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Summary

The photocatalytic hydrogen production is considered an environmentally
promising and friendly method, which could lead to achieve clean and
renewable hydrogen and contribute in the future to store solar energy as

chemical energy.

Inorganic semiconductor materials are usually used as photocatalysts and
different strategies are applied in order to avoid the recombination of
photogenerated charges, one of these strategies is the addition of noble-metals
as co-catalysts. However, the use of noble metal-free photocatalysts has
attracted great attention in the last decade. On the other hand, the use of
sacrificial electron donors as hole scavengers increases the yield of the process
when compared with pure water-splitting. In this context, aqueous solutions of

bioalcohols are proposed as attractive sources to produce renewable energy.

In this thesis, three different systems have been developed and studied in
the photocatalytic hydrogen production from aqueous solutions of ethanol: Ti-
containing hybrid mesoporous organosilicas, MoxC/g-C3sN4 nanocomposites

and engineered MoxC/TiO2 nanomaterials.

Photocatalysts have been characterized by different techniques such as,
N2 adsorption-desorption isotherms, powder X-ray diffraction, Fourier-
transform infrared, Raman and UV-visible diffuse reflectance spectroscopy,
scanning and transmission electron microscopy and X-ray photoelectron
spectroscopy. Additionally, photoelectrochemical properties of materials have
been evaluated by photoluminescence, photocurrent response measurements

and electrochemical impedance spectroscopy.



Mesoporous organic-inorganic hybrid materials with biphenyl moieties
and mesoscopically ordered structures (Ti-PMOs) were successfully
synthesized using a microwave-assisted method. The presence of tetrahedral
Ti** into the framework of Ti-PMOs is related with a lower rate of photoinduced
charge recombination, an easier charge transfer and a better photocatalytic

performance of Ti-PMOs hybrid materials.

The preparation of MoxC/g-CsN4 nanocomposites containing MoC and/or
Mo2C with different sizes onto g-CsN4 nanosheets was accomplished using an
ultrasonic-assisted method and previously prepared MoxC and g-CsNa4. The
MoxC characteristics determined the photoelectrochemical behaviour of
MoxC/g-C3sN4 and consequently their photocatalytic behaviour. The system

containing simultaneously hcp Mo2C and fcc MoC was the most efficient.

Shape-engineered TiO2 anatase nanoparticles (nanosheets and
bipyramids) were used for the preparation of MoxC/TiO2 nanocomposites in
order to study the effect of MoxC in the photocatalytic behaviour of MoxC/TiOx2.
Although in all cases, a beneficial effect of MoxC presence was found, the effect
depended on the shape of TiO2. Specifically, a correlation between the
exposition of (101) facets onto anatase nanoparticles and the efficiency of the

final system is established.



Resumen

La produccion fotocatalitica de hidrogeno se considera una ruta
medioambientalmente interesante que puede dar lugar a la produccion de
hidrogeno renovable y por tanto contribuir en un futuro al almacenamiento de

energia solar como energia quimica.

Se han estudiado muchos materiales inorganicos semiconductores como
fotocatalizadores, y se han seguido diversas estrategias para intentar evitar la
recombinacion de las cargas fotogeneradas. Una de las estrategias es la
adicion al semiconductor de metales nobles como co-catalizadores. Sin
embargo, es preferible el uso de sistemas en el que no estén presentes los
mismos. Por otra parte, el uso de agentes de sacrificio donadores de electrones
puede también contribuir a aumentar el rendimiento del proceso de obtencion
de hidrogeno cuando se compara con el uso de agua pura. En este contexto,
una propuesta atractiva para la obtencion de hidrogeno renovable es el uso de

disoluciones acuosas del bioalcoholes.

En esta tesis doctoral se han estudiado, en la produccion fotocatalitica de
hidrogeno a partir de disoluciones acuosas de etanol, tres sistemas distintos
gue no contienen metales nobles: sistemas hibridos organosiliceos
mesoporosos conteniendo titanio (Ti-PMOs), sistemas laminares basados en
CsNg grafitico con MoxC (MoxC/g-CsNa), y sistemas basados en nanoparticulas

de TiO2 anatasa con distintas formas y MoxC depositado (MoxC/TiOz).

Todos los fotocatalizadores se han caracterizado usando distintas
técnicas tales como: isotermas de adsorcién/desorcion de N2, difraccion de
rayos X en polvo, espectroscopias infraroja, Raman y UV-Vis por reflectancia
difusa, microscopia electronica de barrido y de transmisién y espectroscopia

fotoelectronica de rayos X.



Ademas se han evaluado las propiedades fotoelectroquimicas de los
materiales estudiados mediante espectroscopia de fotoluminiscencia y
medidas de intensidad de corriente fotogenerada y espectroscopia de

impedancia electroquimica.

Los materiales organosiliceos hibridos Ti-PMOs conteniendo grupos
bifenil se han sintetizado utilizando microondas y han resultado mesoporosos
con estructuras mesoscopicamente ordenadas. Se ha podido relacionar la
presencia de Ti** tetraédrico en la estructura de los mismos con una menor
velocidad de recombinacién de las cargas fotogeneradas, una mayor facilidad

en la transferencia de la carga y una mayor eficiencia fotocatalitica.

La preparacion de fotocatalizadores MoxC/g-CsN4, con nanoparticulas de
MoC y/o Mo2C de diferentes tamafios de cristalito en nanolaminas de g-CsNa
se ha realizado a partir de los precursores previamente sintetizados mediante
la aplicacion de ultrasonidos. Las caracteristicas de las nanoparticulas de
MoxC determinan el comportamiento fotoelectroquimico de MoxC/g-CsNa y en
consecuencia su eficiencia fotocatalitica. El sistema que resulta mas eficiente
en la fotoproduccion de hidrégeno es el que contiene simultaneamente hcp

Mo2C y fcc MoC.

Finalmente, se han utilizado nanoparticulas de TiO2 anatasa con distinta
geometria (laminar y bipiramidal) para estudiar el efecto de la presencia de
nanoparticulas de MoxC en el comportamiento de fotocatalizadores MoxC/TiOz2.
Para ello se han utilizado nanoparticulas de MoxC que se han depositado en
TiO2 bajo ultrasonidos. En todos los casos, MoxC actia como un co-catalizador
beneficioso, sin embargo su influencia depende de la geometria del TiOz,
concretamente se ha podido correlacionar la exposicién de las caras (101) del
semiconductor con unas mejores caracteristicas fotoelectroquimicas y

eficiencia fotocatalitica del sistema.
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Chapter 1

1.1 Current hydrogen production and future trends

The global energy crisis is a significant bottleneck affecting the world’s
energy systems. Today, fossil fuels are still the world's primary energy source.
However, fossil fuels are unrenewable resources because their formation takes
millions of years and it is much slower than their consumption. At the same time,
the use of fossil fuels gives rise to environmental problems. Approximately, two-
thirds of global CO2 emissions are coming from fossil fuel use [1]. Therefore,
looking for suitable sustainable energy for electricity, heating, cooling, and
power for transport is widely believed to be one of humanity's greatest

challenges in the 21st century.

Hydrogen is considered of potential application for energy supply because
it could be a sustainable, clean and versatile energy carrier. The hydrogen
combustion heat (122 kJ/mol) is much higher than that of gasoline or other fossil
fuels. Moreover, the energy density of hydrogen (120 MJ/kg) is almost three
times higher than those of gasoline or diesel [2,3]. However, fossil fuels and
steam reforming processes currently dominate the global production of
hydrogen. Nowadays, natural gas, coal, water electrolysis and oil are the four
main sources for commercial hydrogen production, which account for 76%,
23%, 1% and <0.1%, of total hydrogen production in the world, respectively, as

shown in Figure 1.1 [4].

Depending on the source and the CO2 emissions of the global process, the
different methods of hydrogen production have radically different impacts on
the environment. This has led to the proposal of a roadmap for future hydrogen

production (Figure 1.1) [5,6].
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14 u Natural gas
0

23% ‘ = Coal
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Figure 1.1. Sources of current hydrogen production (70 Mt/year) and 2020-
2050 roadmap [5,6].

The electrolysis of water into its components, oxygen and hydrogen, is an
appealing greenway for hydrogen production with zero CO2 emission.
Nowadays, almost 8 GW of electrolysis capacity is used worldwide, accounting
for about 1% of the global hydrogen production [6]. However, the energy
efficiency for converting electricity to hydrogen and the capital cost of the
electrolyzer unit are currently two main barriers to further expand the
electrolysis method to produce hydrogen. Moreover, the CO2 emission in the
generation of the necessary electricity should be avoided using renewable

energy sources [7].

The photocatalytic hydrogen production using solar energy, which has
been extensively studied in the last decade, is another method to achieve clean
and renewable hydrogen [8]. This process is driven by a photocatalyst
suspended directly in water, instead of using an electrolytic device, and could

convert solar energy into chemical energy using electrons and protons from

18
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water. This approach can be considered as a future option of potential

application in the long term.

1.2 Photocatalytic hydrogen production

In the year of 1972, Fujishima and Honda [9] firstly reported the use of TiO2
for the photocatalytic splitting of water and UV light-induced hydrogen
production. After that, photocatalytic hydrogen production has attracted

significant attention all around the world.

The process of solar energy conversion into chemical energy through
photocatalytic water splitting involves a largely positive change in the Gibbs free
energy. The overall photocatalytic water-splitting reaction is a typical uphill
reaction (Figure 1.2) with AG® of 237 kJ/mol, as shown in Figure 1.2 and

equations 1.1-1.3:

2

Chemical energy
H,O 03°g°%% \G?=237kJ/mol

Energy

Figure 1.2. Gibbs free energy of the photocatalytic water splitting process [10].
Reproduced by permission of RSC.

H20 — %02 + H2 E0=1.23V AGP= 237 kJ/mol 1.1
2H" +2e” - H2 E°=0.00 V 1.2
2H20 —» O2 + 4H* +4e~ E°=1.23V 1.3
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It indicates that the incident photon energy needs to be larger than 1.23
eV, which corresponds to wavelengths lower than 1010 nm; thus, 70 % of total

solar radiation can be theoretically available for water splitting [11].

Water itself cannot directly absorb light from sunshine to automatically
carry out the photocatalytic water splitting process; however, the process can

be achieved in the presence of an appropriate photocatalyst.

Usually, photocatalytic hydrogen production is carried out in the
heterogeneous phase, using a semiconductor with a suitable energy bandgap
(Eg) [12,13]. The semiconductor used as photocatalyst has a central role in the
efficiency of the whole process [12-14]. As shown in Figure 1.3, the overall
photocatalytic hydrogen production can be summarized into three main
processes. Firstly, incident photons with energy equal to or larger than the
bandgap energy of the semiconductor are absorbed to produce electron-hole
pairs in the semiconductor. Then, the photogenerated electrons and holes
move from bulk to the surface of the photocatalyst. Finally, the photogenerated
electrons reduce H* into Hz; in the meanwhile, H20 is oxidized into Oz by
photogenerated holes [10]. However, electrons and holes can easily recombine
during the second step, then a poor photocatalytic activity for overall hydrogen
production reaction occurs. This effect could be minimized by the presence of

appropriate co-catalysts [15].

20
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hv ( Bandgap\ “Lohy

+
Photocatalyst it aH

2H20

Figure 1.3. Schematic representation of semiconductors for water splitting [16].
Reproduced by permission of RSC.

The essential parameter that governs the light-harvesting ability of the
photocatalyst is its electronic structure, which determines its Eg. The
conduction band (CB) edge of the catalyst should be more negative than the
reduction potential of H* to H2 (0.00 V), while the valence band (VB) edge

should be more positive than the oxidation potential of H20 to O2 (1.23 V).

TiO2 has been investigated widely as a photocatalyst not only for hydrogen
production but also for CO2 reduction due to its unique chemical and physical
properties [17,18]. TiO2 is cheap, nontoxic and it has high stability, durability
and affordability [19]. Rutile and anatase are the most studied TiO2 crystalline
phases with Eg of 3.0 and 3.2 eV, respectively [17]; therefore, they show
photocatalytic UV-visible response. Figure 1.4 shows the schematic illustration
of water splitting on anatase which is the most photocatalytically active TiO2
crystalline phase. In this case, an incident radiation with a wavelength shorter

than 387 nm is necessary for its photoactivation.

21
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TiO, (anatase) M ,4+ + 1/20,

Figure 1.4. Schematic illustration of the photocatalytic hydrogen generation
on anatase TiOz2 [20].

In addition to the crystal structure, the characteristic of the exposed surface
to the reactants is a crucial factor, which has been demonstrated to influence

the global photocatalytic performance of the material [21].

Besides TiO2, a wide variety of oxide and metal sulfide semiconductor
materials have been explored as photocatalysts for H2 production [22]. Oxide
materials such as ZnO [23], KTaOs [24], SrTiO3 [25] and WOs [26] have been
used under ultraviolet irradiation. Otherwise, CdS is an interesting candidate
for photocatalytic hydrogen production because of its suitable band position and
bandgap value, allowing visible light response; visible light is the main
component of solar light radiation reaching earth [27]. However, when CdS is
used for water splitting, photo corrosion always happens because S% in CdS
rather than H20 is oxidized by photogenerated holes. To avoid this process, the
addition of sacrificial electron donors (SEDs) as hole scavengers are proposed

[28].
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In the past decade, a variety of materials such as organic polymeric
semiconductors, 2D-graphitic carbon nitride (g-CsNs4) and 3D-ordered
mesoporous materials have been used as photocatalysts for hydrogen

production [29-34].

Taking into account the content of this thesis, the 1.3 section is devoted to
different relevant aspects related with the use of TiO2, g-CsNa4 and several Ti-
containing ordered mesoporous materials as photocatalysts. Moreover, the role
of co-catalysts in the photocatalytic performance and the addition of SEDs are
discussed below (1.2.1 and 1.2.2 sections). In addition, the 1.4 section
introduces the photocatalytic CO2 reduction, because the ordered mesoporous
materials developed in this work were tested in both, photocatalytic hydrogen

production and CO:2 photoreduction.
1.2.1 The role of co-catalysts

As mentioned above, the fast recombination of photogenerated electron-
hole pairs is the main problem affecting the efficiency of a semiconductor used
as photocatalyst. The utilization of co-catalysts can promote the separation of
photogenerated charges and suppress the charge recombination by extracting

photogenerated electrons and/or holes [15].

Moreover, an appropriate co-catalyst doped onto a semiconductor can
decrease the overpotential or activation energy of the photocatalytic reaction
and can avoid photo-corrosion to improve the durability of semiconductors

[15,35].

The content, particle size and crystal structure of the co-catalyst in the
photocatalyst can impact the photocatalytic performance [15]. Usually, a
volcano-type relationship between the amount of co-catalyst and the

photocatalytic activity of the system is observed (Figure 1.5). Furthermore,
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different reports indicate that a small size and a high dispersion of the co-

catalyst significantly favor the efficiency of the system [36-38].

& Loading of cocatalysts Excessive loading of

below optimal amount cocatalysts causes
. — . s " .
> (i) promotes charge separation (i) covering active sites on photocatalyst
'_:: and transfer (ii) shielding the light absorption by photocatalyst
g (ii) red uces overpotential for (iii) decreasing the surface area and activity of

gas evolution cocatalysts
.2 (iii) increasing the charge recombination in
b » cocatalysts

-—— - - - - — -
g . = 1§
¢s | The highest activity
v l
0]
g |
B I
Qo
f !
iThe optimal loading value

Cocatalyst loading amount

Figure 1.5. The general relationship between the amount of a given co-catalyst
and the photocatalytic activity of the system [15]. Reproduced by permission of
RSC.

Noble metals such as Pt [39,40], Pd [41,42], Au [43,44], Ag [45,46], Ru
[47,48] and Rh [49,50] have been reported as co-catalysts for photocatalytic
hydrogen evolution and/or CO2 reduction, being Pt the most commonly used.
When the photogenerated electron migrates to the surface of the host
semiconductor, it can be entrapped by the noble metal, which has a lower Fermi
energy level than the host semiconductor. The Schottky barrier formed, after
dopping the semiconductor with the noble metal, decreases the hole/electron
recombination, contributing to increasing the photocatalytic yield [15,35].
However, the high cost and scarcity of noble metals are the main barriers to

their application as co-catalysts.
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In recent years, cheaper and earth-abundant co-catalysts with high
efficiency and high selectivity have been studied [15]. Transition metal oxides,
sulfides and carbides have been demonstrated to be effective co-catalysts,
enhancing the efficiency of the photocatalytic process. Kumar et al. have
reported a highly efficient CuO/TiO2 photocatalyst for Hz2 evolution from a water-
glycerol mixture under natural sunlight irradiation [51]. The efficiency is mainly
related with the nanotubular morphology of TiO2 and the quantum size of CuO
used as co-catalyst, the uni-directional electron flow and capture at the Schottky

barrier would facilitate the charge separation and electron transfer [51].

As stated above, transition metal carbides could be considered appropriate
candidates to be used as co-catalysts because they exhibit metallic
characteristics and show platinum-like catalytic properties. Garcia-Esparza et
al. have demonstrated the co-catalyst effect of tungsten carbide nanoparticles
onto a Na-doped SrTiOs for the water-splitting [52]. More recently, we have
reported the role of WC as co-catalyst onto TiOz in the photocatalytic hydrogen
production from ethanol aqueous solutions [53]. Besides WC, MoxC has been
also used as co-catalyst onto several semiconductors such as TiO2, CdS and
SrTiOs for photocatalytic Hz production [54-57]. In this context, it has been
recently reported the use of different g-CsNas-based photocatalysts containing
Mo2C for photocatalytic Hz production: Mo-Mo2C modified g-CsNa [58],
Mo2C@C/g-CsNa4 heterostructure [59,60], and rod-like g-CsN4 decorated with
Mo2C [61]. In these reports, different routes have been used for both the
preparation of the molybdenum carbide system and the integration onto the g-
CsN4 semiconductor, in all cases, aqueous solutions of triethanolamine (TEOA)

have been used as SED.
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1.2.2 The role of SEDs

As stated above, in a true photocatalytic water splitting, hydrogen is
generated through the reduction process and oxygen is generated through the
oxidation process. However, the oxidation process is especially slow and often
the bottleneck of the whole water-splitting process. In order to improve the
photocatalytic efficiency of the process, some organic compounds are added
as SEDs. In a photocatalytic process, the main task of a SED is to avoid the
recombination of the photogenerated electrons and holes, playing the role of
electron donors or electron-acceptor scavengers. Pellegrin and Odobel have
reviewed the use of SEDs in photocatalytic reactions and have detailed the
mechanism of different sacrificial reagents' performance and thermodynamic

considerations [62].

Typical SEDs are alcohols, amines and organic acids, among others.
Galinska and Walendziewski had compared the use of EDTA, Na2S and
methanol as SEDs in the water splitting over Pt-TiO2 under UV irradiation. The
highest photocatalytic efficiency was achieved when methanol was employed
[63]. More recently, Scaiano et al. compared several TiO2-based catalysts in
true water splitting (no SED), methanol- and formate-assisted hydrogen
photogeneration, they found that the performance of photocatalysts in true

water splitting or SED-assisted systems can not be simply transferred [28].

Ethanol has been also used as SED for photocatalytic H2 production in
different studies [53,64-67]. Nowadays, ethanol is the biofuel produced in the
largest amount worldwide [68]. Moreover, during the photocatalytic process

ethanol can be transformed into interesting intermediate products [66, 67].

If the photoreforming process of aqueous ethanol would be completed,

only CO2zand H2 could be obtained:
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CHsCH20H + 3H20 + 12h* — 2CO2 + 12H" 1.4

12H* + 12e" — 6H2 1.5

However, acetaldehyde, acetic acid and 2,3-butanediol, as partially
oxidized intermediate products, can be found in the final solution after the

photocatalytic process [67]:

CH3CH20H + h* — *CH(OH)CHs + H* 1.6

«CH(OH)CHs + h* — CH3CHO + H* 1.7
CH3CHO + H20 + 2h* — CHsCOOH + 2H* 1.8
2:CH(OH)CHs — CH3CH(OH)CH(OH)CHs 1.9

1.3 Several specific systems as photocatalysts
1.3.1 Shape-engineered TiO2

The fabrication of TiO2 with specific morphologies and exposed facets has
emerged as a promising way to improve TiO2 quantum yield [18,69].
Specifically, anatase TiO2 nanocrystals with different exposed facets have been
developed and some of them have demonstrated enhanced photocatalytic
performance [70-72]. The different exposed facets of anatase TiO2 can slightly

tune the surface free energy and electronic band structure [73]. Moreover,
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different facets of anatase TiO2 can drive photogenerated electrons or holes
[74-76]. Some researches indicate that anatase (001) facets possess lower
thermodynamic stability and higher reactivity due to their high density of
unsaturated titanium and active surface oxygen species [77,78]. Besides, the
role of the anatase (101) facet in producing and separating electron-hole pairs

during the photoexcitation has been demonstrated [79,80].

Anatase (101) facet plays a critical role in CO2 adsorption, facilitating the
transfer of the photogenerated electron from the surface of TiO2 to CO2 during
the photocatalytic CO2 reduction [81]. In the water splitting, the (101) facet also
increases the rate of H2 photoproduction because favors the electron transfer

to water [82].

TiO2 single crystals could facilitate the directional moving of
photogenerated electrons and holes to different surfaces, resulting in an
obviously decreased recombination rate [83-85]. For anatase, experimental
and theoretical researches point to the preference of moving photogenerated
electrons to low-energy (101) facets, while holes preferably migrate to high-
energy (001) facets [86-88]. Thus, a co-exposition of (001) and (101) facets
could improve the photocatalytic behaviour in comparison to each facet alone

[76].

On the other hand, the photocatalytic behaviour of anatase TiO2
nanoparticles depends not only on the facets exposed but also on the post-
synthesis treatment, which can determine physicochemical properties, such as
hydrophilicity and Lewis acidity, and then influence on the photocatalytic

behaviour [89].
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1.3.2 g-Cs3Ns-based systems

The morphologic architecture of the photocatalyst regulated by
dimensionality can be considered as a useful strategy, which could give rise to
an improvement of photocatalytic efficiency [90]. Several 2D materials have
received interest in photocatalytic hydrogen production due to their unique
ability for confining electrons in their ultrathin layer, resulting in exceptional

optical and electronic properties [91].

g-CsNa is a layered material with significant electrical and optical properties,
which has been used in different photocatalytic reactions. g-CsNa4 is a family of
metal-free polymeric semiconductors based on triazine- or heptazine units [30-
32,92-94]. The heptazine-based layered crystalline structure of g-CsNs is

shown in Figure 1.6.

Figure 1.6. Structure diagram of heptazine-based g-CsN4 [95]. 2017 Elsevier
B.V. All rights reserved.

Bulk g-CsNa4 is thermically stable, shows very high resistance to the attack
of strong acid and alkaline solutions and has a visible light response with a
bandgap of 2.7 eV [30]. However, the use of bulk g-CsNa4 in photocatalysis is
limited by the fast recombination of the photoinduced electron-hole pairs. New
fabrication strategies and structure modification of g-CsNa have given

significant breakthroughs for its application in photocatalysis [96-100]. For
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instance, Yang et al. have reported a method to create nitrogen vacancies on
g-CsNg; the nitrogen vacancies sites are active for the photocatalytic oxygen
evolution reaction, promoting the separation and transfer of the photogenerated
charge carrier [99]. A higher crystallinity of g-CsN4 has been related with a
higher light absorption and a faster electron transfer, which results in a higher
photoactivity under visible-light irradiation [100]. Hou et al. constructed a
layered MoS:2 on g-CsNs photocatalyst with thin and planar interfaces in
MoS2/g-CsN4, which is proposed to play a key role in improving photocatalytic
activity. This photocatalyst showed a better photocatalytic behaviour under

visible light irradiation than Pt/g-CsNa4 [38] (Figure 1.7).
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Figure 1.7. Schematic illustration of the photocatalytic H2 production process
over MoSz-loaded g-CsN4 under visible-light irradiation [38]. Copyright (2013)
WILEY - VCH.

1.3.3 Several Ti-containing ordered mesoporous materials

The high surface area, uniform porous array and long-range structure of
ordered mesoporous materials make them attractive candidates to be used as
photocatalysts [101]. Several Ti-containing porous materials based on zeolites,

metal-organic frameworks (MOF), and periodic mesoporous organosilicas
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(PMOs) have been applied in photocatalytic reactions. These materials with
periodic porous structure show high specific surface area, tunable porosities
and dimensionalities, which could capture different substrates into their cavities

and show a high dispersion of catalytic active sites [102-104].

Zeolite-based materials, as the traditional porous materials, were early
utilized in photocatalytic processes. Anpo et al. reported TiO2 species as the
active sites introduced into the structure of mesoporous zeolites (Ti-MCM-41
and Ti-MCM-48) for the photocatalytic CO2 reduction with water. The main
products were CHs4 and CH3OH, exhibiting a high selectivity for the CH3OH
generation and almost 10 times higher photocatalytic efficiency for CHa

generation than bulk TiO2 [105-107].

Ti-containing MOFs have also been used for the photoreduction of COz2
[108]. In these systems, the capability of transferring the photogenerated
electrons avoiding the electron-hole recombination is of main importance; a
strong ligand-metal charge transfer (LMCT) could avoid the recombination of
photoinduced electron-hole pairs, favoring the photocatalytic action of the

material [109].

PMOs are another series of organic-inorganic materials possessing
periodically ordered pores with 2-10 nm width and nanometer-thick pore walls
made of organosilica [110-113]. In PMOs, O15-Si-R-Si-O1.5 units, covalently
bonded, are forming the pore walls. Organic donor or acceptor moieties can be
incorporated within the PMO framework, and this can allow the construction of
appropriate photocatalysts, which show larger void spaces for mass transfer
than those of mesoporous silicas [114]. The presence of 1T-conjugated bridging
groups could make these materials appropriate for light absorption, harvesting,
and photo-induced electron and hole transportation [115-117]. Biphenyl-

bridged hybrid PMOs with crystal-like ordering of walls have been synthesized
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by the self-assembly hydrothermal method and show both periodic ordered

mesoporosity and periodicity at a molecular level [118,119].

PMOs can be also modified with different heteroatoms to improve different
properties [120,121]. The titanium introduction into PMO could improve the
photocatalytic behaviour. In this context, Ti-containing ethane-bridged PMOs
used as photocatalysts for olefin conversion have shown improved epoxide

selectivity [122].

1.4 Photocatalytic CO: reduction

It is well-known the contribution of CO2 emissions to the greenhouse effect.
It is reported that since the pre-industrial period, the average global temperature
has increased by around 1 °C [123]. The development of the world economy
mainly relies on the consumption of fossil fuels, which is considered the main
source of COz2. Figure 1.8 presents the huge increase in CO2 emissions from

1900 [124].
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Figure 1.8. Global CO2 emissions from 1900 to 2020. (Gigatonnes of CO:2 per
year) Source: Global Carbon Project, CDIAC, and IEA. [124] IEA. All Rights
Reserved.
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CO2 capture, storage and conversion into fuels or valuable chemicals can

play a main role in the decrease of CO2 emissions.

In the long term, direct photocatalytic conversion is one of the more
promising research fields into COz2 recycling. Under this concept, CO2 could be
considered a green molecule from which, through renewable solar energy,

desirable chemical products and fuels could be sustainably obtained.

Since the early report by Halmann in 1978, the photocatalytic CO:2
reduction with water into hydrocarbons, by solar energy as the driving force,
has attracted much attention [125-127]. The fundamentals of photocatalytic
COz2 reduction are similar to those of photocatalytic H2 production [128]. Both,
H* and CO: reduction, make use of photogenerated e in the CB of a
semiconductor. In parallel, to make the process catalytic, an e~ donor must be
provided to scavenge h* in the VB, reducing the charge recombination in the

semiconductor (Figure 1.9).

Figure 1.9. Scheme of elementary steps occurring in photocatalytic CO:2
reduction with water over a heterogeneous photocatalyst [129]. Reproduced by
permission of RSC.

In order to achieve the photocatalytic CO2 reduction to CO or other value-
added chemicals, electrons generated in the semiconductor are required to
have more negative chemical potential; meanwhile, holes need to lie on the
more positive potential level than the water oxidation process. Egs. 1.10-1.17
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illustrate different CO2 photoreduction processes in H20 and the corresponding
potentials at pH = 7 [130].

Reactions E° (V vs. NHE)

CO2+e” —+CO2” -1.90 1.10
CO2 + 2H* + 2e - HCOOH -0.61 1.11
CO2+2H*+2e” — CO + H20 -0.53 1.12
CO2 + 4H* + 4~ — HCHO + H20 -0.48 1.13
CO2 + 6H* + 6e™ — CH30H + H20 -0.38 1.14
CO2 + 8H* + 8¢™ — CH4 + 2H20 -0.24 1.15
2H20 + 4h* — O2 + 4H* +0.81 1.16
2H* + 2™ > H2 -0.42 1.17

The low conversion efficiency is still the greatest drawback of the
photocatalytic CO2 reduction with H20 in the presence of solar light radiation.
Following, a number of crucial points, which limit the efficiency are presented:
(1) mismatching between the absorption ability of semiconductor and the solar
spectrum; (2) poor separation efficiency of charge carriers; (3) low solubility of
COz2 in H20 (approximately 33 ymol in 1 ml of water at 100 kPa and room
temperature); (4) back reactions during photocatalytic CO2 reduction; (5)
competition of CO2 reduction and photocatalytic hydrogen evolution [131-133].
In order to increase the photoreaction efficiency, this process is carried out in
the presence of SEDs. Several organic compounds such as formic acid and

methanol are used as SEDs for the photocatalytic CO2 reduction. They are
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used as hole scavengers but they can also increase the solubility of COo.
However, carbon-containing products and H2 are produced from typical SEDs
under CO:2 photoreduction conditions [28]. Moreover, SEDs can achieve
photolysis in the absence of photocatalyst [134]. Therefore, an appropriate
study of SED evolution during the photocatalytic reduction is mandatory for a

proper analysis of the results.

1.5 Obijectives and structure of the thesis

Taking into account the above-mentioned background, this thesis aims to
design, prepare and study new photocatalysts for H2 production from ethanol
aqueous solution. Three different materials have been developed: Ti-containing
periodic mesoporous organosilicas (Ti-PMOs), MoxCT/g-C3sN4 nanocomposites
with different MoxC as co-catalysts on graphitic C3sN4, and MoxC/TiO2-X
photocatalysts containing shape-engineered anatase nanoparticles and MoxC

as co-catalyst.

In all cases, the main goal is the preparation and characterization of
materials in order to relate their characteristics to the photocatalytic behaviour.

The specific objectives of this work are:

e Preparation and characterization of new Ti-PMOs hybrid periodically
ordered mesoporous organosilicas with biphenyl moieties and Ti(IV)
species. Study of Ti-PMOs in the photocatalytic H2 production from
ethanol@g). Test Ti-PMOs in the photocatalytic CO2 reduction in the
presence of TEOA as SED. (Chapter 3)

e Preparation and characterization of new MoxCT/g-C3sN4 with Mo2C
and/or MoC phases with different crystallite size. Study of MoxCT/g-C3N4
in the H2 production from ethanolaq) under visible light irradiation.

(Chapter 4)
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e Preparation and characterization of new MoxC/TiO2(NS)-X and
MoxC/TiO2(bipy) photocatalysts using anatase TiO2 nanosheets with
dominant (001) facets and anatase TiO2 nanoparticles with bipyramidal
shape, and, different MoxC nanoparticles previously synthesized. Study
of MoxC/TiO2(NS)-X and MoxC/TiOz(bipy) in the photocatalytic H2

production from ethanolq). (Chapter 5)

Besides the above-mentioned chapters (Chapter 3-5) in which the main
results obtained are presented and discussed, in the present Chapter 1, the
background, which motivated this work is presented. Chapter 2 describes the
different techniques and methods used in the characterization of catalysts; in
addition, the reaction system used for the photocatalytic tests and the analysis
of reaction products are reported. Finally, in Chapter 6 the most relevant

conclusions of this thesis are summarized.
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Chapter 2

This chapter gives a brief description of the techniques used for the
characterization of materials prepared in this work. Moreover, the photocatalytic
reaction system and the analytical methods used to study the photocatalytic

behaviour of different materials are described.

2.1 Characterization techniques

2.1.1 Inductively coupled plasma optical emission spectrometry (ICP-

OES)

Ti content in Ti-PMOs, and Mo content in MoxCT/g-C3N4 and MoxC/TiO2-
X were determined by ICP-OES [1].

The dissolution of samples was carried out as follows:

1) For Ti-PMOs materials, about 50 mg of samples were digested with 4 mL
of HF and 4 mL of HNOs, the mixture was treated with microwave at

210 °C for 20 min (heating ramp of 10 °C-min").

2)  For MoxCT/g-CsN4 materials, about 50 mg of samples were digested with
5 mL HNOs and 3 mL H2SO4 and then treated with microwave at 210 °C

for 20 min (heating ramp of 10 °C-min").

3) For MoxC/TiO2-X samples, about 50 mg of samples were digested with
2.5 mL HNOs and 0.5 mL HF and then treated at 90 °C overnight (almost
12 hours).

The resulting solutions were diluted to 50 mL with HPLC grade water and
used for the final analysis. Different standardized solutions were used for a

proper quantification. All acids used in the digestion process were concentrated.
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In this work, the ICP-OES spectrometer employed was a Perkin Elmer
Optima 3200RL. The analysis was carried out in the Scientific and

Technological Centers of the University of Barcelona (CCiTUB).
2.1.2 Powder X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) is one of the most frequently applied
techniques for the characterization of solids. In this work, it is used to identify
crystalline phases of materials from lattice structural parameters, to obtain an
indication of crystallite size, and to analyze the ordered mesoporosity of Ti-

PMOs materials.

The size (D) of the diffracting crystallite can be determined using the

Debye-Scherrer equation [2]:

K
" bcosH

Where A is the X-ray wavelength and K is a dimensionless shape factor,
with a value close to 1. In this work, a constant value K=1 is used for a specific

diffraction peak; b is the full width at the half of the maximum intensity (FWHM).

Ti-PMOs samples were analyzed in the small-angle zone (0.2°<26<5°) in

order to detect their mesoscopical order [3].

The XRD measurements were carried out in the CCiTUB. The standard
measurements (5-90°) were performed with a PANalytical X’Pert PRO MPD
Alphal powder diffractometer equipped with a Cu Ka1 radiation (a = 1.5406 A)
in Bragg-Brentano 6/26 geometry of 240 millimeters of radius. The small-angle

measurements (0.2°<20<5°) were obtained using a PANalytical X’Pert PRO
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MPD 6/6 powder diffractometer of 240 millimeters of radius, in a configuration
of the convergent beam with a focalizing mirror and a transmission geometry

with flat samples sandwiched between low absorbing films.

The indexation of diffraction peaks and phase identification was performed

using the International Centre for Diffraction Data, PDF and JCPDS files [4].
2.1.3 Fourier-transform infrared spectroscopy (FTIR)

Infrared spectroscopy was used in this work for the characterization of
MoxCT/g-CsN4 and Ti-PMOs materials in transmission and attenuated total
reflectance (ATR) modes, respectively. The measurements were carried out in

the Inorganic and Organic Chemistry Department of UB.

FTIR in transmission mode was performed with a Thermo Nicolet 5700
FTIR instrument; KBr was used as diluent for the pellet preparation. ATR-FTIR
measurements were performed using a Thermo Scientific Nicolet iS5 FTIR
Spectrometer with an iD7 ATR accessory; the ATR accessory allows the direct

examination of the sample without any preparation.
2.1.4 N2 adsorption-desorption isotherms

The determination of the specific surface area of the catalysts was carried
out from the physical adsorption of N2 on the surface of the solid at -196 °C,

which corresponds with that of N2 condensation.

The Brunauer, Emmet and Teller (BET) method [5] was used according to:

P 1 -1 P
= X R
V(PO—P) V,C ' V,C ~ PO
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Where V is the volume of gas adsorbed under standard conditions of
pressure and temperature; Vm is the volume of gas adsorbed when the
monolayer is formed; P/P? is the relative pressure of the gas and C is a constant

that depends on the heat of adsorption of the gas on the solid.

The specific surface area (Sger) is expressed in m?-g* of the solid and is

calculated as:

Nm - NA " O'm
SBET= m
V.. -
m

Where Nn is the number of moles of gas adsorbed per gram of solid when
a monolayer is formed; Na is the Avogadro constant; om is the area occupied
by an adsorbed gas molecule (om (N2) = 0.162 nm? at -196 °C); p is the density
of adsorbed N2z; Mn is the molecular mass of the gas and m is the mass of the

solid.

The pore characteristics of the materials (pore volume and pore size) have
been determined by the method of Barret, Joyner and Halenda (BJH) [6] using

the desorption data of the adsorption-desorption isotherm of N2.

Before the measurement, the materials were degassed under N2 flow (20
mL-min't) using the following conditions: Ti-PMOs at 150 °C for 10 hours,

MoxCT/g-C3N4 at 250 °C for 5 hours and MoxC/TiO2-X at 100 °C for 24 hours.

Adsorption-desorption isotherms were performed using a Tristar I 3020
Micromeritics instrument, available in our group at the Catalonia Energy

Research Institute (IREC).
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2.1.5 Raman spectroscopy

Raman spectroscopy is a characterization technique, which is based on
the study of the radiation scattered by a sample after the incidence of a
monochromatic light beam of frequency (vo). When a light beam interacts with
matter, much of the scattered radiation has a frequency equal to that of the
incident light beam (vo), known as Rayleigh scattering. However, a small
fraction of the radiation exhibits a change in frequency (Raman scattering) that
provides information of the bonds present in the sample. Raman spectroscopy
is thus a technique of broad application in the characterization of solids, and, is
complementary to infrared spectroscopy and X-ray diffraction in the structural

characterization of materials.

In this work, Raman spectroscopy was used for the characterization of Ti-
PMOs samples. Raman spectroscopy measurements were performed with a
Jobin-Yvon LabRaman HR 800 spectrometer in CCiTUB. The spectra were
resulted by 3 accumulations of 5s each with a magnification of 50x. Samples
were excited with a 532 nm solid-state laser with power limited to 1.5 mW to

avoid heating effects.
2.1.6 Ultraviolet-visible diffuse reflectance spectroscopy (UV-vis DRS)

When a beam of UV-visible radiation impinges on a material, different
phenomena occur, such as reflection, scattering or transmission through the
sample. Diffuse reflectance corresponds to the radiation that is absorbed by the
material and emerges by multiple scattering. The diffuse reflectance spectrum
of a powder semiconductor is characterized by increased diffuse reflectance at
a given wavelength, attributed to the decrease in the absorption coefficient. The
Kubelka—Munk (K-M) model allows the transformation of reflectance spectrum

into the corresponding absorption spectrum:
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(1-Rs)*> K
F(Ryp) = ——=—
(Reo) 2R S
R
Roo — sample
Rreference

Where R, is the reflectance of an extremely thin sample; K and S are

the absorption and scattering coefficients.

1
Eg values were determined using the Tauc plot, (F(R.) hv)z versus hv [7].

The analysis of Ti-PMOs samples was carried out using a Perkin-Elmer
Lambda 19 Series spectrometer in the Department of Chemical Engineering
and Analytical Chemistry of UB with the help of Prof. Anna de Juan Capdevila.
The samples were prepared in the middle of two quartz glass coating the
window of the detector. MoxCT/g-C3N4 samples were analyzed in IREC with a
Perkin Elmer Lambda 950 UV-vis spectrophotometer equipped with an
integrating sphere and a Praying Mantis accessory. The analysis of MoxC/TiO2-
X samples was carried out with a Shimadzu UV3600 UV-vis/NIR apparatus
equipped with a diffuse reflectance cell in the Polytechnic University of

Catalonia (UPC). In all cases, BaSO4 was used as reference.
2.1.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is among the most frequently
used techniques in catalysis. XPS is restricted to the analysis of the first layers
of solid materials, making it widely used to determine the chemical state and

the atomic concentration of different elements present on the surface [8].

In general, the emission of electrons is caused by a monochromatic beam

of X-rays, which hits the sample. The kinetic energy of the emitted electrons is
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determined by means of an energy analyzer. The fundamental equation that
relates the BE of the emitted photoelectron with the measured electron kinetic

energy (KE) is given by:

BE = hv —KE — ¢

Where hv is the incident photon (X-ray) energy and ¢ is the work

function of the spectrometer.

The atomic concentration of the elements on the surface can be obtained

by applying the following equation:

Where C, is the atomic concentration of the element (x), I is the area of
the peak of a particular element and S is the corresponding atomic sensitivity

factor.

XPS analysis were performed at the CCiTUB using a Perkin Elmer PHI-
5500 spectrometer equipped with a monochromatic X-ray source (Al Ka line,
hv = 1486.6 eV and 350 W) positioned perpendicular to the analyzer. The
pressure of the chamber during the acquisition of the spectra was kept below
1.33+10°¢ Pa. The binding energy values of the different elements were referred
to C 1s at 284.8 eV. The C 1s peak position of MoxCT/g-C3N4 and MoxC/TiO2-
X was determined using Au 4f72 peak at 84.0 eV as reference. The MultiPak

software processed the deconvolution of the spectra.

61



Experimental section

2.1.8 Transmission electron microscopy (TEM)

TEM is a technique that allows obtaining images and structural information
at the nanometric scale of a solid. The system uses an accelerated beam of
electrons, which passes through a very thin specimen to enable the observation
of features such as structure and morphology. When working at high resolution
(HR-TEM), it allows directly distinguishing the crystallographic planes of the
sample and precisely determining the structure of the crystalline phases

present by applying the Fourier transform [9].

Scanning TEM imaging (STEM) can be also used to analyze the surface

element distribution when coupled to appropriate detectors.

The transmission electron microscope studies carried out in this work were
performed in a JEOL JEM-2100 high-resolution microscope in CCiTUB using a
potential electron acceleration of 300 kV. The samples were prepared by
dispersing a small amount of solid in pure ethanol in an ultrasound bath. A
dispersion of samples was deposited on a copper micro-grid for observation.

The results were processed by software’s of INCA and Digital Micrograph.
2.1.9 Photoluminescence (PL) spectroscopy

PL spectroscopy is a useful technique for the characterization of
semiconductors. When a semiconductor is irradiated with light of energy higher
than Eg, electron/hole pairs are generated, and then in the recombination
process photons are emitted. The PL spectrum can provide information of the
presence of impurities and defects in the sample. The intensity of PL spectrum
can be used to compare the electron-hole recombination rate. A higher intensity

of the PL band is related with a higher recombination rate [10,11].

PL measurements of Ti-PMOs and MoxCT/g-CsN4 samples were carried

out in the Faculty of Physics of UB with the help of Dr. Frank Guell, using a
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Kimmon IK Series He-Cd CW laser (325 nm and 40 mW) at room temperature.
Fluorescence was dispersed through an Oriel Corner Stone 1/8 74000 or a
Spectra2750 Pro monochromator, detected with a Hamamatsu R928
photomultiplier, and amplified through a Stanford Research Systems SR830
DSP lock-in amplifier. A 360 nm filter was used for filtering the stray light and
the emission spectra were corrected using the optical transfer function of the
PL setup. For MoxC/TiO2-X samples, the measurements were obtained in
CCiTUB at room temperature using a Jobin-Yvon LabRam HR 800 dispersive
spectrometer, coupled to an optical microscope Olympus BXFM (40x NUV
microscope objective). The CCD detector was cooled at -70 °C. The laser line

used was 325 nm and the dispersive grating was 300 lines/mm.
2.1.10 Photoelectrochemical (PEC) characterization

The properties related with charge carriers' transport capability of a
semiconductor under illumination conditions can be evaluated by
photoelectrochemical (PEC) measurements. For PEC measurements, the
semiconductor is used as the working electrode in an electrical circuit. The
density of charge carriers and therefore the photocurrent generated by
irradiating the semiconductor with light can be measured. Moreover, the
measurements of the electron transfer in the semiconductor electrode and
across the electrode/electrolyte interface are commonly determined by

electrochemical impedance spectroscopy (EIS).

The transient photocurrent and electrochemical impedance spectroscopy
measurements were carried out using a computer-controlled potentiostat
(VMP3, BioLogic Science Instruments) with an undivided three-electrode cell.
The counter electrode, reference electrode and working electrodes were a Pt
wire, an Ag/AgCl (3 M KCI) electrode, and the prepared photocatalyst electrode

(1 cm? geometric area), respectively. The working electrode was prepared on
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fluorine-doped tin oxide (FTO) conductor glass as follows: 10 mg of samples
were suspended in the deionized water (1 mL) with Nafion (0.1 mL) and
ultrasonicated for dispersing. 0.1 mL of the mixture was then deposited onto
the FTO glass and heated at 120 °C for 1 h to evaporate the solvent. A 0.5 M
Na2S04 aqueous solution was used as the electrolyte. Measurements under
illumination were performed using a 150 W AM 1.5 G solar simulator (Solar
Light Co., 16S-300-002 v4.0) with an incident light intensity set at 1 Sun (100

mW cm™2). The equipment used is shown in Figure 2.1.

The PEC tests were performed in IREC with the help of Dr. Teresa Andreu

and Dr. Sebastian Murcia-Lopez.

Reference e
Electrode | - Counter

Electrode

Figure 2.1. Equipment used for the PEC measurements. (A) three-electrode
reactor; (B) solar simulator lamp; (C) a running experiment under illumination.
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2.2 Photocatalytic reaction system

The study of the photocatalytic behaviour of the prepared materials was
carried out in a designed system, which operates in the liquid phase with an

online analysis of evolved gases (Figure 2.2).

; .................... MFM .......................
Lamp
Lamp jacket
Closet with cooler
Outlet | | = 5=~/ > """ !
flow i !
Light power E
Micro-GC controller \
R | |
Reactants, catalysts ! !
and SED l
Reactor '
Condenser ||t t
Magnetic stirrer emperature || Lamp cooler
cooler controller

Figure 2.2. Photocatalytic reaction system.

The reaction system consists of a custom-made jacketed glass reactor
(Figure 2.3A) with a volume of 300 mL (Trallero and Schlee S. L.), which is
located inside a well-closed black wooden cabinet. The reaction temperature
(20 °C) is maintained by a Huber MCP K6 thermostat bath, which continually
recirculates water. The reactor has five openings for connection (Figure 2.3B).

A thermocouple connected to the opening 1, reads the temperature in the
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solution during the photocatalytic test and allows it to be controlled by the
thermostatic bath that recirculates water through the external jacket. In the
opening 2, there is a steel tube connection that leads to a pressure gauge
located outside the cabinet, which reports a possible unwanted overpressure in
the reactor; opening 3 allows the entry of gases. During the photocatalytic Hz
production, Ar was used as carrier and N2 (40 % v/v) as internal standard. In
CO2 photoreduction reaction, pure CO2 flow was used. The gas-phase products
leave the reactor through opening 4, where a condensation column is
connected and kept at -15 °C by means of an ethylene glycol refrigerated
recirculation system. The gas flow rate of the effluent can be periodically
measured and the composition is analyzed using an online Varian CP-4900
micro gas chromatograph equipped with two modules (A and B) and micro-TCD
detectors. A sample suction system sends an aliquot of samples to each of the
modules. Module A contains a molecular sieve column (Molsieve 5A, 10 m) and
uses Ar as carrier gas, it is used for the analysis of Hz2, O2, N2 and CO. Module
B with a PPQ type column (10 m) uses He as a carrier gas and allows the
analysis of CO2 and hydrocarbons, such as CHs4 and olefins. The detection
limits of both modules are about 10 ppm. The lamp jacket with double-wall is

introduced into the reactor using the central opening 5 (Figure 2.3B).

In this work, two different lamp jackets (2 mm wall thickness) were used
for different photoreaction conditions. One is made of highly purified quartz (No.
7854-25 ACE Glass) with a full spectrum transmittance; the second one is
made of borosilicate glass (No. 7857-05 ACE Glass) which can act as a light
filter, cutting the irradiation with wavenumber lower than 385 nm. The cooling
of the lamp jacket is controlled by a Unichiller Huber 006-MPC cooler and a
circulation system that allows the temperature outside the lamp jacket to be

kept at 20 °C by recirculating water inside.
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____________________________

| Condensing
column

..........................

Condensing Reaction
column ' temperature |
cooler tester |

........................
___________________

| Pressure gauge | : il
connection :

Figure 2.3. Photoreactor: (A) front view; (B) top view. 1, thermocouple; 2,
connection with the pressure meter; 3, gas inlet; 4, gas outlet; 5, central opening
for jacketed lamp introduction (Photographs taken by Dr. Arberto).
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The light radiation source is a broad-spectrum Hg Ace-Hanovia lamp
powered by an ACE-GLASS 7830 Power Supply. Its emission spectrum is
shown in Figure 2.4. The actual power radiation can be measured with a light

density detector (LP471 Irradiance Probe, DELTA OHM).
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Figure 2.4. The emission spectrum of the 175.9 W Ace-Hanovia lamp from Ace
glass inc.

For the photocatalytic experiments, 250 ml of the substrate solution and
the appropriate amount of catalysts are used. The mixture is kept under
constant stirring at 1080 rpm employing an OVAN MCO08C external magnetic

stirrer.
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In Figure 2.5, a photograph of the experimental setup of the photocatalytic

system is shown.

_______________________

_______________________________

Reaction temperature
controller

Figure 2.5. Assembly of the photocatalytic system (open) (Photographs taken
by Dr. Arberto).

At the end of the reaction, the post-reaction solution is filtered and an
aliquot is extracted through a PTFE (0.20 um) filter and analyzed by gas
chromatography (Varian 450) using a CP-Sil 8 CB 30 m x 0.25 mm CP5860

column with an FID detector.

The apparent quantum efficiency (AQE) is a common method to evaluate

photoreaction efficiency [12]. It was calculated for the photocatalytic H2
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production taking into account the number of electrons used in the hydrogen

generation:

number of evolved H, molecules x 2
— x100
number of incident photons

AQE% = (

The estimated number of incident photons capable to generate a couple of
e’/h* for a given photocatalyst was calculated from the measured radiated watt
density at the exterior wall of the lamp-jacket and the spectral lamp lines having

energy higher than the Eg of the photocatalytic material used.

2.3 References

1. Olesik J W. Elemental analysis using ICP-OES and ICP/MS. Analytical
Chemistry, 1991, 63: 12A-21A.

2. Niemantsverdriet J W. Spectroscopy in catalysis: an introduction. John Wiley

& Sons, 2007.

3. Inagaki S, Guan S, Ohsuna T, et al. An ordered mesoporous organosilica

hybrid material with a crystal-like wall structure. Nature, 2002, 416: 304-307.

4. Gates-Rector S, Blanton T. The powder diffraction file: a quality materials

characterization database. Powder Diffraction, 2019, 34: 352-360.

5. Brunauer S, Emmett P H, Teller E. Adsorption of gases in multimolecular

layers. Journal of the American Chemical Society, 1938, 60: 309-319.

6. Barrett E P, Joyner L G, Halenda P P. The determination of pore volume and
area distributions in porous substances. |. Computations from nitrogen

isotherms. Journal of the American Chemical Society, 1951, 73: 373-380.

70



Chapter 2

10

11.

12.

. Makuta P, Pacia M, Macyk W. How to correctly determine the band gap

energy of modified semiconductor photocatalysts based on UV-Vis spectra.

The Journal of Physical Chemistry Letters, 2018, 9: 6814-6817.

. HUfner S. Photoelectron spectroscopy: principles and applications. Springer,

2003.

. Imelik B, Vedrine J C. Catalyst characterization: physical techniques for solid

materials. Springer, 1994.

. Anpo M, Dzwigaj S, Che M. Chapter 1: Applications of Photoluminescence
Spectroscopy to the Investigation of Oxide - Containing Catalysts in the

Working State. Advances in catalysis, Elsevier, 2009, 52: 1-42.

Matsuoka M, Kamegawa T, Anpo M. Photoluminescence spectroscopy and
its application to the characterization of active sites and reaction dynamics
in catalysis. Handbook of Heterogeneous Catalysis, Wiley, 2008: 1065-
1073.

Braslavsky S E, Braun A M, Cassano A E, et al. Glossary of terms used in
photocatalysis and radiation catalysis (IUPAC Recommendations 2011).

Pure and Applied Chemistry, 2011, 83: 931-1014.

71






Chapter 3.

Study of Ti-PMOs as photocatalysts for
H> evolution and CO2 photoreduction






Chapter 3

In this chapter, we present the study of Ti-PMOs as photocatalysts for Hz
evolution and CO:2 photoreduction. A series of complex organic-inorganic
mesoporous materials, Ti-PMOs, were successfully synthesized by a
microwave-assisted method, which allowed the preparation of periodic
mesoporous organosilicas (PMOs) with Ti (IV) forming part of the structure (Ti-

PMOs).

Materials were characterized by N2 physisorption, XRD, TEM-HRTEM,
Raman, Infrared, UV-vis DRS, XPS and PL spectroscopy and PEC
measurements. Ti-PMOs showed high surface-areas (742-829 m?g?l),
molecular-scale periodicity in the pore walls and mesoscopically ordered

structures.

Ti-PMOs were studied in the CO2 photoreduction in the liquid phase under
UV-visible irradiation using TEOA as SED agent. A detailed study of the TEOA
degradation under irradiation conditions was carried out. The results evidenced
that at least a part of C1 and C2 products obtained came from the TEOA
transformation under the irradiation conditions used. However, Ti-PMOs were
effective in the photocatalytic H2 evolution from an ethanol aqueous solution
under UV-visible irradiation. Ti-PMOs showed a better photocatalytic behaviour
than PMO and P25 (TiOz2), which is related with the presence of well-dispersed

tetrahedral Ti(IV) in the PMOs network.

For Ti-PMOs, the photocatalytic H2 production depended on the Ti content
and was related with the photoelectrochemical characteristics of the samples
and with the presence of Ti (IV) in the PMO framework. The preparation,
characterization and study in the photocatalytic H2 production of Ti-PMOs from

ethanolag have been recently published [1].
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3.1 Preparation of Ti-PMOs

Biphenyl-bridged Ti-PMOs, with Si/Ti molar ratios of about 10, 20 and 40
(Ti10-PMO, Ti20-PMO and Ti40-PMO), were prepared on the basis of the
method proposed for the synthesis of biphenyl-bridged silsesquioxane silica
with crystal-like pore walls (PMO), using 4,4'bis(triethoxysilyl)biphenyl and
octadecyltrimethylammonium chloride (C18TMACI) as the surfactant in basic
media [1,2]. In the present work, Ti was introduced by addition to the initial
synthesis mixture of the appropriate amount of tetrabutyl titanate in 2-propanol

solution, and the suspension was heated with microwaves.

In a typical procedure, the synthesis of the desired Ti-PMO was carried out
adding 4,4'bis(triethoxysilyl) biphenyl (5 mmol) with stirring to a solution
containing a mixture of CA8 TMACI surfactant (6.4 mmol), 6N NaOH (60.8 mmol)
and distilled water (6.6 mol). Then, the desired amount of a solution of tetrabutyl
titanate in 2-propanol was added, and kept under vigorous stirring at ambient
temperature for 20 hours. After, the resulting mixture was transferred to a
microwave reactor (Roto SYNTH Milestone) and treated under 100 °C (300W)
for 1 h; the resulting solid was filtered and washed with deionized water. The
surfactant was removed by treating the as-made material with an ethanol/HCI
(2M) solution at ambient temperature for 8h, the suspension was filtered and

the product was finally dried at 100 °C.

For comparative purposes, a non-containing Ti sample (PMO) was also

prepared [1,2]. A scheme of the synthetic procedure is shown in Figure 3.1.
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Figure 3.1. The synthetic procedure of Ti-PMOs.

3.2 Characterization of Ti-PMO photocatalysts

Figure 3.2 shows the N2 adsorption-desorption isotherms of PMO and Ti-
PMOs materials. The information about the textural characteristics of samples
can be obtained by inspection of the characteristics of the N2 adsorption-

desorption isotherms.

All Ti-PMOs materials present high surface areas (742-829 m? g1) (Table
3.1), which are slightly lower than that of PMO (871 m? g1). All samples show
typical type-IV curves (Figure 3.2) characteristic mesoporous materials. Except
for Til0-PMO, no evident hysteresis was observed, pointing to type-IVb
isotherms, for which mesoporous below about 4 nm width are expected [3].
Ti10-PMO exhibited H1 hysteresis loop, indicating that wider (>4 nm) uniform

mesoporous exist. Pore-size distribution curves are shown in Figure 3.3.
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Figure 3.2. N2 adsorption-desorption isotherms at -196 °C of PMO and Ti-
PMOs materials.

The introduction of a small amount of Ti in the mesoporous structure of
PMO produces for Ti40-PMO, a slight increase in the pore diameter and a slight
lowering of the surface area and total pore volume, in comparison with the
original PMO material (Table 3.1). A further increase of the Ti content produces
an increase of surface area and total pore volume, always maintaining an
increase of the pore diameter from Ti40-PMO through Ti10-PMO samples. This

points out that for Ti-PMOs, blocking of the porous channels did not occur.
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Table 3.1. Titanium content and textural properties of Ti-PMOs and PMO.

Ti Si/Ti SBET Pore volume Pore diameter
Sample
(% wt) (mol/mol) (m?2g?) (cm3g?) (nm)
Ti10-PMO 1.65 10.83 829 0.84 4.2
Ti20-PMO 0.82 22.84 806 0.63 3.6
Ti40-PMO 0.52 35.48 742 0.52 3.1
PMO --- --- 871 0.69 2.9
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Figure 3.3. Pore-size distribution curves of Ti-PMOs and PMO catalysts.

XRD patterns of Ti-PMOs and PMO in the small-angle zone (0.2<26<5°)

and in the medium diffraction angles (26=4-50°) are displayed in Figures 3.4

and 3.5, respectively. Diffraction patterns correspond well with that expected

for biphenyl-bridged silsesquioxane with a mesoscopically ordered structure

and molecular-scale periodicity in the pore-walls [2]. XRD patterns of Ti-PMOs
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samples evidenced that the structural characteristics of PMO were mostly kept
in Ti-PMOs with the incorporation of Ti in the PMO framework. The
characteristic diffraction peak of as-prepared samples at about 26 of 2°,
indicates the existence of mesoscopically ordered structures [2]; the
corresponding d spacing increased with the Ti content (d=41.8 A, 44.6 A and
49.9 A for Ti40-PMO, Ti20-PMO and Ti10-PMO, respectively), this could be
related with the introduction of Ti in the framework of PMO. However, the
intensity and the shape of the peak of Til0-PMO (Figure 3.4), with the highest
Ti content, show a partial loss of the ordered structure. Besides the peak at
about 26 of 2°, other five diffraction peaks can be observed in XRD patterns of
PMO and Ti-PMOs (206=4-50°) (Figure 3.5). The corresponding d spacing
values of Ti-PMOs are similar to that of PMO, which are 11.5 A, 5.9 A, 3.9 A,
29 A and 2.5 A [1,2]. XRD patterns of Ti-PMOs suggest that both the
mesoscopically ordered structure and the crystal-like molecular-scale
periodicity of the pore walls, already reported for biphenyl-bridged
silsesquioxane [2], are kept in a major extension, at least in the new Ti40-PMO

and Ti20-PMO samples.
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Figure 3.4. XRD patterns of Ti-PMOs and PMO in the low-angle region
(0.2<26<5°).
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Figure 3.5. XRD patterns of Ti-PMOs and PMO in the range of 26=4-50°.
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A representative material, Ti20-PMO, was deeper characterized by TEM-
HRTEM. Uniform mesoporous channels regularly distributed can be clearly
seen in TEM micrographs (Figure 3.6a). Figure 3.6b shows uniform and parallel
channels with wavy contrast of 4.5 nm. The electron diffraction pattern in the
inset of Figure 3.6b shows spots at 45 A corresponding to the size of the parallel
channels; the diffraction ring at 10.8 A is consistent with the molecular

periodicity of biphenyl groups determined by XRD.

Figure 3.6. TEM images of the Ti20-PMO sample: a) in the inset, [001]
incidental beam parallel to the channels; b) in the marked zone [100] incidental
beam perpendicular to the channels, electron diffraction pattern with spots at
4.5 nm and ring diffraction at 1.08 nm.
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The combined FTIR and Raman spectroscopy characterization helped us
to analyze the organic functional groups present in the systems and give further
information about structural details. FTIR spectra of PMO and Ti-PMOs are

shown in Figure 3.7.
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Figure 3.7. ATR-FTIR spectra of Ti-PMOs and PMO.

Besides the characteristic band due to Si-O-Si (1110-990 cm™), the
infrared spectrum of PMO shows bands due to biphenyl group: 3073 and 3027
cm? (v(C-H) ), 1602 and 1003cm (v(ring-CC)), 1385cm* (5(ring-CH)), 1200
cm-! (inter ring stretching vibration), and 807 and 703 cm* bending C-C and C-
H, respectively [4-6]. These bands are also present without apparent
modification in the spectra of Ti-PMOs photocatalysts. This indicates that after
the introduction of Ti into the PMO material, no changes occurred in the organic

fragments.

84



Chapter 3

Ti-PMOs show very similar Raman spectra to that of PMO (Figure 3.8).
Raman bands of the bridged-biphenyl groups assigned to v(ring C-C) at 1599
cm?, §(C-H)ip at 1512 cm™ and 1135 cm?, and central v(C-C) at 1282 cm® can

be identified in all cases [4].
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Figure 3.8. Raman spectra of samples: a) PMO; b) Ti10-PMO; c) Ti20-PMO;
d) Ti40-PMO.

UV-vis DRS and XPS could be useful techniques to give information about
the characteristics of Ti species in the mesoporous Ti-PMOs. The detection of
tetrahedral Ti (IV) species could evidence the incorporation of Ti into the PMO

structure.

However, the UV-vis DRS spectra of Ti-PMOs are very similar to that of
PMO (Figure 3.9). The broad band centered at 250-300 nm, is related with the
presence of biphenyl groups [7-9], but it could be also contributed by the

presence of isolated tetrahedral Ti** species in the Ti-PMOs structure [10,11].

85



Study of Ti-PMOs as photocatalysts for H, evolution and CO; photoreduction

On the other hand, the Ti1l0-PMO photocatalyst which contains the highest Ti

content shows a shoulder above 300 nm, which could be related with the

presence of octahedral Ti** species [12].
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Figure 3.9. UV-visible diffuse reflectance spectra of Ti-PMOsand PMO.

As stated in the experimental section, for the determination of bandgap

values, the corresponding Tauc plot, (F(R«)-hv)" versus hv was used (Figure

3.10) [13].
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Figure 3.10. Tauc’s plot of Ti-PMOs and PMO for bandgap determination.

The bandgap values of the catalysts (Table 3.2) were well-above those
expected for pure TiO2 anatase, or rutile, 3.2 eV and 3.0 eV, respectively [14,
15]. The bandgap of Ti-PMOs decreases with the increase of Ti content
following the order: Ti40-PMO>Ti20-PMO>Ti10-PMO. The bandgap of PMO is

similar to that determined for the Ti40-PMO photocatalyst with the lowest Ti

loading.
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Table 3.2. The Ti 2psrz binding energy values and bandgap of Ti-PMOs and
PMO catalysts.

Sample Ti 2ps2 BE (eV) Bandgap (eV)
PMO -- 3.95
Ti10-PMO 458.7, 459.5 3.65
Ti20-PMO 459.7 3.83
Ti40-PMO 460.2 3.91

Figure 3.11 shows Ti 2p core-level spectra of samples. The very low
intensity of Ti 2p spectrum for Ti40-PMO does not allow an appropriate

determination of the surface Ti species for this material.

However, for Til0-PMO and Ti20-PMO, two well-resolved peaks
corresponding to Ti 2ps2 and Ti 2pu/2 levels can be observed (Figure 3.11). The
Ti 2psz peak of Ti20-PMO, centered at 459.7 eV, can be related with the
presence of tetrahedral Ti(IV) [16-18], according to the intercalation of Ti(IV) in
the PMO framework. For Til0-PMO with the highest Ti content, the Ti 2pass2
spectrum can be deconvoluted into two components. The component at the
highest BE is related with the presence of tetrahedral Ti(IV); the component at
about 458.0 eV could indicate the presence of octahedral Ti(IV) in Til0-PMO

[16-18] in agreement with the UV-vis DRS results.
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Figure 3.11. Ti 2p core-level spectra of Ti-PMOs.

The PL emission spectra of Ti-PMOs and PMO are shown in Figure 3.12.
A broad emission band with maxima at about 440 nm can be observed for PMO.
The PL emission spectra of Ti-PMOs exhibit bands with maxima in the 360-370
nm region. The excimer emission due to the interaction of close biphenyl groups

could account for the observed bands [19-21].
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Figure 3.12. PL emission spectra of Ti-PMOs and PMO.

For Ti-PMO materials, the presence of Ti** into the framework of the PMO
could modify in some extension the interaction within vicinal biphenyl-bridge

groups.

The PL analysis of Ti-PMOs (Figure 3.12) shows that the intensity of the
band depends on the Ti(IV) content of the samples, following the order
PMO>Ti40-PMO>>Ti10-PMO>Ti20-PMO. The PL band intensity is usually
related with the recombination rate of photo-induced charge carriers [22]. In
general, the weaker the PL band intensity, the lower the recombination rate of
the photo-induced charges; that is, the generated photoelectron has a longer
lifetime. For Ti-PMOs photocatalysts, upon light absorption, a ligand-to-metal
charge transfer could occur with a long-lived excited charge separation state,
transferring the electron from the organic entity to the Ti** center. The radiative

decay process from the excited state to the ground state could be slow down
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when highly dispersed Ti** species having tetrahedral coordination are

introduced into the PMO framework [23-25].

The transient photocurrent response spectra of Ti-PMOs and PMO
samples under simulated solar irradiation in a pulse light on-off process are
shown in Figure 3.13. Ti-PMOs samples show larger photocurrent density than
PMO, with the order: Ti20-PMO>Ti10-PMO>Ti40-PMO>>PMO. Ti20-PMO
which shows the lowest recombination rate of the photoinduced charge also

has the highest photocurrent response.
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Figure 3.13. Photocurrent response of Ti-PMOs and PMO samples.

Figures 3.14 and 3.15 show the EIS Nyquist plots of Ti-PMOs and PMO

which were obtained in dark and under simulated solar irradiation, respectively.
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The barrier for the transfer of photogenerated electrons is related with the
arc radius of the curve, the lower the transfer resistance, the smaller the arc

radius.

In all cases, the arc radius under irradiation is smaller than in dark
conditions. Ti-PMOs show smaller arc radius than PMO, which suggests that
the presence of Ti** species can reduce the transfer resistance of the
photogenerated charge and facilitate its transfer in Ti-PMOs materials. The
Nyquist arc radius follows the order: PMO>>Ti40-PMO>Ti10-PMO>Ti20-PMO
in both, dark and irradiated conditions. The presence of isolated Ti(IV) in the
framework of Ti20-PMO is related with the lower barrier for the transfer of the

photogenerated electrons.
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Figure 3.14. EIS Nyquist plots of Ti-PMOs and PMO samples in dark.
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Figure 3.15. EIS Nyquist plots of Ti-PMOs and PMO samples under simulated
solar irradiation.

3.3 Photocatalytic CO2 reduction over Ti-PMOs

As stated above, we analyzed the photocatalytic behaviour of Ti-PMOs in
the CO2 photoreduction using the widely employed TEOA as SED. For
comparative purposes, not only PMO but also commercial TiO2 (P25) as

references, were tested.

Photocatalysts (300 mg) were dispersed in 200 mL of a 10% v/v
triethanolamine (TEOA) aqueous solution previously purged with Ar; the
mixture was stirred under Ar flow for 30 min and then the flow was switched to
CO2 (50 mL mint) keeping stirring and dark conditions for 90 min more.
Afterward, the light was switched on, and after 10 min, the evolved gaseous

products were periodically sampled and online analyzed. No products in the
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gas phase were detected under dark. A blank experiment using Ti20-PMO and

Ar instead of CO2 was also carried out.

Table 3.3 shows the products detected during the CO:2 photoreaction after
4 h of irradiation using a 10% v/v solution of TEOA over different photocatalysts.
In all cases, besides C1 compounds (CO, CHas), H2 and unexpected C2
products (C2H4, CH3CHO) were determined; the presence of Oz was not
detected. In the photocatalytic tests carried out using Ti20-PMO and Ar instead
of CO2, CO, CH4, C2H4 and CH3CHO were also found. However, the amount of
carbon-containing products was much lower than when CO2 was used (Table
3.3). This denotes that a part of the C1 and C2 found could be related with the
transformation of CO2. However, the transformation of TEOA under the

irradiation conditions could also contribute to the C1 and C2 formation.

Table 3.3. Products obtained (umol/gca) during the photocatalytic CO:2
reduction tests using a 10% v/v TEOA solution and different photocatalysts
under UV-vis irradiation. Other reaction conditions: 50 mL mint COz, 20 °C, t=4
h.

Catalyst H2 CO CHa CoHa CHsCHO
Ti10-PMO 2507 4252 2431 1298 4276
Ti20-PMO 1920 2210 2405 1248 4026
Ti40-PMO 2312 3968 2232 1250 4282

PMO 1765 3247 1861 1019 4189
P25 2688 3870 2095 1098 4439
Ti20-PMO* 1219 662 454 379 459

*test carried out with Ar instead of CO,
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In order to study the degradation of TEOA under UV-vis irradiation, we
carried out three more tests with different TEOA concentrations (2.5, 5, 10 %
v/v) in the absence of photocatalyst and keeping all the other experimental

conditions.

Results in Table 3.4 point to the TEOA degradation under UV-vis irradiation
forming small amounts of Hz2, CO, CH4, C2H4 and CH3CHO. One could propose
an easy formation of C2 species from TEOA irradiation, which could further
produce CH4, CO and H2z [26]. These results bring to light the difficulty of
determining the photocatalytic performance in the CO2 reduction using TEOA
as SED under UV-Vis irradiation conditions. In the light of these results, we
investigated the behaviour of the Ti-PMOs in the photocatalytic production of

H2 from aqueous solutions of ethanol.

Table 3.4. Products determined (umol) from the degradation of aqueous
solutions of TEOA at different concentrations under irradiation without catalyst
under UV-vis irradiation. Other reaction conditions: 50 mL mint COz, 20 °C, t=4
h.

TEOA (% V/V) Ha CO CHa CoHs  CH3CHO
10 708 1088 624 327 1075
5 337 991 508 275 1027
2.5 192 766 416 228 605

3.4 Photocatalytic H:2 production over Ti-PMOs

The photocatalytic H2 production was studied using in all cases 370 mg of
photocatalyst and 250 mL of an ethanol@g (25% v/v) solution, previously

purged with Ar. After 30 min of stirring under Ar flow and dark conditions, the
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suspension was irradiated, and after 10 min of light-on, the evolved gaseous
products were periodically sampled and online analyzed. At the end of the

reaction test (4 h), the solution was also analyzed by gas chromatography.

Figures 3.16 and 3.17 show the total Hz yield and the rate of H2 production,
respectively, during the 4h of the photocatalytic test. As can be observed, all
Ti-PMOs presented higher activity than PMO, which in turn was more active
than P25. The amount of Hz produced followed the order: Ti20-PMO>Ti10-
PMO>Ti40-PMO>>PMO> P25.

This order was also kept when the H2 yield per m? is considered (Figure
3.18). Among the Ti-PMOs, Ti20-PMO produced the highest amount of Hz. This
is related with photoelectrochemical characteristics of Ti20-PMO discussed
above. Ti20-PMO showed the lowest rate of charge recombination and the

easiest charge transfer.

For the more active Ti20-PMO and Ti10-PMO photocatalysts analyzed, no

apparent deactivation occurs along the reaction time (Figure 3.17).
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Figure 3.16. Total H2 yield per gram of catalysts produced from ethanol(aq) 25%
v/iv over Ti-PMOs, PMO and P25. t=4 h, T= 20 °C, UV-vis irradiation.
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Figure 3.17. Rate of H2z production from ethanol@ag 25% v/v over Ti-PMOs,
PMO and P25 photocatalysts. t= 4 h, T= 20 °C, UV-vis irradiation.
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Figure 3.18. Total H2 yield per m? produced from ethanolaq) 25% v/v over Ti-
PMOs, PMO and P25. t=4 h, T= 20 °C, UV-vis irradiation.

The calculated AQE values are shown in Figure 3.19. Ti-PMOs are much
more efficient photocatalytic systems than TiO2 (P25); moreover, the
introduction of Ti in the PMO framework enhances the photocatalytic activity.
The highest AQE was 0.38% for Ti20-PMO photocatalyst, which is remarkably
higher than that obtained for TiO2 (P25) (<0.03%). On the other hand, the
dependence of AQE on experimental details could hinder a straightforward
comparison with data from other works, in particular when excitation sources

with different intensities and wavelengths are used [27].
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Figure 3.19. AQE (%) for H2 production from ethanolaq) 25% v/v for Ti-PMOs,
PMO and P25 photocatalysts.

For a more complete analysis of the photocatalytic results, Figures 3.20
and 3.21 show the yield and rate of Hz production referred to the Ti content of
Ti-PMOs and the reference P25 during the 4 h of the photocatalytic tests,
respectively. As can be observed, Ti-PMOs are much more effective per Ti
centre than P25. Among Ti-PMOs, Til0-PMO exhibited the lowest H:
production rate per Ti centre. For this sample, with the highest Ti content among
the Ti-PMOs materials, not all the Ti centres could be equally effective. As
discussed above, the presence of extraframework octahedral Ti(IV) species

can be proposed to be present in Til0-PMO.
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Figure 3.20. Total H2 yield per gram of Ti produced from ethanol@q) 25% viv
over Ti-PMOs and P25. t=4 h, T= 20 °C, UV-vis irradiation.
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Figure 3.21. Rate of Hz production per gram Ti from ethanolaq) 25% v/v using
Ti-PMOs, PMO and P25 photocatalysts. t=4 h, T=20 °C, UV-vis light irradiation.
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Besides H2, 2,3-butanediol and minor amounts of CO, CHas, C2Hs and
CHsCHO were obtained (Table 3.5); Oz or CO2 were not detected. The coupling
of two a-hydroxyethyl radicals (-CH(OH)CHs) could account for 2,3-butanediol

formation [28].

CH3CH20H + h* —-CH(OH)CH3 + H* (3.1)

2.CH(OH)CHz — CH3CH(OH)CH(OH)CHz  (3.2)

Once a-hydroxyethyl radicals are formed (Eq. 3.1), acetaldehyde could be
also produced [26,28-30].

.CH(OH)CHs + h* — CH3CHO + H* (3.3)

We relate the 2,3-butanediol formation with the pore characteristics of Ti-
PMOs photocatalysts as it has been shown for other TiO2-based systems; a
higher amount of 2,3-butanediol has been found when Pt/TiO2 photocatalysts

with a smaller pore size (in the range 4.5-30 nm) have been used [29].

The no detection of acetic acid or CO2 points that successive oxidation

pathways of acetaldehyde are minor.
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Table 3.5. Products obtained (umol/gcat) during the photocatalytic Hz production
tests using ethanolag 25% v/v and different photocatalysts under UV-vis
irradiation. Other reaction conditions: 20 °C, t=4 h.

Catalysts H2 CO CHs C2Hs CHsCHO 2,3-butanediol

Ti1l0-PMO 1916 97 79 25 46 819
Ti20-PMO 2044 71 88 24 44 1285
Ti40-PMO 1633 95 73 26 46 947
PMO 1041 56 58 18 46 1395
P25 108 163 102 105 <10 233

3.5 Characterization of post-reaction Ti-PMOs

Ti-PMOs were characterized by several techniques after the photocatalytic

transformation of aqueous ethanol solution.

Fresh and used catalysts showed similar XRD patterns (Figure 3.22 and
3.23), adsorption-desorption N2 isotherms (Figure 3.24) and FTIR spectra
(Figure 3.25). No significant variation in the BET surface area was found after
photocatalytic tests, see Table 3.6 and Table 3.1 (p. 80). These results indicate

that Ti-PMOs keep their characteristics under the photocatalytic test conditions.
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Figure 3.22. XRD patterns of Ti-PMOs materials in the low-angle region
(0.2<26<5°) after the photocatalytic Hz production from ethanolaq) 25% v/v at

20 °C for 4 h.
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Figure 3.23. XRD patterns of Ti-PMOs materials in the region of 5<26<50° after
the photocatalytic H2 production from ethanolaq) 25% v/v at 20 °C for 4 h.
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Figure 3.24. N2 adsorption-desorption isotherms at -196 °C of PMO and Ti-
PMOs materials after the photocatalytic H2 production from ethanolag) 25% v/v
at 20 °C for 4 h.

Table 3.6. BET surface area of Ti-PMOs and PMO materials after using (4 h)
in the photocatalytic H2 production from ethanolaq) 25% v/v at 20 °C.

Post reaction SBET
photocatalyst m?2gt
Til0-PMO 748
Ti20-PMO 840
Ti40-PMO 749
PMO 758
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Figure 3.25. ATR-FTIR spectra of Ti-PMOs materials after the photocatalytic
H2 production from ethanolg) 25% v/v for 4 h at 20 °C.

For Til0-PMO sample, after the photocatalytic reaction and before
separating the catalysts from the liquid, it was possible to observe that the solid

showed a greyish-blue colour (Figure 3.26).

Figure 3.26. The reaction suspension of Ti1l0-PMO just turning off irradiation
after the photocatalytic test of Hz production from ethanol(g) 25% v/v at 20 °C.
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The corresponding XPS analysis of the post-reaction Til0-PMO
photocatalyst revealed a Ti 2ps2 peak component at 457.1 eV (Figure 3.27),
which could be assigned to the presence of Ti®* species on the surface [31,32].
The existence of Ti* could play a main role in the photoreduction process, as

has been reported for the CO2 photoreduction [23-25].

Intensity (a.u. )

Ti10-PMO

470 I 465 460 455 . 450
Binding Energy (eV)

Figure 3.27. Ti 2p XPS spectrum of Til0-PMO after the photocatalytic test of
H2 production from ethanol@g 25% v/v at 20 °C; the spectrum of fresh Til0-
PMO is also shown for comparison.
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Chapter 4

In this chapter, the study of MoxC/g-CsN4 nanocomposites in the
photocatalytic H2 production is presented. The preparation of MoxCT/g-C3sN4
nanocomposites containing hexagonal Mo2C and/or cubic MoC nanoparticles
onto graphitic carbon nitride nanosheets was carried out by using an ultrasonic-
assisted method, and MoxC nanoparticles and g-CsNa previously prepared.
MoxCT/g-C3sNa4 photocatalysts were characterized using XRD, TEM, XPS, UV-

Vis DRS, PL, and PEC measurements.

The MoxCT/g-CsNa4 photocatalysts were active under visible irradiation
(A>385 nm) for the H2 production from an ethanol aqueous solution (25% v/v).
The photocatalytic behaviour of MoxCT/g-C3sN4 was related with the
characteristics of MoxC co-catalyst. Nanocomposites with smaller hexagonal
Mo2C particles presented a better photocatalytic behaviour. The most active
photocatalyst was MoxC700/g-CsN4, containing both hexagonal Mo2C and
cubic MoC nanoparticles with a mean crystallite size of 11 and 4 nm,
respectively. This photocatalyst showed the Ilowest rate of charge
recombination, the lowest electron transfer resistance and the highest

photocurrent response.
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4.1 Preparation of MoxC/g-C3N4 photocatalysts
4.1.1 Synthesis of molybdenum carbides

Different phases of MoxC were synthesized on the basis of a sol-gel
method previously developed in our group, using MoCls and 4,5

dicyanoimidazole (DI) as molybdenum and carbon sources, respectively [1].

For MoxCT (T=700, 800, 900) preparation, 5.6 mmol of MoCls and 2.8
mmol of DI were added into 15 mL of ethanol and treated at 60 °C in an oven
under air to form a gel. Then, the gel was divided into three equal parts and
treated respectively at different temperatures (700, 800, 900 °C) under Ar in a
tubular furnace; the samples were named MoxCT (being T, the temperature of
Ar treatment: 700, 800 and 900 °C). For MoxC1100 preparation, 5.6 mmol of
MoCls and 5.6 mmol of DI were added into 15 mL of ethanol. The gel obtained

was placed in a tubular furnace and treated under Ar at 1100 °C.
4.1.2 Synthesis of g-C3N4 nanosheets

g-C3N4 nanosheets (named g-CsN4) were synthesized via the thermal
polymerization of melamine [2]. In brief, melamine was heated under static air
in a muffle furnace up to 520 °C (5 °C mint) and kept at this temperature for 4
h. After cooling down to room temperature, the yellow agglomerates were
ground to a powder in a mortar. Then, the obtained samples were treated up to
520 °C again, following a similar procedure. Finally, g-CsN4 nanosheets with

light yellow color were gotten.
4.1.3 Preparation of MoxCT/g-C3N4

MoxCT/g-C3sNa photocatalysts with about 3% wt of MoxCT were prepared
using an ultrasonic-assisted method. Specifically, MoxCT (50 mg) and g-C3Na4

(1 g) were dispersed in ethanol and treated under ultrasounds (SONICS VCX
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500) at 20 °C for 1 h and 250W, then ethanol was carefully evaporated under
continuous stirring at 50 °C. For comparative purposes, a photocatalyst
prepared using commercial Mo2C (Alfa-Aesar, 99.5%), Mo2C-comm/g-C3Na,
was similarly prepared. Figure 4.1 shows a schematic of the MoxCT/g-CsNa4

synthetic procedure.

Alcoholic/aqueous

solution of
MoCl; + DI
60 °C Ultrasonic 1h
Air Precursor Stirring to dry
gel in ethanol g-C;N, NS
& : o NH,
Thermal 5%0t Céslh N)%N
treatment (T) ime Y
in Ar HoNT N7 NH,
— Mo,CT Melamine

co-catalysts

Figure 4.1. The synthesis procedure of MoxCT/g-CsN4 photocatalysts

4.2 Characterization of MoxCT/g-C3N4

XRD patterns of MoxCT and g-CsNa4 used for the preparation of MoxCT/g-

CsN4 photocatalysts are shown in Figures 4.2 and 4.3, respectively.

In the XRD patterns of MoxC800 and MoxC900, diffraction peaks at 26 of
34.36, 37.98, 39.39, 52.12, 61.53, 69.57, 72.39, 74.65, 75. 52, 81.17 and 84.8°
were detected. It indicates the presence of hexagonal Mo2C (hcp, P6s/mmc,
PDF 04-014-1517) in MoxC800 and MoxC900, which from now are named
Mo02C800 and Mo02C900, respectively. The XRD pattern of MoxC1100 shows
diffraction peaks at 26 of 36.42, 42.3, 61.36 and 73.5°, which can be attributed
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to cubic MoC (ccp, Fm3m ,PDF 04-003-1480), from now this sample is named

MoC1100. On the other hand, the coexistence of hexagonal Mo2C and cubic

MoC can be determined from the XRD pattern of MoxC700.

Intensity (a. u.)

Mo, C700
Mjk Mo,C800
\ : _ - ’ A NI

Mo,C900

I . & . ) .A, A M _

Hexagonal Mo,C

‘ Cubic MoC

10 20 30 40 50 60 70 80 % 100
2Theta (deg. )

Figure 4.2. XRD patterns of MoxCT.

The diffraction pattern of g-CsNa (Figure 4.3) shows a strong peak at 27.7°,

corresponding to the (002) plane of graphitic materials, which is characteristic

of the interplanar stacking of conjugated aromatic systems [2]. Bulk g-CsNa4

presents the (002) XRD peak at 27,34°, this value of 26 is slightly lower than

the corresponding of g-CsNa4 prepared in this work. It indicates a slight decrease

in the interlayer distance for nanosheets with respect to bulk g-C3sN4 [2-5]. The

peak at 13.0° with very low intensity is indexed to the (100) plane and ascribed

to intralayer periodicity [3].
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Figure 4.3. XRD pattern of g-CsNa.

The FTIR spectrum of g-CsNas is shown in Figure 4.4. The broad absorption
band from 3300 to 3000 cm™ is attributed to the stretching vibration modes of
N-H bonds resulting from the incomplete condensation of amino groups [2,4].
The sharp band at 807 cm is assigned to the breathing mode of s-triazine rings
in g-CsNs4 and the bands in the 1800-900 cm™ zone can be assigned to

stretching C=N and C-N in the heterocycles [2,4,6,7].
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Figure 4.4. FTIR spectrum of g-CsNa.

Figure 4.5 shows the diffraction patterns of MoxCT/g-C3sN4, M02C-comm/g-
CsN4 and g-CsNa4 photocatalysts. In all cases, the initial crystalline phases in
MoxCT were kept in MoxCT/g-CsN4 and Mo2C-comm/g-C3N4. The two
characteristic XRD peaks of g-CsN4 nanosheets were also present in all
patterns. However, the (002) interlayer-stacking peak of MoxC900/g-C3Na,
MoC1100/g-C3N4 and Mo2C-comm/g-C3N4 samples were slightly shifted to
lower angles comparing with g-CsN4 nanosheets (Table 4.1), which indicates a
slight increase of g-CsNa interlayer distance after the incorporation of Mo2C900,

MoC1100 and Mo2C-comm.
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Figure 4.5. XRD patterns of MoxCT/g-C3sNa, M0o2C-comm/g-C3sN4 and g-CsNa.
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Table 4.1. Several characteristics of catalysts: Mo content, specific surface

area, position of (002) XRD peak of g-CsNa, pore volume determined from N2

adsorption-desorption isotherms, MoxC crystallite size determined from XRD

patterns and bandgap.

Mo (002) Pore
SBET Crystallite Bandgap
Sample content g-C3sNs  volume
(m2/g) size (nm) (eV)
(wt %) (260 deg.) (cm?3/g)
11 (Mo2C)
MoxC700/g-C3Na 3.65 39 27.7 0.22 2.79
4 (MoC)
Mo2C800/g-CsNa4 3.43 34 27.7 0.20 23 (Mo2C) 2.79
Mo02C900/g-CsNa4 3.35 39 27.6 0.20 31 (Mo2C) 2.78
MoC1100/g-CsN4 2.62 22 27.5 0.14 4 (MoC) 2.77
Mo2C-comm/g-C3sNa 3.33 22 27.5 0.15 37 (Mo2C) 2.77
g-CsNa - 31 27.7 0.21 -- 2.75

The crystallite sizes of MoxCT in MoxCT/g-C3N4 were calculated using the

Scherrer equation and the most intense peak for hexagonal Mo2C and cubic

MoC, the (101) at 39.39° and the (111) at 36.42°, respectively.

For MoxC700/g-CsNa, which contains both hexagonal Mo2C and cubic MoC,

using the accurate area intensities and the reference intensity ratios in the

corresponding powder diffraction file, a semiquantitative phase analysis was

carried out from the full profile analysis shown in Figure 4.6 [8]. The presence

of about 14% and 86% of hexagonal Mo2C and cubic MoC, respectively was

determined.
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Figure 4.6. Full profile analysis of XRD pattern of MoxC700/g-CsNa.

Results of crystallite sizes for MoxCT/g-CsNa (T=700-900 °C) (Table 4.1)
indicate that the Mo2C crystallite size increases with the rise of the treatment
temperature used in the preparation of MoxCT; MoxCT/g-CsNa4 (T=700-900 °C)
had hexagonal MozC crystallites with sizes in the range 11-31 nm. The biggest
Mo2C crystallite size was found for Mo2C-comm/g-CsNa4 (37 nm). Moreover, the
crystallite size of MoC identified in MoxC700/g-C3sN4 and MoC1100/g-C3Na4 was

similar (4 nm).

Figure 4.7 shows FTIR spectra of MoxCT/g-C3N4 and Mo2C-comm/g-CsNa
composites. All the characteristic peaks of g-CsN4 are kept in the spectra of
composited samples. XRD and FTIR results indicate that the structure of g-
Cs3Ns is well kept after the deposition of MoxCT nanoparticles using the

ultrasonic method proposed in this work.
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Figure 4.7. FTIR spectra of MoxCT/g-C3Na, Mo2C-comm/g-CsN4 and g-C3Na.

Figure 4.8 presents N2 adsorption-desorption isotherms for all materials
studied. In all cases, type-IV isotherms with H3 hysteresis loops were found [9].
For all samples, a wide pore size distribution was determined (meso and
macropores), as is shown in Figure 4.9, BET surface areas in the range of 22-

39 m2/g and pore volume values of 0.14-0.22 cm3/g were obtained (Table 4.1).
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Figure 4.8. N2 adsorption-desorption isotherms of MoxCT/g-C3N4, Mo02C-
comm/g-CsN4 and g-CsNa.
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Figure 4.9. BJH pore size distribution plots of MoxCT/g-C3sN4, Mo2C-comm/g-
CsN4 and g-CsNa.
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Photocatalysts were analyzed by TEM for a more complete
characterization. Figure 4.10 shows TEM, HRTEM images and EDX mapping
of MoxC700/g-CsNa. In Figure 4.10A, small particles of MoxC onto g-C3sN4 can
be clearly observed. The MoxC particle size distribution in MoxC700/g-C3Na4
show two domains with mean size of 4.3 and 13.0 nm (Figure 4.10B). The
HRTEM analysis of MoxC700 particles allowed to identify different planes of
hexagonal Mo2C and cubic MoC phases (Figure 4.10C). Moreover, in
MoxC700/g-CsN4 both hexagonal Mo2C and cubic MoC in close contact were
evidenced. The lattice fringes corresponding to the interplanar distances of 0.23
nm and 0.25 nm could be ascribed to the (101) crystal planes of hexagonal
Mo2C and the (111) crystal planes of cubic MoC, respectively [10]. These
results accord with the XRD results exposed above. STEM image and EDX
elemental mapping are shown in Figure 4.10D, a homogeneous distribution of

Mo along the catalyst can be deduced.
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Figure 4.10. TEM, HRTEM and EDX elemental mapping of MoxC700/g-C3Na.
A) TEM image; B) particle size distribution; C) HRTEM and D) STEM image
and EDX mapping.

HRTEM micrographs and patrticle size distribution of M02C800/g-C3Na,
Mo02C900/g-C3sN4 and MoC1100/g-CsN4 are shown in Figure 4.11. Hexagonal
Mo2C nanoparticles can be identified in M02C800/g-C3N4 and M02C900/g-C3Na.
On the other hand, only cubic MoC nanopatrticles were observed in MoC1100/g-
CsNa4, which well agrees with XRD results. Moreover, it is easy to observe that
the mean crystallite size of Mo2C nanoparticles in Mo2C800/g-C3Na  (24.1 nm)
is smaller than in Mo02C900/g-C3sN4 (30.2 nm). MoC nanoparticles in
MoC1100/g-C3N4 show a mean crystallite size of 5.1 nm, which is similar to that

of cubic MoC in MoxC700/g-CsNa4 and is in good agreement with XRD results.
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Figure 4.11. TEM and HRTEM images and particle size distribution of
Mo02C800/g-CsNa4 (A and B); M02C900/g-CsN4 (C and D); MoC1100/g-CsN4 (E
and F) photocatalysts.

XPS survey spectra are shown in Figure 4.12. They confirm the presence

of Mo, C, N and O in the as-prepared MoxCT/g-C3N4 samples.
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Figure 4.12. XPS survey spectra of MoxCT/g-CsN4, Mo2C-comm/g-CsNa4 and g-
C3Na.

The high-resolution C 1s spectra of all samples are displayed in Figure
4.13. C 1s spectrum of g-CsN4 shows a main band at 288.1 eV, which is
attributed to N-C=N of heterocycles in g-CsN4. The peak at 284.8 eV is
associated with C-C bonds and the peak with low intensity at 286.0-287.5 eV
to C-O bonds [11]. Besides bonds associated to the above-mentioned species,
all C 1s spectra of MoxC-containing samples showed a small component at

lower BE (283.4-283.8 eV) characteristic of carbides [12-14].
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Figure 4.13. C 1s core-level spectra of MoxCT/g-C3sN4, M02C-comm/g-CsNa4
and g-CsNa.
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The N 1s spectrum of g-CsNa4 (Figure 4.14) can be deconvoluted into four
components. The main component at 398.7 eV is assigned to sp?-bonded N
(N-C=N) in heterocycles. The component at 399.4 eV is characteristic of tertiary
nitrogen (N-(C)s). Moreover, the component at 401.0 eV is related with the
presence of amino-functional groups (C-N-H) from the defective condensation
of heptazine substructures. The peak at 404.4 eV with very low intensity is
related with charging effects or positive charge localization in the heterocycles.
[11,15,16]. N 1s components characteristic of g-C3sNa4 were also found in the N

1s spectra of all MoxC-containing catalysts.

In all samples, the presence of surface oxygen could be evidenced by XPS
(Figure 4.15). O 1s spectrum of g-CsNa4 shows a broad peak with maximum of
532.6 eV, which could be related with the presence of adsorbed H2-O and
carbon-bonded species [2]. The O 1s peaks of MoxCT/g-C3sN4 and Mo2C-
comm/g-CsN4 samples are slightly shifted to lower BE, which could be assigned

to the presence of O% bonded to Mo™ in oxide and/or oxycarbide species [13].
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Figure 4.14. N 1s core-level spectra of MoxCT/g-C3sNa, Mo2C-comm/g-C3Ns and
g-CsNa.
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Figure 4.15. O 1s core-level spectra of MoxCT/g-C3N4, Mo2C-comm/g-C3Na4
and g-CsNas
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Mo 3d core-level spectra of MoxCT/g-CsN4 and Mo2C-comm/g-CsNa
samples are shown in Figure 4.16. Mo 3d spectra were deconvoluted into Mo
3ds2/Mo 3ds2 doublets setting a Mo 3ds2/Mo 3ds/2 intensity ratio of 1.5 and an
orbital splitting of 3.1 eV [17]. For MoxCT/g-CsN4 (T=700-900), the presence of
Mo 3ds2/Mo 3ds2 doublets at 228.4-228.7/231.5-231.8 eV in MoxCT/g-CsNa4 are
indicative of the presence of surface carbides, Mo?* and Mo3* in Mo2C and/or
oxycarbide species. [18,19] Other doublets at higher binding energy are
assigned to the presence of Mo**, Mo®*, and Mo®*, which suggests the
presence of MoC and/or different oxycarbide and oxide species; surface
oxycarbides and/or oxide species could be formed when samples were
exposed to the air [20]. The poor Mo 3d spectrum of MoC1100/g-CsNa4 did not
allow a proper deconvolution of the different components. However, the
presence of surface molybdenum carbide and oxide species could be also

proposed in this sample.
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Figure 4.16. Mo 3d core-level spectra of MoxCT/g-CsN4 and Mo2C-comm/g-

CsNa.
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Figure 4.17 displays the UV-vis DRS results of MoxCT/g-C3N4, Mo2C-
comm/g-C3sN4 and g-CsNa. In all cases, the absorption edge is in the visible
zone. Figure 4.18 shows the Tauc plots of the Kubelka-Munk function versus
photonic energy (hu) used for the determination of bandgap values (Table 4.1,
p. 121) [21]. The bandgap value determined for g-CsNa4is 2.75 eV, which is only

slightly lower than those of MoxCT/g-CsNasamples (2.77-2.79 eV).
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Figure 4.17. UV-vis diffuse reflectance spectra of MoxCT/g-C3N4, Mo02C-
comm/g-CsN4 and g-CsNa.
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Figure 4.18. Tauc plots of the Kubelka-Munk function versus photonic energy
(hu) of MoxCT/g-C3sN4, M0o2C-comm/g-C3N4 and g-CsNa.

The recombination process of h*/e” pairs was studied by PL spectroscopy.
Figure 4.19 shows PL spectra of MoxCT/g-C3sN4, Mo2C-comm/g-CsN4 and g-
Cs3Na4. In all cases, an emission peak in the visible zone (maximum at 455-465
nm) is shown, being the emission band of MoxC containing samples slightly
blue-shifted with respect of g-CsN4. As can be observed, the intensity of the
emission peaks of MoxCT/g-CsN4 is lower than that of the bare g-CsN4. The
presence of MoxC on g-C3sN4 decreases the rate of h*/e- recombination. The
intensity of PL band follows the order: g-C3sN4>MoC1100/g-C3sN4+>Mo2C-
comm/g-C3sN4>Mo02C900/g-C3N4>Mo2C800/g-C3sN4>MoxC700/g-C3sN4,  which
indicates that the hexagonal Mo2C in MoxCT/g-C3sN4 is more effective in
lowering the charge recombination than MoC in MoC1100/g-C3sN4. Moreover, a

smaller Mo2C crystallite size and a close contact between hexagonal Mo2C and
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cubic MoC in MoxCT/g-C3sN4 favor the decrease of the charge recombination

rate.
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Figure 4.19. PL spectra of MoxCT/g-CsNa, M0o2C-comm/g-C3N4 and g-C3sNa.

Photoelectrochemical properties of samples were further evaluated by EIS

and transient photocurrent response measurements.

The EIS Nyquist plots of MoxCT/g-CsN4, Mo2C-comm/g-CsN4 and g-CsN4
are shown in Figures 4.20 and 4.21 in dark and under simulated solar irradiation,
respectively. For all the catalysts, a smaller arc radius under simulated solar
illumination than in dark conditions can be observed. Results for MoxC700/g-
CsN4 and g-CsNa4, with the smallest and the biggest arc radius, respectively, are
illustrated as an example in Figure 4.22. The radiation used decreases the

barrier of the electron transfer in all materials.
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Moreover, all the MoxCT/g-C3sN4 materials show a smaller arc radius than
g-C3N4, which demonstrates that the presence of MoxCT onto g-CsNa
nanosheets decreases the resistance of electron transfer. The Nyquist arc
radius follows the order: g-CsN4>MoC1100/g-C3sNs>Mo2C-comm/g-
C3N4>M02C900/g-C3N4>M02C800/g-C3sN4a>MoxC700/g-CsN4.  This order is
similar to that of the intensity values of PL spectra. A lower barrier for the

electron transfer could be related with a more efficient charge separation.

200.0k
I v g'C3N4
180.0k - b MoC1100/g-C N,
160.0k |- 7 —o— Mo,C-comm/g-C N,
140.0k |- i —o— Mo,C900/g-C,N,
s i —e— Mo,C800/g-C N,
A ? —e— Mo C700/g-C.N
E 1000k % SRk
S I
N 800K
60.0k s
40.0k | §
20.0k
OO ) \ ) | L | L
0 10k 20k 30k 40K 50k
Z' (ohm)

Figure 4.20. EIS Nyquist plots of MoxCT/g-CsN4, Mo2C-comm/g-CsN4 and g-
CsN4 samples in dark.
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Figure 4.21. EIS Nyquist plots of MoxCT/g-CsN4, Mo2C-comm/g-CsN4 and g-

CsN4 samples under simulated solar irradiation.
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Figure 4.22. EIS Nyquist plots of samples MoxC700/g-CsN4 and g-CsNa4 in dark

and under simulated solar irradiation.
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The transient photocurrent responses were determined and are shown in
Figure 4.23. MoxCT/g-C3sN4 photocatalysts show higher photocurrent density
than g-CsNg4, following the order: g-CsN4<MoC1100/g-C3N4<Mo2C-comm/g-
C3N4<M02C900/g-C3sN4=M02C800/g-C3N4<MoxC700/g-C3N4. MoxC700/g-C3Na,
which showed the lowest electron/hole recombination rate and the lowest

barrier for the electron transfer, shows the highest photocurrent density under

illumination.
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Figure 4.23. Transient photocurrent responses of photocatalysts a)
MoxC700/g-CsNa4; b) M02C800/g-CsN4; c) M02C900/g-CsN4; d) Mo2C-comm/g-
C3Na4; €) MoC1100/g-CsNa; f) g-CsNa.

4.3 Photocatalytic H> production over MoxCT/g-C3N4

The photocatalytic behaviour of all the catalysts in the Hz production from
ethanol@g) solution (25 % v/v, 250 mL) was determined under visible light

irradiation (A>385 nm). In all cases, 300 mg of photocatalysts were dispersed
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into the ethanolag) solution. A photocatalytic test using pristine g-CsN4 and a
blank test without photocatalyst were carried out using similar experimental
conditions. Figure 4.24 shows the total amount of H2 produced per gram of

catalyst along time, during 4 h test.

As shown in Figure 4.24, a negligible amount of H2 was produced when g-
CsN4 was used as the photocatalyst or when a test without catalyst was carried
out. MoxC700/g-C3N4 was the most active photocatalyst (1019 ymol Hzegcat?),
being the H: yield over Mo2C-comm/g-C3sN4 and MoC1100/g-CsN4 much lower
than that over MoxCT/g-CsNa4 catalysts. The amount of H2 produced followed
the order: MoxC700/g-C3sN4+>M02C800/g-C3N4>M02C900/g-C3sNs> Mo2C-
comm/g-C3N4>MoC1100/g-C3N4>g-CsNa.

A similar order was determined when the amount of H2 produced was

referred to gram of Mo (Figure 4.25).
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Figure 4.24. Total Hz yield per gram of catalyst produced from ethanolaq) 25%
v/v over MoxCT/g-CsN4, M0o2C-comm/g-CsNa4, g-C3N4 and in the blank test. t=4
h, T= 20 °C, visible irradiation.
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Figure 4.25. Total Hz yield per gram of Mo produced from ethanolaq) 25% v/v
over MoxCT/g-CsNa, Mo2C-comm/g-CsN4, g-C3N4 and in the blank test. t= 4 h,
T= 20 °C, visible irradiation.

Figure 4.26 shows the corresponding AQE values. Ass expected,

MoxC700/g-CsN4 photocatalyst showed the highest AQE, 0.2 %.

0.20

Figure 4.26. AQE (%) for photocatalytic Hz production from ethanolaq) 25% v/v
over MoxCT/g-C3sN4, M0o2C-comm/g-C3N4 and g-C3Na.
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Besides Hz, only 2,3-butanediol and CO2 were found as carbon-containing
products. As stated in Chapter 3, 2,3-butanediol can be formed by the coupling

of two a-hydroxyethyl radicals (-CH(OH)CHs) [22-24].

The photocatalytic performance of MoxCT/g-CsNa4 can be related with their
physicochemical and photoelectrochemical characteristics. A lower
recombination rate of the photogenerated charges, a lower barrier for the
electron transport and a higher photocurrent response favor the photocatalytic
H2 production. Moreover, the characteristics of MoxC co-catalyst determined
the above-mentioned properties. The presence of hexagonal Mo2C in MoxCT/g-
Cs3N4 leads to more performant photocatalysts than the presence of cubic MoC.
Additionally, materials with smaller hexagonal hcp nanopatrticles show a better
photocatalytic behaviour. Finally, we propose that the presence of hexagonal
Mo2C and cubic MoC in the MoxC700/g-CsN4 greatly influences its
characteristics and therefore its photocatalytic behaviour. As stated above,
MoxC700/g-CsN4 showed the lowest rate of charge recombination, the highest
photocurrent response, the lowest electron transfer resistance and the highest

photocatalytic performance.
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Chapter 5

In this chapter, we analyse the photocatalytic H2 production over materials
with engineered MoxC/TiOz interfaces. A study of the use of MoxC as co-catalyst
in anatase TiO2 nanoparticles with different shapes, TiO2(NS)-X (X=F and 600)
and TiOz(bipy) with morphology of nanosheets and bipyramids, respectively is

carried out.

Photocatalysts are analyzed using different techniques, such as N2
adsorption/desorption isotherms, XRD, HRTEM, UV-vis DRS, XPS, PL
spectroscopy and PEC measurements. The morphology and interface of the
composited materials, determine their characteristics as photocatalysts in the
photocatalytic hydrogen production from ethanol aqueous solutions under UV-

visible irradiation.

The presence of MoxC onto anatase TiO2 nanoparticles improves their
photocatalytic behaviour. This effect is higher for TiO2(bipy), which exposes
mainly (101) facets. The efficiency of the systems is related with the

characteristics of engineered MoxC-TiO:2 interfaces.
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5.1 Preparation of MoxC/TiO2 photocatalysts

5.1.1 TiO2(NS)-X and TiO2(bipy) used

We chose three different anatase TiO2 samples with different shapes and
surface properties to fabricate composited photocatalysts, namely TiO2(NS)-X
(X=F and 600) and TiOz2(bipy). TiO2(NS)-F is constituted by nanosheets with
dominant exposed (001) facets, which present adsorbed fluorides on the
surface and in the bulk [1]. TiO2(NS)-600 results from the calcination of
TiO2(NS)-F at 600 °C in the air to remove fluorides and shows similar
morphology to TiO2(NS)-F. TiOz(bipy) presents a bipyramidal shape, mainly
limited by (101) facets and does not contain fluorides [1]. The three anatase
TiO2 samples were synthesized by Dr. Lorenzo Mino (University of Torino)

according to [1-4]; their characteristics will be discussed in the 5.2.1 section.
5.1.2 MoxC synthesis

MoxC was synthesized following the method used for the preparation of
MoxC700 described in 4.1.1 section. In brief, 5.6 mmol of MoCls and 2.8 mmol
of DI were added into 15 mL of ethanol under stirring and then ethanol was
evaporated at 60 °C in the air to produce a gel. Afterward, the gel was treated
in a tubular furnace under Ar flow up to 700 °C (2.5 °C-min™t) for 5 h; then

cooled down to room temperature under Ar flow.
5.1.3 Synthesis of MoxC/TiO2(NS)-X and MoxC/TiOz2(bipy) photocatalysts

The process used for the preparation of MoxC/TiO2(NS)-X and
MoxC/TiOz(bipy) photocatalysts is schematically illustrated in Figure 5.1. A
certain amount of MoxC and TiO2(NS)-X or TiOz(bipy) were dispersed in ethanol
and treated under ultrasounds (SONICS VCX 500) at 20 °C for 1 h and 250 W
under Ar flow, then ethanol was carefully evaporated under continuous stirring

at 70 °C keeping the Ar flow. Initially, three photocatalysts containing about 1%
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wt MoxC were prepared, 1-MoxC/TiO2(NS)-F 1-MoxC/TiO2(NS)-600 and
MoxC/TiOz(bipy). Then, the study was extended using two more samples with
about 0.5 % and 3.5% wt of MoxC onto TiO2(bipy), 0.5-MoxC/TiOz(bipy) and

3.5-MoxC/TiOz2(bipy), respectively.

FFFF
P ——

enm———m—
TiO,(NS)-F TiO,(NS)-600 TiO,(bipy)
| |
Ultrasonic 1h
Stirring to dry in ethanol €l
Ar flow el
Mo, C
| }
AR
Mo, C/TiO,(NS)-F Mo, C/TiO,(NS)-600 Mo, C/TiO,(bipy)

Figure 5.1. Synthesis procedure of MoxC/TiO2(NS)-X and MoxC/TiOz(bipy)
photocatalysts.

5.2 Characteristics of 1-MoxC/TiO2(NS)-X and 1-MoxC/TiO2(bipy)

photocatalysts
5.2.1 TiO2(NS)-X and TiO2(bipy) used

The crystalline structure of TiO2(NS)-X and TiOz(bipy) samples were
characterized by powder XRD; the corresponding patterns are shown in Figure
5.2. Sharp diffraction peaks were displayed at 26 of 25.28, 36.95, 37.80, 38.58,
48.05, 53.89, 55.06, 62.12, 62.69, 68.76, 70.31, 75.03 and 76.02° in all XRD
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patterns, which fitted well with the standard diffraction pattern of anatase TiO2

(JCPDS, 00-021-1272).
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Figure 5.2. XRD patterns of TiO2(NS)-X and TiO2z(bipy) samples.

The average crystallite dimensions of as-prepared TiO2(NS)-X and
TiO2(bipy) samples were calculated by the Scherrer equation using the (004)
and (200) peaks, the results are reported in Table 5.1. The crystallite
dimensions of TiO2(NS)-F (thickness 13 nm, width 54 nm) correspond to
nanosheets. The use of fluorides in the preparation of TiO2(NS)-F allowed
tailoring the shape of TiO2 nanoparticles and led to the synthesis of nanosheets
as it had been previously demonstrated [1]. However, after the treatment at 600
°C, the thickness increased up to 31 nm, which suggests an aggregation of
nanosheets along the c-axis in TiO2(NS)-600 (Table 5.1). The thickness of
TiO2(bipy) is slightly higher than its width (Table 5.1), which is expected for

truncated bipyramidal nanoparticles.

153



Photocatalytic Hz production over materials with engineered MoxC/TiO; interfaces

Table 5.1. Several characteristics of anatase TiO2 nanoparticles: average
dimension of crystallite domains obtained by Scherrer analysis of the (004) and
(200) XRD peaks, BET surface area and bandgap energy.

doos d200 SBET Bandgap
Sample
(nm) (nm) (m?/g) (eV)
TiO2(NS)-F 13 54 36 3.27
TiO2(NS)-600 31 53 20 3.25
TiO2z(bipy) 40 31 27 3.10

Figure 5.3 shows representative SEM images of the TiO2 samples used.
As shown in Figure 5.3A, the TiO2(NS)-F sample is composed of nanosheets,
mainly exposing (001) facets [1]; TiO2(NS)-600 sample still shows a nanosheet
shape (Figure 5.3B) but higher thickness than TiO2(NS)-F, due to the calcination
treatment. Figure 5.3C displays the shape of TiO2(bipy), which exhibits
truncated bipyramidal shape mainly dominated by (101) facets [1]. The
percentage of exposed (001) and (101) facets for TiO2(NS)-F (80 % (001), 20 %
(101)), TiO2(NS)-600 (60 % (001), 40 % (101)) and TiO2(bipy) (10 % (001), 90 %
(101)) had been previously calculated [1].
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e d00nn]

Figure 5.3. SEM images of (A) TiO2(NS)-F, (B)TiO2(NS)-600 and (C)TiO2z(bipy)
samples.

UV-vis DR spectra of pristine TiO2 samples are shown in Figure 5.4. The
bandgap values were calculated from the Tauc plots (Figure 5.5) and are
recorded in Table 5.1. TiO2(NS)-X samples show a slightly higher bandgap
(3.25-3.27 eV) than TiOz(bipy) (3.10 eV), which agrees with previous studies
[1]. This has been related with the presence of quantum confinement effects in

TiO2(NS)-X samples [1,5].
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Figure 5.4. UV-vis diffuse reflectance spectra of TiO2(NS)-X and TiO2z(bipy).
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Figure 5.5. Tauc plots of the Kubelka-Munk function versus photonic energy of
TiO2(NS)-X and TiOz(bipy).
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The Sger of as-made TiO2(NS)-X and TiOz(bipy) samples are shown in
Table 5.1 (p. 154). TiO2(NS)-F shows Sget of 36 m?/g, which is higher than that
of TiO2(NS)-600 (20 m?/g). It could be due to the aggregation of TiO2(NS)-600
nanosheets, as is proposed from XRD results. The Sser of TiOz(bipy) is in

between those of TiO2(NS)-F and TiO2(NS)-600 samples.
5.2.2 Characteristics of MoxC

MoxC was characterized by XRD before its deposition onto TiO2 (Figure
5.6). As expected, the presence of hexagonal Mo2C and cubic MoC is
evidenced. The semiquantitative analysis of the MoxC XRD patterns indicates
the presence of about 86% and 14% of cubic MoC and hexagonal Mo:zC,
respectively (Figure 5.7) [6]. An average crystallite size of 4 nm was determined

for cubic MoC and of 11 nm for hexagonal Mo2zC.
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Figure 5.6. XRD pattern of MoxC nanoparticles.
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Figure 5.7. Full profile analysis of XRD pattern of MoxC nanopatrticles.

5.2.3 1-MoxC/TiO2(NS)-X and 1-MoxC/TiO2z(bipy) photocatalysts

1-MoxC/TiO2(NS)-X and 1-MoxC/TiO2(bipy) photocatalysts were
characterized by XRD, TEM, BET, XPS and UV-vis DRS.

XRD patterns are shown in Figure 5.8; only diffraction peaks corresponding
to anatase TiO2 (No. JCPDS: 00-021-1272) can be determined in all materials.
There were no observable diffraction peaks related with MoxC due to the

relatively low content of MoxC (0.7-1% wt/wt) in the samples (Table 5.2).
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Figure 5.8. XRD diffraction patterns of 1-MoxC/TiO2(NS)-X and 1-
MoxC/TiOz(bipy).

Table 5.2 also shows other characteristics of 1-MoxC/TiO2(NS)-X and 1-
MoxC/TiO2(bipy) samples. Although after MoxC loading, the Sser of all the
samples decreased, the trend of Seer is similar to that of TiO2 used: 1-

MoxC/TiO2(NS)-F>1-MoxC/TiOz(bipy)>1-MoxC/TiO2(NS)-600.

On the other hand, the average crystallite dimensions of 1-MoxC/TiO2(NS)-
X and 1-MoxC/TiOz(bipy) (Table 5.2) calculated from (004) and (200) XRD
peaks are similar to those of TiO2(NS)-X and TiOz(bipy) (Table 5.1, p. 154).
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Table 5.2. Average dimensions of crystal domains obtained by Scherrer
analysis of the (004) and (200) XRD peaks, BET surface area, Mo content and
bandgap of 1-MoxC/TiO2(NS)-X and 1-MoxC/TiO2(bipy).

Mo
doos d200 SBET Bandgap

Catalyst content
(m?/g) (eV)

(nm) (nm) (Wt %)
1-MoxC/TiO2(NS)-F 14 56 26 0.96 3.27
1-MoxC/TiO2(NS)-600 30 53 9 0.73 3.26
1-MoxC/TiO2(bipy) 36 29 15 0.69 2.92

1-MoxC/TiO2(NS)-X and 1-MoxC/TiO2(bipy) samples were analyzed by
TEM and HRTEM (Figure 5.9). As can be seen in Figure 5.9, in all cases, the

morphology of anatase TiO2 nanoparticles was kept after MoxC deposition.

High-resolution TEM images shown in Figures 5.9B, D and F indicate that
small MoxC particles were well dispersed on the surface of TiO2. A similar MoxC
particle size distribution was determined in all cases, according to the XRD
results, which indicated the presence of hexagonal Mo2C and cubic MoC with
crystallite sizes of 4 nm and 11 nm, respectively. This patrticle size distribution
is in turn similar to that of MoxC700/g-C3sN4, which was similarly prepared but

using g-CsNa instead of TiOx2.
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Figure 5.9. TEM and HRTEM images of 1-MoxC/TiO2(NS)-F (A and B); 1-
MoxC/TiO2(NS)-600 (C and D) and 1-MoxC/TiO2z(bipy) (E and F) samples.

Figure 5.10 shows the XPS survey spectra of 1-MoxC/TiO2(NS)-X and 1-
MoxC/TiOz(bipy) samples. In all cases, the presence of Mo (Mo 3p and 3d
peaks), C (C 1s), Ti (Ti 2p) and O (O 1s) on the surface of the samples can be
deduced. An intense peak corresponding to fluorides (F 1s) can be only

observed for 1-MoxC/TiO2(NS)-F.
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Figure 5.10. XPS survey spectra of 1-MoxC/TiO2(NS)-X and 1-MoxC/TiOz(bipy)
samples.

The high-resolution C 1s spectra of 1-MoxC/TiO2(NS)-X and 1-
MoxC/TiOz(bipy) samples are presented in Figure 5.11. In all cases, a central
peak at 284.4 eV, which is attributed to C-C, is present. The C 1s peaks at
288.5 and 286.6-286.9 eV are related with the presence of O=C-0 and C-0,
respectively [7,8]. The C 1s spectrum of 1-MoxC/TiOz(bipy) could be
deconvoluted into 4 peaks. Besides the three peaks mentioned above, the peak
at 283.0 eV can be assigned to Mo-C from molybdenum carbide and/or

oxycarbide species [9-11].
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Figure 5.11. C 1s core-level
MoxC/TiO2(bipy) samples.
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spectra of 1-MoxC/TiO2(NS)-X and 1-

Figure 5.12 shows Mo 3d core-level spectra of 1-MoxC/TiO2(NS)-X and 1-
MoxC/TiOz(bipy) samples. In all cases, spectra are dominated by two main
components at 232.0-231.7 eV and 235.1-234.9 eV, which are assigned to Mo®*
surface species, coming from the formation of MoxCOy species after interaction
with the metal oxide surface. The Mo 3ds2 — Mo 3ds2 doublet at 228.3—-228.7

and 231.4-231.8 eV is assigned to the presence of Mo?* and/or Mo3*, which is
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related with the presence of MoxC and/or oxycarbide species on the surface of

the samples [12-14].

1-Mo C/TiO,(NS)-F

1-Mo C/TiO,(NS)-600
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Intensity (a. u.)

2349 1-Mo C/TiO,(bipy)
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1 L 1 L 1 L 1 L | L 1 L 1 n |
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Binding Energy (eV)
Figure 5.12. Mo 3d core-level spectra of 1-MoxC/TiO2(NS)-X and 1-

MoxC/TiOz(bipy) samples.

Figure 5.13 shows Ti 2p spectra of 1-MoxC/TiO2(NS)-X and 1-
MoxC/TiOz2(bipy) samples. For 1-MoxC/TiO2(NS)-F and 1-MoxC/TiO2(NS)-600

samples, Ti 2ps2 peaks at 459.0 eV characteristic of Ti** species can be
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observed. The Ti 2p peaks corresponding to 1-MoxC/TiOz(bipy) are clearly
asymmetric and can be deconvoluted into two components. The Ti 2pw2 — Ti
2p32 doublet peaks at 463.2 and 457.5 are characteristic of Ti®* species [15,16],
which could be related with the interfacial interaction between MoxC and

TiO2(bipy) with dominant (101) facets.
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Figure 5.13. Ti 2p core level spectra of 1-MoxC/TiO2(NS)-X and 1-
MoxC/TiOz(bipy) samples.
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O 1s spectra of 1-MoxC/TiO2(NS)-X and 1-MoxC/TiO2z(bipy) are shown in
Figure 5.14. In all cases, two peaks at about 530.0 eV and 531.3-531.8 eV can
be observed, which are associated with the surface oxide of TiO2 and
molybdenum oxide or oxycarbide species, respectively. Besides these two
peaks, 1-MoxC/TiOz2(bipy) shows a shoulder with maximum of 528.4 eV, which
could be related with the presence of oxygen interacting with Ti®* [17]. From
XPS characterization, a preferential reduction of bipyramidal TiO2 induced by
the MoxC can be proposed. This agrees with the different reducibility and

barriers for oxygen vacancy migration reported for (101) and (001) surfaces

[18].
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Figure 5.14. O 1s core-level spectra of 1-MoxC/TiO2(NS)-X and 1-
MoxC/TiOz(bipy) samples.
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Figure 5.15 shows F 1s core-level spectra. Only in 1-MoxC/TiO2(NS)-F

sample, clear peaks at 689.3 and 684.8 eV can be observed, which are

attributed to organic and inorganic fluoride species, respectively [1]. For 1-

MoxC/TiO2(NS)-600 and 1-MoxC/TiO2(bipy) samples, no signals were observed

in this region, according to the characteristics of TiO2(NS)-600 and TiOz(bipy).

Intensity (a. u.)

684.4

1-Mo,C/TiO(NS)-F

1-Mo, C/TiO,(NS)-600

x10

1-Mo, C/TiO,(bipy)

x10

694 692 690 688 686 684 682 680 678

Binding Energy (eV)

Figure 5.15. F 1s core-level spectra of 1-MoxC/TiO2(NS)-X and 1-
MoxC/TiOz(bipy) samples.

UV-vis DRS analysis of 1-MoxC/TiO2(NS)-X and 1-MoxC/TiO2z(bipy)

samples were performed and the corresponding spectra appear in Figure 5.16.
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In all cases, samples revealed a conspicuous absorption edge at about 390 nm,
which agrees well with the band edge absorption of anatase TiO2 [19]. 1-
MoxC/TiOz2(bipy) exhibits a higher absorption in the visible region than 1-
MoxC/TiO2(NS)-F and 1-MoxC/TiO2(NS)-600.

Figure 5.17 shows the Tauc plots of samples used for the bandgap
energies determination [20]. The corresponding bandgap energies of 1-
MoxC/TiO2(NS)-F, 1-MoxC/TiO2(NS)-600 and 1-MoxC/TiO2(bipy) are estimated
to be 3.27, 3.26 and 2.92 eV, respectively (Table 5.2, p. 160). There is no
obvious difference between the bandgap energy values of 1-MoxC/TiO2(NS)-X
and their TiO2(NS)-X counterparts (Table 5.1, p. 154). However, after
introducing MoxC nanoparticles into TiO2z(bipy), the bandgap energy decreases
from 3.10 to 2.92 eV, which could be correlated with the different surface

chemistry of (101) and (001) surface already evidenced by XPS.

—— 1-Mo C/TiO,(NS)-F
—— 1-Mo C/TiO(NS)-600
—— 1-Mo,C/TiO,(bipy)
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Figure 5.16. UV-vis diffuse reflectance spectra of 1-MoxC/TiO2(NS)-X and 1-
MoxC/TiOz(bipy).
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Figure 5.17. Tauc plots of the Kubelka-Munk function versus photonic energy
of 1-MoxC/TiO2(NS)-X and 1-MoxC/TiOz(bipy).

The photoinduced charge recombination of samples was analyzed by PL
spectroscopy. PL spectra of 1-MoxC/TiO2(NS)-X, 1-MoxC/TiOz(bipy), TiO2(NS)-
X and TiOz(bipy) are shown in Figure 5.18. In all cases, a broad emission peak
with maximum at about 595 nm can be observed, which can be related with the
presence of a high density of defect sites [21]; specifically, peaks at about 495-
540 nm have been related with the presence of surface oxygen vacancies and

peaks at about 600-650 nm with that of subsurface oxygen vacancies [22].

On the other hand, the intensity of PL spectra of 1-MoxC/TiO2(NS)-X and
1-MoxC/TiO2(bipy) is lower than those of bare TiO2(NS)-X and TiOz(bipy),
indicating that the presence of MoxC improves the efficiency of photogenerated
h*/e- pairs separation. The intensity of PL band follows the order: TiO2(NS)-F>
TiO2(NS)-600>TiO2(bipy)>1-MoxC/TiO2(NS)-F>1-MoxC/TiO2(NS)-600>1-
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MoxC/TiOz2(bipy). Both the morphology and adsorbed species on anatase TiO2
greatly influence the photoinduced charge recombination. TiO2(NS)-600 is
more effective in lowering the charge recombination rate than TiO2(NS)-F.

Moreover, the recombination is less favored in TiO2(bipy) nanopatrticles.

TiO,(NS)-F
—— TiO,(NS)-600
—— TiO,(bipy)
1-Mo,C/TiO,(NS)-F
—— 1-Mo C/TiO,(NS)-600 /°
—— 1-Mo, C/TiO,(bipy)

Intensity (a. u.)

= & & & & & & &k K Lk &k L &t ] & T & 3
400 500 600 700 800
Wavenumber (nm)

Figure 5.18. PL spectra of 1-MoxC/TiO2(NS)-X, 1-MoxC/TiO2(bipy), TiO2(NS)-X
and TiO2(bipy) samples.

For a deeply evaluation of photogenerated charge transfer properties of
the photocatalysts, transient photocurrent responses and EIS measurements

were carried out.

Figure 5.19 shows the transient photocurrent responses of 1-
MoxC/TiO2(NS)-X, 1-MoxC/TiOz(bipy), TiO2(NS)-X and TiO2(bipy) samples
under simulated solar light irradiation with a pulse light on-off process. In
general, MoxC containing samples show larger photocurrent density than the

corresponding TiO2 samples. However, this effect is much higher for TiO2(bipy)
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than for TiO2(NS)-X. The order of photocurrent density responses is:
1-MoxC/TiO2(bipy)>>TiOz2(bipy)>>1-MoxC/TiO2(NS)-600>1-MoxC/TiO2(NS)-F>
TiO2(NS)-600>TiO2(NS)-F.

10 —— 1-Mo, C/TiO,(bipy) —— TiO,(bipy)

09F  ——1-Mo,C/TIO,(NS)-600  —— TiO,(NS)-600

08l  —1-Mo C/TiO,(NS)-F TiO,(NS)-F
light on light off

0.7 +

Photocurrent density (nA/cm?)

N

00 I : | L | 1 | : | s | \ |
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Figure 5.19. Photocurrent response of 1-MoxC/TiO2(NS)-X, 1-MoxC/TiOz(bipy),
TiO2(NS)-X and TiOz(bipy) samples.

The EIS Nyquist plots of as-made samples obtained in dark and under
simulated solar irradiation are shown in Figures 5.20 and 5.21, respectively. In
all cases, 1-MoxC/TiO2(NS)-X and 1-MoxC/TiOz(bipy) samples show smaller
arc radius than bare TiO2(NS)-X and TiOz(bipy), which indicates that the
presence of MoxC onto TiO2(NS)-X and TiO2(bipy) reduces the transport
resistance of photogenerated electrons, both in dark and illuminated conditions.
Meanwhile, in all cases, the arc radius under solar illumination is smaller than
in dark conditions; the irradiation produces photogenerated electrons and

decreases the barrier of the electron transfer in these materials. The Nyquist
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arc radius follows the order: TiO2(NS)-F>TiO2(NS)-600>1-MoxC/TiO2(NS)-600>
1-MoxC/TiO2(NS)-F>TiO2(bipy)>1-MoxC/TiO2(bipy) in both conditions. This
result is in good agreement with PL and photocurrent responses
characterization, and highlights the importance of the MoxC/TiOz interfaces on

the composite photochemical characteristics.

200.0k
—o— TiO,(NS)-F

180.0k | )
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160.0k —O—TiO,(bipy)
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—a— 1-Mo, C/TiO,(NS)-600
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Figure 5.20. EIS Nyquist plots of 1-MoxC/TiO2(NS)-X, 1-MoxC/TiOz(bipy),
TiO2(NS)-X and TiO2(bipy) in dark.
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Figure 5.21. EIS Nyquist plots of 1-MoxC/TiO2(NS)-X, 1-MoxC/TiOz(bipy),
TiO2(NS)-X and TiOz2(bipy) samples under simulated solar irradiation.

5.3 Photocatalytic H2 production over 1-MoxC/TiO2(NS)-X and
1-MoxC/TiOz(bipy)

As stated above, 1-MoxC/TiO2(NS)-X and 1-MoxC/TiO2(bipy) were used as
photocatalysts (250 mg) for the Hz production from ethanol@q) (25% v/v). For
comparison, TiO2(NS)-X and TiOz(bipy) samples were also tested. The results
of Hz production yield along time are displayed in Figure 5.22 and the

corresponding AQE values in Figure 5.23.
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Figure 5.22. Total Hz yield per gram of catalyst produced from ethanol(aq) 25%
viIv over 1-MoxC/TiO2(NS)-X, 1-MoxC/TiOz(bipy), TiO2(NS)-X and TiOz(bipy). t=
4 h, T= 20 °C, UV-vis irradiation.

0.33

Figure 5.23. AQE (%) for Hz production from ethanol@ag 25% v/v over 1-
MoxC/TiO2(NS)-X,  1-MoxC/TiOz(bipy), = TiO2(NS)-X  and  TiOz(bipy)
photocatalysts.
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All TiO2 samples are active in the photocatalytic H2 production under UV-
visible irradiation from ethanol@q) solution, the amount of hydrogen produced
and the AQE followed the order: TiO2(bipy)>TiO2(NS)-600>>TiO2(NS)-F
(Figures 5.22 and 5.23). It indicates that the presence of fluorides on the
surface could produce a detrimental effect on H2 production. A similar result
has been recently reported for the formic acid photoreforming [23]. Moreover,
the bipyramidal shape of TiO2(bipy) sample with dominant (101) facets shows
the highest H2 production (4772 pumoleg?). TiO2(bipy) mainly exposes (101)
facets, which favours the electron transfer for the H2 production, as has been

proved using methanol as the sacrificial agent [24].

On the other hand, all the MoxC containing samples show a higher Hz
production than their respective TiO2(NS)-X and TiO2(bipy) (Figures 5.22 and
5.23). This result demonstrates the role of MoxC as co-catalyst, which
depended on the TiO2 used (Figure 5.22). The amount of hydrogen produced
and the AQE followed the trend: 1-MoxC/TiOz(bipy)>1-MoxC/TiO2(NS)-600>1-
MoxC/TiO2(NS)-F, indicating the paramount importance of the shape of TiO2

nanoparticles.

To be specific, as both TiO2(NS)-600 and TiOz(bipy) show surface fluoride-
free but different ratios of facets, they are suitable to compare the effect of MoxC

as co-catalysts on TiO2 with different dominant facets.

H2 production over 1-MoxC/TiO2(NS)-600 catalyst is only slightly higher
than over TiO2(NS)-600. However, Hz production over 1-MoxC/TiO2z(bipy)
increased almost 41% when it is compared with the bare TiO2(bipy). According
to the characteristics of as-prepared samples, we relate the higher effect of
MoxC onto TiO2(bipy) with the preferential deposition of MoxC nanopatrticles
onto (101) facets and with the presence of surface Ti®*, as it was determined

by XPS. As stated above, the electron transfer, which is necessary for H2
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production, is favored onto (101) facets [25,26]. Moreover, an improved

photocatalytic activity has been demonstrated for TiO2 nanoparticles containing

Ti* surface species, being the presence of surface defects related with a lower

recombination rate [27,28].

Besides H2, C1 (CO and CHa4) and C2 (C2H4 and CH3CHO) products were

also detected in the gas phase during the photoreaction (Table 5.3). In the liquid

phase, 2,3-butanediol was the main product detected.

Table 5.3. Products obtained (umol/gcat) during the photocatalytic Hz production
tests using ethanolg) 25% v/v with TiO2-X and MoxC/TiO2-X catalysts (250 mg)
under UV-vis irradiation. Other reaction conditions: 20 °C, t=4 h.

Catalyst Ho CO CHas CzHs CHsCHO? 2,3-butanediol
TiO2(NS)-F 2826 185 120 29 82 1430
TiO2(NS)-600 4429 163 120 32 73 1525
TiOz(bipy) 4772 183 103 28 54 5958
1-MoxC/TiO2(NS)-F 3297 190 122 31 81 2460
1-MoxC/TiO2(NS)-600 4533 212 116 46 83 4972
1-MoxC/TiOz(bipy) 6748 224 138 53 83 5502

a8 CH3sCHO in liquid phase was not quantified.
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5.4 Influence of MoxC loading amount on TiO2(bipy)

Taking into account that 1-MoxC/TiOz(bipy) produced the highest amount
of hydrogen, two more MoxC/TiOz(bipy) catalysts with different MoxC loading,
0.5-MoxC/TiO2(bipy) and 3.5-MoxC/TiOz(bipy) were prepared following the

same procedure (Table 5.4).

Table 5.4. Average dimensions of crystal domains obtained by Scherrer
analysis of the (004) and (200) XRD peaks, BET surface area, Mo content and
bandgap of TiO2(bipy) and 0.5-, 1-, and 3.5-MoxC/TiO2(bipy) samples.

Mo
doos d200 SBET Bandgap
Catalyst content
(m?g) (eV)
(nm) (nm) (Wto%)
TiO2(bipy) 40 31 27 -- 3.10
0.5-MoxC/TiO2(bipy) 36 29 38 0.50 3.10
1-MoxC/TiOz(bipy) 36 29 15 0.69 2.92
3.5-MoxC/TiO2(bipy) 25 20 26 3.25 2.85

XRD patterns of all MoxC/TiO2z(bipy) samples only show characteristic
diffraction peaks of anatase TiOz (Figure 5.24). On the other hand, the average
crystallite dimensions of 3.5-MoxC/TiOz(bipy) are lower than those of samples

containing a lower MoxC loading (Table 5.4).
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Figure 5.24. XRD diffraction patterns of TiO2(bipy) and 0.5-, 1-, and 3.5-
MoxC/TiOz(bipy).

The bandgap values of MoxC/TiO2(bipy) samples recorded in Table 5.4
were determined from Tauc plots (Figure 5.25); a decrease of the bandgap can
be observed with the increase of MoxC loading, which could be related with the

progressive deposition of MoxC onto (101) facets.
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Figure 5.25. Tauc plots of the Kubelka-Munk function versus photonic energy
of TiO2(bipy) and 0.5-, 1-, and 3.5-MoxC/TiOz(bipy).

Moreover, photoelectrochemical measurements, including PL, transient
photocurrent responses and EIS measures were also carried out to determine
the photoinduced charge recombination and the photogenerated charge

transfer for all MoxC/TiO2(bipy) samples.

PL spectra of MoxC/TiO2(bipy) samples and TiO2z(bipy) are shown in Figure
5.26. All PL spectra of MoxC-containing samples show lower intensity than that
of bare TiOz(bipy). The intensity of PL spectra follows the trend: TiOz(bipy)>>
0.5-MoxC/TiO2(bipy)>3.5-MoxC/TiOz2(bipy)>1-MoxC/TiO2(bipy), this indicating
that the 1-MoxC/TiO2(bipy) is the most effective in the photoinduced separation

charge.
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Figure 5.26. Photoluminescence spectra of TiOz(bipy) and 0.5-, 1-, and 3.5-
MoxC/TiO2(bipy) samples.

Figure 5.27 shows the transient photocurrent responses of TiOz(bipy) and
0.5-, 1-, 3.5-MoxC/TiO2(bipy) samples. All the MoxC/TiO2(bipy) samples exhibit
a higher photocurrent response than that of TiO2(bipy), following the trend: 1-
MoxC/TiOz2(bipy)>3.5-MoxC/TiO2(bipy)>0.5-MoxC/TiOz2(bipy)>TiO2(bipy). The
lower the rate of photogenerated charge recombination, the higher

photocurrent density.
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Figure 5.27. Photocurrent response of TiO2(bipy) and 0.5-, 1-, and 3.5-
MoxC/TiO2(bipy) samples.

Figures 5.28 and 5.29 show the EIS Nyquist plots of TiOz(bipy) and
MoxC/TiOz(bipy) samples obtained in dark and under simulated solar irradiation,
respectively. In all cases, MoxC containing samples (MoxC/TiOz(bipy)) show a
smaller arc radius than bare TiOz(bipy); on the other hand, all the arc radius
under solar illumination are smaller than in dark conditions. The Nyquist arc
radius follows the order: TiO2(bipy)>0.5-MoxC/TiO2(bipy)>3.5-
MoxC/TiOz2(bipy)>1-MoxC/TiO2(bipy). Samples showing a lower barrier of
electron transfer also showed a lower rate of photogenerated charge

recombination and a higher photocurrent density.
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Figure 5.28. EIS Nyquist plots of TiO2(bipy) and 0.5-, 1-, and 3.5-
MoxC/TiO2(bipy) samples in dark.
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Figure 5.29. EIS Nyquist plots of TiO2(bipy) and 0.5-, 1-, and 3.5-
MoxC/TiO2(bipy) samples under simulated solar irradiation.
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Figure 5.30 shows the H: yield along time of all MoxC/TiO2z(bipy) and
TiO2(bipy) samples, and Table 5.5 the C-containing products obtained. Besides
the main production of Hz, the presence of other carbon-containing products
(CO, CHa4, C2H4 and CH3CHO) were determined in the gas phase during the
photoreaction; 2,3-butanediol was the main product detected in the liquid phase

(Table 5.5).
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Figure 5.30. Total H2 yield per gram of catalyst produced from ethanol(aq) 25%

v/v over 0.5-, 1-, and 3.5-MoxC/TiOz(bipy) photocatalysts. t=4 h, T= 20 °C, UV-
visible light irradiation.

As expected, all MoxC/TiOz2(bipy) showed higher Hz yield than bare
TiOz2(bipy). Moreover, the photocatalyst with about 0.7% wt MoxC (1-
MoxC/TiO2-bipy) produced the highest amount of H2, according to its
photoelectrochemical properties. This sample, which showed the lowest rate of

photoinduced charge recombination, has the highest transient photocurrent
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response and the lowest barrier of electron transfer. 1-MoxC/TiO2z(bipy) also

showed the highest AQE (Figure 5.31).

Table 5.5. Products obtained (umol/gcat) during the photocatalytic Hz production
tests using ethanol@ag 25% v/v with TiO2(bipy) and MoxC/TiO2(bipy) catalysts
under UV-vis irradiation. Other reaction conditions: 20 °C, t=4 h.

Catalyst Ho CO CHs CoHas CHsCHO2 2,3-butanediol

TiOa2(bipy) 4772 183 103 28 54 5958
0.5-MoxC/TiOo(bipy) 5352 90 136 39 74 7388
1-Mo,C/TiOz(bipy) 6748 224 138 53 83 5502
3.5-M0,C/TiO(bipy) 5477 170 128 34 73 9692

& CH3sCHO in liquid phase was not quantified.

0.67
0.62

0.56 0.54

Tio2(bipy) 0.5-MoxC/TiO2(bipy)  1-MoxC/TiO2(bipy) ~ 3.5-MoxC/TiO2(bipy)

Figure 5.31. AQE (%) for H2 production from ethanol(ag) 25% v/v over TiO2z(bipy)
and 0.5-, 1-, and 3.5-MoxC/TiO2z(bipy) photocatalysts.

184



Chapter 5

These results show the beneficial effect of MoxC as co-catalyst in TiOz(bipy)
at least till 0.7% wt. However, a MoxC content of 3.5% wt is higher than the
optimal value, being the sample 3.5-MoxC/TiO2z(bipy) located at the right side

of the volcano plot.

5.5 References

1. Mino L, Pellegrino F, Rades S, et al. Beyond shape engineering of TiO2
nanoparticles: post-synthesis treatment dependence of surface hydration,
hydroxylation, Lewis acidity and photocatalytic activity of TiO2 anatase
nanoparticles with dominant {001} or {101} facets. ACS Applied Nano
Materials, 2018, 1: 5355-5365.

2. Han X, Kuang Q, Jin M, et al. Synthesis of titania nanosheets with a high
percentage of exposed (001) facets and related photocatalytic properties.

Journal of the American Chemical Society, 2009, 131: 3152-3153.

3. Zhang J, Wang J, Zhao Z, et al. Reconstruction of the (001) surface of TiO2
nanosheets induced by the fluorine-surfactant removal process under UV-
irradiation for dye-sensitized solar cells. Physical Chemistry Chemical

Physics, 2012, 14: 4763-4769.

4. Sugimoto T, Zhou X, Muramatsu A. Synthesis of uniform anatase TiO2
nanoparticles by gel-sol method: 3. Formation process and size control.

Journal of colloid and interface science, 2003, 259: 43-52.

5. Luca V. Comparison of size-dependent structural and electronic properties
of anatase and rutile nanoparticles. The Journal of Physical Chemistry C,

2009, 113: 6367-6380.

6. Snyder R L. The use of reference intensity ratios in X-ray quantitative

185



Photocatalytic Hz production over materials with engineered MoxC/TiO; interfaces

10

11.

12.

13.

14.

analysis. Powder Diffraction, 1992, 7: 186-193.

. Yang H G, Zeng H C. Preparation of hollow anatase TiO2 nanospheres via

Ostwald ripening. The Journal of Physical Chemistry B, 2004, 108: 3492-
3495.

. Chen M, Liu J, Zhou W, et al. Nitrogen-doped graphene-supported transition-

metals carbide electrocatalysts for oxygen reduction reaction. Scientific

Reports, 2015, 5: 10389.

. Jiang J, Liu Q, Zeng C, et al. Cobalt/molybdenum carbide@ N-doped carbon

as a bifunctional electrocatalyst for hydrogen and oxygen evolution reactions.

Journal of Materials Chemistry A, 2017, 5: 16929-16935.

. Zhu Y, Wang S, Zhong Y, et al. Facile synthesis of a MoO2—Mo2C-C
composite and its application as favorable anode material for lithium-ion

batteries. Journal of Power Sources, 2016, 307: 552-560.

Ojha K, Saha S, Kolev H, et al. Composites of graphene-Mo2C rods: highly
active and stable electrocatalyst for hydrogen evolution reaction.

Electrochimica Acta, 2016, 193: 268-274.

Oshikawa K, Nagai M, Omi S. Characterization of molybdenum carbides
for methane reforming by TPR, XRD, and XPS. The Journal of Physical
Chemistry B, 2001, 105: 9124-9131.

Porosoff M D, Yang X, Boscoboinik J A, et al. Molybdenum carbide as
alternative catalysts to precious metals for highly selective reduction of CO2

to CO. Angewandte Chemie International Edition, 2014, 53: 6705-6709.

Gao Q, Zhao X, Xiao Y, et al. A mild route to mesoporous Mo2C—C hybrid
nanospheres for high performance lithium-ion batteries. Nanoscale, 2014,

6: 6151-6157.

186



Chapter 5

15.

16.

17.

18.

19.

20.

21.

22.

23.

Khan M M, Ansari S A, Pradhan D, et al. Band gap engineered TiO2
nanoparticles for visible light induced photoelectrochemical and

photocatalytic studies. Journal of Materials Chemistry A, 2014, 2: 637-644.

Yan Y, Han M, Konkin A, et al. Slightly hydrogenated TiO2 with enhanced
photocatalytic performance. Journal of Materials Chemistry A, 2014, 2:
12708-12716.

Sola A C, Ramirez de la Piscina P, Homs N. Behaviour of Pt/TiO2 catalysts
with different morphological and structural characteristics in the
photocatalytic conversion of ethanol aqueous solutions. Catalysis Today,

2020, 341: 13-20.

Selcuk S, Zhao X, Selloni A. Structural evolution of titanium dioxide during

reduction in high-pressure hydrogen. Nature Materials, 2018, 17: 923-928.

Eder D, Motta M, Windle A H. Iron-doped Pt-TiO2 nanotubes for photo-

catalytic water splitting. Nanotechnology, 2009, 20: 055602.

Makuta P, Pacia M, Macyk W. How to correctly determine the band gap
energy of modified semiconductor photocatalysts based on UV-Vis spectra.

The Journal of Physical Chemistry Letters, 2018, 9: 6814-6817.

Li W, Shang C, Li X. A one-step thermal decomposition method to prepare
anatase TiO2 nanosheets with improved adsorption capacities and
enhanced photocatalytic activities. Applied Surface Science, 2015, 357:
2223-2233.

Pallotti D K, Passoni L, Maddalena P, et al. Photoluminescence
mechanisms in anatase and rutile TiO2. The Journal of Physical Chemistry

C, 2017, 121: 9011-9021.

Pellegrino F, Sordello F, Mino L, et al. Formic acid photoreforming for

187



Photocatalytic Hz production over materials with engineered MoxC/TiO; interfaces

24.

25.

26.

27.

28.

hydrogen production on shape-controlled anatase TiO2 nanoparticles:
Assessment of the role of fluorides,{101}/{001} surfaces ratio, and

platinization. ACS Catalysis, 2019, 9: 6692-6697.

Gordon T R, Cargnello M, Paik T, et al. Nonaqueous synthesis of TiO2
nanocrystals using TiF4 to engineer morphology, oxygen vacancy
concentration, and photocatalytic activity. Journal of the American

Chemical Society, 2012, 134: 6751-6761.

Sun D, Yang W, Zhou L, et al. The selective deposition of silver
nanoparticles onto {101} facets of TiO2 nanocrystals with co-exposed
{001}/{101} facets, and their enhanced photocatalytic reduction of aqueous
nitrate under simulated solar illumination. Applied Catalysis B:

Environmental, 2016, 182: 85-93.

Kashiwaya S, Olivier C, Majimel J, et al. Nickel oxide selectively deposited
on the {101} Facet of anatase TiO2 nanocrystal bipyramids for enhanced

photocatalysis. ACS Applied Nano Materials, 2019, 2: 4793-4803.

Yan Y, Han M, Konkin A, et al. Slightly hydrogenated TiO2 with enhanced
photocatalytic performance. Journal of Materials Chemistry A, 2014, 2:

12708-12716.

Yaghoubi H, Li Z, Chen Y, et al. Toward a visible light-driven photocatalyst:
the effect of midgap-states-induced energy gap of undoped TiO2
nanoparticles. ACS Catalysis, 2015, 5: 327-335.

188



Chapter 6.

Conclusions






Chapter 6

New mesoporous hybrid materials (Ti-PMOs), based on periodic
organosilicas, with biphenyl moieties and containing Ti (Si/Ti=10-40 mol/mol),
were successfully prepared following a microwave-assisted method. Ti-PMOs
are mesoscopically ordered, show molecular-scale periodicity in the pore walls
and surface-areas in the range of 740-830 m?g.

The photocatalytic transformation of aqueous ethanol (25% v/v) over Ti-
PMOs produces Hz and 2,3-butanediol as main carbon-containing product. The
photocatalytic performance in hydrogen production of Ti-PMOs is higher than that
of Ti-free PMO. After illumination, the electron transfer from organic groups to
Ti** centers could favour the charge separation. Ti20-PMO (Si/Ti=23 mol/mol)
shows the best photocatalytic behaviour, with a mean H2 production of 511 umol
H2 geat! ht during the photocatalytic test (4h). Ti20-PMO is stable under the
conditions used, keeping a constant Hz production rate along time. Ti20-PMO
shows the lowest velocity of (e/h*) charge recombination, the lowest electron
transport resistance, and the highest transient photocurrent response. We relate
these photoelectrochemical characteristics with the photocatalytic behaviour of
Ti20-PMO and with the presence of dispersed tetrahedral Ti** centers in the Ti20-
PMO framework.

On the other hand, the CO:2 photoreduction studies carried out using Ti-
PMOs as photocatalysts and TEOA as SED, indicate that at least a part of C1
and C2 products obtained came from the TEOA. The evaluation of the behavior
of SED, in the conditions used in the photocatalytic test, is of fundamental
importance. Moreover, for an appropriate interpretation of the CO:

photoreduction results, a test in the absence of CO2 should be always performed.
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Conclusions

MoxC is an effective co-catalyst for g-CsN4 and TiO2 systems in the
photocatalytic production of Hz from aqueous ethanol (25% v/v), under UV-visible
(MoxC/TiO2(X)) and visible (MoxCT/g-C3Na4) irradiation.

The preparation of tailored nanocomposites MoxCT/g-CsNa, containing hcp
Mo2C and/or fcc MoC onto g-C3sN4 nanosheets, was accomplished using g-C3sN4
nanosheets and MoxC nanoparticles previously synthesized and an ultrasonic-
assisted method; the characteristics of g-C3sN4 nanosheets and MoxC used in the
preparation are kept in MoxCT/g-C3sNa.

The photoelectrochemical properties of MoxCT/g-C3sN4 depend on the phase
and size of the MoxC used, and they can be related with the effect of MoxC as co-
catalyst in g-CsNa4, in the photocatalytic hydrogen production. The activity of
MoxCT/g-CsNa4 containing hcp Mo2C is higher than that of photocatalysts
containing only fcc MoC. Moreover, the photocatalytic activity increases with the
decrease of the crystallite size of the hcp Mo2C phase. On the other hand, the
close presence of both phases results beneficial for the photocatalytic behaviour.
The highest hydrogen production, about 255 pmol Hz gtcath, was obtained with
MoxC700/g-CsN4, containing hcp Mo2C and fcc MoC nanoparticles, and
exhibiting the lowest rate of charge recombination, the lowest electron transfer
resistance and the highest photocurrent response.

The study of engineered MoxC/TiO2 materials in which MoxC nanoparticles
were incorporated onto anatase TiO2 nanoparticles with different geometries,
nanosheets and bipyramidal, allowed to determine the paramount importance of
the MoxC-TiOz2 interface in the photocatalytic behaviour of the samples. The
doping of the shape-controlled anatase nanoparticles with MoxC, decreased the

e/h* recombination rate and the electron transfer resistance; meanwhile, the
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photocurrent response increased. The efficiency of the photocatalysts in the
hydrogen production can be correlated with the amount of exposed (101) TiO2
facets and their photoelectrochemical characteristics. The incorporation of MoxC
nanoparticles onto bipyramidal anatase with dominant (101) facets favoured the
formation of Ti3* species. The cooperative effect between the reducibility of the
anatase (101) surface and the presence of MoxC nanoparticles, favours the
transfer of the photogenerated electrons to produce Hz from the aqueous ethanol
solution. 1-MoxC/TiO2(bipy) produced the highest amount of Hz2, 1687 umol g-cat

h-t under the experimental conditions used.
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