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ABSTRACT
OF THE THESIS OF

Raafat Ammar Ziade for Master of Science
Major: Chemistry

Title: Synthesis, Characterization, and Photocatalytic Properties of New Heteronanostructures
Based on Niobium Oxihydroxides.

Heteronanostructured photocatalysts have attracted some good attention due to the
enhanced catalytic activity of the multi-component material rather than its pure form. In
this work, we successfully synthesized and characterized new Heteronanostructured
samples of the semiconductor Nb:O7OH decorated with different metal loadings of Pt,
Au, Cu, Pd, and Ag via a photodeposition technique. The compounds were
characterized by XRD, UV-Vis absorbance, SEM, EDX, TEM, and Atomic absorption.

We first investigated the effect of Pt loading on catalytic H. production. The obtained
results showed that the spillover mechanism is possible for low Pt loading which is
responsible for the high production rate.

In the second part, we studied the photocatalytic degradation of Rhodamine B, and the

best one of the tested compounds until now is the gold decorated compound with 0.5%
as metal loading. Future work will include the exploration of the rest of the compounds
and the effect of loading percentage will be studied regarding the effectiveness.
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CHAPTER |

LITERATURE REVIEW

A. The need for solar energy use: Semiconductors

These days, humanity largely depends on fossil fuels for producing energy
(Figure. 1).! Unfortunately, this has caused a huge increase in the emission of CO- due
to the combustion process and hence the need to explore other renewable energy
resources is necessary. From the available energy resources, solar radiation seems the
best option since it is relatively infinite. Actually, the solar radiation reaching the earth
in one hour is more than enough to cover all the energy consumption needed for one

year.?

Percentage of US Energy Supply (Year 2009)

Coal (21%)

Petroleum (37%)

Figure 1 The diagram shows the percentage of the energy supplied from different sources
in the US.!

Despite the fact that many methods are established to make use of the solar
power such as concentrating solar power and solar photovoltaic technologies, the direct
conversion of solar energy into chemical fuels, Hz as a preference, is one of the best

choices. Splitting water into Hz and O is the main objective since water is widely



available and the best source of hydrogen on earth and last but not least it is the product
formed when H. fuel is burnt.?

Alternatively, due to the concerns regarding the emission of the greenhouse gas
COz2, methods to capture, store and utilize CO: is another urgent need. In particular, the
transformation of CO to fuels using catalysts drew a lot of attention in the past years.*®
Since the CO2 molecule has a high stability, the photocatalytic conversion of CO; to
useful fuel using solar power is the best path.

Fujishima and Honda were the pioneers in the photoelectrochemical splitting of
water into H, and O using TiO; electrodes under UV illumination in 1972.7 In addition,
Inoue et al. developed the photocatalytic reduction of CO2 to organic molecules such as
methanol, formaldehyde, and formic acid by irradiating CO, saturated aqueous
suspensions with a Xe lamp and using several semiconductors like ZnO, SiC, WOs3,
CdS, and TiO; in 1979.8 Since these works, several studies have emerged in the past
decades owing to the high demand for renewable energy and the environmental global
concerns. Porous nanospheres, nanorods, nanotubes, nanowires were studied and
proved to have suitable characteristics for the photocatalytic activity such as large
surface areas, tunable light absorption, and low reflectivity. In addition, hybrid
nanomaterials were synthesized, for instance, dye-sensitized nanoparticles, nanocrystals
of semiconductor decorated with metallic clusters, quantum dots in nanowires, and
core-shell nanowires all of which were proved to be photocatalysts with heightened
efficiency.®*2 In this regard, we will go over the essential challenges faced when
designing semiconductors for use as photocatalysts and discuss the different methods

used to improve their activities and their stability.



B. Essential challenges of semiconductor photocatalysts

The semiconductor is able to absorb the light irradiation (provided the energy of
the photon is equal to or higher than the bandgap of the said material) and consequently
converts the obtained energy into chemical energy. We can divide this process into four
different steps (Figure. 2). Step | is the photoexcitation, in this step, the photon will
excite the negatively charged electrons in the valence band to the conduction band and
create the holes, which have a positive charge forming what we call electron (e)-hole
(h™) pairs putting the catalyst in a photoexcited state. Step Il is where charge separation
and transportation take place, the electron hole pairs will split and migrate to their

active sites on the surface of the photocatalyst or cocatalyst.

A
CB
Bo(H'7H,) e o od i % © @
\ A
ﬁ I Ill:i—jms.v

I
E,(OH10,)= = it AR S

’
- .I
n VB

DQ‘
D

Figure 2 Schematic illustrating the mechanism for photocatalytic process on TiO:
coupled with cocatalysts for redox reactions.1

At the same time, in step 111, some of the photogenerated electrons and holes
will recombine or be trapped by defects in the bulk material or the surface of the

catalyst. Step IV comprises the reduction/oxidation reactions. The electrons and holes
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will perform the reduction/oxidation reactions by acting as reducing and oxidizing
agents respectively on the active sites of the photocatalyst/cocatalyst.

Photoassited splitting of water, photoreduction of CO2, and light-driven
degradation of organic pollutants are all important applications in the field of
photocatalysis.

One problem is that many of the photocatalysts are limited in their activity due
to the fact that they only function in the UV region since they have wide bandgaps like
TiOz. In addition, many of them have low efficiency due to incompetent charge
separation and transport and/or photo corrosion of the semiconductor.'® Here, we use
the water-splitting reaction as a model to pinpoint the obstacles faced when designing a
stable and efficient photocatalyst. Thermodynamically speaking, water splitting is a
non-spontaneous reaction with a AG equal to 237.2 kJ.mol™ to break one water
molecule to H and % O at standard temperature and 1 atm.'* Practically speaking, the
efficiency of solar water splitting depends on several aspects: (i) decreasing the path
traveled by the photogenerated carriers to their respective sites on the photocatalyst
surface;*™ 1 (ii) improving water adsorption by increasing the surface area of the
catalyst;’ (iii) facilitating charge separation by decreasing the feature size over the
critical size!® (iv) shifting the edges of the conduction band and/ or the valence band in
order to improve the thermodynamic threshold of surface reactions.'® In this case, the
bandgap of the semiconductor for the solar-driven splitting of water should have the
three following requirements: (i) the bandgap has to be higher than 1.23 eV to span the
range of redox potentials for water splitting; (ii) the conduction band potential should be
higher (more negative) than the water reduction potential; (iii) the valence band

potential should be lower (more positive) than the water oxidation potential.?® 2
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As mentioned earlier, TiO2 only absorbs in the UV light with a bandgap of ~ 3.2
eV accounting only for 4% of the solar energy. However, other semiconductors can
absorb in the visible region of the solar spectrum owing to their narrower bandgaps like
CdS with a bandgap of ~ 2.4 eV.2 We can see in Figure. 3° the band levels of many
semiconductors along with the redox potentials of water oxidation and the reduction
potentials of several species Hz and COz. As stated previously, the reduction and
oxidation potential should fall within the bandgap of the semiconductor for a successful

overall photocatalytic reaction to occur.

S
: E vs NHE (pH=0)
sic
- CuO wm
= 1
35} cis 22 7 1.0
TiO. zno Si W 3 1 HCOOH/M,CO,
- - __HCHOIH,CO,
2 45F Feo wo, 1 20/ev 0{== HMH,0
z €03 =] 1.1jev ‘ - CH,OHH,CO,
> | = 3olev ]
- 2.1eV ! CH,/CO,
2 551 3.2/ev | - 1.0
w 32V 3.6/eV ——— 0y/H;0
- 21V | o glev L ]
. e
65} =] +2.0
” wim .
-75F e W = 3.0

Figure 3 Bandgaps for different semiconductors relative to the redox potentials of several
couples in water.®

C. Strategies to increase the efficiency of the semiconductor photocatalyst:

In the coming sections, we will highlight the previous achievements in the
development of semiconductor photocatalysts and include the variant methods used to
increase their efficiency. Those methods include: (i) fine-tuning of the bandgap in order
to increase the absorption in the visible light portion of the solar spectrum and, at the

same time, preserve the potential for the sought-after redox reactions; (ii) the use of

12



heterostructured semiconductors to increase the efficiency of charge separation and (iii)

the use of a suitable cocatalyst to ease the overpotential of redox reactions

1. Efficient absorption of solar energy:

TiO2 was very well studied as a photocatalyst for its efficiency, cheapness, and
chemical durability. It was also proved that titania-based catalysts can be used
efficiently in water splitting reactions.?? Nevertheless, a major drawback in TiOz is its
large bandgap (~ 3 eV). It can only absorb 5% of the solar irradiation, as UV or near-
UV.2 As a result, despite its effectiveness, TiO; and titania-based photocatalysts cannot
be used for effective absorption of solar power and conversion. The real challenge is to
develop photocatalysts that can absorb the visible light more effectively.

In this regard, major efforts were made to increase the efficiency of solar
absorption of the semiconductor photocatalysts. All in all, three pathways were
followed to enhance the visible light absorption: (1) doping of TiO., which includes the
addition of metals or non-metals (like nickel, platinum, vanadium, chromium, tungsten,
nitrogen, fluorine, sulfur, etc.);” 24?5 (2) using other semiconductors with smaller
bandgaps than that of TiO2 (e.g., Si,%® InP,%” CdSe,?® and GaZnON;?* % and (3) the
incorporation of light sensitizers to increase the visible light absorption like organic
dyes, metals or a semiconductor with a small bandgap ).3!34

Lately, Chen et al. were able to improve the visible light absorption by making a
disordered shell of numerous atomic layers of nanophase TiO2 by means of a
hydrogenation technique creating what was called “black TiO2”.*® This black TiOz had a
higher efficiency in visible light photocatalysis in comparison to conventional white

TiO2. 0.2 + 0.02 mmol of H. were produced using black TiO, decorated with 0.6% of Pt
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by weight in a 1:1 water-MeOH mixture, this is about 100 times more than the
production efficiency of the majority of the formerly reported semiconductor
photocatalysts.®® Afterwards, Y. Li and co-workers reached a 1.63% solar to hydrogen
efficiency using the hydrogen treated TiO2 nanowires which were used as a photoanode
in the photoelectrochemical splitting of water.®’

As for the substitutes of TiO2, numerous novel photocatalysts have emerged;
many of those semiconductors followed essentially two routes. The first one is finding
native semiconductors with narrow bandgaps that can absorb in the visible region (e.g.
a-Fe203, BiVO4, AgsPOs, and CdS), all of which are known as visible light
photocatalysts.® The second route is the solid solutions of isostructural
semiconductors.

Domen’s team investigated the GaN-ZnO solid solution system for
photocatalysis®® *°, which proved to split water into H, and Oz under visible light
illumination with the addition of redox cocatalysts.3® The GaN-ZnO had a bandgap of
2.58 eV, which is smaller than the bandgaps of the individual semiconductors GaN and
ZnO being 3.4 eV and 3.2 eV respectively. The narrowing of the bandgaps was
explained according to DFT calculations: the p-d repulsion due to the presence of
electrons in the Zn3d and N2p orbitals of the valence band results in shifting the
valence band and subsequently narrowing the bandgap.?® In a similar manner, several
solid solutions (e.g., CdS-ZnS, AgInS,—CulnS,, CulnS>—AgInS>-ZnS, AgInS>—ZnS,
and CulnS>-ZnS ) were investigated and showed to be active for photocatalytic H»
production in aqueous sulfide and sulfite under visible light illumination.3®

Narrow bandgap semiconductors, molecular dyes, and/or nanoscale metal

particles are basically used in sensitizing agents on the photocatalyst surface to extend
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the absorption to the visible region which will subsequently increase the overall
catalytic efficiency. Numerous narrow bandgap semiconductors (e.g., ZnSe,*® PbS,*
CdSe,** InP,* and Agl,* %, etc.) were used as sensitizers for semiconductors with
large bandgaps like TiO2, ZnS, ZnO, etc. for the visible light photocatalysis. On that
basis, the narrow and the wide bandgap semiconductors have different electronic levels
for their respective conduction band and valence band. Solely the narrow bandgap
semiconductor is excited generating electrons in the valence band under visible light
illumination. For the electrons to transfer from this sensitizer to the wide bandgap
semiconductor, the level of the conduction band of the sensitizer should be higher than
that of the semiconductor photocatalyst. Afterwards, the electrons generated in the
sensitizer can transfer into the photocatalyst conduction band to do a reduction reaction.
If the electronic level of the valence band of the photocatalyst is lower than that of the
sensitizer, the photogenerated holes will stay in the sensitizer and perform the oxidation

reaction (Figure. 4)%,

Visible light

Wide/narrow bandgap heterojunction

Figure 4 A scheme showing the transfer of photoinduced electron-hole pairs in a
wide/narrow bandgap heterojunction under visible light illumination.*
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From this scheme, several advantages are acquired: (1) the improved absorption
of visible light; (2) a better charge separation; (3) an increase in the speed of charge
injection into the photocatalyst; and (4) charge carries have a better lifetime. We can see
in Figure. 5 some of the explored narrow bandgap sensitizers for wide bandgap

semiconductors.

Figure 5 (a) SnO2/a-Fe;03 (nanocube) under TEM.*’ (b) CeO,/TiO, SEM image.*® (c)
Pt tipped CdS nanorod with embedded CdSe seed using TEM, inset shows an
illustration of the heteronanostructure.*® (d) TEM image of TiO nanotubes with CdS
nanoparticles filled inside, the inset shows an illustration of the structure.> (e)
PbS/TiO, nanotubes under TEM.!

Molecular organic dyes were also used as sensitizers for wide bandgap
semiconductors thanks to their absorption that falls in the visible light range.5> 53 The
dye sensitizers for light-driven catalytic reactions caught interest because of their well-
known efficiency, cheapness, and stability.>*® In the dye sensitization procedure, the

dye molecule absorbs light. After excitation, the electrons are injected from the dye to
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the photocatalyst. An energy conversion efficiency of up to 11% was reached in dye
sensitization.>®

Organic dyes can be loaded on the wide bandgap photocatalysts or used without
bonding (by means of electrostatic attraction to the surface of the catalyst instead) for
the photocatalytic splitting of water or reduction of CO,.%" After the absorption of
photons, the dyes will be in the electronic excitation state and the photoinduced
electrons are transferred to the photocatalyst’s conduction band. The electrons accepted
by the photocatalyst can then proceed to perform the redox reactions. In the meantime,
the oxidized dyes will be reduced and restored by accepting electrons from hole
scavengers in the solution. The sacrificial agents usually used are I3/1", EDTA and
triethanolamine. It essential to mention that the electron transfer from the dye to the
photocatalyst is the critical step that dominates the solar conversion efficiency.®

Finally, another way to increase light-harvesting in the visible region is the use of
metal nanoparticles and loading them on the surface of wide semiconductors like TiO».
The effect brought about by the metals is called surface plasmon resonance and it is the
reason for the increase in absorption efficiency.>® %
Surface plasmon resonance (SPR) is the resonance energy that arises when the
frequency of the coherent oscillation of conduction electrons that are on the surface
volume of the metal nanoparticle coincides with the frequency of incident photons
(Figure. 6).1* The wavelength upon which the SPR effect is observed depends on
several factors such as the metal used, shape, size, the surrounding dielectric
environment, the distance that is between the objects in its vicinity, and the
configuration of their structure. By changing those factors, many metallic

nanostructures can be synthesized to make use of the fully visible solar spectrum. -
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The special effect of those plasmonic metals in absorbing visible light, scattering light,

and concentrating electric field makes them the perfect choice for photocatalysis, -8

72-74 75-77

biosensing,®®"* photovoltaics,’?’# and Raman spectroscopy.
For many atoms like Sn, Pb, Cd, and In the SPR happens in UV region with
little absorption band whereas noble metals like Au, Ag, and Cu have a strong plasmon

resonance in the visible range. The tunability of those noble metals make them a perfect

choice in the field of visible-light-driven photocatalysis.”
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Figure 6 An illustration showing the displacement of the electron cloud relative to the
nuclei in the plasmon resonance of a metal sphere.!3

Many reported structures are using TiO2-Ag and TiO2-Au nanostructures for
SPR enhanced photoactivity under visible light. They include and are not limited to:
gold nanoparticles deposited on TiO2 spheres,’® 8 coatings on SiO,,2* nanotubes, 8
nanoparticles,34-% film%-, photonic crystal,®” layered titanate,®’ titanate nanoblets®,
and mesoporous titania® %, In a similar manner, numerous structures are reported for
TiO2-Ag nanocomposites, 10108

The mechanism by which the SPR effect improves the efficiency of the

photocatalytic process is divided into three different classes:

e Electron transfer from the metal to TiO- induced by SPR:
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This effect resembles very much the dye sensitization process in which the dye
compound adsorbed to TiO2 absorbs light and the photogenerated electrons
are injected into the conduction band of TiO>. In the case of plasmonic
metals, the nanoparticles absorb resonant photons at the resonance frequency
and the generated electrons that are SPR induced will be injected into the

semiconductor (Figure 7):09 80,86, 110-112

<240 fs

IR abs.

photon

*

50 nm

Figure 7 A diagram of a gold anchored to a TiO- nanoparticle with an indication of the
electron transfer process.1%

e The near-field electromagnetic enhancement:

This is more pronounced when TiO> and the noble metal nanoparticle are
separated by an insulator that blocks charge transfer between the two. The
oscillation of electrons in the plasmonic metal is coupled with the
electromagnetic field of incident photons and this results in an improvement
in the localized electromagnetic field that is near to the surface of the
plasmonic metal. The resulting enhancement is stronger than the field of
photons that is needed to excite the nanostructure. The intensity of the field is

the strongest at the surface and starts decreasing beneath it (around 20-30
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nm).%* 95103113 The induced electric field due to SPR can interact with TiO;
when the semiconductor is close to the exciting plasmonic metal. It is this
interaction that increases the rate of formation of excitons in local regions in
the TiO2 semiconductor because it is proportional to the local intensity of the
electric field,114-116

e Scattering of photons mechanism:

If the plasmonic nanostructures have a size larger than 50 nm, they will be able
to scatter the resonant photons.%® 117:118 Thjs scattering will increase the path
traveled by photons in the TiOz/metal structure (Figure. 8).1* Therefore, the
fact that photons are traveling longer paths will lead to an increase in the rate

of formation of electron-hole pairs in the semiconductor.1%

Photon scattering
!
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Figure 8 A scheme for the scattering mechanism. There is an increase in the path length
of photons due to the presence of the plasmonic metal nanoparticles.'4
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Christopher et al.''’ proved the enhancement in methylene blue degradation
thanks to the scattering mechanism of the photons from Ag to titania. In their study,
cube-shaped Ag particles showed a better degradation efficiency of methylene blue than
spherical Ag particles under UV illumination. The efficiency difference was explained

by the fact that Ag cubes can scatter photons much more easily than Ag spheres.*’

2. Photogenerated charge carriers’ separation and transportation:

In this part, we discuss another important parameter for efficient photocatalysis:
charge separation and transportation. Achieving efficient photocatalytic activity
depends on the efficient separation of the generated electron-hole pairs and their rapid
transfer to the adequate reaction sites. At the same time, charge recombination on the
surface, of the photocatalyst, or on the way to it has to be decreased to the minimum.*®
Here we will show some strategies followed to achieve the aforementioned goals.

Noble metals and coinage metals such as Rh, Pd, Ru, Pt, Ag, Cu and Au are
extensively used as cocatalysts in the hydrogen evolution and CO2 reduction
reactions. 120 121

Since the Fermi energy level of the metals is usually lower than that of the
semiconductor, the photoinduced electrons can be trapped by the metal nanoparticles in
the nanostructure. At the same time, the photoinduced holes will stay on the
semiconductor. This is where the formation of the Schottky barrier takes place between
the metal and the semiconductor and will eventually decrease the rate of electron-hole
recombination.??> We can see in Figure. 9 the electrons flowing from the
semiconductor to the metal since the latter has its Fermi level lying energetically below

the conduction band of the semiconductor.*2* 124
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Figure 9 Photoinduced charge transfer from a semiconductor to the metal cocatalyst.*?®

Young et al. studied the efficiency of photocatalytic degradation of
trichloroethylene and toluene by comparing two nanocomposites: TiO»-Ag and TiO2-Pt.
The Pt decorated photocatalyst showed a better performance than the Ag decorated
photocatalyst. The increased efficiency of TiO2-Pt over TiO.-Ag was explained by the
difference in work functions of Ag and Pt. The work function of Ag (~4.26-4.29 eV) is
smaller than that of Pt (~ 5.36-6.63 eV), the work function of TiO: is estimated to be
4.6-4.7 eV. Therefore, and according to the concept of Schottky barrier formation, the
bigger difference in work functions between TiO2 and Pt will lead to Pt being a better
electron sink and will improve the electron-hole separation. Meanwhile, the smaller gap
in work functions between TiOz and Ag is not sufficient for the charge separation.1?

Another important strategy is the use of p-n heterojunction for its well-known
efficient charge separation and transfer. In this scheme, the n-type and p-type
semiconductors are in contact. Due to this contact, a space-charge region forms at the
boundaries thanks to the diffusion of holes and electrons. As a consequence, an
electrical potential is built that can drive the electrons and hole to transfer in opposite
directions (Figure. 10). Upon light irradiation, the photoinduced electrons and holes are
directly separated due to the built-in electric field of the space charge region. The

electrons will be transferred from the semiconductor with the higher conduction band to
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the second semiconductor with a lower conduction band. In the meantime, the holes
will jump from the semiconductor with the lower valence band to the second
semiconductor with the higher valence band. This way, charge separation and inhibition

of charge recombination will be promoted more efficiently.*?’

p-npe NiQ

BElectric fleld

® — Electron
O — Hole

Figure 10 Diagram showing the Band structure and charge carrier separation in NiO(p-
type)-ZnO(n-type) heterojunction.*?’

Hou et al. synthesized using an ion-exchange method with hydrothermal
assistance a core-shell CdS@TaON heteronanostructure. The bandgaps of TaON and
CdS are 2.5 and 2.45 eV, respectively. In this scheme, the photoinduced electrons are
transferred from CdS to TaON owing to the higher conduction band of CdS.
Meanwhile, the photogenerated holes jump from TaON to CdS. The CdS@TaON
structure with 1wt% of CdS produced 306 pmol h™* of H> when it was used for the
photocatalytic Hz evolution reaction in aqueous NaS and Na>SO3z solution under visible
light illumination. Interestingly, when TaON and CdS were used alone for the same
reaction, the produced Hz amount was very low: 9 and 13.5 umol h™* for TaON and CdS

respectively.'?®
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An interesting type of semiconductor-semiconductor heterostructure is the Z-
scheme. As mentioned earlier, for the complete water splitting reaction into hydrogen
and oxygen, the conduction band of the photocatalyst should be more negative (higher)
than the redox potential for H> evolution. By contrast, the valence band should be more
positive (lower) than the redox potential for O evolution. Nevertheless, not all
semiconductors can satisfy both requirements and they can only proceed with one of the
reactions due to mismatching of bands. This is where the Z-scheme is employed to
overcome the issue by combining two semiconductors.® When using a Z-scheme
framework (Figure. 11), the photoinduced electrons from the semiconductor having the
higher conduction band will proceed to perform the reduction reaction (Hz evolution in
the case of water splitting). At the same time, the photoinduced holes from the
semiconductor with the lower valence band will proceed to perform the oxidation
reaction (Oz evolution in the case of water splitting). Finally, the electrons generated in
the semiconductor with the lower conduction band will recombine either directly or
indirectly with the holes generated on the semiconductor with a higher valence band.
The main feature of this scheme is the combined usage of a very strongly reductive
electron from one semiconductor and the very strongly oxidative holes of the second.?
In the case of indirect recombination of holes, reversible redox mediators like 10371

were used in several studies.!?% 1%
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Figure 11 A scheme showing the charge transportation routes in the Z-scheme framework
combining two semiconductors

Tada et al. synthesized a CdS-Au-TiO2 composite where the Au nanoparticles
had an average size of 3.4 nm and were deposited on the anatase TiO2 whereas the CdS
was coated on the Au nanoparticles owing to the good affinity of Au to S. The product
formed, namely Au@CdS/TiO> (Figure. 12), was used under UV illumination. The
photoinduced electrons transferred from TiO> to the gold nanoparticle and to CdS. The
photoinduced electrons in CdS’ conduction band perform the reduction reaction (H>
evolution) whereas the photoinduced holes in TiO2’s valence band would perform the
oxidation reaction. This scheme is not similar to the sensitization effect of TiO> using
CdS since it was confirmed that the electron transfer from CdS to TiO2 was minor. The
added benefit of this scheme is restricting the photoinduced corrosion of CdS due to
oxidation of S?-on the surface by the photoinduced holes on CdS, since, the holes were

combined with the photoinduced electrons from TiO- through Au.!3!

25



Shell Core

CdS{101}

L Aufi11}
=0.318nm .

v - =0.232nm

Figure 12 HRTEM of Au@CdS/TiO,.13!

Another used well-known material in enhancing the overall photoactivity of
semiconductors is graphene. Graphene is a sp>-hybridized carbons atoms two-
dimensional structure. It has gained a lot of attention in the field of photocatalysis
thanks to its amazing electrical properties like its good conductivity, efficient charge
transfer capability, and large specific area (~2630 m2g™Y). To date, many graphene/
semiconductor heterostructures have been investigated in the field of photocatalysis.*°
The observed improvement in the semiconductor-graphene heterojunctions can be
explained by: (i) improvements in charge separation and transfer; (ii) increase of light
absorption in the visible region and (iii) the good adsorption of reactants due to the high
surface area.*®

Several studies showed the increased benefit of having a semiconductor-
graphene and a cocatalyst in the framework of photocatalysis. A TiO2-MoS;-graphene
heterostructure was synthesized by Yu and co-workers in a two-step hydrothermal
method and used for the UV-driven H> evolution reaction in an aqueous solution of

ethanol. In the first step, MoS: nanosheets were dispersed on the graphene, and
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afterward, in the second step, TiO2 nanoparticles with an average size of 7 to 10 nm
were formed on the MoS»-graphene structure. The finished photocatalyst had a
composition as per the following: 99.5% of TiO. and 0.5% MoS»-graphene (made of
5% of graphene and 95% of MoS>). The photocatalyst showed a higher H evolution
rate (165.3 umol h') than TiO2-graphene (76.7 pmol ht) and TiO2-MoS; (36.8 pmol h°
1y proving the synergistic effect of the ternary heterostructure. In this scheme, the
photoinduced electrons in TiO> transfer from the conduction band to the graphene sheet
whereby they can have efficient mobility reducing the rate of recombination with holes.
Following this step, the MoS; dispersed on graphene will work as electron acceptors

and thus as active sites for the Hz production.*?

3. Addition of suitable cocatalysts for efficient redox reactions:

Cocatalysts for redox reactions are an important aspect to consider in
photocatalysis since they determine the fate of photoinduced charges used in the redox
reactions. Because of the overpotential (activation energy), the photoinduced and
separated charges may not be used efficiently in the redox reactions of interest without
the use of specific cocatalysts to ease the overpotential. Several inorganic cocatalysts
are used (e.g. Au, Pt, etc.) for the aforementioned issue.?% 133

Generally speaking, in the case of water splitting, cocatalysts can be divided into
two groups: hydrogen production and oxygen production catalysts. The hydrogen
production catalysts can be noble metals, such as Au, Pd, Pt, Ru, and Ag)'%. Pt is
actually one of the most effective catalysts for hydrogen evolution.*** Also, some non-
noble metals are also effective for hydrogen evolution such as M0S,.1% Other important

catalyst include first-row transition metals, such as Co and Ni, complexes.®*® 137 On the
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other hand, oxygen production catalyst include transition metal oxides of Ru, Ir, Mn,
Co. Complexes containing those metals proved effective for the oxygen evolution
activity.138 139

Domen and co-workers studied the photocatalytic water splitting reaction over
the GaN:ZnO photocatalyst and loaded it with Mn3O4 nanoparticles for Oz evolution
and Rh/Cr»03 (core/shell) nanoparticles for Hz evolution. The bi-cocatalyst system
showed successful production of both Hz and Oz under visible light. It was proposed that
the Cr203 shell quenched the backward reaction, that is H.O formation, which would
easily proceed on bare Rh sites. This happens because O cannot penetrate the Cr.03
shell and only H; can. On the other hand, the addition of Mn30O4 nanoparticles worked

as efficient Oz evolution cocatalysts.3% 140

D. Niobium based materials as promising photocatalysts:

In addition to the different forms of photocatalysts mentioned before, it is
important to mention out niobium-based materials which are known for their non-
toxicity and chemical stability with regard to light irradiation.*! Niobium-based
materials, were investigated in the field of photocatalysis thanks to their morphological
and electronic properties that are suitable for light-driven catalysis. Nb is characterized
by its well-known affinity to oxygen, and, niobium oxides show different properties
based on the method of preparation and the target application.**? 14 Niobium pentoxide
is known to be one of the thermodynamically stable Nb-based materials. Having many
different configurations, this compound can have bandgap energy varying between 3.2

eV to more than 5 eV, 144 145
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Other than Nb2Os, Nb can form with oxygen extended lamellar compounds
having polyoxy anions. These niobates are formed of negatively layered stacks
intercalated with cations. ¢ This kind of arrangement gives a high surface area and a
good level of post-modification, superficial post-modification, or synthesis of
nanoscrolls and nanosheets.**’-14° Also, Nb can be used as a good doping agent for
changing the matrix crystalline structure and decrease the recombination rate of
photoinduced charges.>%1%3

Bulk Nb,Os by itself does not have a good photocatalytic activity due to the low
specific surface area and because of the high rate of recombination for the photoinduced
electron-hole pairs.’>* However, several studies managed to increase the efficiency by
manipulating the morphology and shape of the particles in order to change Nb2Os’s
properties. Wen and coauthors successfully synthesized orthorhombic Nb2Os, named O-
Nb20Os, by means of the hydrothermal method. They used K4NbsO174.5H20 as a
precursor. The finished product was constituted of rectangular nanosheets with a
dominance exposure of the (010) facet (Figure. 13a-d). The obtained product was
actually synthesized via an ion-exchange method by treating the precursor with acid and
then the material was hydrothermally treated for 24 h at varying pH (1.5-11.5) and
temperature conditions (195-215°C) (Figure. 13e). First, at a pH of 3.5 and with
temperature changing, the XRD (X-ray diffraction) data displayed that O-Nb,Os started
forming at 200°C, and that at 210°C, HsNbsO173H.0 peaks fully vanished and that all
displayed peaks were attributed to O-Nb.Os. From Figure. 13e, it is shown that in all
pH values the O-Nb2Os was successfully obtained but at pH=3.5 the formed material
showed the highest crystallinity and more consistent morphology. For comparison,

commercially available O-Nb.Os was used and it had a spherical morphology and a

29



bandgap value of 3.2 eV, whereas the synthesized O-Nb,Os had a value of 3 eV. The
photoelectrochemical performance for both samples was studied using photocurrent
measurements from the Hy evolution reaction under UV illumination at 370 nm. Under
illumination, the rectangular O-Nb,Os nanosheets showed 4.3 times higher photocurrent
value than that of the commercial O-Nb,Os. The better photoactivity was ascribed to the
following: (i) larger amount of photoinduced charge carriers owing to the exposed (010)
plane of the nanostructure with lower bandgap energy; (ii) less recombination sites and

(iii) fast charge transport due to the high crystallinity of the rectangular nanosheets.*>

123456789101112
pH value of reacting solution

Figure 13 (a) FE-SEM image of O-Nb.Os, (b) HRTEM of O-Nb20s, (c) TEM of O-
Nb2Os, (d) SAED pattern, and (e) diagram showing the different hydrothermal conditions
used to obtain O-Nb20Os from HsNbsO173H20 (HNbO).*%®

Concerning layered niobates, they are compounds formed of repeating
octahedral NbOg units linked by opposite or adjacent sharing of corners or edges. This
assembly results in a 2D extended layered arrangement. The configuration is made by

stacked negatively charged layers with intercalation of cations.4% 1%
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One of the well-known and studied layered niobates is HNb3Os. Actually, the
use of HNb3Og was previously reported in several photocatalytic reactions: oxidation of

158

amines,®’ oxidation of benzylic alcohols,'*® usages as the photo-anode in dye-sensitized

160 161

solar cells,’™° CO; reductions to methane!®, and the hydrogen evolution reaction

Very recently, HNbsOg was used to produce a stable heteronanostructure
photocatalyst. Xia and coauthors investigated a method to grow NiS with homogenous
dispersion on the surface of HNb3Os. Generally, NiS particles use in light-induced H>
production is problematic since they easily agglomerate and do not disperse easily in a
homogenous way on the surface of the photocatalyst. In their study, the authors
managed to deposit NiS on the HNbsOg sheets using a self-assembly/ electrostatic
adsorption method. The light-driven H. evolution reaction was examined using a 300 W
Xenon lamp in an agqueous solution of triethanolamine (10%) where they used bare NiS
and KNbsOg produced negligible amounts of H,. Using the prepared composite of 1
wit% NiS on HNb3Og nanosheets in the same photocatalytic conditions led to the
production of 1519.4 umol gth™ of H, which was higher than the amount produced by
the physical mixture of both components (582.5 pmol gth™). Time-resolved
fluorescence decay data were used to estimate the lifetime of the photoinduced charge
carriers. It was found from the kinetic data that the decay of the composite was slower,
this indicated that the method used in the synthesis of the photocatalyst resulted in an
efficient consumption of photoinduced charge carriers.162

NbsO7OH nanorods were synthesized using a hydrothermal method. Then, CuO
and Pt nanoparticles were deposited on the surface of NbsO7OH using a microwave-
assisted method. The finished products, Pt-Nb3O70OH and CuO-NbzO7OH had uniform

particle dispersion (Figure. 14). Both photocatalysts were used in the solar light-driven
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H2 evolution reaction. Pt-NbsO7OH produced 710.4 umol g*h™ of H, with a quantum
efficiency of 5.40% at a wavelength of 380 nm. Regarding the CuO-NbzO;0OH
compound, the authors found that it was inactive under solar illumination during a
starting phase in which the heteronanostructure is photo reduced in-situ producing the
active form which is Cu-NbsO7OH. The solar-driven H, evolution reaction was studied

for this compound and the Hz production rate was estimated to be 290.3 pmol g*h

, CuO (200); -7
&/ d=021nm
N

Figure 14 HRTEM images and FFT calculations of (A) Pt-NbzO7OH and (B) CuO-
Nb3O;0H .11

E. Objectives

In this research project, we first investigated the effect of Pt nanoparticles (Nps)
size on Hydrogen production. The Pt Nps were deposited on the surface of NbsO7;OH

by photodeposition. Figure. 15 shows the crystal structure of NbzO7OH. In this study,
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we are interested in knowing the underlying mechanism for the production of H2 on the
surface of the photocatalyst. In particular, we wanted to know the correlation between
the Pt size deposited on Nb3O;OH with respect to the change in Hz formation rate. With
the aid of the XPS technique, we can see what is happening on the surface and
hopefully reach for a proposed mechanism of the photocatalytic reaction.

In a second part, we decorated NbzO7OH by Cu, Pd, Au, and Ag via the same
photodeposition process and we investigated their photocatalytic properties for the
degradation of Rhodamine B (Figure. 16). Since as proposed earlier, the mentioned
decoration metals can serve as aids in the photogeneration of electrons and holes due to
the SPR effect. In this study, new photocatalysts are synthesized and will be used in the
degradation of the toxic dye Rhodamine B that can cause many health and

environmental concerns.

< -

Figure 15 Crystal structure of Nb3O7(OH); niobium in green, oxygen in red, hydrogen
not shown. 6!
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Figure 16 Molecular structure of Rhodamine B.162
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CHAPTER I

EXPERIMENTAL SECTION

A. Project I:
1. Materials synthesis:

Nb3O7OH nanorods: NbsO7(OH) nanorods were synthesized according to the
reported procedure.'®* Typically, 0.2 g of Nb(s) were dissolved in 10 ml of HCI (8M).
After sonication, the mixture was put in a Teflon-lined stainless steel autoclave at
T=200 °C for 12 h, After cooling the product was washed three times with water and

then vacuum dried at T=70 °C for 5 h (Figure. 17).

Figure 17 Nb3sO7OH sample collected after hydrothermal synthesis

Platinum photodeposition: In a 250 mL two-neck flask, 50 mg of Nb3;O7(OH)
nanorods are introduced along with 180 mL of a 1:1 H,O/EtOH volume mixture and

sonicated for 30 min. The dispersion is then illuminated for 3 h using a UV-finger under
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magnetic stirring. The dispersion turns slightly blue at this point, indicating the
accumulation of photogenerated electrons into the Nb3O7(OH) rods. A solution of
H2PtCle in EtOH (0.5M in Pt) is then swiftly injected, inducing an immediate color
change from blue back to white. The dispersion is then illuminated with UV light for
one more hour to ensure that all the Pt species are consumed. If the Pt concentration is
high enough, the dispersion turns gray after this step. The resulting Pt—NbzO7(OH)
nanorods are precipitated by centrifugation and washed twice by repeated re-dispersion

in ethanol and centrifugation.

2. Characterization techniques:

TEM: Transmission electron microscopy (TEM) images were acquired using a
TEM JEOL 2010F operating at 200 keV.

PXRD: Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker
D2 Phaser diffractometer (Cu Ka radiation).

XPS: X-ray photoelectron spectroscopy was performed at the University of
Toronto inside an ultrahigh vacuum chamber with a base pressure of 10~° Torr. The
system is a Perkin Elmer Phi 5500 ESCA spectrometer operating with an Al Ka source.
The high-resolution XPS spectra were obtained with an analyzer pass energy of 23.5
eV. The samples used for XPS analysis were prepared by spin coating the
Pt—Nb3zO7(OH) dispersions on p-doped Si(100). All data analyses were carried out using
the Multipak fitting program. The binding energies were referenced to the NIST-XPS

database.
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3. Photoactivity testing:

All photocatalytic tests were performed in a home-built, gas-tight quartz reactor
developed by Dr. Hmadeh and Dr. Veronica Hoepfner at Ozin lab at the University of
Toronto. The photocatalyst powder (200mgsL ) was dispersed in distilled water and
methanol (25 vol%, HPLC grade). Before each run, the reactor was purged with
nitrogen for 20 min and a background reference sample was taken as control. A
Newport 300 W Xe lamp was used for solar irradiation and an air mass (AM) 1.5 filter
(Newport) was applied to simulate the direct solar spectrum when the sun is at a zenith
angle of 48.2°. Gas samples were extracted with a gas-tight syringe, separated by gas
chromatography (GC, Agilent 7820A GC), and detected by a thermal conductivity
detector (TCD). A 1.5m Molesieve 13X column (80-100 mesh) was used for the
separation of Hz, O, and N2, while an integrated 1m Haysep Q column (80—100 mesh)

separates CO. and water vapor to avoid the contamination of the Molesieve column.

B. Project 11:
1. Materials synthesis:

Metal photodeposition: All subsequent decorated products were synthesized
following a photo deposition method, 100 mg of Nb3sO7OH were sonicated in 220 ml of
ethanol, this was followed by the addition of the metal-based salt of the needed
decoration metal (CuCl,, HaN207Pd, HAuCl4.3H20 or AgNOs). After further
sonication, the UV- finger was inserted and the reaction was run overnight under
stirring. The as-synthesized product was centrifuged, washed 3 times with deionized

water, and then dried under vacuum overnight at T=70 °C.
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Two different metal loadings products (0.5% and 0.1% by weight) were synthesized
for each metal (Au, Pd, Cu, and Ag). The exact loading percentage was calculated based

on the weight of Nb3O7OH using atomic absorption (AA).

2. Characterization techniques:

XRD: Powder X-ray diffraction (PXRD) patterns were collected using a Bruker
D8 advance X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) at 40 kV,
40 mA (1600 W) using Cu-Ka radiation ( A = 1.5418 A). The PXRD patterns were
collected via 26 from 20°to 60°and a step size of 0.01° overnight.

UV-Vis: The absorption spectra were recorded at room temperature using
JASCOV-570 UV-vis-NIR spectrophotometer. The samples were collected and UV-Vis

measurement was performed.

SEM and EDX: Scanning electron microscopy (SEM) was performed using a
MIRA3 Tescan electron microscope, where the samples were first coated with a thin

layer of platinum at an acceleration voltage of 5-15 kV.

Atomic Absorption: Measurements were done using a THERMO SCIENTIFIC,
ICE 3000 SERIES Atomic Absorption Spectrometer. Samples were dissolved in 1 ml

aqua regia and diluted with deionized water before each measurement.

3. Photoactivity testing:

The photocatalytic degradation experiments were done on aqueous Rhodamine
B solutions. Typically, 125 mg of the catalyst was dispersed in a 50 ml Rhodamine B
solution (10 ppm). The photoreactor was equipped with a 100 w xenon lamp, a

magnetic stirrer, and a jacketed beaker to maintain a constant temperature (Figure. 26).
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Prior to irradiation, the mixture was stirred in dark for 50 min to attain the adsorption
equilibrium. Samples were taken at time intervals and the residual Rhodamine
absorption was detected by a spectrophotometer (Figure. 18). As a control experiment,
a solution of Rhodamine B (10 ppm) without the catalyst was irradiated with light with

no decrease in the concentration of residual Rhodamine B over 3 hours.

Figure 18 Photographic images of (a) Home built reactor and (b) Photoactivity run
showing the jacketed beaker used.
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CHAPTER I1I

SIZE EFFECT OF PLATINUM NANOPARTICLES PHOTO-
DEPOSITED ON NB3O;OH NANORODS

A. Results and Discussion

Triniobium hydroxide heptaoxide, NbzO7(OH) is a wide band-gap
semiconductor (about 3.85 eV). It has been recently reported as an efficient electrode
for dye-sensitized solar cells'®® and photocatalyst for hydrogen evolution when it is
decorated with metallic nanoparticles (platinum or copper). The valence and conduction
band positions of NbsO7(OH) straddle the water oxidation and reduction potentials,®*
making it a potential photocatalyst for water splitting. Furthermore, the location of its

conduction band suggests it can a promising photocatalyst for CO> reduction.

Contrarily to other semiconductors such as TiO3, the pristine nanoparticulate
Nb3sO7(OH) does not exhibit any photoactivity in hydrogen evolution conditions (i.e.
light illumination in presence of a hole scavenger such as methanol). The
semiconductor turns blue during light exposure, indicating the generation and
accumulation of conduction band electrons and would return to its initial white color

when exposed to air.

SEM and TEM imaging of the obtained powder showed homogeneous nanorods
of around 100 nm (Figure. 19). The PXRD patterns (Figure 20) clearly show that the
experimental peaks of the decorated compounds are in agreement with the peaks of the
pure non-decorated NbzO7OH. This proves that the decoration did not affect the

crystallinity of the Nb3O7OH semiconductor. Moreover, no additional peaks for the
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metal loaded were observed due to the low loading percentage. Finally, the poor quality

of the pattern reflects the small particle size of the nanorods of NbsO;OH.

Figure 19 TEM images (a) and (b) of Nb3O}OH showing Nanorods of around 100 nm
size

Surprisingly, it is possible to detect stable composition changes after
illumination. X-ray photoelectron spectroscopy (Figure. 20a) reveals a drastic change
in the oxide/hydroxide ratio, going from 8 (in good agreement with a theoretical value
of 7) for the pristine Nb3zO7(OH) nanorod sample to 2.2 for the illuminated sample.
Such a strong hydroxide increase does not induce any structural changes, as shown by
the powder X-ray diffractogram of the sample before and after illumination (Figure
20b). There is no visible shift in any of the peaks and hence no distortion in the
structure. A plausible mechanism to account for this hydroxide increase would be the

photoreduction of the niobate compound when the holes are scavenged by the methanol:

Nb3O7(OH) + & + H* — Nb3zOg(OH)2,

CH30H +2h"* — CH,0O + 2 H".
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The generated hydroxides could either sit on the nanoparticle's surface or the

generated protons can diffuse into the nanostructure itself. This increase in hydroxide

content does not modify the valence band or the work function measured by XPS and

the nanoparticles are still able to photo-reduce metals like gold or platinum.
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Figure 20 (a) X-ray photoelectron spectroscopy spectra of NbsO7(OH) before (black) and
after (blue) illumination. (b) Powder X-ray diffractograms of NbzO7(OH) before (black)
and after (red) illumination.

A protocol is developed to study the photodeposition of platinum on the

hydroxide-rich Nb3O7(OH) nanorods. Dispersion of nanoparticles in a water/ethanol
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mixture is photo-irradiated to induce a hydroxide increase. Different amounts of
platinum precursors (chloroplatinic acid) are then injected into the dispersion, which is
illuminated for one more hour to ensure the complete reduction of the metal salt.
Characteristic TEM images of Nb3O7(OH) nanorod samples with different Pt loading
and the histograms of their size distributions are presented in Figure. 21. A few
conclusions can be drawn from this set of experiments. First, the hydroxide increase in
the niobate nanorods does not lead to suppression of the photoactivity, and platinum
photodeposition is still efficient. As expected, the mean size of the platinum
nanocrystals can be adjusted by the amount of Pt precursor injected. The Pt nanocrystals
size distribution is narrow, as evidenced in figure 2d. Surprisingly, the high Pt-loading
samples have multiple Pt nanocrystals on the surface of the niobate nanorods. This
shows that the photodeposition method does not prevent the formation of multiple
nucleation sites (Figure. 21 b,c). The platinum deposition on the NbzO7(OH) nanorods
make them efficient photocatalysts for hydrogen evolution in the presence of a hole
scavenger such as methanol. As previously reported on other systems, the hydrogen
formation rate is strongly dependent on the platinum loading (Figure. 22, red curve)
and reaches a maximum rate of 1.77 mmol g** h™! at 0.2 weight % Pt loading. The
hydroxide content of the niobate system is strongly dependent on the platinum loading
(Figure. 22, black curve). At low platinum loading, the hydroxide content stays high,
with an oxide/hydroxide ratio around 2.2, which is the value for the NbzO7(OH)
nanorod sample after illumination. On the other hand, at high platinum loading, the
oxide/hydroxide ratio has a similar value to the pristine Nb3O7(OH) nanorod value
around 8. It is interesting to note that the highest hydrogen evolution activity is reached

when the hydroxide content is high.
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Figure 21 Low magnification TEM images of Nb3O-(OH) nanorods after photodeposition
of different amounts of platinum: (a) 0.3 weight %, (b) 1 wt % and (c) 4 wt %. (d)

Normalized size distribution histograms of the Pt nanoparticles for the 3 platinum
loadings: 0.3

A hypothesis would be a combination of the two mechanisms: reverse hydrogen
spillover at low Pt loading and electron charge transfer'® at high ones. In this case, low
platinum loading will maintain a high photogenerated hydroxide content whereas the
electron charge transfer and proton reduction processes occurring at the surface of the
bigger Pt nanoparticles will prevent hydroxide accumulation in the system.
Furthermore, the charge transfer mechanism decreases at the same rate as the number of
active sites (localized solely on the platinum), which in turn decreases the hydrogen
generation rates. The transition between the two mechanisms is then governed by the

mean size of the Pt nanocrystals. Small Pt clusters possess few discrete electronic levels
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separated in energy, which strongly decreases the probability of electron transfer to the
metal. On the other hand, larger nanocrystals possess a lower work function and a
higher density of states, facilitating a fast electron transfer from the semiconductor to

the metal (Figure. 23).
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Figure 22 Photocatalytic hydrogen production rates as a function of platinum loading
(red) and oxide/hydroxide ratio as measured by XPS (black).

In this table, we compared our photocatalyst to some reported*5-16° Pt decorated

photocatalysts:

. H> formation

Photocatalyst Light source rate/umol g-1 h-1 Ref

Pt/TiO> 100 W UV Hg 3300 165

Pt/CdS 500 W Hg 153.8 166

Pt/AgInsSs 400 W Xe 200 167

Pt/CdS:Ag 900 W Xe 28600 168

Pt/AgInZn;Sy 300 W Xe 3133 169
Pt-Nb3O70H 300 w Xe 1700 This work

Table 1 A comparison between our catalyst and some of the reported Pt decorated
catalysts for H2 production.
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This shows that the activity of our photocatalyst in the same order of magnitude

as some previously reported Pt decorated photocatalyst.

In the first study, Nb3O7(OH) nanorods decorated with different platinum
loading, were investigated for hydrogen evolution reactions. The hydroxide content
correlates with the photoactivity and can be tuned by the amount of platinum deposited
on the nanorods. The observed behavior can be well explained considering two
competitive reaction mechanisms: a reverse hydrogen spillover'®* mechanism taking
place at low platinum loading and a charge transfer mechanism occurring at high
platinum concentrations( Figure. 24). The highest photocatalytic hydrogen evolution
rates are observed when the reverse hydrogen spillover mechanism takes place: at low

platinum loading, between 0.1 and 1 weight %.

T
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Figure 23 Energy diagram for Nb3O-7OH and Pt Nanoparticles.
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Figure 24 Proposed reaction mechanism for low platinum loading (left), involving reverse
hydrogen spillover and high platinum loading (right) involving electron transfer to the
metal particle and subsequent proton reduction.

These findings can help to further rationalize the development of efficient
photocatalytic hydrogen evolution systems; highlighting the importance of
semiconductor surface reaction, even in semiconductor/metal heterostructures where the
fast electron transfer to the metal particle was believed to be the predominant

mechanism
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CHAPTER IV

PHOTOCATALYTIC PROPERTIES OF PHOTODEPOSITED
AU, AG, PD AND CU NANOPARTICLES ON THE SURFACE
OF NB3O;0H

A. Results and Discussion

1. Powder X-ray Diffraction

The PXRD patterns (Figure 25) clearly show that the experimental peaks of the
decorated compounds are in agreement with the peaks of the pure non-decorated
Nb3zO70OH. This proves the phase purity of the compounds and that the crystallinity of

Nb3O70H was not affected by loading the metals.

M Au-Nb,0.OH(0.5%)
M"\‘ A APt st N4
Ag-Nb,0.OH(0.5%)
A J\ ﬂ Pd-Nb,0 OH(0.5%)
Cu-Nb,0,0H(0.5%)
Nb,0, OH

20 30 40 50 60
20

Intensity (a.u)

Figure 25 Layered Powder X-ray diffraction of all compounds with 0.5% metal loading
with pure Nb3O7OH as reference.
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2. Scanning Electron microscopy imaging:

High magnification SEM images are shown here, display the uniform shape of
the decorated nanorods. We can also see clearly the small Nps on the nanorod surfaces

(Figure. 26).

Figure 26 SEM images of (a) Cu- Nb3O7OH (0.5%) (b) Pd- Nb3zO7OH (0.5%) (c) Ag-
Nb3O70H (0.5%) and (d) Au- Nb3O7OH (0.5%).

3. EDX and Atomic absorption:

Atomic absorption was performed on the synthesized compounds to detect the
effective loading percentage of each metal on each catalyst. The data shows clearly the
successful deposition of the metals on the surface of the catalyst. It is important to

mention that, as expected, EDX results are less accurate than AA (Table 2 and Table
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3). Also, the results of AA are in close agreement with the expected weight percentage

from each synthesis except for Cu.

Compound Atomic Absorption EDX
Cu- Nb3O70H(5%) 2.85 % 9.06 %
Pd- Nb3O70H(5%) 4.87 % 3.02%
Ag- Nb30O70H(5%) 4.53 % 5.96 %
Au- Nbz070H(5%) 4.00 % 3.1%

Table 2 A comparison between the results of Atomic Absorption and EDX for the
determination of the metal loading on the surface of Nb3O7OH in the case of 5% initial
loading (results are shown in weight percent).

Compound Atomic Absorption EDX
Pd- Nb3O70OH(0.5%) 0.39 % 0.71 %
Ag- Nb30O7;0H(0.5%) 0.55 % 0.41 %
Au- Nb3O70H(0.5%) 0.47 % 0.10 %

Table 3 A comparison between the results of Atomic Absorption and EDX for the
determination of the metal loading on the surface of Nb3sO7OH in the case of 0.5% initial
loading (results are shown in weight percent).

4. Photocatalytic activity of the heteronanostructures:

Rhodamine B is extensively used as a textiles colorant and foodstuffs. Also, it is
well-known as a fluorescent water tracer.!’® Nevertheless, it is damaging to humans and
animals and can cause respiratory, eye, and skin irritations. Also, it is well established
that Rhodamine B has carcinogenic, reproductive, developmental, neuronal, and chronic
toxicity hazards.’* 172 Therefore, being aware of those mentioned hazards, it is worth
trying to degrade Rhodamine B is present in an aqueous medium using our developed

photocatalysts.
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Figure 27 Relative concentration of Rhodamine B vs. duration of irradiation for each of
the tested catalysts. A graph for Rhodamine B alone without any catalyst is also shown.

We can see from the results (Figure. 27) that the best compound yet is the gold
decorated compound with a percent loading of 0.5%. This demonstrates that there is a

better electrons-hole separation at the surface of the catalyst in the case of Au NPs.
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CHAPTERV

CONCLUSION

In this work, we reviewed the concept of photocatalysis of the semiconductors,
the challenges imposed and the strategies used to increase their efficiency. We then
successfully synthesized and characterized new heteronanostructured samples of the
semiconductor NbzO7OH decorated with different metal loadings of Pt, Au, Cu, Pd, and
Ag via a photodeposition technique. The compounds were characterized by XRD, SEM,
EDX, TEM, and Atomic absorption.

In the first project, using the Pt decorated NbzO-(OH) photocatalyst, we
investigated the effect of Pt loading on the catalytic H> production. Using XPS
measurements, the obtained results showed that the reverse spillover mechanism is
dominant at low Pt loading and it correlated with the highest H. production rate. On the
other hand, at high Pt loading, the charge transfer mechanism was dominant and the
production of H, decreased.

In the second project, we synthesized several new heteronanostructures of
Nb3O7(OH) decorated with Cu, Pd, Au, and Ag via the photodepositon method. Then,
we studied their activity in the photocatalytic degradation of the toxic dye Rhodamine
B. The best one of the tested compounds till now is the gold decorated compound with

0.5% as metal loading.
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CHAPTER VI

FUTURE PERSPECTIVE

In the future, we would like to study the photocatalytic reaction mechanism
lying behind the Rhodamine B degradation. This will be investigated further by using
different hole scavengers in order to know the active species responsible for the
degradation. In addition, we will explore the synthesized photocatalysts for alternative
photocatalytic reactions: COz reduction, degradation of drugs. Finally, it would be
interesting to study the anionic and/or cationic doping of Nb3O7(OH) to tune the

bandgap and the band edge positions for enhanced photocatalytic activities.
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