) 8 nm.

Beside the calculation of the crystallite size from Rietveld refinements (Table 5.1),
Scherrer’s equation (via integral breath) was used to determine the size of the crystallites and
to prove the values from Rietveld refinements, and were compared with the average particle
sizes from TEM images (Figure 5.7). The values for crystallite and particle sizes are very close,
indicating that every CsTaWQs nanoparticle is composed of one single crystal and thus the

samples should have a comparatively high surface area.

The surface area was determined by N; physisorption (Figure 5.8a). The resulting surfaces
are increasing with decreasing crystallite sizes from 16 m? g to 76 m? g for nanoparticle
sizes of 30 nm down to 8 nm, respectively (Figure 5.8b). The theoretical surface areas for
freestanding, dense cubic particles with a density of around 7 g cm™ (known from Rietveld
refinements and JCPDS reference card no. 25-0233) are shown as a dashed line in Figure 5.8b.
The experimentally obtained surface areas are following the same trend with a small deviation
in all cases due to agglomeration of nanoparticles, which slightly decreases the surface area
compared to the theoretical value. The hysteresis in the N2 physisorption measurements and

the rather high pore volumes are caused by voids between the agglomerated particles known
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5 Results and discussion

as interparticle porosity.!*® A shifting of the hysteresis to reduced relative pressures with

decreasing crystallite size can be explained by smaller voids between the smaller particles.
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Figure 5.7: Comparison of average crystallite sizes from Rietveld refinements and Scherrer equation

on the (111) and (220) reflections and the particle sizes from TEM images for the different CsTaWOs

nanoparticle samples, indicated by the different amounts of additives.
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Figure 5.8: a) Nitrogen physisorption isotherms and b) respective pore volumes V, and BET surface
areas Sger for CsTaWOg nanoparticles with crystallite sizes of 8 to 30 nm. The dashed line in b) indicates

the theoretical surface area for free-standing nanoparticles with cubic shape.

Due to the high surface areas, the nature of the surface plays an important role for the
photocatalytic activity, especially defects and residues on the surface of the nanoparticles. IR

and Raman spectroscopy are both techniques to characterize the chemical nature of the
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5.1.1 CsTaWOg nanoparticles

surface to see possible by-products in an amorphous state or in very small amounts, making

them invisible for X-ray diffraction.

Figure 5.9 shows IR and Raman spectra for the synthesized nanoparticles. Both methods
confirm the formation of phase-pure CsTaWOs without by-products or organic residues on the
surface. Some weak bands in IR spectra can be seen due to nitrates from the caesium nitrate
precursor (around 1410 cm™).2° Besides these bands, IR spectroscopy evidenced only bands
that can be assigned to water (~ 3400 and 1600 cm™) and a broad band below 1000 cm™ with

two minima due to metal-oxygen bonds in CsTaWQOs (Ta—0 and W-0).
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Figure 5.9: a) IR spectra and b) Raman spectra of CsTaWQOg nanoparticles in the range of 8 to 30 nm.

Dashed line in a) represents the position of the band from nitrate residues.

The obtained Raman spectra (Figure 5.9b) show very similar band positions and intensities
for all measured samples, with nine different bands. All of them can be attributed to modes
of CsTaWOg, as reported in literature (Table 5.2),%22° which is once again a clear evidence for a
phase-pure material. The four bold modes correspond to normally Raman-active bands; the
three other bands are defect-induced, normally Raman-inactive bands that can be seen in all
CsTaWOs samples. The two remaining bands at higher wavenumbers around 850 and 950 cm™
can be assigned to defects due to vacancies on the B or B' site (here: Ta, W; bands denoted as
v(B-0)). These bands are getting more pronounced with decreasing crystallite size, especially
in all samples with L; <30 nm. Thus, it can be assumed that nanoparticles with smaller
crystallite sizes have a slightly higher defect concentration/more vacancies on the B site, as it
was already assumed by the strain parameter from Rietveld refinements (Table 5.1) However,

no further differences were present, indicating the phase-purity of all samples.
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5 Results and discussion

Table 5.2: Experimentally obtained Raman modes, symmetries and comparison with reference values

for the CsTaWOg nanoparticles, both performed at a Raman setup with a green laser (532 nm).

Number Symmetry Raman- Wavenumber / cm™!
active exp. of 220

! Flu No 146s 1455
2 F2g No 240m 249m
3 Flu No 345m 354w
4 F2g Yes 444vw 445w
> Alg Yes 498w 476vw
6 Flu No 586m 594m
/ F2g Yes 676s 682s
8 v(B-0) - 873m 869m
2 v(8-0) - 952m 945m

band intensities: s = strong, m = medium, w = weak, vw =very weak

To get an insight into even very low amounts of light compounds or other precursor
residues and additives on the surface, TG-MS measurements were performed. Figure 5.10a
shows the mass change during heating and the derivation of the mass change for two different

samples with the highest and the lowest amount of ammonia in the synthesis.

Only very low decrements of both sample masses between 3 to 5 % can be detected up to
a temperature of 800 °C. The MS data in Figure 5.10b specify the exact mass-to-charge ratios
m/z of the evolved fragments. The sample with the lower amount of ammonia loses only
water and/or ammonia during heating, whereas both m/z ratios could belong two both
compounds, a clear correlation is difficult. The sample with the higher amount of ammonia
loses these two fragments, but also small amounts of nitrogen oxide (m/z = 30) and carbon
dioxide (m/z=44). The former one is due to residual nitrate from the caesium nitrate
precursor, while the latter one comes from very small amounts of organic waste on the
particle surface. In both samples, the main mass loss is below 200 °C and corresponds to the
evaporation of ammonia and water from the synthesis and/or the washing process after the
synthesis. However, both samples show only weak amounts of residues, indicating a very

clean CsTaWOs nanoparticle surface.
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Figure 5.10: a) TG and DTG data and b) corresponding MS data in a temperature range from 30 °C up
to 800 °C for two CsTaWOg nanoparticle samples prepared with the lowest and highest amount of

ammonia: 0.25 mL NHs (L, = 16 nm; solid lines) and 17 mL NHs (L, = 8 nm; dashed lines).

After the investigation of the surface chemistry, the bulk composition of the nanoparticles
was investigated with EDX. For small nanoparticles, EDX can provide an elemental composition
because the penetration length is large enough to analyze a number of nanoparticles. The
ratio of Cs:Ta: W was found to be 1:~1.35:1 with an error of approximately * 2 at%
(Figure 5.11). The aberration from the ideal 1:1:1 composition in CsTaWOQOs can be explained
by the imperfect conversion of the precursor. The residual precursors caesium nitrate and
ammonium metatungstate can be easily removed during the washing process after the
synthesis, whereas the tantalum precursor Ta(OEt)s has already reacted with water to form
an amorphous tantalum oxide (similar to the hydrolysis shown in Equation (2.16) for Si(OR)a).
This compound is insoluble in water and cannot be detected by Raman or IR spectroscopy,
XRD and TG-MS, but leads to the slightly higher ratio of tantalum in the final product.
However, the small amounts of amorphous tantalum oxide do not lead to any negative effects
in the photocatalytic performance due to the high bandgap of this material of around 4 eV.8
In fact, this amount of lower active material could even lead to an underestimation of the

photocatalytic activity of the CsTaWOe nanoparticles.
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Figure 5.11: EDX analysis of smallest (8 nm, a)) and biggest (30 nm, b)) nanoparticles. Only peaks

belonging to lines that were used for composition analysis are indicated.

Beside the five elements caesium, tantalum, tungsten, oxygen and a small amount of
carbon from the sample holder, no further elements could be found in EDX spectra, especially
no nitrogen. This means that no high number of residues due to the used ammonia or urea is

left in the 8 and 30 nm nanoparticles, respectively.

5.1.1.3 Absorption behavior and dispersibility

The absorption behavior and therefore the band gaps of the semiconducting nanoparticles
were investigated via diffuse reflectance UV-Vis spectroscopy on the nanoparticle powders
(Figure 5.12a). A blue shift to lower wavelengths can be observed in the reflectance spectra
of the smallest nanoparticles of 8 and 11 nm. The spectra were converted using the Kubelka-
Munk function and Tauc-Plots were used to calculate the optical band gaps (Eg)

(Figure 5.12b).208

Additionally, the calculated band gaps (Eg) were plotted against the average crystallite size
(La) from Rietveld refinement (Table 5.1). An interesting effect can be seen, which was already
predicted by Brus' model in literature.???22 The biggest nanoparticles have a band gap of
around 3.69 eV; with decreasing crystallite size, the band gap decreases first, later on
increasing dramatically. The strong blue-shift for small nanoparticles can be explained by the
quantum size effect (QSE), which strongly depends on the respective material.??3-2%’ For
example, TiO2 nanoparticles show a QSE below 2-3 nm;??’ on the other hand, in InSb, a QSE
can be observed for nanoparticles even bigger than 20 nm.2?> The decrease in the band gap

for the nanoparticles of 13 and 15 nm can be described as a result of a higher number of
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5.1.1 CsTaWOg nanoparticles

defects in the semiconductor with decreasing particle size, which are causing traps near the
band edges and therefore a red-shift in the absorption spectra.??® This is confirmed by the
strain values from Rietveld refinements (Table 5.1). The drop of the band gap for the smallest
nanoparticles of 8 nm can be explained again by the strong deviation of their crystallite sizes
(Figure 5.7). It should be mentioned that this is the first observation of a quantum size effect

in a quaternary semiconductor.
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Figure 5.12: a) Diffuse reflectance UV-Vis spectra of CsTaWOg nanoparticles and b) the same spectra

converted by the Kubelka-Munk function into absorption spectra and optical band gaps estimated via

340 % % _

Tauc-Plots.
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Figure 5.13: Band gaps of CsTaWOs nanoparticles versus the corresponding average crystallite sizes
from Rietveld refinements, showing a good agreement to Brus' model.??222 The dashed line is just to

guide the eye and is not a result of data fitting.

As another important property, the dispersibility of the photocatalyst in the used
water/methanol solution for photocatalysis was measured. With dynamic light scattering

(DLS), the agglomeration of the as-prepared CsTaWOs nanoparticles can be followed.
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Figure 5.14 shows the hydrodynamic radii of all the investigated CsTaWOs nanoparticle

samples.

The mean hydrodynamic radius for crystallite sizes of 11 to 16 nm can be found between
125 and 140 nm, while the 16 nm crystallite sample shows two maxima around 125 and
175 nm and an additionally one with a weak distribution around 330 nm. The biggest (30 nm)
as well as the smallest (8 nm) nanoparticles exhibit a much larger average hydrodynamic
radius with 220 and 200 nm, respectively. For the 30 nm particles, the reason for this huge
difference compared to the other nanoparticles could be a stronger tendency of
agglomeration for bigger particles, whereas the 8 nm particles could have a higher number
concentration for the same mass of particles compared to the bigger ones and a higher
diffusion coefficient,??822% also resulting in more agglomeration and therefore an increased

hydrodynamic radius.
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Figure 5.14: DLS measurements showing the hydrodynamic radii for CsTaWQOs nanoparticles with

different crystallite sizes.

5.1.1.4 Photocatalytic activity

CsTaWOs nanoparticles of many different sizes could be obtained via a simple
hydrothermal synthesis, all having comparable morphology and properties. The influence of
the crystallite size on the photocatalytic hydrogen production was investigated. Every sample
was dispersed in a water/methanol mixture and stepwise loaded with Rh as co-catalyst via
photodeposition. The resulting steady-state hydrogen evolution rates for the nanoparticles of
8 to 30 nm are given in Figure 5.15, together with the corresponding BET surface areas from

N> physisorption.
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5.1.1 CsTaWOe nanoparticles

The highest hydrogen production rate could be observed for the nanoparticles with a
crystallite size of 13 nm and the smallest amount of co-catalyst (0.025 wt%). Interestingly, the
photocatalytic activities do not correlate to the surface areas of the nanoparticles. All
nanoparticles with sizes of 13 to 16 nm exhibit nearly the same surface areas, but lead to
strong differences in activity. Furthermore, for the 8 and 11 nm samples, a higher surface area
leads to smaller hydrogen evolution rates. This effect can be explained by the slightly higher
band gaps for both samples (Figure 5.12), resulting in less photon absorption from the light
source and a higher strain/defect concentration inside for nanoparticles (see strain parameter
in Table 5.2). Additionally, the smallest nanoparticles tend to form huge agglomerates and
therefore a smaller accessible surface area. Once again, the 8 nm nanoparticles seem to differ
and show an increase in the hydrogen production rate compared to nanoparticles with an
average crystallite size of 11 nm. This behavior can be explained again by the strong deviation
of the crystallite size for this sample (Figure 5.7) and possibly due to the different shape of

these particles (spherical instead of cubic, see TEM image in Figure 5.6f).
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Figure 5.15: Hydrogen evolution rates for CsTaWQg nanoparticles (1 sun irradiation, without AM1.5
filtering; see Chapter 4.3.1) of different crystallite sizes with three loadings of Rh as co-catalyst. The

green solid line indicates the corresponding BET surface areas.

The nanoparticles with 13 nm crystallite size showed the highest hydrogen production
rates, but do not have the highest surface area or exhibit a higher agglomeration or a different
shape compared to slightly smaller or bigger nanoparticles (11, 15, 16 nm). Furthermore, the

strain and therefore defect concentration of these three samples is nearly identical.
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Therefore, the high photocatalytic activity seems to be directly correlated to the crystallite
size and one can conclude that a crystallite size of 13 nm seems to be the optimum for
CsTaWOs. An explanation for this finding can be the optimum trade-off between surface area
and thus surface defects and the diffusion length of the charge carriers in the particular

particle size, hinting to a diffusion length of the minority charge carrier of about 6-7 nm.

Interestingly, Koci et al. could find a similar optimum particle size of 14 nm during their
investigations on the influence of the particle size of TiO2 on photocatalytic CO, reduction.?
However, in their work, the TiO; phase composition changed between anatase and another
semi-crystalline phase of anatase and amorphous TiO;. Thus, a comparison with their results
is difficult. Nevertheless, this could be a hint that an optimum crystallite size in this dimension
could possibly be not only the best for CsTaWOs, but also for other common transition metal

oxide photocatalysts, such as e.g. Ta20s or WOs.
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Figure 5.16: Post-catalytic characterization of 13 nm nanoparticles: a) XRD patterns and b) Raman
spectra of the sample before (black) and after (red) H, generation; c) EDX spectrum and d) TEM image

after photocatalysis.
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5.1.2 CsTaMoOg and CsNbWOQOs nanoparticles

A detailed post-catalytic characterization was carried out to investigate possible changes
of the photocatalyst after hydrogen production for approximately 10 h. XRD, Raman
spectroscopy, EDX analysis, TEM images (all Figure 5.16) and N, physisorption were measured
on the sample with the highest photocatalytic activity (average crystallite size of 13 nm). All
characterization techniques exhibit no remarkable changes, and a high stability of the
CsTaWOs nanoparticles under the chosen conditions can be suggested. The surface area was
nearly unaffected and only slightly decreased from 45 to 43 m? g, which is within the error

range of the measurement.

5.1.2 CsTaMoOs and CsNbWOg nanoparticles

After the successful synthesis of CsTaWOs nanoparticles with the above-described strategy,
the adaption of this process for other defect-pyrochlore structured materials was
investigated. In a first step, the formation of CsTaMoOs via the same synthesis strategy as for
CsTaWQOs was tried, using ammonium molybdate instead of ammonium tungstate. XRD
patterns of the obtained products are shown in Figure 5.17. For this compound, a synthesis
time of 12 h was far too less; therefore, 48 h and 96 h were tried. After 96 h, all reflections of
the CsTaMoOe JCPDS reference card no. 49-0698 can be seen and the amorphous background
that is visible for the 12 and 48 h samples was clearly reduced. Maybe a higher synthesis time,

but especially a slightly higher reaction temperature, could lead to a totally crystalline product.
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Figure 5.17: XRD patterns of CsTaMoOs nanoparticles, synthesized hydrothermally with different
holding times (reference card: JCPDS 49-0698).
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Figure 5.18: a) N, physisorption and b) corresponding pore size distribution from the NLDFT adsorption

branch of the CsTaMoOs nanoparticles, synthesized for 96 h at 150 °C.

The N2 physisorption isotherm of the CsTaMoOe nanoparticles is illustrated in Figure 5.18a,
and the corresponding pore size distribution in Figure 5.18b. A comparably high BET surface
area of 100 m? g could be estimated and the broad pore size distribution results from the

interparticle pores between the CsTaMoOg nanoparticles.

TEM images exhibit a crystalline product (Figure 5.19). However, the morphology of the
CsTaMoOs material has more a sponge-like character than of defined nanoparticles. This
geometry can explain the high surface area of the product. Therefore, the term 'nanoparticles'
in this case of the CsTaMoOe material is misleading. The real morphology is more of an
undefined mesoporous sponge with a high surface area. SAED ring patterns show a well

crystalline material with defect-pyrochlore structure.

20 nm

Figure 5.19: a-b) TEM images and c) SAED pattern of the CsTaMoQOg nanoparticles, synthesized for 96 h

at 150 °C, showing a sponge-like structure of the product.
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5.1.3 Nanoparticulate materials: Continuative experiments

A synthesis of CsNbWQOs nanoparticles was investigated by substituting tantalum ethoxide
with niobium ethoxide in the standard synthesis of the CsTaWOe nanoparticles (see
Chapter 3.2.1.3). Unfortunately, no crystalline product could be obtained even after 24 h of
heat treatment in the hydrothermal synthesis. Some first evidence of the formation of
CsNbWOs can be seen in the reflection at around 2 6 = 28°, which has the highest intensity in
the JCPDS reference card no. 49-0698 of the defect-pyrochlore structured CsNbWOs.

Further experiments would be necessary to obtain a crystalline product. In particular, the
synthesis temperature of 150 °C seems to be too low for this compound. In a solution of 1 mL
aqueous ammonia and 16 mL of water and a filling of around 40 % in the autoclave,
temperatures of 200 °C are possible, as it had been already shown in Figure 5.1. Even slightly
higher temperatures should be theoretically possible in water-ammonia mixtures as it can be

seen from Figure 5.4.

Besides CsTaWOs nanoparticles and CsTaMoOs sponge-like nanostructures with high
surface areas, the preparation of KTaWOs nanoparticles with a high crystallinity and a surface

area above 70 m? g'* was successful in our group (results not shown here).

Intensity / arb. units
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Figure 5.20: XRD patterns of the product of the synthesis route of CsNbWOs nanoparticles (see
Chapter 3.2.1.3) for two different holding times of the hydrothermal step, showing just broad

reflections of an amorphous powder (reference card CsNbWQOsg: JCPDS 49-0698).

5.1.3 Continuative experiments

5.1.3.1 Microwave-assisted synthesis
Compared to the hydrothermal synthesis of CsTaWOs nanoparticles shown above, a

microwave-assisted synthesis would have a number of advantages. For instance, microwave
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5 Results and discussion

syntheses often require lower reaction times, faster heating rates and an even more
homogenous temperature profile inside the reactor.'?? Hilaire et al. published a microwave-
assisted synthesis for WOs nanoparticles with a reaction time of just 10 min at a temperature
of 200 °C,%39231 whereas normal autoclave syntheses take around half an hour plus a much
longer heating (5 °C min!) and cooling time.?*! Similar strategies are reported for other
transition metal oxides like Ta2Os and NbyOs, both requiring comparably low synthesis
temperatures of 220 °C and 250 °C, respectively.??? Therefore, an adaption of these synthesis
routes was investigated for the preparation of CsTaWOQOgs nanoparticles in a microwave-assisted
synthesis. Benzyl alcohol was used as solvent and CsNOs, TaCls and WCle as precursor.

Unfortunately, no crystalline CsTaWQOs was obtained in this case (not shown here).

—— hydrothermally
—— microwave-assisted

UW
Y ST

10 20 30 40 50 60 70 80 90
201°

Intensity / arb. units

Figure 5.21: XRD pattern of the product of the microwave-assisted synthesis of CsTaWOg nanoparticles
in water, compared to the hydrothermally synthesized nanoparticles. All reflections of the desired

defect-pyrochlore structure can be seen (JCPDS 25-2033).

Another strategy led to the desired defect-pyrochlore structured phase, namely using the
same solvent and precursor as for the hydrothermal synthesis. Caesium nitrate, ammonium
tungstate and tantalum ethoxide were dissolved in 1 mL of agueous ammonia and 16 mL of
water, a microwave tube was filled to 40 % with this reaction solution and heated as fast as
possible in a microwave to a temperature of 150 °C, held for 90 min and the received white
powder was washed and centrifuged several times and afterwards dried at 80 °C. The XRD
pattern of the product is shown in Figure 5.21. It can be seen that the reflections are sharper
compared to CsTaWOs nanoparticles synthesized via hydrothermal synthesis. Studies about
the influence of heating time, temperature and the influence of the amount of ammonia has

to be done. However, the microwave-assisted synthesis leads to phase-pure CsTaWOe
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5.1.3 Nanoparticulate materials: Continuative experiments

nanoparticles even faster than via hydrothermal route, while both techniques are much more

economical and ecological compared to the standard synthesis via SSR or citrate route.

5.1.3.2 Electrospun CsTaWOe-nanoparticle/carbon nanofibers

An interesting strategy for a further structuring of the CsTaWOe nanoparticles is
electrospinning. With this technique, a mat of long, freestanding fibers can be produced,
either by electrospinning of a precursor solution, including a polymer to adjust the viscosity
or by using dispersion of as-prepared or stabilized nanoparticles in a polymer/solvent mixture
with a defined viscosity. First experiments were made on electrospinning of as-prepared
CsTaWOs nanoparticles with PAN as polymer and DMF as solvent. The use of PAN enables the
possibility of not only having a polymer for the viscosity, but also a carbon matrix around the

nanoparticles after a proper carbonization strategy (800 °Cin Ar).

Figure 5.22a shows photographic images of the as-prepared white CsTaWOeg nanoparticles
as well as the CsTaWOe/carbon nanofibers. The XRD patterns of both samples (Figure 5.22b)
are nearly identical, with two small reflections of by-products in the nanofibers. The crystallite
sizes L, are identical (averaged: 13 nm), indicating no ripening process during the

carbonization step.

a) b)
—— CsTaWO,-NP/carbon fiber (800 °C)
- —— CsTaWO_-NPs (150 °C)
& c
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[
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nanoparticles nanofibers g
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10 20 30 40 50 60 70 80 90

201°

Figure 5.22: a) Photographs of the as-prepared white CsTaWQO¢ nanoparticles and the electrospun
CsTaWOe-nanoparticle/carbon composite fibers and b) XRD patterns of the as-prepared CsTaWOe
nanoparticles (L. = 13 nm) and the spun fibers after heating to 800 °C in Ar, showing nearly identical

patterns. The two marked reflections could occur due to formation of a by-product.
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5 Results and discussion

The BET surface area of the fibers is 25 m? g%, which is an evidence for the embedding of
the nanoparticles into the carbon matrix, especially if compared to the 46 m? g* of the as-

prepared nanoparticles.

SEM images of the nanofibers show long fiber structures with spherical structures on their
surfaces, confirming the embedded character of the nanoparticles inside the carbon fiber
matrix (Figure 5.23a-b). TEM images demonstrate the good distribution of the nanoparticles
inside the fibers, whereas the carbon matrix can be seen hardly due to the good transmission
of the electrons through the carbon material. In Figure 5.23d, the carbon fiber matrix can be

seen as two diagonals left and right of the nanoparticle line, going from the upper left to the

lower right.

Figure 5.23: a-b) SEM image of electrospun CsTaWQs-nanoparticle/carbon composite fibers, c-e) TEM

images of the same sample and f) SAED pattern, showing a high crystallinity of the composite.

The idea to prepare a carbon matrix was based on the rather good electrical conductivity
of this material,?33 possibly acting as a kind of co-catalyst to accumulate and separate the
electrons from the holes.?34237 However, the photocatalytic hydrogen evolution could not be

increased by this strategy. Nearly no hydrogen could be detected. One reason could be the
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5.1.3 Nanoparticulate materials: Continuative experiments

undefined band positions of the partially nitrogen-doped carbon matrix, which could in theory
lie at positions that do not enhance the hydrogen production half reaction. Most probably,
the further heating of the as-prepared CsTaWQOs nanoparticles to higher temperatures leads
to a decomposition, as it was already slightly observable in Figure 5.22b. This assumption
could be confirmed due to reference CsTaWOs nanoparticles, heated to 800 °C for 1 h in Ar
and tested regarding their photocatalytic activity. No hydrogen could be detected in this

reference material, too.

5.1.3.3 Sn-doped CsTaWOg¢ nanoparticles

Due to the high surface areas and small particle size of the CsTaWOs nanoparticles, doping
experiments should lead to a homogenous distribution of the doped elements, especially
compared to the much bigger particles of e.g. SSR synthesized CsTaWOg, where just a surface
doping could occur. The good dispersibility of the CsTaWOQOe nanoparticles (Figure 5.14)
enables a doping from aqueous solutions. Figure 5.24 shows first results of doping
experiments, whereas it is even visible by eye that the CsTaWOs in the morphology of
nanoparticles shows a better degree of doping (yellow color) compared to the SSR product

(light green).

Figure 5.24: Photograph of the different undoped and Sn-doped CsTaWOs samples. From left to right:
undoped CsTaWOs nanoparticles, Sn-doped CsTaWOg via SSR and Sn-doped CsTaWQg nanoparticles
for 1 dor 7 d (rightmost).

XRD pattern and Raman spectra (Figure 5.25) does not show any changes after the doping

process for the nanoparticles.
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Figure 5.25: a) XRD pattern of CsTaWOe prepared via SSR and hydrothermally (nanoparticles, 'NP')
before and after Sn-doping; b) Raman spectra of the same samples. Marked reflections in XRD and

bands in Raman spectra for Sn-doped CsTaWOs via SSR belong to an occurred by-product.

UV-Vis spectra of the doped materials show a small shoulder at lower energies than the
band gap of the pure material, indicating the doping due to the insertion of states in the band
gap near the valence band. A longer doping time of 7 d with several changes of the doping

solution (5 times) leads to the strongest shoulder in the UV-Vis spectra.

CsTaWO6 SSR:

undoped
— Sn-doped (1x)
—— Sn-doped (5x)
CsTaWO, NPs:
undoped
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Figure 5.26: UV-Vis spectra of CsTaWOQOs prepared via SSR and hydrothermally (nanoparticles, 'NP')
before and after Sn-doping for 1 d (no change of the SnSO,4 doping solution) or 7 d (5x change of the

SnS0O, doping solution).

Although the absorption edge was not completely shifted and just a shoulder occurred, the

changes in band gap was estimated via Tauc-Plots. The obtained values for E; are listed in
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5.1.3 Nanoparticulate materials: Continuative experiments

Table 5.3. A clear difference compared to the undoped materials can be seen. The color of the
Sn-doped nanoparticles (Figure 5.24) and the smallest band gap of these samples are an
indication for the more homogenous doping of these materials compared to the SSR materials

with much bigger particle and crystallite size.

Table 5.3: Band gaps of the Sn-doped and undoped samples.

Material Doping Eg;/ eV Color
undoped 3.75 white
CsTaWOs via
SSR Sn-doped (1x) 2.80 light green
Sn-doped (5x) 2.67 light green
undoped 3.79 white
CsTaWO0s Sn-doped (1x) 2.66 yellow
nanoparticles
yellow-
Sn-doped (5x) 2.62
orange

E; = band gap
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5 Results and discussion

5.2 Mesoporous transition metal oxides

5.2.1 P123-derived binary oxides as preliminary experiments

Before the synthesis of complex defect-pyrochlore structured mesoporous materials with
the general formula ABB'Os, some preliminary experiments were made to obtain an
impression of how to synthesize such mesoporous powders in the best way (Figure 5.27).
Binary oxides, namely Ta,0s, WOs and Nb,Os, were prepared as P123-derived mesoporous
powders with synthetic routes based on the syntheses listed in Table 2.2. Calcination was
performed in two steps, beginning with a stabilization step for 12 h at 250 °C as described in

121

literature®®! and a further annealing to the desired temperature (450 to 850 °C).
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Figure 5.27: XRD patterns of P123-derived mesoporous Ta,;0s, WO3 and Nb,Os (left), corresponding
nitrogen physisorption isotherms (middle) and pore size distribution from NLDFT adsorption model

(right). JCPDS reference cards: Ta,0s 04-9498, W03 43-1035, Nb,Os 27-1003.
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5.2.1 P123-derived binary oxides as preliminary experiments

Mesoporous tantalum oxide (Ta20s) could be synthesized with a relatively high surface area
of up to 122 m? g when calcined at 650 °C, but XRD patterns still show an amorphous
product. Even at higher calcination temperatures (700 °C, 89 m? g'!), tantalum oxide in an
amorphous state was obtained. With the used holding time of 30 min, a crystalline product
with orthorhombic crystal structure (JCPDS 04-3498) was received after calcination at 850 °C.
However, no remarkable amount of mesopores is left after this temperature treatment, and
the surface area decreased to 16 m? gl. That is the reason for the high holding times and
temperatures in the literature for the preparation of crystalline mesoporous tantalum oxide,

while lower temperatures lead to the formation of amorphous mesoporous Ta;0s.22120

In contrast to Ta;0s, under the selected conditions tungsten oxide (WOs) already
crystallizes at comparably low temperatures?! and a fully crystalline product with a monoclinic
crystal structure (JCPDS 43-1035) can be obtained after calcination at 450 °C. At this point, the
surface area is around 35 m? g and the average pore diameter is in the range of around 7 nm.
This is an indication for a beginning collapse of the pores because P123 should lead to an
average pore size of around 5 nm. Thus, the growing of the crystallites starts to destroy the
pore structure, whereas at this point the polymer P123 is burned away nearly completely and

cannot further stabilize the pores.?38

Mesoporous niobium oxide (Nb2Os) was also prepared and showed best results at a
calcination temperature of 550 °C with a surface area of 109 m? g! and the expected average
pore size of 5 nm. XRD patterns show first reflection of the Nb,Os orthorhombic phase
(JCPDS 27-1003), which are getting more pronounced when calcined at 650 °C. The surface
area for this temperature is around 29 m? g%, once again an indicator for the collapse of the
pore system. For this compound, an optimum of crystallinity, surface area and mesoporosity

will probably lie in between these two temperatures (550-650 °C).

Several conclusions can be drawn from these preliminary experiments: first of all, the
formation of a mesoporous CsTaWOs could be problematic due to the different calcination
temperatures of the single compounds Ta,0s (beginning at 700 °C) and WOs (beginning at
400 °C). In a worst case, the completely different crystallization temperatures could lead to a
phase separation into Ta20s and WOs during calcination. This could result in a destruction of
the pore system caused by the different growth of both co-existing phases and possibly due

to the necessity of higher temperatures to form the desired CsTaWOs from these phases.
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5 Results and discussion

Moreover, it can be seen that the preservation of mesopores from P123-derived samples is
also strongly temperature dependent, and changes between different compounds. Especially,
the optimum between crystallinity and surface area/mesoporosity has to be found for each

material, namely the best calcination temperature.

Table 5.4: Obtained values for P123-derived mesoporous Ta;0s, WOs and Nb,Os, calcined at different

temperatures.

Compound  Teac/°C  Seer/m?g! Dp/nm  V,/cm3g?

650 122 5 0.12
Ta20s 700 89 4 0.06
850 16 16 0.07
450 35 7 0.05
550 19 10 0.05
WOs3 650 18 20 0.09
700 14 23 0.09
850 >1 - -
550 109 5 0.13
650 29 16 0.13
Nb20Os
750 11 30 0.09
850 5 30 0.02

Seer = BET surface area, D, = pore diameter, V,, = pore volume.

5.2.2 Formation mechanism of mesoporous CsTaWOg

5.2.2.1 Sol-gel processes in the precursor solution

Since there was no quaternary oxide photocatalyst with mesoporous morphology reported
so far in literature, the formation mechanism of the mesoporous CsTaWOs was carefully
investigated. In this chapter, the formation is shown on the example of the mesoporous
CsTaWOs with ISO polymer as structure directing agent (Chapter 5.2.4). The same behavior
(changes in color etc.) can be also observed in the P123-derived mesoporous CsTaWOs

(Chapter 5.2.3).

The first step in synthesizing ISO-derived mesoporous CsTaWOg is the preparation of a

precursor solution, starting with Cs,COs in ethanol, followed by the addition of TaCls (for a
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5.2.2 Formation mechanism of mesoporous CsTaWOe

detailed description, see Chapter 3.2.2.2). A white powder can be obtained by drying the clear
precursor solution at this point of the synthesis, resulting in the XRD pattern shown in
Figure 5.28a. The reflections belong to the cubic CsCl phase, which indicates the reaction of

both precursors, e.g. according to the following equation:

Cs,CO; + TaClg + 2 C,H;OH - 2 CsCl + Ta(OC,Hs),Cl; + H,CO3 (5.1)

The highly crystalline caesium chloride can be seen very easily, while the tantalum ethoxy
chloride can be further condensate to an amorphous tantalum oxide, that evidently
contributes together with the ISO polymer to the high background in the XRD pattern. The
formed carbonic acid can decompose into CO, and water; the former gaseous product can
leave the solution, whereas the latter one accelerates the further condensation of tantalum

chloride/tantalum ethoxy chloride and later of the tungsten chloride.
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Figure 5.28: XRD patterns of a) Cs2COs plus TaCls, dissolved in EtOH, dried at 80 °C and a reference card
for CsCl (JCPDS 02-2173) and b) Cs2COs, TaCls and WCls (= precursor solution) dissolved in EtOH after
drying. Reference cards of Cs;WCls, Cs;WOCIs and Cs;WO,Cly are shown (JCPDS card nos. 40-9674,
18-0374 and 22-0202, respectively).

The next step is the addition of the last precursor, namely tungsten chloride. The clear
solution becomes yellow immediately and gets darker with time, ending up as an
orange/brown solution. Due to the high excess of ethanol as a solvent for the precursor, WClg

reacts according to the following equation

1
WClg + 2 CH5OH > W(OC;Hs),Cly + 2 HCl + = Cly 1 (5.2)
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and further condensates with other molecules of tungsten chloride or tungsten ethoxy

chloride, one example for this condensation is shown in the next equation:16°

2 W(OC,Hs),Cl; = Cl,(C,H50), W-0-W(OC,Hs)Cls + C,HsCl T (5.3)

As it was described above, the precursor solution consists of an orange-brownish color,
which can be an evidence for the presence of WOCI4.23° After drying at 40 °C on the heating
plate, the solid has a dark red-blue color. The oxidation state of tungsten changes from +VI in
WoCle into +V after hydrolysis and condensation. This oxidation state can be generally observed
in a strong blue coloring (see inset Figure 5.29a). A XRD pattern of the solid is shown in
Figure 5.28b. All reflections can be attributed to a cubic crystal structure with space group
Fm3m. From X-ray diffraction, it is not possible to obtain the exact composition of this
compound, because Cs;WClg, Cs;WOCIs and Cs;WOCls do all have the same crystal structure,
and the changes in relative intensities are very weak (small changes of the intensities can be
seen in the region 2 @ = 30°). Even if there are some hints for the existence of tungsten in the
oxidation state of +V due to the color and therefore of Cs;WOCIs (which is reported as a green-
blue solid), 24° a clear estimation cannot be made via XRD. The oxidation state +V of tungsten

is theoretically possible in a stable compound and described in literature.241-244

A more favorable technigue to determine the exact composition is EPR spectroscopy due
to the different oxidation states of tungsten in the three possible compounds (Cs;W(+1V)Cls,
Cs;W(+V)OCls and Cs;W(+VI)O2Cls). In EPR, the only active species is W(+V) because of the
unpaired d-electron in this oxidation state (electron configuration [Xe] 4f#5d%). The EPR
spectrum of the dried precursor solution (Figure 5.29a) shows two signals in the range
between 3500 and 4000 G. The stability of the here reported compound was very high; for
example, the EPR measurements were made on a sample 30 days after preparation.
Furthermore, after the addition of water to the product, the compound decomposed

(Figure 5.29b).
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Figure 5.29: a) EPR spectrum of 1SO/Cs,WOClIs (black), showing the typical EPR signals for W(+V) at
g, = 1.79 and g. = 1.76,°*>** and CsTaWOs (red) where no W(+V) can be seen.*? The inset is showing
one of the dark blue pellets in a PTFE cup after drying on a heating plate and in the vacuum oven. b)
XRD pattern of the product after washing with water, showing decomposition of Cs;WOCIs. Reference

patterns are CsCl (JCPDS 02-2173) and Cs;WOClIs (JCPDS 18-0374).

The two signals can be converted into the so-called g-value, a dimensionless factor of the
magnetic moment of the unpaired electron:

h-v
= i B

h=6.626-103*Js

, whereas (5.4)

g

v = frequency of the used microwave irradiation
Mg = Bohr magneton

Bo = magnetic flux density (in Tesla (T); 1 T = 10 kG

The two signals with g, = 1.79 and g. = 1.76 fit perfectly to the experimentally measured
and theoretically calculated values for W(+V) in the (WOCIs)? anion.?*>%%¢ This is a strong

indication for the proposed mechanism above.

The targeted compound of this synthesis is CsTaWQOgs and consequently, the stoichiometric
ratios of the Cs, Ta and W precursors are 1:1:1. The intermediate product has the composition
Cs2WOCls. Therefore, at least half of the tungsten and the whole tantalum are not represented
in this formula. It has been already mentioned that tantalum could be present in the form of
an amorphous tantalum oxide/tantalum oxychloride before the addition of tungsten chloride,

which could be also the case after the addition. Furthermore, hydrolyzed and condensated
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tungsten in the form of amorphous tungsten oxide/tungsten oxychloride can be also present
and tantalum could be incorporated in the Cs;WOCIs structure, partially replacing tungsten of
the same valence (Cs2TaOCls). This would also lead to a very fine mixture of the precursor,
which is beneficial for the following calcination step to form the caesium tantalum tungsten
oxide. For simplification, the vacuum-dried precursor/polymer solid before calcination will be
denoted as ISO/Cs;WOCIs hereinafter (or P123/Cs;WOCIs in the case of P123-derived

materials).

5.2.2.2 Processes during calcination

Figure 5.30a shows the XRD patterns of the precursor solution after drying at 50 °C in
vacuum and after the following calcination step at 550 °C. In both cases, a cubic crystal system
can be observed, but the intensities and half widths of the reflections change drastically. The
crystal structure of the oxychloride Cs;WOCIs and the defect-pyrochlore CsTaWOe¢ are
illustrated in Figure 5.30b. The lattice parameters of both compounds are very similar, making
it possible to get an easy transformation via oxidation and Cs;WOCIs possibly acting as a host
crystal. In both structures, the transition metal is six-fold octahedrally coordinated with either
chlorine or oxygen. During oxidation, all residual chlorine atoms are replaced by oxygen (see

also XPS measurements after calcination in Figure 5.41).
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Figure 5.30: a) XRD pattern of the dried precursor solution before and after calcination and b) the

crystal structure of Cs;WOCIs (JCPDS 18-0374) and CsTaWOQs (JCPDS 25-0233).24°

The exact mechanism of the oxidation can be followed by ex-situ XRD and IR spectroscopy,
both measured after heating up the dried precursor solution to the respective temperature

(Figure 5.31 and Figure 5.32). A proof for the existence of W-0 bonds, either in the Cs;WOClIs
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or the amorphous gel, can be seen in the infrared spectrum of the dark blue solid before
calcination, which includes a band a 957 cm™ that can be attributed to the stretching mode of

W-0 in Cs;WOCls.247:248
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Figure 5.31: Ex-situ XRD patterns of the 1ISO/Cs,;WOCIs hybrid during heat treatment (JCPDS reference
cards: CsTaWOQg 25-2033, CsCl 02-2173, Cs;WOCIs 18-0374).
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Figure 5.32: Ex-situ IR spectra of the 1SO/Cs,WOCIs hybrid during heat treatment. Dashed line

illustrates the W-0 stretching mode; small bars represent the bands of the three polymer blocks.?12%3

Up to a temperature of 250 °C, no changes can be observed. Beginning at 300 °C, the
caesium-containing compound Cs;WOCIs starts to decompose, the intensities of the
reflections are getting smaller and reflections of the cubic CsCl phase can be detected in XRD.

At the same time, the IR spectrum does not change drastically and all bands of the ISO polymer
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are still visible.?*9-2>1 Going to higher temperatures of 300 to 350 °C, the reflections of the
Cs2WOCIs further disappear and broad reflections of a cubic structure appear with relative
intensities that fit well to the CsTaWOs compound. IR spectroscopy shows the bands belonging
to the ISO polymer start to disappear, indicating the decomposition of the structure directing
agent (see also MS data in Figure 5.35 in the next chapter). The broad band at 500-1000 cm™
is based on the formation of the metal-oxygen bonds in CsTaWOQs. These observations can be
summarized in the following proposed mechanism: at around 300 °C, Cs;WOCIs and tantalum
oxychloride form CsTaWOe under the consumption of oxygen in a redox reaction, whereas
oxygen is reduced and tungsten and chlorine are oxidized. The excessive caesium forms CsCl
and chlorine is released (or as HCl if further reacted with hydrogen from polymer, water-

hydrolyzed educts or moisture).

-le”
[ ¥
+V - -1 5.% 0 +VI -l 9-x O
Cs,WOCIs + TaOy/,Cls,+ 5 0, - CsTaWOg+ CsCl + 2 Cl, T (5.5)

= " 4

2-(5-5) e [
2
-(9x) e

Alternatively, if tantalum is also incorporated as Cs;MOCIs with M =Ta,W the following

similar reaction can occur:

Cs,TaOCl; + Cs,WOClI5 +2 O, - CsTaWOg + 3 CsCl + 3.5 Cl, (5.6)

With increasing temperature and reaction time, the formed CsCl is consumed by residual
tantalum and tungsten oxychloride, once again in a redox reaction under the release of

chlorine (or HCI):
6- +1
CsCl + (Ta,W)0,Cl, +7y 0, > CsTaWOy + ZT cl, 1 (5.7)

At a temperature of around 500 °C, only weak reflections of CsCl are left (e.g. at around
2 8 =30°) that finally disappear after heating to 550 °C and pure crystalline CsTaWOQg is
received. The last temperature step is needed to finally dispose the CsCl and additionally to
get a homogenous distribution of tantalum and tungsten (B and B') on the Wyckoff 16c¢
position, observable in the broad band at 500-1000 cm™ in IR spectroscopy, which becomes

nearly a plateau. This means, metal-oxygen bonds are statistically distributed and no
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5.2.2 Formation mechanism of mesoporous CsTaWOe

accumulation of one species (Ta or W) occurs. In addition, all bands related to the ISO polymer
are totally disappeared at this temperature. The total release of chlorine after 550 °C can be
also seen in TG-MS measurements that will be shown in the next chapter, in which the
decomposition of the polymers during calcination and their influence on pore structure and

ordering will be explained in detail.

5.2.2.3 Influence of decomposition of the polymer on the pore structure

The optimum calcination temperature for the mesoporous CsTaWQOs to get a complete
removal of polymers was found by thermogravimetric analyses (TG) in combination with mass
spectrometry (MS). Figure 5.33a-b shows TG curves for the P123/Cs;WOCIs-hybrid and
ISO/Cs;WOCls-hybrid, respectively. In both cases, a small mass loss takes place below 100 °C,
corresponding to adsorbed water. For the P123 block copolymer, it can be seen that it is
burned away between 150 and 350 °C and almost completely removed at this temperature.?3®
In contrast, the ISO polymer starts decomposition at around 150 °C with a strong maximum at
320 °C and another local maximum at approximately 450 °C.2>2 For both polymers, a complete

deletion occurs after a temperature treatment at around 500 °C.
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Figure 5.33: TG and DTG data for a) P123-derived and b) ISO-derived mesoporous CsTaWOs.

Figure 5.34 provides a more detailed look into the decomposition products of the
P123/Cs;WOCIs-hybrid via mass spectrometry. At 200 °C, small hydrocarbon fragments can be
detected, together with CO; and H;0O, all of them can be attributed to the beginning
decomposition of P123.2°3 HCl with the both mass-to-charge ratios (m/z) of 36 and 38 due to
the two stable isotopes of chlorine (3°Cl and 3’Cl) also starts to occur at around 200 °C with a

maximum at 300 °C. For higher temperatures (above 350 °C), the only mass loss can be
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5 Results and discussion

assigned to the m/z ratio of 44, corresponding to CO>. This can be a hint for the formation of

carbon residues inside the pores, which are burned away at this temperature.

\A m/e 38 (H'CI")

m/e 36 (H*CI")
___/\/\ mle 44 (COY)
A/L m/e 27 (C,H;)
____/L m/e 15 (CH})
/\k m/e 18 (H,0")

100 200 300 400 500 600 700 800
Temperature / °C

Intensity / arb. units

Figure 5.34: MS traces of gaseous products evolving for the P123/Cs,WOCIs hybrid material.

In Figure 5.35, all arising fragments during the thermal treatment of the 1SO/Cs,;WOCls-
hybrid are illustrated. Starting at a temperature of 150 °C, small hydrocarbon fragments with
a number of carbon atoms from 1 to 3 can be detected, corresponding to the degradation of
the polyisoprene and poly(ethylene oxide) block in the ISO triblock copolymer.?>® The
evolution of both HCI species takes place at the same temperature of around 200 °C with a
maximum at 300 °C as for the P123-derived CsTaWQOs due to its origin in the chloride
precursor/the Cs;WOClIs, being the same for both P123 and ISO-derived samples. At around
320 °C, a few strong signals appear and can be assigned to hydrocarbons of the general
formula C4Hx and CsHy. These temperature region and mass-to-charge ratios are typical for
the decomposition of polystyrene.?>»?> For higher calcination temperatures, smaller
fragments are again dominant but with lowering intensities up to a temperature of around
500 °C. Shortly before this temperature is reached, another two maxima can be seen for CO;*
and C*, both giving a hint for the existence of residual carbon inside the pores and its removal
at this temperature. Summarized, a weight loss and removal of organic residues can be
observed at much higher temperatures for the ISO-derived sample than for the P123-derived

one, which can cause a better stabilization of the pore system.?>?
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Figure 5.35: MS traces of ISO-derived CsTaWOs: a) water- and chlorine-derived signals, b) bigger
organic fragments from polystyrene (PS), c) smaller organic fragments from polyethylene oxide (PEO)

and polyisoprene (PI) and d) other fragments, including CO,, which is released up to 500 °C.%532%

5.2.3 P123-derived mesoporous CsTaWOs

5.2.3.1 Influence of porogen and calcination temperature

After the successful preliminary experiments, mesoporous CsTaWOQOs powders with P123 as
porogen were prepared according to the described synthesis procedure in a Petri dish, located
in a climatic chamber with controlled atmosphere (Chapter 3.2.2.1). Figure 5.36a shows XRD
patterns of the samples after calcination between 400 and 600 °C and thus after template
removal. At 400 °C, besides the amorphous shoulder at around 2 # = 25-30°, hardly any other
reflections can be seen, indicating a mostly X-ray amorphous material. The differences
compared to the already visible reflections for the ISO-derived materials (Figure 5.31a) could
be explained by the stabilization step at 250 °C for 12 h in these experiments. At 450 °C, all
reflections for crystalline CsTaWQs are already present. That is 150 °C lower in temperature

than for non-templated CsTaWOg powders via citrate-route.3° However, the pattern still
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5 Results and discussion

shows amorphous contaminants, belonging to residual organic material from the polymer
template (see Figure 5.33 and Figure 5.34). After calcination at 550 °C, the amorphous
background was clearly removed and all reflections for crystalline CsTaWQOs were present.

These reflections further increased in intensity at 600 °C.
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Figure 5.36: a) XRD patterns of the P123-derived mesoporous CsTaWOQs, calcined at different

temperatures (reference card: JCPDS 25-2033) and b) corresponding IR spectra of the same samples.

IR spectra show a large band dominating the spectrum at around 500-1000 cm’?, originating
from W—-0 and Ta—O bonds, which become more pronounced with increasing calcination
temperature indicating the ongoing crystallization. The bands at 1620-1630 cm™ result from
surface water. No evidence for any organic residues can be found in IR, indicating a
decomposition of the polymer already at 400 °C, as it was predicted by TG-MS (Figure 5.34).

However, carbon residues inside the pores cannot be seen in IR.

Figure 5.37 compares N2 physisorption isotherms of the samples prepared at different
calcination temperatures. The shape of the isotherms and the beginning of the hysteresis
significantly changes with calcination temperature. Samples at 400 and 450 °C only show
interparticle porosity due to an incomplete decomposition of the polymer (compare with

Figure 5.33a and Figure 5.34).

The formation of mesopores occurs due to the templating effect, indicated by type V
isotherms in Figure 5.37a. With increasing calcination temperature, the crystallinity increases
as shown in Figure 5.36a, but at the same time, the surface area decreases. An optimum
between crystallinity and surface area could be found at 550 °C, where all template was

removed, and the surface area was determined to be 60 m? g, which is approximately

102



5.2.3 P123-derived mesoporous CsTaWOsg

15 times larger than for a non-porous powder prepared via citrate route.?° The corresponding
pore volume of this sample was measured to be 0.20 cm? g 1. However, already the broad pore
size distribution in Figure 5.37b denotes a non-ordered pore system, in contrast to the results
for other transition metal oxides like TiO; or Ta,0s (Table 2.2),*21138 prepared with P123.
Nevertheless, the sample calcined at 550 °C exhibits a high crystallinity, high surface area and
no organic residues, resulting in the first reported highly mesoporous and crystalline
quaternary oxide photocatalyst material with defect-pyrochlore structure.?> The calcination
at a lower temperature (500 °C) resulted in samples with a very narrow pore size distribution

and nearly the same surface area, but a significantly lower pore volume.

Following XRD, TG-MS and N; physisorption results, calcination at 550 °C turned out to be
the optimum compromise of good crystallinity, large surface area, high porosity, and no

detectable polymer residues.
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Figure 5.37: a) N, physisorption isotherms for mesoporous CsTaWOgs calcined at temperatures of 400

to 600 °C and b) respective pore size distributions.

After finding the optimum calcination temperature to be 550 °C, the best calcination
strategy was investigated. As described for the other transition metal oxide Ta>0s, WO3 and
Nb,Os (Chapter 5.2.1), the heat treatment of the as-prepared P123/Cs;WOCIs-hybrid
consisted of two steps, one stabilization step to get a partial decomposition of the polymer
and a further condensation of the precursor,'?! and the final calcination step. Other authors
did not use a stabilization step for their synthesis of P123-derived mesoporous materials.?138
Thus, to prove whether this step is necessary, different heating programs were tested

(Figure 5.38). As it can be seen from N; physisorption isotherms, no remarkable differences
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arise if the stabilization step was left out or the heating rate was decreased. The BET surface
area does not change remarkably (around 60 m?g? for all samples). Hence, for a more
timesaving calcination, for further experiments of samples dried in a climatic chamber, the

heating rate was set to 5 °C min! and the calcination time to 30 min.
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Figure 5.38: a) N, physisorption isotherms and b) corresponding pore size distribution from NLDFT
adsorption branch model of P123-derived mesoporous CsTaWOg, calcined with different heating rates

and with or without an additional stabilization step at 250 °C.

The influence of polymer P123 on the porosity was investigated by changing the amount
of P123 from 10 wt% (with respect to the amount of solvent) into both directions to 2.5, 5 and
15 wt%. Additionally, to prove the templating character of the triblock copolymer P123, the
precursor solution was dried and calcined at 550 °C without any polymer, and with

polyethylene oxide (PEO, My, = 10000 g mol?) instead of the diblock copolymer P123.

No formation of pores and only small surface areas of 8 and 14 m? g* could be observed
without polymer and with PEO, respectively (Figure 5.39b). A decrease of the P123 content
(2.5 and 5 wt%) resulted in the formation of nearly no mesopores and surface areas of only
17 or 20 m? g’ ( Figure 5.39a) On the other hand, a higher content of P123 (15 wt%) leads to
some mesopores, but the surface area does also decrease to 30 m? g, compared to 60 m? g*
for the standard synthesis with 10 wt% P123. Therefore, the literature value of 10 wt% in the

desired solvent was used in all further experiments with P123 as porogen.??
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Figure 5.39: Influence of the P123 polymer on the mesoporosity: N, physisorption isotherms for a)

different amounts of P123 in the synthesis and b) with 10 wt% P123, 10 wt% PEO or no polymer at all.

Figure 5.40: TEM images at different magnifications of mesoporous crystalline CsTaWOQs, calcined at
550 °C. d111 = 0.629 nm, d20 = 0.396 nm. The SAED pattern shows rings, which can be assigned to 1:
(111), 2: (220), 3: (311), 4: (222), 5: (511) and 6: (440).

TEM images (Figure 5.40a-c) and selected area electron diffraction (SAED, Figure 5.40d)
confirm the non-ordered but well-established mesoporous network with a high crystallinity,

proved by the Debye-Scherrer ring pattern in SAED and the observable lattice planes in the
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material. The band gaps of the sample was calculated to be around 3.6 eV (shown later in

Figure 5.43a), which is in good agreement with literature.?°

A detailed investigation of the oxidation states in the material was done via XPS
measurements and resulted in oxidation states of tantalum and tungsten being +V and +VI,
respectively. An overview spectrum of the P123-derived mesoporous CsTaWOg is given in
Figure 5.41a, and the inset confirms that no residual chlorine from the chloride precursors is
left in the material due to the absence of a Cl 2p peak between 195 and 220 eV.?°® High-
resolution spectra of the two transition metals tantalum and tungsten are shown in
Figure 5.41b. Fits were made using a linear background for the tantalum signal, a Tougaard-
background for tungsten and a Gaussian-Lorentzian line shape (GL(30)) in both cases. Spin-
orbit splitting leads to two peaks for every transition metal. The resulting energy position for
tantalum Ta 4f is 25.8 eV with a splitting of 1.9 eV.%°® The tungsten signal is superimposed with
two shake-up satellites of tantalum and can be deconvolved into a W 4f doublet with a
splitting of 2.2 eV (35.4 and 37.6 eV) and one line of W 5d (41.0 eV), indicating +VI as the only
oxidation state of for tungsten.?>6-2°8 This confirms the results from EPR measurements after
calcination at the same temperature (Figure 5.29a). The two remaining caesium and oxygen

spectra of CsTaWOg are in line with this results.
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Figure 5.41: a) XPS overview spectrum for the P123-derived mesoporous CsTaWOs. Inset shows the
zone at which Cl 2p would occur (~ 200 eV). b) Detail spectrum for the region of the Ta 4f and W 4f

orbitals.
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5.2.3.2 Influence of different additives

In literature, different ways to tune the pore sizes are known, including the addition of
different chemicals into the sol-gel synthesis, e.g. citric acid3® and a mixture of sulfuric
acid/hydrochloric acid.'”” The addition of citric acid should probably result in the formation of
intermediate carbonate during calcination, strengthen the inorganic network and therefore
prevent the porous structure. H,SO4/HCl should lead to a carbonization of the polymer matrix

under heat treatment in inert gas, whereas the carbon could stabilize the pore network.
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Figure 5.42: Rietveld refinements of mesoporous crystalline CsTaWO¢ with a) no additives, b) citric

acid, c) H,S04/HCl and d) without additives, but calcined at 600 °C.

Both strategies tested did not influence the crystal structure; phase-pure materials without
any by-products could be obtained. Rietveld refinements indicated the crystal structure of
CsTaWOs with cubic lattice (space group Fd3m) and a lattice constant of a = 10.37 A, which
fits with the literature value of this compound (10.3768 A).3® Figure 5.42 shows the

refinements of three different samples, namely the one described in the above chapter
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without additives, one with citric acid and one with H,SO4/HCI, all calcined at 550 °C. The
calculated crystallite sizes were 10.8 nm for mesoporous CsTaWOs without additives, and
9.2/9.5 nm for mesoporous CsTaWQg plus citric acid or mesoporous CsTaWOs plus H2S04/HCl,

respectively.

The occupation numbers of Cs, Ta, W, and O atoms in the refinements corresponds to a
perfect ratio of 1:1:1:6. Therefore, no dislocation or vacancies for these elements could be
detected by X-ray diffraction. Furthermore, the band gap of all three samples was unaffected

(Figure 5.43a).

Table 5.5: Obtained parameters from Rietveld refinements of P123-derived mesoporous CsTaWOs,

synthesized with or without additives and at different temperatures.

Additive Tealc/°C Lo/ nm alA Strain X2  Ruwp/%
P123 550 10.8 10.375(0) 25.7 44 114
P123 600 16.8 10.377(2) 179 4.6 9.5

+ citric acid 550 9.2 10.368(9) —* 3.6 12.3
+ H2S04/HCI 550 9.5 10.369(5) —* 9.8 12.5

+ H2S04/HCI,
550 9.9 10.370(4) —* 9.7 12.4
after H, generation

* calculation of strain was not performed for all samples;
Tealc = calcination temperature, L, = average crystallite size, a = lattice constant,
X = goodness of fit, Rwp = weighted profile R-factor

Like for the CsTaWOe nanoparticles, spectroscopic characterization techniques were used
to get an insight into possible defects, especially on the surface of mesoporous materials.
Raman spectra (Figure 5.43b) confirmed phase purity and a total of nine Raman bands could
be observed in the presented region from 100 to 1100 cm™. All the observed bands could be
indexed according to literature (see also Table 5.2 in Section 5.1.1.2 about CsTaWOs
nanoparticles).??° The two bands corresponding to the B—O vibrations became narrow and
more pronounced for the mesoporous materials compared to the non-porous reference,
which could be an indication for more bulk vacancies on the B sites (Ta, W). Another
remarkable observation was a blue shift of all Raman modes in mesoporous CsTaWOQOs

compared to the positions of the bands in the non-porous materials. This effect can be
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explained by the decrease of the crystallite size into the nanometer scale (9 to 11 nm, see
Table 5.5) and hence a phonon confinement.?>>-261 XPS measurements for the mesoporous
samples including additives (not shown here) exhibit no differences compared to mesoporous
CsTaWOs without any additive (Figure 5.41). Within the limit of accuracy, cation ratios of

approximately 1:1:1 can be found, confirming the results from Rietveld refinements.
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Figure 5.43: a) UV-Vis and b) Raman spectra of differently prepared mesoporous CsTaWQs powders

compared to a non-porous reference, synthesized via citrate route.

Isotherms from N; physisorption and the corresponding pore size distributions are
illustrated in Figure 5.44. The validity of the used NLDFT adsorption model was checked by the
fitting comparison and the fitting error was below 1 % (Figure 4.2a). The addition of citric acid
leads to an altering of the mesopore morphology, resulting in a narrow pore size distribution
of around 5 nm and a reduced pore volume of 0.05 cm3 g. A pore size of around 5 nm is a
typical value for the used block copolymer P123, indicating that citric acid prevents the pristine
pore size. The surface area slightly decreased from 60 m? g for the mesoporous CsTaWOs
without additives down to 47 m? g'1. On the other hand, the use of H,SO4/HCI as additives
results in an increased surface area of 78 m? g, which is nearly 20 times more compared to
the citrate-route material.3° Moreover, the pore size distribution undergoes a broadening and
the pore volume increased to 0.24 cm? gl. These different influences on the pore size and
surface area can be explained by the different preparation routes: when using citric acid in the
synthesis, an intermediate carbonate formation can strengthen the inorganic sol-gel network
before the complete removal of the template.’3® Thus, the porous network is more defined

and preserved at the expected value of around 5 nm, which is visible in the pore size
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distribution (Figure 5.44b). However, although the pores are getting smaller, the surface area
is decreased. In contrast, a preparation with H,SO4/HCI as additives results in a carbonization
of the polymer under the in this case used inert gas atmosphere, leading to rigid carbon in the
sample.”’” That carbon affects a stabilization of the inorganic framework, whereas the carbon
oxidation can leave additional voids/pores during the following calcination. This sample
exhibited the largest surface area and highest pore volume for all mesoporous CsTaWOs

powders prepared with P123 as porogen and dried in a climatic chamber.
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Figure 5.44: a) N, physisorption isotherms for mesoporous CsTaWOs without additive (green), citric

acid (blue) and H,SO4/HCI (red); b) respective pore size distributions from NLDFT adsorption branch.

Figure 5.45: TEM images of mesoporous CsTaWOs a) without additives, b) with citric acid and c) with
H2S04/HCI.

TEM images of the three samples confirm the results from N, physisorption: mesoporous
CsTaWOs without any additives shows pores with an average size of around 10 nm, while the

addition of citric acid leads to much smaller pores of approximately 5 nm. The preparation
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with additional H2SO4/HCI results in less uniform and mixed small and large pores between

crystalline walls (Figure 5.45).

5.2.3.3 Photocatalytic activity

P123-derived mesoporous samples, prepared at different calcination temperatures, were
tested regarding their photocatalytic activity from solar simulator irradiation (see
Chapter 4.3.1). Furthermore, the three different P123-derived mesoporous CsTaWQs samples
without additive, with citric acid and with a mixture of inorganic acids were compared with
each other and a non-porous CsTaWOe material prepared via sol-gel citrate route was used as
a reference, calcined at 850 °C.3° Photocatalytic performances for three different co-catalyst

loadings are summarized in Figure 5.46.
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Figure 5.46: Photocatalytic hydrogen evolution from water/methanol mixtures under simulated sun
light for a) P123-derived mesoporous CsTaWOs, calcined at different temperatures and b) prepared

with and without different additives, and compared with a non-porous reference from citrate route.

Figure 5.46a illustrates photocatalytic activity of almost all mesoporous samples with a
strong dependence on the calcination temperature. The sample calcined at 400 °C does not
evolve any hydrogen, although it has by far the highest BET surface area (Table 5.6). This can
be explained by the missing crystallinity of the material (Figure 5.36a) and the incomplete
removal of the polymer (Figure 5.34). With increasing calcination temperature, the
crystallinity also increases and the remaining polymer residues are removed, leading to a rise
in the activity. After reaching a maximum at 550 °C, the hydrogen evolution rates decrease for
the sample calcined at the highest temperature (600 °C). Reasons can be either the

breakdown of porosity and surface area in this sample, or the increasing average crystallite
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5 Results and discussion
size L, (Figure 5.42d) being away from the already found optimum crystallite size of around
13 nm in CsTaWOe nanoparticles (see Chapter 5.1.1.4).

Table 5.6: Properties of P123-derived mesoporous CsTaWOs, prepared at different
temperatures and with different additives.

Taaic/°C  additive Lo/ nm  Sger/m2g! Dp/nm V,/cmig?! Hz/pumolh?

400 - - 90 10 0.27 -
450 - 67 12 0.26 24
500 - 65 7 0.11 8.3
550 - 10.8 60 10 0.20 10.7
600 - 16.8 35 13 0.14 3.6
550 citric acid 9.2 47 5 0.05 8.3
550 H2S04/HCI 9.5 78 13 0.24 14.9
citrate
- 42 3.9 - - 8.9
route

L, = crystallite size, Sger=BET surface area, D, =average pore diameter, V,=pore volume,
H. = evolved hydrogen at steady state conditions with 0.075 wt% Rh as co-catalyst.

Further conclusions can be drawn from the listed properties and photocatalytic
performances of the mesoporous samples in Table 5.6. First of all, the surface area does not
seem to have a major influence on the photocatalytic activity, which can be seen from the
samples from 400 to 550 °C, where the complete removal of polymer residues is most
important. The samples calcined at 500 and 550 °C exhibit similar surface areas, comparable
crystallinity and only minor residues of polymer, as it could be seen from TG-MS (Figure 5.34).
Thus, other parameters have to be taken into account. The pore size distribution of the 500 °C
samples is much more narrow compared to the sample calcined at 550 °C, also leading to a
higher pore volume in the latter case. To exclude the factor of calcination temperature, the
mesoporous CsTaWQOs materials prepared with different additives, but at the same
temperature, were considered. The sample prepared with the addition of citric acids shows a
comparably narrow pore size distribution as the 500 °C sample without additives and showed
nearly the same photocatalytic activity, confirming that a narrow pore size distribution is not

beneficial. In general, a mesoporous CsTaWOg prepared with pores smaller than 10 nm gave
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5.2.3 P123-derived mesoporous CsTaWOsg

even lower activities than the non-porous reference sample. Therefore, one can conclude that

mesopores with a size below 10 nm are too small for an efficient hydrogen generation.

Adding H,SO4 and HCI to the synthesis, the pore size distribution is very broad, even
broader than for the sample calcined at the same temperature without additives, and slightly
shifted to higher pore sizes. This material also showed the highest surface area and the best
photocatalytic performance. An increase by a factor of two was observed compared to the
non-porous reference or the next best mesoporous sample, prepared without the addition of
additives at 550 °C. The reasons for this enhanced photocatalytic activity for the generation
of hydrogen from water/methanol can be an improved mass transport of methanol into the
large and less uniform pores (see also TEM images in Figure 5.45). This causes a better
diffusion of the methanol into the bulk of the mesoporous powder and thus a good charge

carrier separation throughout the whole photocatalyst.03

Summarized, the amount of evolved hydrogen increases with an increase in the median
pore diameter, indicating the important aspect of methanol transport in photocatalytic
hydrogen production. Marugan et al. could also find limited internal diffusion problems and a
kinetic control of the reaction by mass transport in their work on mesoporous Ti02.2%% In their
case, a broad pore size distribution led to better performance, too. The enhancement in
activity does not scale with the surface area, as it could be also seen for the CsTaWOe
nanoparticles. The higher number of defects due to the lower calcination temperature
compared to the non-porous reference material leads to charge carrier traps inside the
material.'* The higher defect concentration could be already assumed from Raman spectra
(Figure 5.43b) and the effect will be explained later in more detail when comparing all

prepared samples (see Chapter 6).

The stability of the most active mesoporous photocatalyst CsTaWQOs prepared with
H2SO4/HCl as additives was tested. Post-catalytic TEM, XRD, UV-Vis absorption and
physisorption measurements after around 10 h of photocatalytic hydrogen production are
illustrated in Figure 5.47. The sample is not altered by the photocatalytic reaction and still
offers high crystallinity and mesoporous morphology. BET surface area and pore volume from
N2 physisorption were closed to values before the photocatalytic test reaction, being 67 m? g
and 0.21 cm?3 g1, respectively. Slight changes are probably due to the deposition of Rh outside

and inside the pore system. Small differences in the absorption spectra can be referred to the
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Rh co-catalyst, even if the distribution could not be depicted from TEM images due to the low

concentration of Rh.
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Figure 5.47: Post-catalytic characterization of P123-derived mesoporous CsTaWQg with H,SO4/HCI as
additives: a) Rietveld refinement of the sample (parameters can be found in Table 5.5, b) N,
physisorption isotherm, c) UV-Vis spectra before (black) and after (red) H, generation, and d) TEM

image of the sample after photocatalysis.
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5.2.4 ISO-derived mesoporous CsTaWOg

5.2.4.1 Characterization and assigning the pore geometry

For the synthesis of mesoporous CsTaWQOgs with much larger pore sizes compared to P123,
the use of ISO polymer as porogen and a drying process on a heating plate was performed.
These pores are big enough to have a closer look via scanning electron microscopy (SEM).
Figure 5.48 illustrates SEM images of different ratios of polymer to precursor with a constant
amount of polymer solution (2 mL), but increasing amount of precursor solution, namely 100,
200, 400, 600, 800 and 1000 pL (Cs,COs3, TaCls and WCls in EtOH; see Table 3.9 in
Chapter 3.2.2.2). It could be found that with smaller portions of precursor, highly ordered
spherical mesopores could be obtained (Figure 5.48a-b). In contrast, increasing the amount of
precursor led to the formation of a non-ordered pore system with a more undefined pore
shape (Figure 5.48c-f). All samples were calcined at a temperature of 550 °C because this
temperature was already found to be the optimum for the P123-derived samples. Later, also

higher calcination temperatures will be tested to have a closer look insight the influence of

the calcination temperature on the photocatalytic activity.

Figure 5.48: SEM images of 1SO-derived mesoporous CsTaWOQOg with different precursor-to-polymer
ratios, resulting in different pore sizes and ordered or non-ordered pore systems. The amounts of
precursor solution are a) 100 pL, b) 200 pL, c) 400 plL, d) 600 uL, e) 800 pL and f) 1000 uL, whereas the

amount of polymer solution was always set to 2000 pL.
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A fine-tuning of the precursor-polymer-ratio showed that even a slightly higher amount of
250 pL precursor solution still results in well-ordered mesopores, raising the yield of the
synthesis. SEM images of this sample with higher magnification are presented in Figure 5.49.
Highly ordered domains of the mesoporous system can be seen on the entire powder surface.
In SEM images, the impression of the kind of ordering is strongly depending on the facets that
is caught on picture on the respective image. Figure 5.49d shows the [111] direction,1>%263
giving a view also on the pores behind the first layer, indicating a well penetrating pore system
over the whole powder volume. For a more detailed discussion about the different facets in

the alternating gyroid (G*) structure, see the work of Li et al. from Cornell University, USA.2%*

Figure 5.49: SEM images with different magnifications of ISO-derived, highly ordered mesoporous
CsTaWOs (250 pL precursor solution, 2000 pL polymer solution). The insets in d) show a high

maghnification of the ordered CsTaWOs (top) and a simulated image of the gyroid structured pore

ordering (bottom), fitting perfectly to the observed structure at the [111] direction.?®3

The average pore size from SEM images (inset Figure 5.49d) was measured to be around
40 nm. This value will be compared with other characterization techniques and confirmed
later on. TEM images (Figure 5.50) also illustrate the high ordering of the pores and the pore

wall can be calculated to be between 10 to 15 nm.
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Figure 5.50: TEM images with different magnifications of ISO-derived, highly ordered mesoporous

CsTaWOQe (250 pL precursor solution).

Insights into the crystallinity were obtained using XRD. As it was described above, the
calcination temperature was set to 550 °C due to the findings with the P123 polymer. As it can
be seen from the black curve in Figure 5.51, a holding time of 30 min was too short to get a
complete conversion of the precursor into the desired CsTaWOg product, visible from the high
amorphous background around 2 #=20-35°. A fully crystalline product was received by
increasing the holding time to 1 h, both for the ordered (250 pL precursor solution, red curve)
as well as for the non-ordered sample (1000 pL, blue curve). It can be already seen that the
XRD pattern of the non-ordered sample has more pronounced and sharper reflections,
indicating a bigger average crystallite size. These sizes will be estimated via Rietveld

refinements for all samples in the next chapter.

—— 1000 pL; 1h @ 550 °C, 1 °C min™
——250 uL; th @550 °C,1°C min™
—— 250 pL; 30 min @ 550 °C, 5 °C min ]

Intensity / arb. units

20/°

Figure 5.51: XRD patterns of ISO-derived ordered mesoporous CsTaWQs (250 L), calcined for 30 min
(black) or 1 h at 550 °C (red) and non-ordered mesoporous CsTaWQOs (1000 pL), calcined for 1 h at
550 °C (blue). CsTaWQg reference card: JCPDS 25-2033.
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N2 physisorption isotherms of the three in Figure 5.51 illustrated samples showed an
unique behavior. First of all, the isotherms are identical for the ordered samples with 30 min
and 1 h holding time, confirming that a longer holding time just has an influence on the full
conversion of the precursor, while the pore size and geometry stays the same (Figure 5.52a).
Adsorption and desorption branches were analyzed using the NLDFT adsorption and
equilibrium model. The validity of both models was checked by the fitting comparison and the
fitting error was 1.3 % for the adsorption and 3.6 % for the equilibrium model (Figure 4.2b).
The pore size distributions from NLDFT models reveal different distributions for the
adsorption and desorption isotherm, indicating a minor pore blocking effect in this sample
due to smaller necks compared to the main pores that have to be emptied before emptying
the bigger pores. The maximum of the PSD in the ordered CsTaWOg is around 39 nm, which is
in very good agreement with the value from SEM images (40 nm). The BET surface area for
the ordered as well as for the non-ordered sample is 37 m? g*. So the samples have the same
calcination temperature and the same surface areas, but different pore sizes and crystallite

sizes, making it interesting to compare in their photocatalytic activity later on.
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Figure 5.52: a) Corresponding N, physisorption isotherms of the in Figure 5.51 shown samples and b)
pore size distributions from the adsorption (squares) and desorption branches (crosses) of the ordered

and non-ordered CsTaWQOg powders, both calcined for 1 h at 550 °C.

Up to now, the ordering of the pore system was confirmed by SEM images (Figure 5.49). A
more powerful technique to get an overall view of an ordering throughout the whole sample
are SAXS measurements. These measurements were performed and the results are shown in

Figure 5.53 for the ordered (a) and non-ordered (b) mesoporous samples before calcination.
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Figure 5.53: SAXS patterns of the 1SO/Cs;WOCIs-hybrid before calcination of the a) ordered

mesoporous sample (250 pL precursor solution) and b) non-ordered mesoporous sample (1000 pL).

The ordered material shows well-defined reflections, which were compared with possible
ordered structures of the ISO polymer known in literature (e.g. gyroid, lamellar, orthorhombic,
hexagonal).2%143150.265 The sample before calcination (Figure 5.53a) matches the best with
theoretical reflections of the alternating gyroid structure, indicated by solid vertical marks.
Therefore, together with the results from SEM images, an alternating gyroid structure seems
to be the present ordering in the mesoporous CsTaWQe.22 However, due to the low resolution
of the SAXS data, a final assignement of the mesopore architecture cannot be made. SAXS

synchrotron measurements with high resolution are planned to finally solve the structure.

The non-ordered sample only shows one main reflection, whereas other reflections just
appear as weak shoulders at higher g-values. This is one more indication for a non-ordered
pore system. The first main reflection in both SAXS patterns can be consulted to estimate the
average value d from the middle of one pore to another, including the pore walls. With the
relation g = 4nsind/A and under consideration of the Bragg equation (2.13) one can get the
relation15°'264'266
_ (5.8)
T q

to calculate d. This parameter has a value of 80 nm and 82 nm for ordered and non-ordered

d

samples before calcination, respectively. This value for the I1SO/Cs;WOCIs hybrid is
considerably higher than for comparable mesoporous transition metal oxides like ISO/Nb,0s

(62 nm)?%® and 1SO/Ta,0s (53 nm).2?2 Reasons for the difference can be either the smaller
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crystallite sizes and therefore thinner pore walls (7 nm after 700 °C for Nb,0Os), which also
leads to a thinner wall between the pores in the non-calcined sample, or the smaller molecular
weight of the ISO polymer. For the preparation of mesoporous Ta;0s, an ISO polymer with
My, = 69 kg mol! was used (compared to 80 kg mol™ in this work), leading to smaller polymer

micelles.

The estimated value from SAXS measurements for the pore-pore distance of approximately
80 nm in the ordered 1SO/Cs;WOCIs-hybrid system before calcination could be confirmed by
SEM images with high magnification (Figure 5.54). Here, the distance between two pores was
found to be around 85 nm, and the pore walls have a value of 20 nm. It should be noticed that
the pore-pore distance and pore walls are measured before calcination and therefore should
be more correctly called a micelle-micelle distance and intermediate precursor thickness,

respectively.

Figure 5.54: SEM images of the 1ISO/Cs,WOClIs-hybrid at two different magnifications, showing highly

ordered polymer micelles.

5.2.4.2 Influence of the calcination temperature

The large pores of the ISO-derived mesoporous CsTaWOs could enable the calcination at
higher temperatures without collapsing of the pore structure, as it was the case in the P123-
derived samples (see Figure 5.37 and Table 5.6). Two samples with the same synthesis
strategy as for the ordered and non-ordered large pore structured CsTaWOs were calcined for
1 hat 700 °Cinstead of 550 °C. The corresponding XRD patterns are shown in Figure 5.55. Both
samples retain the defect-pyrochlore structure of CsTaWOs with narrower reflections
compared to the samples calcined at 550 °C (Figure 5.51), which indicates larger crystallite

sizes. Detailed investigations will be shown later in the Rietveld refinements.
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Figure 5.55: XRD patterns of ordered and non-ordered samples, both calcined for 1 h at 700 °C.

The N2 physisorption isotherms still show a hysteresis, suggesting a preserved pore system
(Figure 5.56). The pore size distributions from NLDFT absorption branches confirm this
assumption. The BET surface areas and pore volumes are decreased for both the ordered and
the non-ordered mesoporous CsTaWOs, resulting in values of 22 m?g?, 0.26 cm3g? and
28 m2g?t, 0.23 cm3 g1, respectively. The smaller surface area and higher pore volume of the
ordered mesoporous sample arise from the slightly larger pores of this sample, with a
maximum in the PSD at 40 nm, while the non-ordered sample reveals a maximum at around
25 nm. The decrease in surface area can be also resulting from less roughness of the
mesoporous samples after heating to 700 °C. However, two maxima occur in both samples at

these two positions of 25 and 40 nm.
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Figure 5.56: a) N, physisorption isotherms and b) pore size distributions from the adsorption (squares)
and desorption branches (crosses) of the ordered and non-ordered CsTaWOs powders, both calcined

for 1 h at 700 °C.
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When comparing the TEM images of both ordered mesoporous CsTaWOs calcined at 550 and
700 °C, differences can be seen in the pore wall structure (Figure 5.57): at lower temperatures,
the pore walls appear not as crystalline as in the sample calcined at a higher temperature. The
pore size itself seems to stay the same, confirming the results of the N, physisorption data
(Figure 5.56). The "darker" looking pore walls in the TEM image of the higher temperature
treated sample are also an indicator of the higher crystallinity and/or of thicker pore walls and
therefore a longer pass-through way for the electrons in the transmission electron
microscopy, resulting in a darker color of these areas. From TEM images, the average pore
wall thickness was estimated to be 10 to 15 nm and 15 to 20 nm for I1SO-derived ordered
mesoporous CsTaWOs, calcined at 550 °C and 700 °C, respectively. The same dimension of
increase in the pore wall thickness can be also seen in the average crystallite sizes from

Figure 5.59 (growth of around 5-6 nm when going to higher temperatures of 700 °C).

Figure 5.57: Comparison of TEM images with same magnification of ordered mesoporous CsTaWOs

calcined a) for 1 h at 550 °C and b) for 1 h at 700 °C.

Besides the above described samples of 1ISO-derived mesoporous CsTaWQOs powders, two
reference materials were prepared following the same synthesis strategy, but without using
any polymer in the solution. The three precursors were dissolved in the same amount of EtOH
plus THF and dried under the same conditions (see Chapter 3.2.2.2). Figure 5.58 shows XRD
patterns of this materials, calcined for 1 h at 550 °C or 700 °C. Unfortunately, in both cases,
the obtained CsTaWOQOs was not totally phase-pure. An incomplete conversion of the
precursor/the intermediate products (e.g., Cs;WOCIs, amorphous condensated Ta/W
oxychloride) to CsTaWOe can be seen. The reference calcined at 550 °C shows small reflections

of residual CsCl from the incomplete conversion and a caesium tungsten oxide of CsW1,606

122



5.2.4 1SO-derived mesoporous CsTaWOsg

stoichiometry and cubic Fd3m crystal structure with a lattice constant of 10.213 A. However,
giving an exact composition of the caesium tungsten oxide is not possible, because a number

of reference cards have the same crystal structure and positions of the reflections.
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Figure 5.58: XRD patterns of CsTaWQOs materials prepared according to the ISO-derived synthesis
method with drying on a heating plate, but without polymer in the synthesis solution. The resulting
pattern mainly consist of CsTaWOs (JCPDS 25-0233), but especially at 550 °C with impurities of
CsW160¢ (JCPDS 07-1337) and CsCl (JCPDS 02-2173).

The surface areas for these materials are very low (7.7 m? g for 550 °C, 3.6 m? g for
700 °C). Due to the impurities in these reference materials, they could not be used as non-
porous reference materials for the ISO-derived mesoporous CsTaWQs. The formed by-
products decrease with increasing temperature. A possible reason for the incomplete
conversion at lower temperatures could be the missing porous structure in this material and

thus evolving products (Clz, HCI, see Equations (5.5) to (5.7)) can hardly leave the material.

5.2.4.3 Crystallite sizes in ISO-derived mesoporous CsTaWOs

Since Rietveld refinements were shown to be a very powerful tool for the characterization
of the crystallographic properties of CsTaWQOgs samples (as for nanoparticles in Figure 5.3 and
P123-derived mesoporous CsTaWOg in Figure 5.42),3%3> such refinements were made for the
ISO-derived mesoporous CsTaWQs, too (Figure 5.59). For the samples calcined at 550 °C,
different values for the average crystallite size can be found with approximately 10 and 12 nm
for the ordered and non-ordered materials, respectively. Going to higher temperatures of
700 °C, the crystallite sizes are exactly the same for both samples. In all cases, the whole
scattering curve can be refined perfectly and the corresponding crystallite sizes and

discrepancy values are shown in Table 5.7
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Table 5.7: Obtained parameters from Rietveld refinements of P123-derived mesoporous CsTaWOs,

synthesized with or without additives and at different temperatures.

Precursor  Teaic/ L./ Rwp /
Sample Strain X2
solution / pL °C nm %
ordered, 550 250 550 9.9 36.3 2.8 7.2
non-ordered, 550 1000 550 12.2 183 8.3 11.3
ordered, 700 250 700 16.3 —* 5.7 9.7
non-ordered, 700 1000 700 16.3 —* 4.3 7.9

* calculation of strain was not performed for all samples;
Tealc = calcination temperature, L, = average crystallite size, x> = goodness of fit,
Rwp = weighted profile R-factor
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Figure 5.59: Rietveld refinements from XRD patterns of ISO-derived ordered mesoporous CsTaWOs,
calcined at a) 550 °C and b) 700 °C and of non-ordered mesoporous CsTaWOs, calcined at ¢) 550 °C and

d) 700 °C and their corresponding crystallite sizes L.

124



5.2.4 1SO-derived mesoporous CsTaWOsg

The band gaps of all materials were determined via Tauc-Plot from diffuse reflectance UV-
Vis spectroscopy and illustrated in Figure 5.60a, all having a band gap of around 3.6 eV. This
represents the same value as for the P123-derived mesoporous samples (Figure 5.43) or
CsTaWOs reference materials.3® Raman spectra of all samples, even the samples without
polymer, always consist of nine different Raman modes, as they were described in Table 5.2.
No remarkable differences between the calcination temperatures or ordered and non-
ordered materials can be seen (Figure 5.60b). However, e.g. CsCl impurities cannot be seen in

Raman spectroscopy because the solid salt does not have any Raman active modes.?*?
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Figure 5.60: a) UV-Vis and b) Raman spectra of ISO-derived mesoporous CsTaWOQ¢ with ordered and
non-ordered pore system, calcined at two different temperatures and reference samples with

calcination steps at the same temperatures, but without ISO polymer (non-porous references).

A comparison of the most important properties of the ISO-derived mesoporous samples

plus a reference material via citrate route is given in Table 5.8.
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Table 5.8: Properties of ordered and non-ordered ISO-derived mesoporous CsTaWOs, with a reference

material prepared via citrate route.

Precursor
Tealc / L/  Seer/ Dy (NLDFT) Vo/
Sample solution
°C nm m2g? /nm cm3 gt
/ uL
ordered, 550 250 550 10 37 39 0.39
non-ordered, 550 1000 550 12 37 25 0.26
ordered, 700 250 700 16 22 39 0.26
non-ordered, 700 1000 700 16 28 25/40 0.23
sol-gel non-porous
850 42 3.9 - -
citrate route ref.

Talc = calcination temperature, L, = average crystallite size, Sger = BET surface area, D, = average pore
diameter, V, = pore volume.

5.2.4.4 Photocatalytic activity

The photocatalytic performance was measured under UV light irradiation (Chapter 4.3.2).
References from citrate route and solid state reaction were also taken into account when
comparing the photocatalytic activities. Rh as co-catalyst was stepwise added until the
hydrogen rates did not increase remarkably any more. The results of the hydrogen production
activities are shown in Figure 5.61 for reference materials (citrate route, SSR, mesoporous
route, 13 nm CsTaWQe nanoparticles) and the ordered and non-ordered samples, calcined at
550 °Cor 700 °C. It can be clearly seen that the calcination temperature has a strong influence
on the Hz evolution rates: the samples tempered at lower temperature (550 °C) always exhibit
higher rates compared to their direct equivalent, calcined at a higher temperature (700 °C).
This is the case although the pore sizes for ordered and non-ordered samples do not change
dramatically and BET surface areas are also decreasing not as strong as the activity decreases.
Besides this smaller effect of the decreasing surface area on the evolution rates, the main
reason for the lower activities seems to be the crystallite size. When comparing the crystallite
sizes L, of the mesoporous materials with the highest activity (Table 5.8), it can be seen that

La is in the same region as for the best performing CsTaWOs nanoparticles, which is around
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13 nm. This once again indicates that the crystallite size has the major influence on the

photocatalytic activity and not the surface area of the investigated material.
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Figure 5.61. Photocatalytic hydrogen production under UV light of ISO-derived mesoporous CsTaWOsg

compared to different reference materials.

Another remarkable result of photocatalytic activity studies on the 1SO-derived
mesoporous CsTaWOs can be found in the influence of the pore ordering. The obtained
hydrogen evolution rates for the highly ordered mesoporous samples with two different
calcination temperatures are in both cases slightly lower compared to results for the non-
ordered mesoporous materials. This leads to the conclusion that a pore ordering does not

have any positive influence on the activity of a photocatalyst.

It is also interesting to see that samples tested under UV light show a different behavior
regarding the loading with co-catalyst. Under solar simulator irradiation, the smallest amounts
of Rhodium (0.025 wt%) showed the best performances (Figure 5.15 and Figure 5.46),
whereas under UV light, a loading of 0.075 wt% was the most active (CsTaWQs via SSR and
citrate route) or the activity even slightly increases with further addition of Rh, as for the
mesoporous samples. This can be an evidence for 1) materials with a high surface area need
comparably more co-catalyst and 2) that the higher number of excited electrons due to the
more intensive light irradiation of the UV lamp causes the necessity of more active sites of the

co-catalyst to get a migration of all charge carriers to the surface.
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5.2.5 Continuative experiments

5.2.5.1 Preparation on a heating plate with P123 as porogen

Due to the successful synthesis of ISO-derived mesoporous CsTaWOe under a glass dome
on a heating plate, the same synthesis strategy was carried out with P123 as porogen instead
of the ISO polymer. The procedure described in Chapter 3.2.2.2 stayed exactly the same; only
the I1SO polymer was replaced by the P123 polymer (conc. 10 wt% in EtOH, THF). As at the
beginning of the already shown results for the P123 derived mesoporous CsTaWOs prepared
in a climatic chamber and ISO-derived under a glass dome, the precursor-to-polymer ratio was
changed at first. Different ratios led to the in Figure 5.62 shown N physisorption isotherms

and corresponding pore size distributions.
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Figure 5.62: a) N, physisorption isotherms and b) corresponding NLDFT pore size distributions of P123-

derived mesoporous CsTaWOQg, dried on a heating plate under a glass dome aperture.

It can be clearly seen that this synthesis procedure resulted in highly porous materials when
using volumes of the precursor solution from 318 to 1270 uL, whereas a higher amount led to
a less porous material and a decreasing BET surface area (see Figure 5.63a). The highest
surface area of around 102 m? g and a pore size of 5 nm in average can be obtained with
1270 uL of precursor solution. This value of the pore size is the typical one for a preserved
pore formation with P123 and without a collapse of the pore system. Corresponding TEM
images are shown in Figure 5.63b and confirm a highly mesoporous CsTaWQs with an average

pore size of 5 nm.

128



5.2.5 Mesoporous transition metal oxides: Continuative experiments

a) 120 b)
_ 100} .
ko))
N
E 80 |
3
w
(/)m
60 | . -
40 1 1 1 1 1
0 500 1000 1500 2000 2500

[ uL

precursor solution

Figure 5.63: a) Dependence of the BET surface area from the amount of precursor solution in the final
precursor/polymer-solution and b) TEM images of P123-derived mesoporous CsTWOg with the highest

surface area (1270 pL precursor solution), dried on a heating plate.

However, the crystallinity of the as described synthesized mesoporous CsTaWQs is still a
problem, as it can be seen from XRD measurements (Figure 5.64a). The "normal" calcination
procedure with a heating rate of 5°C min? for P123-derived samples results in a highly
mesoporous material with high surface are (Figure 5.64b), but an amorphous background
remains in the XRD pattern. Going to slower heating rates and longer calcination times (with
1°Cmin?t to 550 °C for 1 h, as for the 1SO-derived materials), the mesoporous CsTaWOs
product is totally crystalline, but the porous structure disappears nearly completely. The
differences in the required calcination time between the P123-derived mesoporous CsTaWOs
dried in a climatic chamber and on a heating plate can be the thicker film in the latter case.
The obtained pellet after the drying steps on the heating plate and under vacuum (inset in
Figure 5.29a) has a thickness of a few millimeter (~ 3 mm), whereas after drying on a Petri dish
in the climatic chamber, a fine powder is obtained. During calcination, these two different
dimensions can lead to higher calcination times for the pellet to remove all the polymer
residues and get a complete crystallization, while, in the case of P123 as porogen, the pore

structure can collapse during that process.

So there are different calcination times and heating rates necessary to get a mesoporous
product, which is at the same time highly crystalline for the P123-derived samples in a Petri
dish, P123-derived samples in a PTFE cup and ISO-derived samples in a PTFE cup. P123-derived
mesoporous CsTaWOs just needs 30 min at 550 °C with a heating rate of 5 °C mint. At such

fast calcination conditions, P123 is a good porogen to form a highly porous product, as it can
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be seen in the results of Chapter 5.2.1 and 5.2.3. Using the same synthesis in a PFTE cup results
in a much thicker tablet of the P123/Cs;WOCIs hybrid before calcination. To get a fully
crystalline product and at the same time a full removal of the polymer, this higher thickness
makes it necessary to go to lower heating rates and a longer holding time of 1 °C min'! and
1 h, respectively. However, these low calcination conditions lead to an already composed
P123 polymer and therefore a non-preserved pore structure in Figure 5.64. On the other hand,
the much more stable ISO polymer can preserve the pore system even with a high ordering at

this temperature, as it was shown in Figure 5.49 and Figure 5.50.
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Figure 5.64: a) XRD patterns of P123-derived mesoporous CsTaWQOs with two different calcination
programs, prepared on a heating plate (reference card: JCPDS 25-2033) and b) corresponding N,

physisorption isotherms of the same samples.

5.2.5.2 Preparation on a heating plate with PIB-PEO as porogen
Another polymer that should be more stable and therefore further preserve the pore
system is the PIB-PEO block copolymer. Once again, different precursor-to-polymer ratios

were tested and results of XRD and N3 physisorption are shown in Figure 5.65.

Highly mesoporous CsTaWQOs with an average pore size of around 10 nm and surface areas
of 37, 64 and 65 m? gt occurred with 200, 400 and 600 pL of precursor solution, respectively
(Figure 5.66a). The pore size fits quite well with pore sizes reported in literature for a PIB-PEO
polymer with the same molecular weight as used in this work.'>® However, for the synthesis
with the more stable PIB-PEO polymer, no phase-pure crystalline CsTaWOs could be obtained

due to less homogenous mixture of precursor and polymer solution. Thus, maybe a change in
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the solvents for a complete solvation of the PIB-PEO polymer and the precursor at the same

time could lead to better results (e.g. a mixture of ethanol and 2-methoxyethanol).'>3
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Figure 5.65: XRD pattern of one sample of the PIB-PEO-derived mesoporous CsTaWOQO;s (600 uL),

showing an amorphous background and small reflections from by-products (reference card:

JCPDS 25-2033); b) Ny physisorption isotherms of PIB-PEO-derived mesoporous CsTaWQOs samples,

with three different precursor ratios and constant polymer amount.

a) adsorption branch b) desorption branch

F"U) F"U)

= =

[ [
™ ™

e e

(&] (&

o o

2 B

> >

© ©

Pore width / nm Pore width / nm

Figure 5.66: NLDFT pore size distributions of PIB-PEO-derived mesoporous CsTaWOe samples, with
three different precursor ratios and constant polymer amount: a) adsorption branch and b) desorption

branch.

5.2.5.3 P123-derived mesoporous KTaWOg

After the experiments on mesoporous CsTaWQs, another defect-pyrochlore structured
material should be tested for its ability to be synthesized with a mesoporous structure.
KTaWOs was chosen due to two reasons: first, the use of potassium instead of caesium would

create a much cheaper material due to its lower cost. Furthermore, the substitution of the A
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cation in the general formula ABB'Og should lead to less synthetic problems compared to the
replacement of Ta or W, as it was the case in the preparation of CsNbWOQOs and CsTaMoOe
nanoparticles (Chapter 5.1.2). In best case, the potassium cation does not affect the whole
process significantly. For the synthesis of mesoporous KTaWQs, potassium acetate (KOAc) was
used instead of Cs2COs in the standard synthesis. XRD patterns of the obtained P123/KTaWOs
hybrid and after calcination to a mesoporous KTaWQg are shown in Figure 5.67a. Interestingly,
the hybrid before calcination is just amorphous without any preformed crystalline
oxychlorides as in the case of the synthesis of mesoporous CsTaWQs (Chapter 5.2.2). After
calcination for 30 min at 550 °C, the desired KTaWOs phase was obtained, indicated by the

same reflections as the reference card no. 18-1571.
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Figure 5.67: a) XRD pattern of the P123/KTaWOe-hybrid (red) and of mesoporous KTaWQe after
calcination for 30 min at 550 °C (black; reference card: JCPDS 25-0684) and b) Raman spectrum of the
mesoporous KTaWOg after calcination and a CsTaWOg reference spectrum. Bands fit perfectly to the
literature values for KTaWO0e.2®” The band(s) at 1300-1400 cm™ can be assigned to sp3-hybridized

carbon (residual polymer/polymer decomposition products).2%®

However, an amorphous background can be seen in the XRD pattern at the same positions
as in the P123/KTaWOs-hybrid before calcination (2 8 = 20-30° and 50-60°), indicating an
incomplete conversion of the precursor and/or an incomplete removal of the polymer. From
Raman spectra (Figure 5.67b), the same bands as for the CsTaWQg reference material with the
same crystal structure can be seen, just with differing intensities. This was predicted and
shown in literature.?®’ A broad band at higher wavenumbers of around 1300-1400 cm™ can

be assighed to residual organic waste from an incomplete polymer removal.?%®
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Nitrogen physisorption was recorded and the results of the isotherms and the pore size
distributions are illustrated in Figure 5.68. Also for this compound, a highly mesoporous

material could be obtained with a pore size of around 7 nm and a BET surface area of 72 m? g1,
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Figure 5.68: a) N, physisorption isotherms and b) corresponding NLDFT adsorption model pore size

distribution of P123-derived mesoporous KTaWOQOg, dried on a heating plate under a glass dome.

If compared with mesoporous CsTaWOQs, treated at the same conditions (Figure 5.62), it
can be seen that the average pore size in mesoporous KTaWOe is too large for a perfectly
preserved P123-derived pore structure. Therefore, probably a longer heating time at a lower
calcination temperature (~ 500 °C) would lead to a mesoporous KTaWOs with preserved pore
size of around 5 nm, a high surface area and a total crystalline product due to complete
removal of the polymer. Furthermore, the intensities of the reflections in Figure 5.67 are
already very sharp at 550 °C, indicating a too high crystallite size, which can be also a reason
for the beginning collapse of the pore system. Also this problem could be solved when going

to lower calcination temperatures.
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5.3 Conclusion

The preparation of CsTaWOe nanoparticles with a number of different particle sizes offered
the conclusion of an optimum particle size (optimum crystallite size) for this compound at
around 13 nm. This low-temperature hydrothermal synthesis of nanoparticles was the first
reported for a quaternary photocatalyst system and the first report of a quantum size effect

with decreasing crystallite size.3*

It could be shown that the preparation of mesoporous defect-pyrochlore structured
materials (CsTaWOs and KTaWOs) with high surface areas and different pores sizes is possible.
The preservation of the porous morphology is the major problem in the synthesis of these
complex photocatalyst materials, whereas the used polymer has a strong influence on the
possible heating rates and heating times. With P123 as porogen, a highly mesoporous material
with surface areas of up to 78 m? g and variable pore sizes of 5 to 20 nm could be obtained,
depending on the used additives. This was the first mesoporous quaternary photocatalyst
reported so far and it could be shown that large pores are beneficial for the photocatalytic
hydrogen production.3> However, achievement of a pore ordering was not possible with this
polymer. Reasons are the worse templating properties due to the small contrast between
hydrophilic and hydrophobic part of the P123 block co-polymer and its lower thermal stability,

both leading to a non-ordered pore structure.

In contrast, the pore system derived from the more stable polymers ISO and PIB-PEO can
be preserved much better.?>! In the case of the ISO polymer, an ordered mesoporous CsTaWOs
was obtained with alternating gyroid pore geometry, large pore sizes of around 40 nm, and a
corresponding surface area of 37 m? gl. The 1SO-derived mesoporous CsTaWOs is the first
guaternary photocatalyst reported with an ordered pore structure. Changing the precursor-
to-polymer ratio during the synthesis led to the formation of a non-ordered mesoporous
material with the same surface area and median pore size. The formation mechanism of the
synthesis was investigated in detail, and an unusual stable intermediate Cs;WOCIs with
tungsten in the uncommon oxidation state +V could be found. Photocatalytic tests showed no
advantage of pore ordering; the non-ordered ISO-derived mesoporous CsTaWOQOg reached a
higher hydrogen evolution rate compared to the ordered sample, and even higher values

compared to a CsTaWOg reference material via SSR.
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The synthesis strategies could be adapted for other defect-pyrochlore structured materials,
such as CsTaMoOe and KTaWOs in the case of nanoparticles, and KTaWOs in the case of P123-

derived mesoporous materials.

5.4 Characteristics of nanostructured CsTaWOg

All the above shown photocatalytic measurements (Figure 5.15, Figure5.46 and
Figure 5.61) were carried out with Rhodium loaded in different amounts as co-catalyst. The
loading with Rh was always necessary due to an interesting effect in the nanostructured
CsTaWOgs materials. During irradiation with a solar simulator, nanostructured materials exhibit
a strong blue colorization if not loaded with co-catalyst (Figure 5.69). At the same time,
hydrogen evolution rates were relatively low compared to values after Rh deposition. The dark
blue color disappears after the addition of Rh, and the dispersion becomes white again, with
a light greyish tint due to the deposited Rh. As it was already reported in Chapter 5.2.2.1, a
blue color can be an indication for the reduction of W(+VI) to W(+V). This reduction occurs by
electrons excited into the conducting band and therefore the W5d orbitals, leading to a
partially change in the oxidation state of tungsten. If these electrons are not transferred to
the nanostructured CsTaWOg surface, an accumulation occurs inside the material, leading to
the strong colorization. This effect can also explain why the biggest nanoparticles (30 nm)
show the highest blue colorization in experiments. Addition of Rh leads to a transfer of these
electrons to the surface, their consumption in proton reduction into hydrogen and therefore
a decoloration of the photocatalyst and the evolution of hydrogen gas. Such a partially
reduction of the conduction band forming transition metal and therefore a storage of

269

electrons was already reported for TiO, photocatalysts®®® as well as for carbon nitride,

whereas in the latter case, the trapped electrons form highly reductive radicals.?”°

irradiation irradiation

+0.075 wt% Rh as
co-catalyst

no co-catalyst

mesoporous CsTaWOg
or CsTaWOg-NPs

Figure 5.69: Colorization of nanostructured materials during irradiation under a sun simulator due to
the reduction of W(+VI) to W(+V). The blue color most probably arises from generated electrons in the

conduction band, which do not migrate to the surface due to a missing co-catalyst.
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The colorization can be also followed by UV-Vis spectroscopy, as shown in Figure 5.70a,
while EPR spectroscopy did not show any stronger signal that could be assigned to W(+V)
(Figure 5.70b). Maybe the concentration inside the solution is too low for a clear detection

with EPR.

The accumulation of electrons could in theory be used for reduction processes that need a
lot of electrons at the same time, like CO; reduction into CH4® or N into NH3.2’! Experiments
should be done e.g. with CsTaWQOs nanoparticles dispersed in MeOH without deposited Rh
plus gaseous CO; or N,. After shining light on the dispersion and a blue colorization, Rh could
be added and the evolved gases could be detected with MS. A direct reduction of these gases

on a photocatalyst would be a very interesting reaction for the preparation of chemical

compounds.
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Figure 5.70: a) UV-Vis spectrum of CsTaWQg nanoparticles during photocatalysis. Changes in the
absorption are related to the blue colorization of the dispersion due to the above-mentioned effect of
electron accumulation on the W 5d conduction band, leading to a reduction to W(+V). b) EPR spectrum
of the same sample after irradiation with light. No clear signal of the W(+V) oxidation state can be

seen.
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6 Comparison of different morphologies and their influence on

photocatalytic activity

To answer the introductive question about the best morphology for a photocatalyst,
different nanostructured samples of the defect-pyrochlore structured CsTaWQOs were
synthesized and characterized in detail in the above shown chapters. The desired
morphologies of non-ordered and ordered mesoporosity and nanoparticulate materials
(Figure 2.17)*'9 could be prepared and were investigated regarding their photocatalytic
activity. A summarizing picture of the morphologies achieved for CsTaWQs is given in
Figure 6.1, here illustrated with the obtained spherical pore geometries for the non-ordered

and ordered mesoporous materials.

Figure 6.1: lllustration of the different nanostructure morphologies: non-ordered porous materials
(left), ordered porous materials (middle) and nanoparticles (right) plus TEM images of the different

CsTaWOs nanostructured samples prepared in this work.®

The prepared nanoparticles resulted in the conclusion of the optimum crystallite size for
CsTaWOs to be 13 nm and therefore a diffusion length of the minority charge carriers of about
6-7 nm (Chapter 5.1.1). Additionally, it was found that the surface area is not the main
important value in photocatalysis and therefore, an increasing surface area does not directly
lead to a better photocatalytic performance (see H. evolution results of CsTaWOe

nanoparticles in Figure 5.15).3* Non-ordered P123-derived mesoporous samples were hinting
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to a larger pore size being beneficial compared to small and narrow pores, as it could be seen
in Figure 5.46.3°> Hard-templating approaches for CsTaWOs led to the same assumption (not
shown in this work; see reference 1%2). Due to this finding, the triblock copolymer ISO was used
for the preparation of non-ordered and ordered mesopore systems with large pore sizes. An
ordered pore geometry was found to have no advantages compared to a non-ordered pore
system (Figure 5.61). Figure 6.2 summarizes the photocatalytic results for a number of
samples, including a reference material via the sol-gel citrate route,*® synthesized at a high

temperature of 850 °C, and different nanostructured CsTaWOQOe materials.
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Figure 6.2: Photocatalytic activity of nanostructured CsTaWOgs samples prepared in this work and of a
reference material synthesized via sol-gel citrate route® at comparably high temperatures (850 °C).
Average crystallite sizes (La), pore diameter (Dp) from NLDFT and BET surface areas (Sger) are also

shown.

The highest photocatalytic activity could be found for the ISO-derived non-ordered
mesoporous CsTaWOs with a moderate surface area of around 37 m? g, where the synergetic
effect of a large pore size (20-40 nm) and the optimum crystallite size (12 nm) resulted in the
best performing photocatalyst. Unlike in the case of CsTaWOe nanoparticles, for the ISO-
derived mesoporous CsTaWOs samples no quantum size effect could be seen when looking at
the different band gaps of the material (Figure 5.60), all having a value of 3.6 eV. Thus, another
parameter has to influence the CsTaWQOs compound at small crystallite sizes La. The strain as

an indicator for the number of defects in a crystal was found to be highly dependent on the
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crystallite size and the used synthesis temperature (Figure 6.3). In the case of a low synthesis
temperature as for the CsTaWOg nanoparticles (150 °C), the strain is at a constantly high value
and further increases for the smallest crystallite sizes. This can explain the comparably low
activities in hydrogen evolution for all nanoparticles compared to materials prepared via other
synthesis techniques and therefore higher temperatures. Even the best performing
nanoparticles with an average crystallite size of 13 nm are just reaching the value of the sol-
gel citrate route sample, although the surface area is more than ten times higher and the
crystallite size in the citrate route sample of 34 nm is far away from the found optimum. The
formation of a charge separating space charge layer plus the very low strain in this material

can probably compensate the disadvantage of the big crystallites.
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Figure 6.3: Maximum values of strain, determined by Rietveld refinement, of different nanostructured
CsTaWOs and reference CsTaWOs materials. The strain value can be considered as an estimation of
the total amount of structural defects in the particular sample.’®*2% The marked area indicates the
region of the optimum crystallite size. The dashed line for the CsTaWOg nanoparticles is just to guide

the eye and is not a result of data fitting.

The mesoporous CsTaWQOgs samples also show a trend to higher strain with decreasing
crystallite size. That is the conclusive proof for the correctness of the assumption that a
crystallite size of around 12 to 13 nm is the optimum for CsTaWQs, because the I1SO-derived
ordered and non-ordered samples have the same surface area, but exhibit different
photocatalytic activity. The better performance of the non-ordered ISO-derived CsTaWOs is a

consequence of the low strain in this product and the crystallite size being close to the
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optimum value. 1SO-derived mesoporous samples, calcined at 700 °C and thus with Larger
crystallites, show worse performance caused by the longer diffusion ways of the charge

carriers to the surface (Figure 6.2).

The minor influence of the surface area is illustrated in Figure 6.4a, where a random
distribution of the relative activities independent from the BET surface areas can be seen.
However, when plotting crystallite size and surface area with relation to their relative
activities, a region with the best performing photocatalyst can be found around the assumed

optimum crystallite size of 12-13 nm (Figure 6.4b, marked red).
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Figure 6.4: a) Relative activities versus BET surface areas, showing no clear trend. The most active
nanoparticles and mesoporous materials were set to 1; all others were set in relation to these values.
b) Crystallite size and BET surface areas with respect to the relative activities, indicating a clear

optimum of the crystallite size at around 12-13 nm (marked red).

The properties of the most important photocatalysts and their photocatalytic activities in

hydrogen evolution from water/methanol are summarized in Table 6.1.
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Table 6.1: Properties and photocatalytic activities under UV light irradiation of several CsTaWOsg

samples prepared in this work.

Pore Taac/ La/ Seer/ Dp/ Ve / H2 (0.075 wt% Rh)/
Sample
geometry  °C nm m?g! nm cmi gl pmol h?

cit. route - 850 34 3.9 - - 204

NPs - 150 13 46 - - 191

P123 non-ord. 550 10 60 10 0.20 189
ISO-250 ordered 550 10 37 39 0.39 360
ISO-1000  non-ord. 550 12 37 25 0.26 403
ISO-250 ordered 700 16 22 39 0.26 155
ISO-1000  non-ord. 700 16 28 25/40 0.23 219

Tealc = calcination temperature, L, = average crystallite size, Sger = BET surface area, Dy = average pore
diameter, V, = pore volume and H, is the evolved hydrogen at steady state conditions with 0.075 wt%
Rh as co-catalyst.
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7 Conclusion

A set of new syntheses was established for the preparation of nanostructured CsTaWQOs
with increased surface area, decreased calcination time and temperature, and enhanced
photocatalytic activity,3*3> all compared to standard synthesis routes for the defect-

pyrochlore structured CsTaWOg such as SSR?%3132 and citrate route.3°

Single crystal CsTaWOs nanoparticles were synthesized with different crystallite sizes from
8 to 30 nm via a hydrothermal synthesis, and showed surface areas of up to 76 m? g% for the
smallest particles.3* The photocatalytic activity was found to be best for nanoparticles with an
average size of 13 nm, which was concluded to be the optimum crystallite size for the
CsTaWOs material, giving a hint for the diffusion length of the minority charge carriers to be
around 6 to 7 nm. Higher average crystallite sizes led to a decrease in the photocatalytic
performance due to enhanced recombination processes. Furthermore, smaller crystallite sizes
resulted in an increased band gap due to the quantum size effect and enlarged strain in the

particles.

Mesoporous CsTaWOg with different pore sizes, pore ordering and non-ordered porosity
were prepared using the block copolymers P1233> and ISO as porogen. It could be found that
the major influence in mesoporous materials is the pore size itself and not the surface area of
the samples. Small and narrow pores led to no advantage compared to non-porous reference
materials, whereas bigger and broader pore size distributions gave rise to an enhanced
photocatalytic hydrogen generation, independent of the used polymer and the resulting
surface area. An ordered mesopore system showed less activity compared to a non-ordered
sample with the same surface area and comparable pore sizes, indicating that pore ordering
has no benefits in photocatalysis. The small differences between ISO-derived ordered and
non-ordered mesoporous CsTaWQs are related to the marginally different crystallite sizes of
these two samples, leading to a crystallite size in the non-ordered sample close to the
optimum value found for CsTaWOQOs nanoparticles and therefore enhanced activity. The reason
for the disadvantage of a slightly smaller crystallite size in the ordered mesopore system could

be attributed to the increased strain parameter in this sample.

It was possible to adapt the introduced synthesis routes for the preparation of

nanoparticulate CsTaWOs and mesoporous CsTaWOe on other defect-pyrochlore structured
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materials, resulting in KTaWQOs and CsTaMoQOs nanoparticles, and mesoporous KTaWQs. The
preparation of mesoporous materials on a heating plate under a glass dome was used for first
experiments with other polymers than ISO, such as P123 and PIB-PEO, leading to promising

results for both polymers.

CsTaWOs nanoparticles showed a variety of possible further applications, such as starting
material for the preparation of CsTaWOs nanofibers or a good ability of Sn-doping due to the
much smaller particle size and increased surface area compared to the citrate route or SSR
products. Theoretically, mesoporous CsTaWOe should also be a good starting material for gas
phase doping experiments (e.g. with ammonia) due to the high surface area, especially for
large pore sizes because of the good exchange and penetration of the doping solution into the

entire material.

At the beginning of this work, there had been no systematic investigations on the best
morphology of a photocatalyst. Many publications in literature showed confusing results,
sometimes contradicting each other or being less comparable, e.g. due to the choice of
inappropriate reference materials, the formation of by-phases or the variation of more than
one parameter at the same time. In this work on a CsTaWOs photocatalyst as a model system,
phase-pure materials were compared with well-known reference materials from literature
syntheses and a systematic variation of parameters such as crystallite size, surface area and
pore diameter was made. These results can give an answer to the above given question on
the best morphology of a photocatalyst. In the best case, a photocatalyst has to provide the
optimum crystallite size for the desired compound and a pore size that enables transportation
processes throughout the whole sample. At the same time, the synthesis temperature should
be as high as possible to avoid strain, but still maintain the optimum crystallite size. For
CsTaWOs, these values are found to be 13 nm for the crystallite size and more than 20 nm for
the pore diameter. At a calcination temperature of 550 °C, the polymer structure working as
a directing agent is burned away completely and a phase-pure and crystalline product with
reduced strain can be obtained. Thus, a mesoporous morphology with thin pore walls and
large pores gave the best results in photocatalytic hydrogen production. These results should

be generally valid for other transition metal oxide photocatalysts, too.
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The morphological influences on the photocatalytic hydrogen production of CsTaWOs
should be in theory valid for other transition metal oxide photocatalysts, such as TiO,, Ta;0s
and Nb;Os. Due to its unique properties, CsTaWOs is a good material for a model
photocatalyst. However, the cost-intensive elements, especially caesium, make it a highly
expensive material. A first step away from this critical aspect is the substitution of caesium
with the earth-abundant element potassium, which is considerably cheaper. As it could be
shown in Chapter 5.2.5.3, the preparation of a mesoporous KTaWOg is also possible and the
synthesis of KTaWOs nanoparticles with the above-described hydrothermal process had been
already successful in our group. Microwave-assisted synthesis of the nanoparticles is an even
more timesaving synthesis technique and was shown for CsTaWOs in Chapter 5.1.3. This could
be adapted for other defect-pyrochlore structured materials such as CsTaMoQOg or KTaWOs.
Due to its similar properties like the defect-pyrochlore structure, comparable band gap and
band positions, all the conclusions drawn in this work should be certainly valid for KTaWOeg,

too.

Both nanostructuring techniques, nanoparticle preparation and mesoporous material
synthesis, should be beneficial for a homogenous doping. Although high temperature doping
techniques such as N- or S-doping are less useful for nanostructured materials due to their
sensitivity against harsh conditions, doping from aqueous solutions showed some promising
first results for nanoparticulate systems (Chapter 5.1.3.3). Similar results can be expected for
the highly mesoporous materials with large pore sizes because of their good properties for a
complete penetration of the doping solution inside the whole material. This would lead to

nanostructured, quaternary photocatalysts with activity in the visible light range.

However, there is the general question whether nanostructuring is really necessary in
photocatalysis. It could be demonstrated above that nanostructuring can lead to an improved
photocatalytic activity even compared to the best-known bulk reference, here CsTaWOs
prepared in a solid-state synthesis. Although the enhancement is just around 20 %, these
results show that nanostructuring can indeed be advantageous. This can become very
important regarding more complex composite photocatalyst systems, such as Z-scheme
structures, where a high contact area is fundamental to obtain the advantage of charge carrier

separation on the interfaces of the different compounds. Here, nanostructuring could be
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extremely helpful, and the results of this work can give a manual of how to get the best
morphology for such a photocatalyst material. One concept for such a high-interface
composite photocatalyst could be a second photocatalytically active material, incorporated or
even completely filling the pores of the mesoporous host. An incorporation or coating of the
mesoporous photocatalyst could lead to a very efficient charge separation and a large surface
area simultaneously. A complete filling would decrease the surface area, but the advantage of
the well-distributed two-phase system could predominate. The same concept of a coated
layer on the nanostructured host can be imagined for the nanoparticulate material, for

example as a core-shell system.?72273

The preparation of mesoporous materials on a heating plate under a glass dome was found
to be a very useful tool to generate compounds even with a complex stoichiometry like
CsTaWOs. A wide range of polymers can be chosen, all resulting in highly porous powders of
the desired compound. Therefore, it should be possible to synthesize other promising
photocatalyst materials with a mesoporous morphology, such as earth-abundant oxides like

ferrites with promising band positions (MgFe204, CaFe;04, ZnFe,04).274
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10 List of abbreviations

= arcminute (unit)

" = arcsecond (unit)

% = percent (unit)

° = degree (unit)

°C = degree Celcius (unit)
6 = scattering angle

A = wavelength

W = micro-, prefix of units
donating a factor of 10°®

Us = Bohr magneton
v = frequency

1 = ratio of a circle's
circumference to its
diameter

p = density

o = Stefan-Boltzmann
constant

X? = goodness of fit
2D = two-dimensional
a = lattice constant

A = acceptor

A = ampere (unit)

A = Angstrom (unit)

A, = contact surface area of
2

one molecule nitrogen
Acac = acetylacetonate
AM = air mass coefficient
arb. units = arbitrary units
at% = atomic percent (unit)
au = astronomical unit

B = Debye Waller factor or
FWHM

Bo = magnetic induction

bar = unit of pressure, 1 bar
equals 10° Pa or 0.987 atm

BET = Brunauer-Emmett-
Teller model

BJH = Barrett-Joyner-
Halenda model

n-BuOH = butan-1-ol

¢ = centi-, prefix of units
donating a factor of 103

C = BET constant

CB = conduction band
CoPi = cobalt phosphate
cos = cosine

cps = counts per second

CsNbWOg = caesium
niobium tungstate

CsTaMoQg = caesium
tantalum molybdate

CsTaWOsg = caesium
tantalum tungstate

CTAB = hexadecyltrimethyl-
ammonium bromide

D = diameter, distance or
diffusion length

D, = pore diameter
d = day (unit)

d = distance between
parallel lattice planes

D = donor

DFT = density functional
theory

DLS = dynamic light
scattering

10 List of abbreviations

DMF = dimethylformamid
DOS = density of states
Dr. = Doctor

Dr. rer. nat. = Doctor rerum
naturalium

DR-UV-Vis = diffuse
reflectance UV-Vis
(spectroscopy)

DST = daylight saving time
e” = electron

e = elementary charge

E = east

E =energy

e.g. = exempli gratia, for
example

Ece = conduction band
energy

Er = Fermi energy, Fermi
level

E; = band gap energy
Evs = valence band energy

EDX = energy-dispersive
X-ray spectroscopy

EISA = evaporation-induced
self-assembly

EPR = electron
paramagnetic resonance
(spectroscopy)

et al. = et alii, and others
etc. = et cetera, and so on
EtOH = ethanol

EU-28 = European union
with its 28 member states

eV = electronvolt (unit)
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10 List of abbreviations

Fd3m = space group 227
Fm3m = space group 225

FTIR = Fourier transform
infrared spectroscopy

g = gram (unit)

g = g-factor, dimensionless
magnetic moment

G = Gauss (unit)

AGP = Gibbs free energy
GC = gas chromatograph
h = hour (unit)

h = Planck constant

h* = hole

H* = proton

H, = hydrogen

H.O = water

HAc = acetic acid

HER = hydrogen evolution
reaction

hkl = Miller indices
Hz = Hertz (unit)

IR = infrared, infrared
spectroscopy

lsc = average solar
irradiation

ISO = polyisoprene-b-

polystyrene-b-poly(ethylene

oxide)

IUPAC = International Union
of Pure and Applied
Chemistry

J =Joule (unit)

JCPDS = Joint Committee on
Powder Diffraction
Standards
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k = kilo-, prefix of units
donating a factor of 103

k = wave vector
K = Kelvin (unit)

K = Bragg constant

Kq = electron transition from

L shell to K shell
KOACc = potassium acetate

KTaWOsg = potassium
tantalum tungstate

L = liter (unit)

L = diffusion length

L, = (average) crystallite size

m = meter (unit)

m = milli, prefix of units
donating a factor of 103

m = mass

M = molar concentration
(unit)

M = molecular weight

M. Sc. = Master of Science
m/z = mass-to-charge ratio
MeOH = methanol

MFC = mass flow controller
min = minute (unit)

mol = mole (unit)

MS = mass spectrometer
Mw = molecular weight

n = nano-, prefix of units
donating a factor of 10

N = north
Na = Avogadro constant

Nb(OEt)s = niobium
ethoxide

NLDFT = non-local density
functional theory

no. = number
NP = nanoparticle(s)
0, = oxygen

OER = oxygen evolution
reaction

p = pressure
po = saturation pressure

PEO-PPO-PEO =
poly(ethylene oxide)-b-
poly(propylene oxide)-b-
poly(ethylene oxide);
Pluronic

P123 = PEOzo-PPOm-PEOzo

P25 = titanium dioxide
nanopowder, 21 nm
primary particle size,
trademark of Evonik
Degussa GmbH

PAN = polyacrylonitrile

PEG, PEO = poly(ethylene
oxide)

PEO-PS = poly(ethylene
oxide)-b-polystyrene

pH = potential of hydrogen
Pl = polyisoprene

PIB-PEO =
poly(isobutylene)-b-
poly(ethylene oxide)

PI-PEO = polyisoprene-b-
poly(ethylene oxide)

PI-PS-PEO = polyisoprene-b-
polystyrene-b-poly(ethylene
oxide); ISO

ppm = parts per million
(unit)



PPG, PPO = polypropylene
oxide

Prof. = Professor
PS = polystyrene
PSD = pore size distribution

PTFE = polytetrafluoro-
ethylene (Teflon)

g = scattering vector (SAXS)

QSDFT = quenched solid
density functional theory

QSE = quantum size effect
R = gas constant

R = radius or reflectance (in
UV-Vis spectroscopy)

Rwp = weighted profile R-
factor

rpm = revolution per minute
(unit)

s = second (unit)
S = scattering vector (WAXS)

Seer = surface area from BET
equation

SAED = selected area
electron diffraction

SAXS = small-angle X-ray
scattering

SEM = scanning electron
microscopy

SHE = standard hydrogen
electrode

sin = sine
SSR = solid-state reaction
t =time

T = tera-, prefix of units
donating a factor of 10

T =Tesla (unit)

10 List of abbreviations
T =temperature X, y, Z = positions to

. describe a three
Tealc = calcination

dimensional system
temperature

Ta(OEt)s = tantalum XPS = X-ray photoelectron

ethoxide spectroscopy

XRD, PXRD = (powder) X-ray

TCD = thermal conductivity
diffraction

detector

TDOS = total density of z = angle between incoming

radiation and the ground
states

TEM = transmission electron
microscopy

TEOS = tetraethyl
orthosilicate

TG, TGA, TG-MS =
thermogravimetric analysis
with mass spectrometry

THF = tetrahydrofuran

TMOS = tetramethyl
orthosilicate

UV = ultraviolett

UV-Vis = ultraviolet-visible
(spectroscopy)

V = volt (unit)
V = volume
Vads = volume adsorbed

Vimono = Volume to cover one
monolayer

V, = pore volume
VB = valence band

vol% = volume percent
(unit)

W = Watt (unit)

WAXS = wide-angle X-ray
scattering

w/o = without

wt% = weight percent (unit)
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