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ABSTRACT

Owing to global warming and fast depleting fossil reserves, the world is currently witnessing an energy tran-
sition into cleaner and greener energy sources like the wind and solar energy. At present, most of this clean
energy is converted into electricity and used up directly or stored in the grids or batteries to be used later.
Chemical storage of this energy is an attractive alternative due of its high energy density. Artificial photosyn-
thesis is a hot field wherein researchers try to mimic the photosynthesis process of plants and try to convert
solar energy into chemicals that can be stored. Photo-electrochemical (PEC) water splitting is one such path-
way that is extensively investigated. However, the ideal semiconductor required to make this conversion
efficient and economical is yet to be discovered. A big share of research also focuses on materials or tech-
niques to improve the performance of these PEC devices independent of the semiconductor. Plasmonics, or
plasmonic hot electron injection in particular, is such a technique that is being extensively investigated.

Plasmonic hot electron injection is a relatively new phenomenon that could have potential application in
many fields including photo-electrochemistry and photovoltaics. It is coveted as one of the techniques that
could directly improve the performance efficiencies of solar and photo-electrochemical cells. But a funda-
mental understanding of this phenomenon is still lacking. This is crucial for improving and optimizing this
technology before it can have any practical application. In this thesis, photo-electrochemistry is used as a
tool to study the plasmonic hot electron injection and shed more light on the fundamental aspects, at the
nanoscale, involved in the excitation and injection of hot electrons into the conduction band of a semicon-
ductor. Silver, gold and 50% silver — 50% gold alloy nanoparticles are used in this work to systematically
study the effect of composition, size and concentration of these nanoparticles on the hot electron injection
efficiency. Through this work, some fundamental understanding of the factors affecting the energy of the
excited hot electron and hot electron injection process is obtained.
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INTRODUCTION

With rapid advances in technology and health care, there has been an exponential increase in human popu-
lation over time. The average energy usage per person has also gone up during this period. As of 2016, there
are about 7.4 billion people around the world consuming more than 14000 Mtoe of energy.[1, 2] The demand
is only going to go up in the future with further advances in technology. Catering to this energy demand is a
challenge that the society will have to face in the future. At present, most of the energy requirements are met
through fossil fuels, namely - coal, oil and natural gas. These resources are finite and hence cannot fuel our
lives forever. Statistics say that there is enough fossil fuels to supply to our needs for another few centuries.
But we will start to feel the effect of these diminishing resources sooner, either with increasing prices or with
shortage of supply, mainly because of the unconventional nature of these resources.

Even if we had infinite amounts of fossil reserves left, there are more pressing issues that push for this energy
transition to non-polluting energy sources. Global warming, catalysed by the use of these fossil fuels, is al-
ready causing serious damage to our environment. A transition into clean, renewable energy substitutes for
fossil fuels is touted as the only solution to tackle this. At the Paris climate change summit 2015, the world
leaders collectively agreed on the urgent need for this transition. They have agreed on cutting carbon emis-
sions from their countries and setting ambitious targets on producing energy from renewable energy sources.
Solar, wind and tidal energy are some of the options these countries could focus on for renewable energy, de-
pending on their geographical advantages. This transition cannot be done single-handedly by a corporation
or a country. It requires extensive cooperation between countries and also between research institutes and
technical universities like TU Delft, doing their small bit and aiding this transition.

1.1. MOTIVATION

Energy from the sun could be one of the main sources of clean energy in the future. Figure 1.1 shows the
energy potential of different forms of clean energy sources available. Depending on geographical locations,
different combinations of these sources would be the best solution for the energy requirements of that loca-
tion. What is clear from figure 1.1 is the massive potential of solar energy compared to other sources. But one
common problem pointed out when there is a discussion on solar energy is the erratic nature of this energy
source. This erratic nature can disrupt the energy supply line and is not ideal. One solution is to store the
energy when it is produced and then use it according to demand. Chemical storage of solar energy is one of
the most effective ways to store this energy because of high energy density (Appendix A) of such fuels com-
pared to other options like batteries. Artificial photosynthesis can be used to convert solar energy to fuels.
Photo-electrochemical (PEC) hydrogen production is a way to implement it in practice. But this technology
is still in its early stages of development and has to achieve sufficient improvements in terms of efficiency be-
fore it can be used in practice. One way to improve this efficiency is to make use of plasmonic nanoparticles.
To be specific, plasmon induced hot electron injection was recommended as a way to improve the efficiency
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of such devices [3, 4]. But this concept still needs further understanding at the fundamental level before we
can evaluate its true potential. Through this master thesis, this possibility is studied experimentally to see
the practical increase in the efficiency of these devices due to plasmon induced hot electron injection and to
understand the factors effecting it.
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Figure 1.1: Power generating potential of different renewable energy sources (globally) [5]

1.2. CONCEPT

1.2.1. WHY ARTIFICIAL PHOTOSYNTHESIS?

Life on earth — our food and oxygen supply —is sustained by the conversion of solar energy to chemical energy
by plants through the process of biological photosynthesis. In this process the plants use abundant resources
like carbon dioxide and water along with the energy from the sun to produce oxygen and other chemical
compound which serves as the “fuel” for plant life. For decades, we have been trying to mimic this process;
using sunlight to drive thermodynamically uphill the reactions involving earth abundant materials to pro-
duce fuels. A clean and storable energy source from solar energy is considered as the “holy grail” by many. In
1972, Fujishima & Honda [6, 7] provided a breakthrough to this field by demonstrating photo-electrochemical
water splitting to produce hydrogen and oxygen gas using TiO, semiconductor photo-anodes. Subsequently,
many semiconductors have been investigated for solar water splitting [8-10]. The solar to hydrogen con-
version efficiency of the current devices needs further improvement, before they can be used for practical
purposes.

The band gaps of most of these semiconductors are in the UV region and blue part of visible region of light
spectrum. Only 5% of the sunlight accounts for this UV region. A major fraction, 45% of the light spectrum,
is for the visible light.[11] Most of this part is unused by these semiconductors and hence extending the light
absorption of these semiconductors in the visible region would be an obvious way to improve the efficiency
of these devices. Also the electronic and catalytic properties of these semiconductors are far from ideal and
hence often exhibit poor reaction kinetics. One way to improve these devices in terms of light absorption and
electronic properties is to decorate the semiconductor surface using plasmonic nanoparticles.[3, 4, 12]

1.2.2. WHY PLASMONICS?

Plasmonics is a jewel in the fascinating field of nanophotonics. It a result of the direct interaction between the
electromagnetic waves (or light) and the conduction electrons of the light incident metallic surfaces or metal-
lic nanostructures. These plasmons (or surface plasmons) are electromagnetic waves that propagate on metal
surfaces with free electrons, upon illumination with solar radiation. These free electrons start oscillating with
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Figure 1.2: Schematic illustration of Surface Plasmon Resonance in metal nanoparticles [13]

the incoming light waves, creating a resonance. These resonant interactions give rise to unique properties for
these materials [3, 4, 14-16]. When the surface plasmon excitation is on isolated metallic nanoparticles, the
electron excitations are confined and this results in Localised Surface Plasmon Resonance (LSPR). By deco-
rating the surface of thin film semiconductor photoelectrodes with plasmonic nanoparticles, the LSPR can be
used to improve its performance [3, 4, 12, 16]. This is done either by confining the light or scattering back the
unabsorbed light and increasing its path length within the semiconductor for improved absorption efficiency.
These are the indirect ways LSPR can improve the performance of such devices. Plasmonic nanoparticles also
improve the electronic and catalytic properties of the semiconductor when it is placed in the semiconductor-
electrolyte interface. Above this, the LSPR can directly improve the performance by injecting high energy
electrons (called “hot-electrons”) into the conduction band of the semiconductor [3, 4, 12, 17, 18], increasing
the photo-electrochemical water splitting efficiency of the cell.

1.2.3. WHY PLASMON INDUCED HOT ELECTRON INJECTION?

After the LSPR excitation in these nanostructures, the resonance starts to decay in a femtosecond time scale[3].
This can happen either by the radiative or the non-radiative path ways [4]. For particles of size less than ~ 40
nm, the non-radiative path ways of plasmon decay is the preferred mechanism. This non-radiative pathway
results in the formation of electrons with energy higher than the fermi-level of the metal, called the hot elec-
trons. If this hot electrons can be successfully extracted from the metal nanoparticle, it can be used to drive
chemical reactions. If the hot electrons have sufficient energy to overcome the metal-semiconductor Schot-
tky barrier, it can be injected into the conduction band of the semiconductor and then sent to the cathode
via an external circuit for the reduction of hydrogen ions. This plasmon induced hot electron injection (HEI)
mechanism offers many advantages over other plasmonic enhancement mechanisms [4]. The HEI helps to
absorb light outside the optical band gap edge (OBGE) of the semiconductor, there by extending the light
absorption capabilities of the device to a larger spectrum. Since it is a direct enhancement mechanism, the
efficiency enhancement does not depend on the type of the semiconductor and hence can be plugged into
any semiconductor without affecting its performance. The plasmonic resonance and hence the HEI, can be
tuned depending on the particle size, shape, composition and the surrounding environment such that it is
outside the OBGE of the semiconductor and hence does not screen light to the semiconductor. Yet this phe-
nomenon of plasmon induced hot electron injection is not fully understood, mainly because of its recent
discovery. Therefore, sufficient research has to be done on the plasmon induced HEI at the fundamental level
before we can evaluate its true potential. This master thesis aims to explore and explain certain aspects of the
plasmon induced HEI from a fundamental level.

1.2.4. RESEARCH QUESTIONS

The field of plasmonics is yet to gain complete understanding of the parameters that effects the plasmon
induced hot electron energies and its injection efficiencies. At present, the reported values of efficiencies of
hot electron injection are really low, for any practical use. [19] Only with a complete understanding of these
concepts, we can optimize this technology and facilitate its practical application. The goal of this research is
to contribute to the field of plasmonics, by trying to fill some of these knowledge gaps in terms of fundamental
understanding of the factors that affect the plasmonic hot electron injection phenomenon. Through this
thesis, answers to the following questions are experimentally investigated:
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* What is effect of tuning the surface plasmon resonance, by alloying two plasmonic nanoparticles, on
the plasmonic hot electron energies and injection efficiency?

* What is the effect of the size of the nanoparticle on the plasmonic hot electron injection efficiency?

* What is the effect of the number density (or concentration) of nanoparticles, on the substrate surface,
on the plasmonic hot electron injection efficiency?

1.2.5. APPROACH

Spherical plasmonic nanoparticles are the best choice to do such fundamental studies mainly because of
their isotropic plasmonic behaviour. Silver and gold nanoparticles are used for this study because of their
activity in the visible region of light. The plasmonic nanoparticles used in this work are prepared using the
spark ablation technique. Spherical nanoparticles of different sizes can be easily synthesized using this tech-
nique. 10nm T'iO; film on an FTO substrate is used as the semiconductor. The high optical band gap edge of
~ 380 nm of TiO, helps to independently study the plasmonic hot electron injection phenomena. The syn-
thesized plasmonic nanoparticles are characterised using UV-Vis spectroscopy, Transmission Electron Mi-
croscopy (TEM) and X-Ray Photoelectron Spectroscopy (XPS) measurements. The hot electron injection of
these plasmonic nanoparticles is studied using photo-electrochemistry techniques like IPCE measurements
and cyclic voltammetry. These techniques offer an easy way to study the composition, size, concentration
and wavelength dependent properties of these plasmonic nanoparticles.

1.2.6. REPORT OUTLINE

This report consists of 7 chapters including this one. A brief outline of the concepts involved in this work
is discussed in Chapter 2. Chapter 3 discusses the experimental procedures and details of the equipment’s
used for this work. In Chapter 4, the important results from this work is presented. Detailed discussions on
these results are left for Chapter 5. In Chapter 6 & 7, the important conclusions from this work and some
recommendations for the future are presented.



THEORY

2.1. PHOTOELECTROCHEMICAL (PEC) WATER SPLITTING

Photo-electrochemical (PEC) water splitting using semiconductor photo-electrodes has many advantages
over other conventional water splitting methods. One of the main advantage is that the oxygen and hydro-
gen evolution is on different electrodes and can be spatially separated. This is an important safety aspect
as hydrogen is easily flammable [20] and also allows for the easy separation of these gases. Such photo-
electrodes are mainly constructed from inorganic materials and provides with longer durability compared
to the routes that make use of organic and biological components. A route that can closely compete with
photo-electrochemical water splitting is the photovoltaic-electrolysis (PV-E) route. All the advantages men-
tioned above are also applicable for the PV-E route. But the PEC route offers two additional advantages over
the PV-E route in terms of lower overpotential required because of the low current densities involved [20, 21]
and also lower manufacturing costs because of its compact size [20]. An ideal photo-electrode should fulfil
several contradicting tasks at once — high light absorption, good charge separation and charge transport and
facilitate easy hydrogen or oxygen evolution reactions at the surface. The photo-electrode material should
also be cheap and should be stable in aqueous conditions. There is no material currently that can offer us all
these advantages. Therefore, trade-offs have to be made and metal oxide semiconductors are the ones that
come close.

A simple PEC cell consists of atleast three components — a photo-electrode, a metal counter electrode and
an electrolyte. Since a metal oxide semiconductor was used as a photo-anode for this thesis, the focus of
this section would be on the mechanism of such a setup. The incoming photons excite the electron from
the valence band of the semiconductor to its conduction band, leaving a vacancy or a hole in the valence
band. A minimum photon energy, that is equivalent to or more than the band gap of the semiconductor, is
required to excite this electron to the conduction band. Once the electrons are spatially separated from the
holes, they are sent to the metal counter electrode, via an external circuit, where it is used to reduce hydrogen
ions. The left over holes in the valence band of photo-anode is used to oxidize water to produce oxygen gas.
[20] A simple schematic illustration of this mechanism can be seen in figure 2.1. The two half reactions are
as depicted below. The reaction potential of each half reactions are also mentioned [22]. The required cell
potential is calculated from equation 2.1. Therefore, thermodynamically, a cell potential of 1.23 V is required
to drive the water splitting reaction.

4H' + 4e” == 2H, E%,.; =0.00 Vvs NHE

2H,0 +4h* == 4H"+ 0, E%,;=1.23VvsNHE

0 _ 10 50
E - Ecathode Eanode

cell

=0 - 123 = -1.23 Vvs NHE (2.1)
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=) —
4H++4'e-4)2H2
1.23 eV
}—- --------- -
2H20+4h+4> 4H++02

Semiconductor Electrolyte Metal

Figure 2.1: Illustration of photo-electrochemical water splitting [20]

2.1.1. METAL-OXIDE SEMICONDUCTORS AS PHOTO-ANODES FOR WATER SPLITTING

To achieve a high conversion efficiency, high absorption of visible light by the semiconductor electrode is
necessary. For the past few decades, metal oxide semiconductors (TiO;, Fe,O3, BiV O, etc.) have been
investigated as PEC photoanodes [23]. The thermodynamic potential required for water splitting reaction is
1.23 V. Therefore a minimum band gap of 1.23 eV is required for the semiconductor to efficiently facilitate
each half reaction. This is schematically represented in figure 2.1. Considering the thermodynamic losses
and overpotentials a minimum of 1.9 eV is required as the bandgap of the semiconductor [24-26]. To achieve
the standard target of 10% solar to hydrogen conversion efficiency for the device, an average current density
of 8 mA/cm? is required. This would translate to a maximum band gap of around 2.4 eV. Therefore, the ideal
semiconductor should have a band gap between 1.9 eV — 2.4 eV. Murphy et al. [25] estimated that the band
gap of an ideal semiconducting photo-anode to be 2.03 eV. To summarise, semiconductors suitable to be used
as photo-anodes should have the following traits :-

* High chemical stability under all cell conditions

* A band gap of approximately 2 eV

* Suitable positioning of the bands in terms of oxidation and reduction potentials required for water
splitting

* Good catalytic activity and charge transport properties
* Cheap and abundant material and processing technique
However, this ideal photoanode material is yet to be discovered. The current photoanode materials which

have lower band gap, i.e. those that can absorb the visible light well, lack stability under operating conditions
and vice versa.

2.2. PLASMONICS IN METAL NANOPARTICLES

In the 1980’s, it was experimentally shown that by directing light into the interface between a metal and a
dielectric, such as air or glass, a resonant interaction can be induced between the electromagnetic waves of
light and the free electrons at the surface of the metal [27]. That is, the oscillations of the free electrons at the
surface of the metal matches that of the electromagnetic waves outside the metal. This results in a density
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wave of free electrons, called surface plasmons, which propagates along the metal-dielectric interface like
ripples in water. From then on, this field was known by the name “plasmonics” and the resonant interaction
is known as surface plasmon resonance. The research in this field has grown substantially in recent years and
plasmonics have found applications in different fields ranging from chemical and biological detectors and
spectroscopy to photo-electrochemistry [14]. If the free electron excitations by the electromagnetic waves
are on small metal nanoparticles in a dielectric environment, the plasmonic interactions are localised and is
hence known as localised surface plasmon resonance (LSPR) [28].

2.2.1. ELECTROMAGNETIC WAVES IN CONFINED SPACES

Maxwell’s equations can be used to understand the interaction of small metal nanoparticles with light from a
classical framework. Maxwell’s equations for the electromagnetic waves of light are as follow [28]:-

V.D = pex: 2.2)
VB =0 (2.3)
VxE = L (2.4)
ot
VxH = 6—D+]m (2.5)
6t

where D is the dielectric displacement, E is the electric field, H is the magnetic field, J is the current density, p
is the charge density and B is the magnetic flux density and for an isotropic and non-magnetic material,

D =¢peE B =pouH (2.6)

where €p and py is the electric permittivity and magnetic permeability of vacuum, respectively. € is the rel-
ative permittivity and p is the relative permeability of the nonmagnetic medium. Maxwell assembled these
equations to help explain the propagation of light waves in a medium. Through these equations he suggested
that when an electromagnetic mode oscillates, in every half period, the energy is transferred from electric
field energy to magnetic field energy and back. This way the oscillations are self-sustaining. This is pictorially
demonstrated in figure 2.2 (a). This is true when the characteristic length a » A/2n, where n is the refractive
index. But when the characteristic length a « A/2n, the phase of harmonically oscillating waves in that con-
fined space is practically constant. If it is assumed that the electric field is dominating in this region, then the
contribution of magnetic field and hence the magnetic energy is small. This is again demonstrated in figure
2.2 (b). Therefore, the propagation cannot be self-sustaining unless there is another form of energy to make a
balance with the electric field energy. In case metal nanoparticles, which contains free carriers, this balance
can be restored by storing energy in the form of kinetic energy of these free carriers [19].

I o
Ug = EGE 2.7
11
Upy~~Lp? 2.8)
2p
2
1
Uk ~ EEO—ZEZ 2.9)
Ug=Ux+Ugy (2.10)

Thus in confined spaces, depending on the geometry under consideration, the energy balance can be re-
stored at certain frequencies w;pp. This is precisely the frequency of surface plasmon polarisations (SPP’s).
The spatial dependence of the wave in this confined region is given by sin(z/a) [19]. Therefore, as the char-
acteristic length decreases (smaller nanoparticle size), lesser the contribution of magnetic energy and hence
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a>\A/2n

H=(e/w)"°E

H << (e/w)E

ug = eE2/2 5> uy = uH*/2

. a<A/2n H << (e/1)%E
E
= A =
iy +
\ + )
= ¥

ug = eE%/2 = Uy = Nmv?/2

Figure 2.2: (a) Electromagnetic wave propagation in a free space (b) Electromagnetic wave propagation in a confined space (c)
Oscillating electrons or plasmons in the metal nanoparticle [19]

more energy is stored in the form of kinetic energy of these free carriers. More kinetic energy implies that
more momentum is also imparted to these free carriers (excited electrons). Since the contribution of mag-
netic field is negligible, as per faraday’s law the electric field is nearly irrotational - resembling an electrostatic
field.

2.2.2. SMALL SPHERICAL METAL NANOPARTICLES

This resonance enhanced field is homogeneous throughout the volume of very small particles (a « 1) and pro-
duces a dipolar field outside the particle. This results in an enhanced near field around the particle and en-
hanced absorption and scattering cross-section for the electromagnetic waves [29]. The resonant behaviour
in these small metal nanoparticles is a result of the confinement of the electrons in the small volume. These
electrons all moves in phase with the incoming light waves and leads to a build-up of charges on the surface,
which act as a restoring force. This condition results in a resonance with a particular frequency known as
plasmon frequency. The electrons move in a 7/2 phase lag with the driving field [30].

For spherical nanoparticles, the Clausius — Mossotti relation [29] connects the dielectric function with the
particle polarizability «,

€q—€
a=3v-4—"m @2.11)
€q+2€m,

where V is the volume of the particle, €, is the permittivity of the particle and €, is the permittivity of the
medium. The absorption and scattering cross sections of small spherical nanoparticles of arbitrary sizes,
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proposed by Gustavo Mie [31] can then be simplified as in equations 2.12 and 2.13, where k is the wavenum-
ber. This simplification is valid in the range ak « I and mak « I where, a is the diameter of the particle and
m is the relative refractive index of the particle with respect to the medium. The relation developed by Mie
has later been developed to accurately predict the absorption and scattering cross-sections of particles of
different shapes as well [32].

]C4
Csca=— 10| 2.12)
67
Caps = kSm(a) (2.13)
The drude permittivity for spherical nanoparticles is given by [33],
w% 2.14
€d(w)—€oo—m (2.14)

where, €, (w) is the frequency permittivity of the metal. ¢, accounts for the additional screening of the pos-
itive ion core by the bound valence electrons. w), is the bulk plasma frequency which is dependent on the
electron density, € is the vacuum permittivity and y, is the damping of electrons due to electron-phonon
scattering in the metal. From this the frequency dependent dielectric function of the metal can be derived,
which is the ratio of the frequency dependent permittivity of the metal to the permittivity of free space (eo).
Therefore from equations 2.12 and 2.13, the relation between the scattering and absorption cross-sections to
the diameter of the particle can be written as [34],

ab

Csca F (2.15)
&

Caps x T (2.16)

where, a is the diameter of the particle. From these relations, it can be summarised that for very small parti-
cles (<25 nm) the absorption cross-section dominates over the scattering cross-section. This absorption and
scattering cross-sections dictate the response of the spherical nanoparticle to the incoming electromagnetic
waves. Therefore, from the above equations, it is evident that the polarizability determines the optical prop-
erties of the spherical nanoparticle and have a maximum when the denominator of the equation 2.11 is zero.
The frequency at which this happens is the surface plasmon resonance frequency.

2.2.3. TUNING OF SURFACE PLASMON RESONANCE FREQUENCY
BY VARYING NANOPARTICLE SIZE

From the Clausius — Mossotti relation given in equation 2.11, for a particular surrounding medium and spher-
ical metal nanoparticle, the polarizability is dependent on the size of the particle and the frequency depen-
dence of the dielectric constant of the nanoparticle material. As explained in the previous section, the sur-
face plasmon resonance frequency is the frequency at which you have the maximum polarizability of the
nanoparticle material. Therefore, for metal nanoparticles of different diameters, the frequency at which the
polarizability is maximum is different. Hence, by changing the nanoparticle size, we can tune the surface
plasmon resonance frequency. From equations 2.12 and 2.13, the nanoparticle will have maximum extinc-
tion cross-section (sum of absorption and scattering cross-section) at this resonance frequency. Therefore, a
shift in this maximum is observed from absorption measurements by UV-Vis spectroscopy, by changing the
nanoparticle size. These shifts in plasmon resonance frequency with particle size were shown by El-Sayed et
al. [35]. The resonance wavelength blue shifts with decrease in particle size. In practice, these shifts are really
small (< 1 nm with a change in particle size by 3-4 nm) and hence often not visible or hard to distinguish.
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BY VARYING THE SURROUNDING ENVIRONMENT

Another factor that is included in the Clausius — Mossotti relation is the permittivity/dielectric constant of
the surrounding medium. With a constant nanoparticle size, maximum polarizability is obtained at when
the denominator of this equation is zero. That is,

€qlw) =-2¢p, (2.17)

Therefore, the frequency at which this relation is satisfied is the plasmon resonance frequency. From this it is
clear that by changing the surrounding environment, we can tune the surface plasmon resonance frequency.
G. Xu et al. demonstrated the shift in plasmon resonance frequency of silver by coating it with titanium
dioxide. [36].

BY VARYING NANOPARTICLE SHAPE

Mie theory described in section 2.2.2 is applicable only for spherical nanoparticles. For other shapes, this
theory was modified by Richard Gans and is known as Mie-Gans theory [29]. It gives a modified equation for
the polarizability of the particle by accounting for the geometric shape of the particle. This would then have
an effect on the plasmon resonance frequency similar to the above explanations. Therefore, by changing the
aspect ratio of the particle, we can tune the surface plasmon resonance frequency.
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Figure 2.3: Shift in plasmon resonance peak with different nanoparticle shapes [37]

BY VARYING THE NANOPARTICLE COMPOSITION

Different metals have different frequency dependent dielectric constant. As per the drude model, given in
equation 2.14, dielectric constant is proportional to the plasma frequency w,. This plasma frequency is given
by [38],

Ne?
wp=1—— (2.18)
€0meff

where, N is the electron density and m is the effective mass (accounting for the coupling with the ion core)
and e is the charge of one electron. This suggests that different metals have different dielectric constant
because of different electron density in their valence band. It follows from equation 2.11, that different metal
also have different plasmon resonance frequency. The reported values of plasmon resonance wavelength for
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gold and silver spherical nanoparticles are around ~ 500 nm and ~ 380 nm in air [37], respectively. By alloying
two metals, we can produce a new material with a different electron density in valence band. This way, we
can tune the surface plasmon resonance frequency by changing the ratio of two metals in the alloy. This has
been demonstrated by El-Sayed et al. by producing alloy nanoparticles of gold and silver in different ratios
[38].They suggested a linear dependence in the plasmon resonance wavelength shift with alloy composition.
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Figure 2.4: Valence band electron density dependence of the surface plasmon resonance. That is one reason why you have different
plasmon resonance frequencies for different metals [37]

2.2.4. SIZE DEPENDENCE OF PLASMONIC NEAR FIELD

Optical enhancements in plasmonic devices are directly dependent on the plasmonic near field (IIE% ) of the
particles. Such enhancements leads to an increased rate of electron-hole formation.[4] This is the reason why
geometric shapes with sharp tips are preferred for plasmonic applications as they give more optical enhance-
ment because of its stronger plasmonic near field. The size dependence of this plasmonic near-field of gold
nanoparticles were experimentally studied by Deeb et al. [39] and validated it using their electrodynamic
simulations. They show that the size dependence of the plasmonic near field of a spherical gold nanoparti-
cle has a volcanic plot like structure with a peak at 50 nm. They attribute such behaviour to the interplay
between three competing factors — non-radiative damping, radiative damping and dynamic polarization.
Non-radiative damping of surface plasmons is favoured for small sized nanoparticles (< = 25 nm) whereas
radiative damping is the favoured decay mechanism for bigger nanoparticles. The dynamic polarization has
a dual effect. It results in the damping of the field for large particle (>50nm) and reduces dissipation for small
particles (<50nm). [39, 40] A same trend for size dependence of the plasmonic near field can be expected for
silver nanoparticles, though, the peak position and magnitude of the plasmonic near fields would be differ-
ent.
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Figure 2.5: Size dependence of the plasmonic near field in case of gold nanoparticles (Left) Experimental (Right) Theoretical prediction
[37]
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2.2.5. DISCRETE ENERGY STATES FORMED WITH THE DECREASE IN NANOPARTICLE SIZE

The size of the particle will have an effect on the energy distribution of the hot carriers produced by the decay
of surface plasmon resonance. Manjavacas et al. [41] theoretically predicts the effect of nanoparticle size
and the life time of the hot carriers on the number and energy distribution of the hot electrons produced in
silver nanoparticles. Figure 2.6 shows the energy distribution and the number of hot electrons produced for
silver nanoparticles for two different sizes. According to their predictions, nanoparticles of smaller diameter
produced more energetic carriers and they attribute this to the density of electronic states of these systems.
They point out that for systems with finite number of electrons, there will only be finite number of energy
levels and hence have discrete density of states. Therefore, with a decrease in particle size, the energy levels
will be more discrete and this allows for excitation of hot electrons of higher energies.

(a) D=15nm (b) D =25 nm
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Figure 2.6: Distribution of energies of hot electrons (red) and holes (blue) with particle size and relaxation time in case of silver
nanoparticles [37]

2.2.6. PLASMONIC HOT ELECTRON INJECTION

The decay of surface plasmon can happen broadly in two ways — radiative decay and non-radiative decay. The
non-radiative decay process, the preferred mechanism for nanoparticles smaller than 25 nm, often results in
the formation of electron — hole pairs which have energies much higher (for electrons) or much lower (for
holes) than the fermi level of the metal. These high energy electrons are often called hot electrons, and have
energies ranging from E¢ to E¢ + lw. If these hot electrons can be efficiently extracted from these plasmonic
nanoparticles, by preventing their recombination, they can be used for many applications [3, 12, 42]. One
such application is the use in the field of photo-electrochemistry. It has been shown that, by depositing these
plasmonic nanoparticles on the surface of the semiconductor photo-electrode the efficiency of the photo-
electrochemical device can be enhanced [43]. If the hot electrons formed by the non-radiative plasmon decay
have enough energy, it can be injected across the metal - semiconductor Schottky barrier, into the conduction
band of the semiconductor. This injected hot electron is then sent to the counter electrode via an external
circuit to drive chemical reactions. The charge neutrality in the metal nanoparticle is maintained by removing
the hot holes by the coupled half reaction.

Plasmon induced hot electron injection was first reported by Zhao et al. [44] in 1996, when they reported
anodic photo-current on visible light illumination of Ti O, semiconductor containing gold or silver nanopar-
ticles. Subsequently, many have demonstrated hot electron injection in different semiconductor materials
and also with nanoparticles of different shapes. [45, 46] The parameters effecting the hot electron injection
efficiency is not fully understood yet. Mubeen et al. [18] recently demonstrated a method wherein he used
an extremely thin layer of 770, semiconductor with nanoparticles on top to study the hot electron injec-
tion phenomena. This way they were able to ensure that the semiconductor had minimum influence on the
resulting photo-current measurements, allowing them to independently study the effect of plasmonic hot
electron injection.
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Figure 2.7: Plasmon resonance decay mechanism - radiative and non radiative decay [3]
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Figure 2.8: Schematic representation of plasmonic hot electron injection into a semiconductor

When a metal and semiconductor comes in contact, the interface between them can induce a depletion layer
in the semiconductor. This results in a built-in potential called the “Schottky barrier” to appear between the
bulk of the semiconductor and the surface. The magnitude of this potential is called “Schottky barrier height
(SBH)”. For an n-type semiconductor — metal junction, this barrier height can be approximately estimated by
the Schottky — Mott model [47],

SBH (eV) = @M — Xsc (2.19)

where, @) is the work function of the metal and y s¢ is the electron affinity of the semiconductor. When the
metal and semiconductor initially come in contact, the bands bend down in the direction of the side with
lower work function (the semiconductor in this case). The electrons from the conduction band of the semi-
conductor, donated by dopants, jumps into the metal on initial contact and thus forms a depletion region
near the interface - resulting in band bending. But in reality, the prediction by Schottky — Mott rule is not so
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accurate because of interface surface states and defects. The hot electrons produced by the non-radiative de-
cay of surface plasmons need to have energy greater than the SBH to get injected into the conduction band of
the semiconductor. This implies that higher this barrier energy, lower is the hot electron injection efficiency:.

INTERBAND AND INTRABAND TRANSITIONS IN METALS

When photons of sufficient energy are incident on a metal, the electrons in the crystal get excited into an
unoccupied higher energy level. For these transitions, the total momentum must be conserved. If the electron
transition is between two different bands, it is called an interband band transition. Interband transitions have
a minimum energy threshold. [48] For silver, this threshold energy is 3.7 eV (= 335nm) meaning that there
are no interband transitions, upon excitation with visible light. Whereas for gold, this interband threshold is
at2.3 eV (= 539nm).[43]
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Figure 2.9: Schematic represetation of interband and intraband transitions in a metal

Under certain circumstances, the photons can excite an electron into an higher energy level with the same
band. But such transitions occur in participation with a phonon (a lattice vibration quantum). This is be-
cause the incoming photon does not have enough momentum to excite electron to a higher energy level [48].
This additional momentum can be obtained from the phonons. These transitions are called intraband tran-
sitions. Figure 2.9 depicts the interband and intraband transition in a metal. Intraband transitions create
hot electrons with a higher energy distribution compared to that of interband transitions. [49] Therefore, to
create a higher energy hot electrons for an efficient hot electron injection process, intraband transitions are
preferred.

FOWLER’S THEORY

Fowler [50] introduced a technique to measure the actual SBH in a metal - semiconductor interface using
the photoemission technique, by exciting electrons from the fermi level in the metal to the conduction band
of the semiconductor. The excitation is done using a monochromatic light source, where the photon energy
(hv) is different for each wavelength of incoming light. The resultant photo-current is measured to determine
the barrier height. A sharp increase in photo-current occurs when kv > SBH and again when hv > E; of the
semiconductor. From the first big increase in photo-current, we can obtain the SBH. The Absorbed Photon
to Current conversion Efficiency (APCE) can be derived from the modified Fowler relation by [4, 51]:-
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Cr(hv — Esp)?
APCE:W (2.20)

where, Cr is the Fowler coefficient and Esp is the Schottky barrier energy.

2.2.7. PLASMON INDUCED RESONANCE ENERGY TRANSFER

Plasmonics offers many ways than one to enhance the performance of photo-electrochemical devices. Though
the focus of this thesis is on hot electron injection, which provides enhancement below the Optical Band Gap
Edge of the semiconductor (OBGE), it is important to also consider other plasmonic effects that might play
arole in the enhancement of performance these devices. This knowledge would help to isolate the hot elec-
tron injection effect and provide a better insight into its working. The other ways plasmonics can contribute
to the enhancement is through light scattering, light concentration and Plasmon Induced Resonance Energy
Transfer (PIRET) [4]. Of this, the light concentration and light scattering enhances the performance above
the OBGE of the semiconductor and can be easily filtered out as we focus on below the OBGE enhancement
through hot electron injection. The PIRET mechanism enhances the performance below the OBGE and re-
quires a closer look.

In the PIRET mechanism, the concentrated energy from the localised surface plasmon resonance is trans-
ferred to the semiconductor. This is done via the near field of the nanoparticle, which penetrates into the
semiconductor inducing charge separation in the semiconductor. Cushing et al. [52] studied this mechanism
by using an insulating layer between the nanoparticle and the semiconductor, essentially preventing any
hot electron injection into the semiconductor, allowing them to isolate the PIRET mechanism. Their studies
showed enhancement both above and below the OBGE of the semiconductor. This could be one of the main
factor that distinguishes the performance enhancement from the plasmon induced hot electron injection to
that from the PIRET mechanism, as the performance enhancement from the hot electron injection is only
below the OBGE.

2.2.8. DECAY OF SURFACE PLASMON RESONANCE

The surface plasmon decay mechanisms can be broadly classified into radiative decay and non-radiative
decay mechanisms. The actual decay of the surface plasmon is an interplay between both these mechanisms
depending on the ratio of absorption cross-section to the scattering cross-section of the nanoparticle.

RADIATIVE DECAY OF SURFACE PLASMON RESONANCE

Radiative decay is the dominant mechanism for particles with diameter > ~ 40 nm. [4] Through this mech-
anism the surface plasmon decays by emitting a photon. If the plasmonic nanoparticle is in a junction be-
tween two dielectrics, the emission is preferentially done into the medium with a higher refractive index. This
is normally the case with semiconductor-metal-electrolyte junctions. Therefore, the plasmon will decay by
emitting a photon back into the semiconductor (under back illumination), thereby increasing the path length
of the light and thus improving the light absorption of the semiconductor.

NON-RADIATIVE DECAY OF SURFACE PLASMON RESONANCE

For particles smaller than ~ 40 nm, the non-radiative plasmon decay is the dominant mechanism. Through
this mechanism, the plasmon will decay by exciting electron-hole pairs from within the plasmonic metal
nanoparticle. For an electron to excited from one state to a higher energy state, the energy and momentum
of this transition has to be conserved. Otherwise, such transitions are forbidden. This additional energy and
momentum has to be obtained either from the incident photon directly or from some other source. This
energy and momentum are conserved for these excitations in different ways, as discussed below -
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Figure 2.10: (a) Phonon-induced (or assisted) plasmon decay mechanism (b) Plasmon decay by exciting multiple electron-hole pairs in
different direction and conserving momentum (c) Surface-induced plasmon decay mechanism (d) Plasmon decay by interband
excitations [19]

Interband excitations

As discussed before, interband transitions occur from one band to another and has a minimum energy thresh-
old. If the incoming photon has this minimum energy and momentum to make this transition, then the
electrons can be directly excited to a higher energy state. This way the energy and momentum conservation
criteria’s are satisfied to make this transition. Depending on the metal under consideration, this minimum
threshold energy and momentum required to make the interband transitions will change. No hot electrons
are formed in such a transition as the electrons are only excited from a lower band until the vicinity of the
fermi level of the metal. Though hot holes are formed in the d band, but it quickly recombines due to the high
density of states of the d band. Figure 2.10 (d) shows this transition. Other forms of decay mechanisms are
intraband mechanisms which occur within the s band as discussed before. In these forms of decay mecha-
nisms, the incoming photon does not have enough momentum to excite the electron and hence requires an
external source to transfer this additional momentum. These mechanisms are discussed in detail below.

Electron-electron scattering

Another possible mechanism of non-radiative plasmon decay is the electron-electron scattering mechanism.
In this decay mechanism, the momentum is conserved by two electrons getting excited from the s band, in
different directions. This form of decay mechanism is depicted in figure 2.10 (b). The photon energy is divided
between 4 charge carriers (2 electron-hole pairs) and hence this process does not result in an hot electron.
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Phonon-induced decay

The additional momentum required for the excited electrons to move to a higher energy state can also be
obtained by collisions with a phonon. Phonons are lattice vibrations which have low energy, but high mo-
mentum. This is depicted in figure 2.10 (a). If the phonons can provide the additional momentum required,
it creates a hot electron-hole pair which can be extracted.

Surface-induced decay

When oscillations of light is confined in really small nanoparticles, to sustain the oscillations, more electric
field energy of light is stored in the form of kinetic energy of the oscillating plasmons. These fast oscillating
plasmons will have the energy and momentum to excite an electron directly upon its decay. This mechanism
will also result a hot electron-hole pair. This is shown in figure 2.10 (c).






METHODS AND EXPERIMENTS

3.1. T1O, SEMICONDUCTOR SYNTHESIS

The hot electron injection of the plasmonic nanoparticles were studied on 10 nm 7O, semiconductor films
as mentioned earlier. The aim was to minimise the effect of the TiO, film on the overall performance of
the device by decreasing its thickness, to independently study the plasmonic HEI. A brief procedure of the
preparation of TiO, films is described below.
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Figure 3.1: (Left) Schematic representation of magnetron sputtering [53] (Right) Inside of the magnetron sputtering vacuum chamber
[54]

A 10 nm titanium layer was deposited on a Fluorine-doped Tin Oxide (FTO) substrates of size 20 mm x 15
mm(TEC-15, Hartford Glass Co.) using magnetron sputtering technique (ATC Orion sputtering system with
a titanium target (>99.995 % purity)'. Briefly, a plasma is produced in the gas (argon is used in this case) be-
tween the two electrodes by applying high voltage. The ions thus formed in the chamber accelerates towards
the cathode target, which is the titanium metal source. These ions knock out titanium atoms from the target
which moves towards the substrate forming a thin film on it, because of Van der Vaal’s forces and chemical
bond formation. A magnetic field is applied to confine the ions and electrons near the target, making the
process more efficient and self-sustaining [55]. The base pressure of the system was 2.10~7 mbar. Argon gas
pressure was set at 3 pbar. Argon gas flowrate was maintained at 20 sccm and the deposition was done for 3.5
mins to produce 10 nm titanium films.

Prior to the deposition, the substrate was cleaned with laboratory soap and DM water (Milli-Q grade) followed

I Magnetron sputtering deposition of titanium was done by Ing. Herman Schreuders (MECS, TU Delft)

19
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by cleaning using the ultrasonification cleaning technique using acetone and isopropanol for 20 mins each.
The samples were further dried under compressed nitrogen gas flow. A small portion of the substrate was
taped to expose the FTO layer after sputter deposition of titanium, for providing a conducting back contact
in the PEC cell. The titanium coated substrate was annealed at 500 °C for 5 hours at a rate of 5 °C/min under
a compressed air flow of 100 sccm. Annealing at these conditions produced an anatase type TiO,, which is
suitable for photo-electrochemistry applications.[56-58]

Figure 3.2: Picture of the annealed 10 nm 77O, on FTO sample used for this study

3.2. NANOPARTICLE SYNTHESIS

The nanoparticles used for this study were synthesised in the gas phase using the spark ablation technique
[59-61]. A High Frequency Spark (HFS) generator was used for producing the silver nanoparticles and a low
frequency spark generator was used for the gold and alloy nanoparticles. A spark generator consists of two
face-aligned cylindrical electrodes separated by a very small gap (of the order of mm). These electrodes can
either be of the same material to produce pure nanoparticles of the electrode material or can be of differ-
ent materials to produce alloy nanoparticles of different compositions [62-64]. The electrodes could also be
made of atomically mixed components at a specific composition to produce nanoparticles of that composi-
tion, as used in one part of this study. The setup also consists of a carrier gas inlet and exit nozzle which con-
tinuously flushes the gap between the electrodes with an inert/reacting gas, depending on the application.
A high voltage is applied between the electrodes which induces a breakdown. This ionizes the gas between
the electrode, creating a conducting plasma. This conducting plasma serves a channel to carry charges and
hence induces a short current flow between the electrodes which creates a spark between the electrodes. The
lifetime of this spark is of the order of few microseconds and results in local hotspots with temperatures of
over 20000 K [65] which instantly evaporates the electrode material. The constant flushing of the carrier gas
serves to quench the electrodes and vapour material as well as carry away this vapour away from the elec-
trodes. The vapour quenching rates are of the order of 107-10'° K/s [62]. This sudden quenching results in the
nucleation of these particles which later collides and grows into atomic clusters and then primary particles
and aggregates and agglomerates, as depicted in the figure 3.3. This breakdown cycle is repeated at a constant
frequency providing a continuous production of nanoparticles.

Two types of spark generators are used in this study - the low frequency spark and the high frequency spark.
[60] The low frequency spark can be modelled like a resistor-inductor-capacitance spark (RLCS) circuit. Here
the breakdown voltage of the gas determines the discharge voltage. The spark frequency can be adjusted by
varying the capacitance and distance between the electrodes. This system has an upper frequency limit of
about 500 Hz. The other system is the high frequency spark generator. Here the charging and discharging
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Figure 3.3: Schematic representation of nucleation and agglomeration of particles at the exit of the spark [66]

cycles are decoupled by using switches, and hence provides a better control over the sparking frequency.
It also has a glowing circuit which prevents the plasma from completely extinguishing between each spark
and hence a lower voltage is needed to induce the breakdown. The electrical circuit models of both spark
generators are depicted in figure 3.4. [60]

These agglomerated nanoparticles are then sintered into spherical nanoparticles in a tube oven operating at
temperatures above 900 °C. The nanoparticles are then size selected based on their electrical mobility, us-
ing a custom made short french type differential mobility analyser (DMA) by varying its voltage and flows
[67]. An online condensation particle counter (CPC) was used to monitor the particle concentration at each
instant coming from the DMA. These negatively charged nanoparticles are directly deposited from the gas
phase, consisting of the size selected nanoparticles from the DMA, onto the TiO,/FTO substrate using an in-
house built electrostatic precipitator. The nanoparticle deposited TiO, /FTO substrates were stored in sample
boxes containing freshly regenerated silica gels to prevent nanoparticle degradation, by ensuring a dry local
atmosphere. Schematic representation of the whole setup is shown in figure 3.5. Similar depositions of size
selected nanoparticles were also made on a 200 mesh copper microgrids coated with foamvar/carbon (pur-
chased from TED PELLA INC.) for characterisation by Transmission Electron Microscopy (TEM). An average
nanoparticle size distribution was obtained (by analysing over 200 nanoparticles) after analysing these im-
ages using the image] software (Research services branch, National Institutes of Health).
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Figure 3.4: (Left) A RLCS circuit used in the low frequency spark (Right) A modified RLCS circuit consisting of fast electronic switches
and a glowing circuit used in the high frequency spark [60]

Pure silver and gold electrodes (>99.95% purity, purchased from Goodfellow Cambridge Limited) was used in
the study to synthesise pure silver and gold nanoparticles, respectively. The 50-50% gold-silver alloy nanopar-
ticles were produced using atomically mixed electrodes of the same composition (>99.95% purity, purchased
from Goodfellow Cambridge Limited). The spark frequencies and carrier gas flowrates were adjusted de-
pending on the nanoparticle material, size and the type of spark generator used. The tube oven temperatures
were also adjusted based on the nanoparticle material and size of the nanoparticle, to provide the optimum
residence time and temperature for the nanoparticle agglomerates to form a perfect sphere. The operating
conditions used for the reported samples are tabulated in Appendix B.
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Figure 3.5: Schematic representation of the spark setup used for this study

3.3. UV-VIS ABSORPTION MEASUREMENTS

The UV-Vis absorption spectra of the NP’s were obtained using a spectrometer (PerkinElmer — Lambda 900)
equipped with an integrating sphere. The Lambda 900 contains a deuterium lamp to provide the UV spectra
and a halogen lamp to provide the visible and near-infrared spectra for the spectroscopic measurements. The
instrument automatically switches between these lamps. It is also equipped with a monochromator which
helps to scan wavelengths individually. The system is equipped with two light detectors. One detector, called
the photo multiplier (PMT), consists of alow work function metal and works based on the photoelectric effect.
Each electron ejected by the incoming light, which has energy above the required threshold, is multiplied to
produce a detectable current. The other detector is a low bandgap semiconductor (PbS) which can detect
light which has energy greater than the band gap of this semiconductor [68]. The resultant current is already
calibrated for providing the spectroscopic measurements. The PMT is used for wavelengths below 850 nm
and the semiconductor for other wavelengths, upto the limit of the instrument.

Light source Integrating sphere

Slit Sample holder

Figure 3.6: Inside of the PerkinElmer Lambda 900 UV-Vis spectrometer

BAA = %Tbeforedeposition - %Tafterdeposition (3.1)

The transmittance spectra of each TiO, sample was taken before the nanoparticle deposition and subtracted
from the transmittance spectra of the sample after deposition to get the absorption spectra of the plasmonic



3.4. PHOTO-ELECTROCHEMISTRY 23

nanoparticles in percentage (% A A), as shown in the equation. All measurements were done inside the inte-
grating sphere by front illumination with a slit of 4 mm diameter. The slit was used to focus the light on the
nanoparticle deposited area of TiO,. The samples are placed at a +10° angle from the path of light to minimise
light reflection. The detectors within the integrating sphere measures the transmitted and reflected light and
provides a spectra. In this report, it is called the “transmittance spectra (T)”. The settings used for the Lambda
900 spectrometer are tabulated in 3.1.

Start Wavelength 600 nm
End Wavelength 300 nm

Ordinate Mode %T
Integration time 0.2 sec
Scan speed 250 nm/min
Mode Standard

Table 3.1: Settings used in the PerkinElmer - Lambda 900 UV-Vis spectrometer to get the light transmission measurements of the
samples

3.4. PHOTO-ELECTROCHEMISTRY

3.4.1. PHOTO-ELECTROCHEMICAL CELL

To facilitate the photo-electrochemical (PEC) study on the photo-electrode under consideration, a PEC cell is
used as a reservoir to hold the electrolyte and the electrodes. The PEC cell has an optically transparent glass
window made of fused silica. Fused silica was preferred over normal glass because of its lower light cut-off
wavelength (200 nm compared to 350 nm of normal glass). The nanoparticle deposited TiO, photo-anode
is positioned to receive this light by front illumination. A detailed schematic of the in-house built PEC cell is
shown in figure 3.7.

Reference electrode PTFE lid with feedthroughs for counter
feedthrough - / and (quasi-)reference electrodes,
and gas circulation/bubbling
®
=
Holes for cell '

alignment rods (4x)

Cell body (PTFE)

Fused silica window
(250 mm)
Sample insert

&

Sample

Figure 3.7: Schematic of the in-house built PEC cell used for this study [20]

A three electrode arrangement was used to perform this PEC study. An Ag/AgCl electrode (XR300, saturated
KCl + AgCl solution (KS120), Radiometer Analytical) was used as the reference electrode and a platinum wire
was used as the counter electrode. EG&G Par 283 potentiostat was used to fix the potential of the working
electrode. A three-electrode arrangement was preferred over the otherwise used two-electrode arrangement
in PEC studies to eliminate the current dependence of the voltage measurements. The electrolyte has a resis-
tance and the overpotential developed at the electrode/electrolyte interface depends on the current flowing
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through this interface. A third electrode (here the Ag/AgCl electrode) helps to break this dependence by act-
ing as a reference by only allowing negligible current to flow through it, ensuring less fluctuations. This way
a constant potential can be maintained at the working electrode during the experiments. The PEC cell was
designed such that the distance between the working electrode and the reference electrode was kept minimal
to decrease the ohmic voltage losses. Platinum was preferred as the counter electrode material, because of
its high activity and fast kinetics in hydrogen evolution reactions. This would ensure that it will not act as a
limiting factor in the study and would help to independently study the plasmonic hot electron injection.
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gl =
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\
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Semicoductor

Counter

Electrolyte
electrode

Figure 3.8: Schematic of the working of the PEC cell. Methanol oxidation is preferred over other reactions due to its favourable
thermodynamics (Reduction potentials is EO vs SHE scale)

A combination of methanol (>99.9% purity, Sigma Aldrich) and 0.1 M phosphate buffer (pH 7), 50% v/v, was
used as the electrolyte for the study. Local fluctuations in the pH of the electrolyte, during the course of the
experiments, could have an effect on the flat band potential. The buffer solution ensured that the pH fluctua-
tions in the electrolyte are minimal [20]. Methanol was used in the study as a “hole scavenger”. This is because
of the favourable oxidation potential of the methanol oxidation reaction compared to the water oxidation re-
action. This would allow for the easy removal of the holes produced at the photo-anode. This ensures that the
hole removal is not a limiting factor, allowing to focus on the plasmon induced hot electron injection of the
metal nanoparticles. The possibility of self-oxidation of the silver nanoparticle in the reaction conditions was
another reason that led to the choice of methanol as a hole scavenger. A simple schematic representation of
the energies required for the oxidation reactions with respect to the hydrogen evolution reaction is shown in
figure 3.8. From this, it is clear that the methanol oxidation is thermodynamically more favourable compared
to the other two oxidation reactions. Methanol concentration in the electrolyte is ensured to be in excess to
prevent this reaction from being kinetically limited. The electrolyte was mixed thoroughly by purging with
nitrogen gas at high flowrates. Nitrogen gas was also purged inside the PEC cell during the experiments at
90 sccm. Care was taken to ensure that the nitrogen bubbling was not obstructing the path of the light. The
set potential of the working electrode was obtained from the measurements in V vs Ag/AgCl units. This is
converted to the often used reversible hydrogen electrode (RHE) scale by using the below formula, where
Vrpye is the potential in the RHE scale, Vag/ 4¢c; is the measured potential from the experiments with respect
to the Ag/AgCl reference electrode and V% g/ AgCl is the standard potential of the Ag/AgCl electrode used with
respect to the standard hydrogen electrode (SHE) scale.
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Veueg = VAg/AgCl + VXg/AgCl + 0.059% pH (3.2)

3.4.2. EFFICIENCY MEASUREMENTS
INCIDENT PHOTON TO CURRENT CONVERSION EFFICIENCY

To understand the practical limitations or performance enhancement factors of a PEC device/material, tech-
niques are required to assess its working. This way, we can hopefully address these issues through optimised
engineering. Here, the response of the PEC device to the incoming light is to be studied to better under-
stand the enhancement in the performance of the PEC device due to plasmonic hot electron injection. Solar
radiations are a mixture of light of different wavelengths. The PEC device and the plasmonic nanoparticles
responds differently to each wavelength of incoming light. Therefore, it is important to study the quantum
efficiency as a function of wavelength to understand the contribution of plasmonic hot electron injection to
the performance of the PEC device. The Incident Photon to Current Conversion Efficiency (IPCE) technique
allows us to study this wavelength dependent response of the PEC device. This technique is also referred to
as the External Quantum Efficiency (EQE) technique. It calculates the fraction of incoming photons that gets
converted to an extractable electron, measured by outer circuit. [20, 22]

electron flux hclphoton(Ai)
IPCEA;) = =— 3.3
(A photon flux e APA) 3.3)

where, £ is the planck’s constant (m?kg/s), c is the speed of light (m/s), e is the charge of an electron (C),
A(i) is the i*" wavelength (m), jpnoron (i) is the photocurrent density at each A (A/ m?) and P(A;) is the power
density at each A (W/m?).To make proper IPCE measurements, a setup consisting of alamp, a programmable
monochromator and shutter, an optical diode and a potentiostat is required. A schematic illustration of the
IPCE setup is shown in figure 3.9. A 200 W quartz tungsten — halogen lamp coupled with a grating monochro-
mator — shutter setup was used to illuminate the sample in 6 nm steps [69] to obtain the photocurrent. An
optical filter with a cutoff wavelength of 395 nm was used to minimize the effect of any secondary wave-
lengths from the monochromator, by blocking the light below 395 nm, i.e., blocking the light to the TiO,
semiconductor. This also facilitated the independent study of the plasmonic hot electron injection.

Lens  Monochromator i
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filter(s) e photodiode
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Figure 3.9: A schematic of the IPCE setup used in this study (Adapted from reference [20])

ABSORBED PHOTON TO CURRENT CONVERSION EFFICIENCY

IPCE measurements assumes that all the photons incident on the surface of the electrode is getting absorbed
by the material and gets converted into a usable electron. This is useful to get an idea of the maximum current
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that can be extracted from a particular photon source. The IPCE values are normally used to compare the per-
formance of different devices. But in practice, all the photons incident on the surface of the photo-electrode
does not get absorbed. Some photons might get reflected by the surface and some might be unabsorbed and
hence get transmitted through the sample. Therefore, it is useful to normalize the IPCE values by the absorp-
tion spectrum of the light absorbing material under consideration. This would give us more insight into the
performance effecting parameters within the system. The APCE value takes into consideration efficiencies
of three fundamental processes involved — fraction of electrons or holes generated per photon absorbed, the
efficiency of electron/hole transfer within the metal to reach the metal - semiconductor/metal - electrolyte
interface, respectively, and the injection efficiency with an assumption that the counter electrode does not
limit the current flow through the circuit. [70]

3.4.3. CURRENT - VOLTAGE RELATIONSHIP STUDY

A cyclic voltammetry study was performed to understand the current-voltage relationship of the photo-
current produced by the plasmonic HEIL In this experiment the potential is ramped up linearly to a particu-
lar value and then ramped back to the starting point. The concept is to continually oxidize and reduce the
semiconductor surface by cycling this potential. By changing the applied potential, the width of the space
charge layer is altered. This would result in increased electron hole separation or increased recombination
depending on the band bending resulted from the applied potential. At extreme potentials, the semiconduc-
tor surface can get oxidized. In this study, the normal procedure was adapted to prevent the oxidation of the
metal nanoparticles. Therefore, a smaller range of potentials, within the oxidation and reduction limits, were
used to cycle. A monochromatic light source with a wavelength close to the plasmon resonance frequency
of the nanoparticle under consideration was used instead of the normally used AM 1.5 solar simulator light
source. This was done to specifically focus on the contribution of photo-current due to plasmonic HEI by
minimising the current contribution for T70,.



RESULTS

As mentioned in chapter 1, the goal of this thesis is to understand the fundamental factors effecting the plas-
monic hot electron injection. In this chapter, some of the important results from this research is presented.
The whole section is subdivided into three parts. In the first part, the results relating to the tuning of the
surface plasmon resonance and its effect on the hot electron injection and its efficiency is discussed. In the
second section, the results relating to the size dependence of the of hot electron injection efficiency will be
looked into. In the final section, the results related to the effect of nanoparticle concentration, at the sub-
strate surface, on the hot electron injection efficiency will be presented. Each of the above mentioned sec-
tion would begin with the results from the characterisation tests performed, followed by the results from the
photo-electrochemical testing. A detailed discussion of these results is left for next chapter.

4.1. TUNING OF HEI BY VARYING THE NANOPARTICLE COMPOSITION

Plasmon induced hot electron injection provides a direct enhancement in the performance of the PEC device,
i.e., it does not depend on the performance of the semiconductor used as the photoanode. The most impor-
tant fact is that, this technique provides performance enhancement below the OBGE of the semiconductor.
If the plasmon induced HEI were active above the OBGE of the semiconductor; light to the semiconductor
would essentially be screened, which is detrimental for the performance of the PEC device. But for this tech-
nique to be universal for all kinds of semiconductor photoelectrodes, it is important to have a large array of
these plasmonic nanoparticles that are active at different wavelengths. This would allow to handpick them
based on the OBGE of the semiconductor under consideration. At present we are limited to just gold, silver
and copper nanoparticles that are active in the visible region of light (400 nm, 520 nm and 560 nm respec-
tively). Long back, El-Sayed et al. [38] demonstrated that the surface plasmon resonance of the nanoparticles
can be tuned by alloying two different plasmonically active materials. This way, the surface plasmon reso-
nance can essentially be tuned over the entire visible spectrum by choosing the right materials. The impact
of this tuning, by alloying two plasmonically active materials, on the HEI efficiency has not been investigated
before. More importantly, such a study would throw more light into the fundamental principles behind the
HEI and the factors effecting the energy distribution of the excited hot electrons. This study was performed
as part of this master thesis and in this section, the most important results from this study will be discussed.’

1Some results from this work are published in [43]
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4.1.1. CHARACTERISATION
TEM ANALYSIS

The comparison in the performance efficiency of the silver, gold and the alloy samples were done for the
particles of the same size range. This would ensure that any difference in performance is solely down to the
inherent property of the material and not due to any geometric effects because of the difference in sizes. A
DMA was used to size select the nanoparticles from the aerosol produced from the spark generator, as ex-
plained in section 3.2. Same voltage and flow conditions were maintained in the DMA each time to size select
the same distribution of the particles. To confirm the size ranges of the particles used, a Transmission Elec-
tron Microscopy (TEM) analysis was performed for all three samples. As evident from the TEM micrograph
images analysed in figure 4.1, the distributions are nearly monodisperse and is of the same size, as required
for the comparison. Some particle agglomerates with the same electrical mobility as that of the size selected
nanoparticles is also deposited on the samples. Operating conditions have been controlled to minimise the
formation and selection of these agglomerates, but a complete elimination of agglomeration was found to be
difficult with the current procedure. The results presented here are from an initial analysis where lower sizes
were used. The particle size was later changed to 16 nm (for all three samples) and also lower flow rates were
used to increase the residence time in the oven to reduce particle agglomeration. New TEM depositions were
made to confirm this, but these samples could not be analysed as the TEM was out of service. Since the same
DMA voltage and similar flow conditions were used in each case, same particle size distribution is expected
as the initial case shown in 4.1. The gold nanoparticles were found to form higher amount of agglomerates,
owing to the high sintering tendency of gold.

UV-VIS ABSORPTION SPECTROMETRY

A main characteristic of plasmonic nanoparticles is their extinction peaks at their respective plasmon reso-
nance frequencies. These extinction peaks contain a lot of information within them. An expert can predict
the approximate size, shape and composition of these nanoparticles just by looking at their extinction spec-
trum. In this subsection, a comparison between the absorption curves of silver, gold and 50% silver — 50%
gold alloy nanoparticles is considered. The absorption curves plotted here are of the plasmonic nanoparti-
cles alone, obtained by subtracting the background as discussed in section 3.3. As gathered from the TEM
analysis above, all the nanoparticles used for this comparison have similar size distributions and shape. Fig-
ure 4.2 shows three distinct absorption curves. From this plot, it can be seen that the plasmon resonance
wavelength of pure silver nanoparticles is at ~ 405 nm and for pure gold nanoparticles is at ~ 518 nm, close
to the predictions from mie theory. An exact match cannot be made to Mie theory owing to the anisotropic
dielectric environment (air-metal-semiconductor). The plasmon resonance frequency of the alloy nanopar-
ticle is at ~ 442 nm. This value is in between the plasmon resonance frequencies of the pure silver and pure
gold nanoparticles, as expected. Phase diagram of silver and gold suggests that the components form a ho-
mogeneous mixture. [71] The use of atomically mixed electrodes also ensures that a perfect alloy is obtained.
The marginally varied levels of absorption peaks for all three samples can be attributed to the difference in
concentration of nanoparticles on the surface of the analysed substrates. One other characteristic of the sil-
ver nanoparticle curve and alloy nanoparticle curve, that should be noted, is the second peak at ~ 530 nm
and ~ 555 nm respectively. This is attributed to the dimer interactions of these nanoparticles at the substrate
surface. This concept is widely discussed in literature [72, 73]. The dimer interactions for silver nanoparti-
cles will be revisited in detail in the results section of the third set of experiments of this report. For the gold
nanoparticle absorption curve, an increase in absorption is visible below ~ 480 nm. This is attributed to the
light absorption due to the interband transitions within the gold nanoparticles, because of the low interband
energy threshold of gold (see section 2.2.6). A more detailed discussion on the shift of plasmonic resonance
frequency with alloying is done in the Chapter 5.

XPS ANALYSIS

To get a better understanding on what happens by alloying gold and silver and why the plasmonic resonance
shifted with alloying, an X-Ray Photoelectron Spectroscopy (XPS) was performed on these nanoparticles. The
XPS analysis was performed to study the valance band (d-band) of the alloy with gold and silver as the bench-
mark. The XPS results were normalised to make the comparison easier. As seen in figure 4.3, there has indeed
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Figure 4.1: (A) TEM image and the particle size distribution for silver nanoparticles (B) TEM image and the particle size distribution for
alloy nanoparticles (C) TEM image and particle size distribution for gold nanoparticles. Please note :- This is from an initial result.
These TEM results are not of the same size as of the particles studied in this section. New TEM depositions of the actual particle sizes
were made, but was not analysed as TEM was out of service.

been a shift in the d-band DOS centre, compared to gold and silver measurements, with alloying. This implies
that the alloying has altered the electron density of the valence band and this might have resulted in the shift
of the plasmon resonance wavelength for the alloy compared to gold and silver nanoparticles.

4.1.2. PHOTOELECTROCHEMICAL TESTING

INCIDENT PHOTON TO CURRENT CONVERSION EFFICIENCY (IPCE)

As discussed in section 3.4.2, the IPCE measurements offer a method to study the wavelength dependent
response of these plasmonic nanoparticles, which is crucial for understanding the fundamentals behind the
plasmonic hot electron injection of metal nanoparticles. Figure 4.4, shows the wavelength dependent IPCE
plots for the silver, gold and alloy nanoparticles deposited on 10 nm TiO, samples. The details of the power
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Figure 4.2: Absorption plots of plasmonic nanoparticles obtained using UV-Vis spectroscopy by subtracting off the influence of the
semiconductor, as described in section 3.3
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Figure 4.3: Normalised XPS plots of the valence band of silver, gold and alloy nanoparticles

calibration are mentioned in Appendix D. On careful observation, an increase in performance of the three
nanoparticle deposited samples can be noticed (less so for the gold nanoparticles) compared to that of the
bare TiO, sample. Another striking point to notice is that the enhancement is outside the bandgap of the
TiO, semiconductor which is at < 400 nm. Therefore, this enhancement in performance is not something
that is inherent to the semiconductor but can be attributed to the nanoparticles deposited on top of the
semiconductor. If the performance enhancement was more of a catalytic or charge transfer contribution of
the nanoparticles, the enhancement would not be wavelength dependent as is the case here. Therefore, the
enhancement in performance here is clearly a plasmonic enhancement.

The IPCE enhancement of alloy and gold nanoparticles deposited devices are low compared to the silver
nanoparticles. A zoomed in image, shown at the bottom of the figure 4.4, of this part of the graph clearly
shows that the performance enhancement of the alloy nanoparticles is better compared to that of the gold
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Figure 4.4: IPCE measurements of 15 nm silver, gold and alloy nanoparticles on TiO» semiconductor compared to bare TiO»
semiconductor upon front illumination at a potential of 0.56 V vs RHE

nanoparticles on Ti0,. Figure 4.5 shows the enhancement in performance of these samples due to the con-
tribution of these plasmonic nanoparticles alone, obtained by subtracting off the IPCE performance of the
bare TiO, sample. A clear peak corresponding to the plasmonic resonance peak is visible for silver at ~ 420
nm. A small bump in the alloy curve could be noticed around ~ 480 nm and an even smaller bump for gold
curve at ~ 540 nm. The peaks and bumps in enhancement, outside the bandgap of the semiconductor, con-
firms that the enhancement is a plasmonic contribution. These peaks and bumps are however shifted by ~
20 - 40 nm compared to that of the plasmonic peaks obtained by absorption measurements (see figure 3.3).
This shift could be attributed to the change in refractive index of the environment as the absorption mea-
surements are done in air and the IPCE measurements are done in the electrolyte environment. This shift in
plasmonic resonance frequencies with the surrounding environment is explained in section 2.2.3.

Since the plasmonic enhancement is below the OBGE of the TiO, semiconductor, the plasmon induced res-
onance energy transfer (PIRET) or the plasmon induced hot electron injection (HEI) phenomena’s could be
playing a role. But if the enhancement was due to the PIRET mechanism, an enhancement in IPCE would be
visible both above and below the OBGE of the semiconductor [4, 52]. This enhancement would be propor-
tional to both the surface plasmon resonance curve below the OBGE and the TiO, absorption states, which
increases with wavelength above the OBGE. But in this case, the enhancement in IPCE is only seen to be
proportional to absorption peak due to surface plasmon resonance and there is no enhancement above the
OBGE, as seen in figure 4.6. The decrease in performance above the OBGE seen here could be due to the
screening of light to the semiconductor. Moreover, works on PIRET mechanism reported in literature [52, 74]
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Figure 4.5: Enhancement in IPCE due to the contribution of plasmonic nanoparticles obtained by subtracting off the contribution of
bare TiOy

are mainly with semiconductor encapsulated nanoparticles and not for the configurations used in this study.
Therefore, it can be concluded that the enhancement in performance of the nanoparticle deposited devices
are due to HEL
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Figure 4.6: (Left) Decrease in IPCE above OBGE due to screening of light by plasmonic nanoparticles (Right) Correlation of the IPCE
enhancement, due to silver nanoparticles, to its plasmonic resonance peak obtained from UV-Vis spectroscopy

CYCLIC VOLTAMMETRY

The current — voltage response of the plasmonic nanoparticle deposited Ti O, photoanodes, compared to that
ofbare TiO, photoanodes, was studied using the cyclic voltammetry tests. These tests were performed under
monochromatic light rather than the usual method of using solar simulators. This is was done particularly
to look at the impact of plasmonic hot electron injection on the performance of photo-anodes at different
applied potentials. The photo-currents from the plasmonic nanoparticles are very small compared to that of
TiO, semiconductor. Therefore, using a solar simulator would only show currents from 7'i O, semiconductor
as the hot electron injection contribution to the overall photocurrent is negligible. This makes it difficult to
study the impact of plasmonic HEI with applied potentials and hence a monochromatic light source close to
the plasmon resonance frequency was used.
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Figure 4.7: (Top left) J-V curves of silver- Ti Oy samples under dark and light illumination compared to that of bare 7iO; (Top right) J-V
curves of alloy- T'i O, samples under dark and light illumination compared to that of bare TiO (Bottom) J-V curves of gold-TiO»
samples under dark and light illumination compared to that of bare TiO»

For silver nanoparticle deposited devices, a monochromatic light of 430 nm was used which is close to the
plasmonic resonance of silver nanoparticles in the electrolyte environment. Similarly, a monochromatic light
of 470 nm and 540 nm was used for alloy and gold nanoparticles deposited devices respectively. The cycling
was done between a small range of potentials (0.51 V vs RHE to 0.71 V vs RHE). This small range was chosen
mainly because at higher positive potentials, the silver nanoparticles gets oxidised and goes into the solution
as Ag” ions. Since the amount of silver nanoparticles used for this study is really small, this dissolution had
a big impact. This oxidation of silver was observed in the preliminary experiments wherein a wider range of
potentials were used for cycling. An oxidation peak was observed in the first cycle, but no reduction peaks
were visible. The oxidation peaks were not visible with further cycling, confirming that the silver was removed
from the semiconductor surface. Figure 4.8, shows one of the preliminary results of this potential cycling on
silver nanoparticle deposited TiO, sample. Therefore, a shorter range of potentials were used for further
cycling experiments as mentioned above.

Figure 4.7 shows the results from the third cycle for three nanoparticle deposited samples. For silver nanopar-
ticle deposited sample (top left), a clear increase in the current density under illumination is visible compared
to bare TiO, under illumination. But the dark measurement of the nanoparticle deposited sample suggests
that the increase in current density is not completely the contribution of the plasmonic HEI. The nanoparti-
cles also improves the catalytic properties and the charge transfer characteristics of the semiconductor. But
a clear distinction between the light and dark measurements for the nanoparticle deposited sample suggests
that HEI does contribute to the increase in photocurrent measurements compared to that of bare Ti 0O, sam-
ples. A similar trend is also visible, with lesser contribution to enhancement by HEI, for the alloy nanoparticle
deposited samples in Figure 4.7 (top right). This result is in accordance with the IPCE results where silver
nanoparticles had a higher HEI enhancement. Figure 4.7 suggests that (bottom) there is no photo-current
enhancement due to HEI for gold nanoparticle deposited samples. This is again in accordance with the IPCE
results for gold deposited samples which showed no improvement in photo-current compared to that of bare
TiO, samples. The response of gold under illumination is worse compared to the dark measurements. It is
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Figure 4.8: Cyclic voltammetry measurement (dark) from preliminary experiments, where the cycling was done for longer potential
ranges. Decrease in oxidation peak with each cycle is clearly visible. Also not that the reduction peak for silver is also not visible

difficult to explain why this is so. Maybe few more experiments might be required to check and explain this
behaviour, but is out of the scope of this thesis.

STABILITY TEST

Stability of the deposited nanoparticles is an important factor for their eventual application. Silver nanopar-
ticles were found to degrade when exposed to humidity. This degradation was observed in the initial samples.
The silver nanoparticles undergo oxidative dissolution, forming Ag* ions and migrating out of the nanopar-
ticle, when it comes in contact with moisture and oxygen [75]. Figure 4.9 (top left and right) shows new
nanoparticle islands formed adjacent to the parent silver nanoparticle due to oxidative dissolution on expo-
sure to moisture in air. This degradation in further samples was avoided by storing it in silica gel (moisture
traps) containers. Figure 4.9 (bottom) shows that the silver degradation was indeed avoided by this proce-
dure. Such degradation was not visible in gold and alloy nanoparticles, when exposed to humid air, implying
alloying makes the nanoparticles more stable.

The stability of the samples in the electrolyte solution was also tested. Chronoamperometry test was per-
formed to test the stability of the sample by measuring the photocurrent with time. The electrolyte was al-
ways purged with nitrogen gas at high flowrates to remove any dissolved gases. Figure 4.10 shows that the
photocurrent generation is stable over time implying that silver nanoparticles are stable in the electrolyte
environment. Figure 4.10 also shows the stable photo-current generation due to HEI with time at 430 nm.

4.2. DEPENDENCE OF THE HEI EFFICIENCY ON THE NANOPARTICLE SIZE

As explained in sections 2.2.3, the plasmon resonance frequency can be tuned by varying the size of the
nanoparticle. The decay mechanism of the surface plasmon resonance also depends on the size of the
nanoparticle. These decay mechanisms of surface plasmon resonance were explained in section 2.2.8. As
mentioned earlier, for particles of size less than ~ 25 nm, the non - radiative decay mechanisms of surface
plasmon resonance dominates. At each nanoparticle size, below this ~ 25 nm limit, there is a interplay be-
tween different non - radiative decay mechanisms. This interplay along with other external factors will affect
the energy of the hot electrons produced and hence the hot electron injection efficiency. Therefore, a careful
experimental study of the size dependence of the hot electron injection efficiency would give a lot of infor-
mation on these mechanisms that could be useful for the field of plasmonics in general. This study was done
as part of this thesis and the important results are presented here. Silver nanoparticles are used for this study
mainly because silver does not have interband excitations in the visible region of light and hence would allow
to solely focus on the size dependence of the surface plasmon decay mechanisms. Silver nanoparticles of
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Figure 4.9: (Top left) Degradation of silver nanoparticles when exposed to humidity (Top left) New sub-nanometer silver islands formed
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Figure 4.10: Chronoamperometry results of silver-7i O, and bare Ti O samples under illumination with 430 nm monochromatic light

different sizes can be easily obtained from the spark generator set up, by using different voltages in the DMA
for size selection.
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4.2.1. CHARACTERISATION
TEM ANALYSIS

Characterisation of the size and shape of the nanoparticles is crucial for this study. A nearly monodisperse
size distribution is required to perfectly understand the deviation of HEI efficiency with size. A TEM analysis
was performed to check the size distribution of the nanoparticles. 239 particles were analysed to make the
size distribution and a gaussian curve was fitted to obtain the mean and standard deviation of this distribu-
tion. Only particles with sphericity between 0.7 - 1 was used to make the size distribution, leaving out the
agglomerates. The details of the fitting are given in Appendix G. It was observed that the nanoparticles had
a nearly monodisperse distribution, as expected. The shape of the nanoparticles were also nearly spherical
with minimum agglomeration. Higher amounts of agglomeration was found in bigger particles. This could
be due to the insufficient residence time in the oven for these particles to become perfectly spherical. Bigger
particles require longer residence time in the oven. It was also noticed that the standard deviation of the size
distributions increased with the particle size. The TEM images and their size distributions are shown in figure
4.11,4.12 and 4.13. The mean particle size and the standard deviation obtained from the fitting are shown in
the figures.

UV-VIS ABSORPTION SPECTROMETRY

The plasmon resonance frequency of silver nanoparticles are around ~ 405 nm in this environment (air-
metal-Ti0,). This resonant frequency can shift marginally with change in the size of the nanoparticle. The
absorption cross-section of the nanoparticles also vary with the size of the nanoparticles. The UV-Vis spec-
troscopy was performed to study the absorption of the plasmonic silver nanoparticles of different sizes used
in this work. The results are plotted in figure 4.14. The characteristic plasmon resonance peak of silver was
visible at ~ 405 nm. A second peak was also visible at ~ 525 nm which is attributed to the dimer interactions
as discussed in the next section. This second peak position can vary depending on the average particle — par-
ticle distance at the substrate surface. The concentration of the nanoparticles on the surface of the substrate
was kept low, by using low deposition times, to minimise dimer interactions that could have an effect on the
HEI efficiency at very high concentrations (very high concentrations on the surface of the substrate could
affect the HEI efficiency, as explained in the next section). A high absorption of light was seen for the bigger
particles used in this study even at small concentrations, owing to its high absorption cross-section.
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Figure 4.11: TEM images and their particle size distribution for different sizes of silver nanoparticles used in this study in the order A)
8.47 nm B) 9.49 nm C) 11.84 nm. Their gaussian fitted particle size distributions are shown on the right.

4.,2.2, PHOTO-ELECTROCHEMICAL TESTING

INCIDENT PHOTON TO CURRENT CONVERSION EFFICIENCY (IPCE)

Photo-electrochemistry was used in this thesis to study the plasmonic behaviour of these nanoparticles. The
size dependence of the hot electron injection of the plasmonic silver nanoparticles was studied using the
IPCE experiments. The IPCE experiment allows to study the wavelength dependence of the HEI efficiency.
Figure 4.15 shows the IPCE responses of the Ti O, samples deposited with different sized silver nanoparticles
used in this study. Figure 4.16 shows the contribution of silver nanoparticles to this enhancement obtained
by subtracting of the contribution of the contribution from a blank 77O, sample. These measurements were
obtained from the third run at a potential of 0.56 V vs RHE. Since the focus of the study was to see the plas-
mon induced hot electron injection of the silver nanoparticles, the excitations were only done for wavelengths
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Figure 4.12: TEM images and their particle size distribution for different sizes of silver nanoparticles used in this study in the order D)
14.80 nm E) 18.41 nm F) 20.32 nm. Their gaussian fitted particle size distributions are shown on the right.

longer than 420 nm. These plots showed an increase in IPCE similar to the absorption trend discussed before.
From previous studies, it is already known that the peak for plasmon resonance for silver in the electrolyte
environment is at ~ 420 nm (Figure 4.6 (Right)). It is difficult to conclude much from the IPCE plots about
the size dependence on HEI efficiency, as the IPCE measurements depends on both the size and concentra-
tion (and absorption) of the particles. Therefore, the IPCE measurements are corrected for the absorption to
facilitate the comparison, as discussed in the next subsection.

ABSORBED PHOTON TO CURRENT CONVERSION EFFICIENCY (APCE)

If the particles have the same shape, the APCE of nanoparticles of different sizes gives the actual HEI effi-
ciency. Here the APCE values are calculated by taking the IPCE values and correcting it with the corrected
absorption (accounting for the approximate wavelength shift due to the refractive index change). Figure 4.17,
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Figure 4.13: TEM images and their particle size distribution for different sizes of silver nanoparticles used in this study in the order G)
23.38 nm H) 25.42 nm. Their gaussian fitted particle size distributions are shown on the right.
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Figure 4.14: UV-Vis spectroscopy measurements showing absorption of the plasmonic nanoparticles of different sizes obtained by
subtracting off the background 7i0»

shows the size dependency of APCE values at three different wavelengths. It is clear that the trend for size
dependence of APCE is similar at all three wavelengths, suggesting that the same phenomena’s are effecting
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Figure 4.16: IPCE enhancement due to the silver NP’s of different sizes obtained by subtracting off the contribution of bare TiO,.

the overall size dependence. On a close observation of this plot, the HEI efficiency is seen to increase with
particle size between 10 nm and 20 nm, dropping above 20 nm with further increase in size. Interestingly,
the HEI efficiency was also seen to increase sharply with decrease in nanoparticle size below 10 nm. These
trends suggests that there are many competing parameters that effect the size dependence of HEI efficiency
and warrants a detailed discussion, which is left for the next chapter. The results reported here are from the
second try. In the initial experiments of the size dependence, the particle degradation was not noticed. There-
fore, these experiments had to be redone. The results from the initial experiments are given in Appendix F.
The APCE plot is very similar to the plot given in 4.17
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Figure 4.17: APCE of the silver nanoparticles of different sizes at three different wavelengths.
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Figure 4.18: JV curves for the silver-Ti O samples of different sizes silver NP’s - dark (left) and light (right) measurements.

CYCLIC VOLTAMMETRY

Cyclic voltammetry was performed within a small range of potentials to see the approximate behaviour of
the photocurrent to the applied potential .This small range of potentials, 0.51 Vvs RHE to 0.71 V vs RHE, was
chosen to avoid oxidative loss of silver nanoparticles from the substrate surface as discussed before. Figure
4.18 shows the dark and light measurements of all the samples used in this study. The light measurements
were done at a monochromatic wavelength of ~ 430 nm. It was difficult to draw any conclusion from these
plots, regarding the size dependence, mainly because of the difference in particle concentration at the surface
of the substrate. But a clear increase in photocurrents is visible on the nanoparticle deposited substrates
compared to bare TiO; both in dark and light measurements, as seen in figure 4.19.
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Figure 4.19: Comparison of the dark and light measurements of the silver-7iO» sample (20.32 nm) against a bare 77O, sample

4.3. DEPENDENCE OF HEI EFFICIENCY ON NANOPARTICLE CONCENTRATION

Dependence of hot electron injection on the particle concentration is looked into in this section of this the-
sis report. As the concentration of the nanoparticles increases on the substrate surface, the surface starts to
become more dense. This would initiate particle-particle interactions along with the particle light interac-
tion in these plasmonic nanoparticles. Especially when these particles are really close to each other, < 1nm,
these interactions cannot be considered from a classical perspective anymore. The impact of these particle
- particle interactions on the hot electron injection efficiency is not looked into before. In this section, some
light is thrown into this aspect based on the observations from these set of experiments. Spherical silver
nanoparticles of ~ 14 nm were used for this study.

4.3.1. CHARACTERISATION
UV-VIS ABSORPTION SPECTROMETRY

Particle concentration on the surface of the substrate was increased by longer times of deposition of nanopar-
ticles from the spark discharge set up. More concentration of plasmonic nanoparticles on the substrate sur-
face means that, more light gets absorbed. A UV-Vis spectroscopy measurement confirms that the absorption
of the plasmonic nanoparticles have increased with longer deposition times. In figure 4.20, the absorption
increase with particle concentration is clearly visible. The plasmon resonance peak for silver nanoparticles
is clearly visible at ~ 405 nm similar to the previous measurements. A second peak, at ~ 525 nm, increasing
with the increasing concentration is also visible in this figure. This second peak is attributed to the particle -
particle interactions and is widely discussed in literature [72, 76].

4.3.2. PHOTOELECTROCHEMICAL TESTING
INCIDENT PHOTON TO CURRENT CONVERSION EFFICIENCY (IPCE)

IPCE experiments were performed on these samples to test the concentration dependence of hot electron
injection efficiency. Figure 4.21 shows the IPCE enhancement due to the plasmonic nanoparticles, obtained
by subtracting off the contribution of TiO,. The obtained IPCE curves resemble the plasmon resonance
curves as before. A peak was not visible for the sample with the lowest concentration, possibly because of
the low enhancement in this case owing to the low concentrations. It was observed that as the concentration
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Figure 4.20: Increase in absorption of the sample with concentration of silver plasmonic nanoparticles on the substrate surface
(subtracting off absorption off bare TiO5)

of the nanoparticles increased, the IPCE also increased in the low concentration range. Further increase
in concentration (i.e., the high concentration region) resulted in a decrease in IPCE performance. Another
striking factor to notice is that the IPCE peaks do not have a second peak at around ~ 525 nm similar to that
of the absorption peaks. The particle concentrations mentioned in figure 4.20 and figure 4.21 are are a very
rough estimation based on the measured flow and the particle concentration measured by the CPC, assuming
a 100% deposition efficiency. More discussion on this is done in the next chapter.
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Figure 4.21: IPCE enhancement by the silver nanoparticles at different concentrations (subtracting off bare TiO>)

One important point to note here is that, these are some of the first experiment results of this thesis. Here,
the silver sample was not stored in a moisture free environment as the silver nanoparticle degradation on
exposure to atmosphere was not noticed at this time. Therefore, the samples could have a degraded a bit and
might have affected the resultant measurements. But since similar time gap was usually maintained between
sample preparation and testing, it could be assumed that any possible degradation would be at the same
extent for all the samples. The IPCE values reported here are higher than the previous two sections. This in-
crease is attributed to the newly formed sub-nanometer particles upon degradation on exposure to moisture
in air. These sub-nanometer particles have high hot electron injection efficiencies owing to their small sizes.
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Figure 4.22: APCE of silver nanoparticles at different concentrations. A clear decrease at higher concentrations is visible.

The nanoparticle deposition method used in this thesis does not really allow to accurately control the gap
between the nanoparticles, which is important for the better understanding the effect of concentration on
the HEI. Since this was not possible with the current set up, these experiments were not redone.

ABSORBED PHOTON TO CURRENT CONVERSION EFFICIENCY (APCE)

APCE calculation were done get an idea in the decrease in HEI efficiency with increase in concentration.
APCE calculations corrects for the absorption of the particles in the IPCE measurements, i.e., corrects for
the concentration. This would give a better idea of this effect of concentration on the HEI efficiency. Here
the APCE,,x was used to compare the HEI performance. The APCE,, . value was calculated by taking the
peak IPCE values and dividing it with the peak absorption value of the plasmonic resonance. For the lowest
concentration sample, the IPCE value at ~ 420 nm was used to make this calculation. As observed from figure
4.22, the APCE;4x values are almost constant in with increasing concentration at low concentration range,
suggesting that particle-particle interactions are not having an effect. At higher concentrations the APCE;,
value decreased with increased concentration could possibly suggest that the particle-particle interactions,
which should increase with increasing concentrations, are having an effect on the HEI efficiency.



DISCUSSION

5.1. TUNING OF HEI BY VARYING THE NANOPARTICLE COMPOSITION

As discussed in the results section, the plasmon resonance was successfully tuned by alloying two plasmonic
nanoparticles. Since the nanoparticles compared here are of the same size range and shape and the testing
is done in similar environments, the shift in plasmonic resonance is due to some inherent factor of the newly
formed alloy nanoparticles. Plasmon resonance frequency is also a function of the electron density of the
nanoparticle, as explained in section 2.2.3. An XPS analysis (figure 4.3) on the valence band confirms that
the valence band has indeed been altered upon alloying. Therefore, this shift in plasmonic resonance with
alloying can be attributed to the change in electron density of the valence band. El-Sayed et al. [38] proposed
that this shift in plasmon resonance wavelength with alloying is linearly proportional to the silver — gold
composition in the alloy. A quick calculation according to this model, based on the experimental values from
this thesis, would predict a plasmon resonance peak at ~ 460 nm for the alloy nanoparticles. This value is red
shifted by ~ 18 nm compared to our experimental value. One important factor to point out here is that the size
distribution of the nanoparticles obtained by spark discharge technique, in this thesis, is much more mono-
disperse than the samples used in El-Sayed et al.’s work. This could be playing a role in the above mentioned
shift. Another factor that could play a role is the surface tension of gold and silver. Gold has a higher surface
tension (1138 mN/m)[77] compared to that of silver (910 mN/m) [77] at their melting points. Since the spark
discharge technique uses a tube oven to make the particles spherical by melting them, it could be that there
is more concentration of gold in the centre of the sphere formed owing to its higher surface tension. This
means that the silver-gold ratio is not 50%-50% throughout the sphere, but could be an increasing gradient of
the concentration of gold towards the centre of the sphere. And since surface plasmon resonance is mainly a
surface phenomenon, the blue shift of the observed surface plasmon resonance in these experiments could
be explained by the increased amount of silver at the surface of the alloy nanoparticle spheres.

The UV-Vis spectroscopy revealed that the silver, gold and alloy samples had, on an average, ~ 10% absorp-
tion. But a similar trend was not visible for the IPCE enhancement by these nanoparticles. Silver nanoparti-
cles had an enhancement of ~ 0.015% compared to that of ~ 0.002% and < 0.0005% for gold, at their respec-
tive plasmon resonance frequencies. If the performance was limited by light absorption, these nanoparticles
would have exhibited the highest performance at their respective plasmon resonance frequency. But a care-
ful look at figure 5.1, would show that the silver nanoparticles perform better than the alloy and the gold
nanoparticles even at the plasmon resonance frequency of alloy and gold nanoparticles respectively. This
implies that the nanoparticles are not limited by light absorption but rather by the hot electron energies,
transport and the injection process. Literature reports that the mean free path of electrons in silver and gold
nanoparticles are ~ 20 nm. [78, 79] Since diameter of nanoparticles used in this thesis are much smaller than
this, it would be safe to assume that all the generated hot electrons reach the metal-semiconductor junction
for the injection process.

45
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Figure 5.1: (Top) Increase in absorption due to plasmonic nanoparicles. Characteristic peaks of silver, alloy and gold nanoparticles are
clearly seen (Bottom) IPCE enhancement of plasmonic nanoparticles outside the OBGE of the semiconductor

This would imply that an inefficient injection process is resulting in the low HEI efficiency. Two factors could
result in an inefficient injection process — low hot electron injection energies and a high Schottky barrier.
Low hot electron energy distribution in case of gold nanoparticles and hence low HEI efficiency, could be ex-
plained by the low interband threshold wavelength for gold (~ 539 nm). This means that most of the electron
excitations in gold upon surface plasmon decay, under visible light illumination, is from interband transitions
rather than intraband transitions. It was already discussed in section 2.2.6 that intraband transitions result in
higher energy hot electrons compared to interband transitions. Similarly, the interband energy wavelength
threshold for silver is ~ 335 nm. That is, the silver nanoparticles will have more intraband transitions upon
illumination with visible light. The XPS analysis confirmed that the start of the d-bands of silver and gold are
in agreement, 3.7 eV for silver and 2.3 eV for gold, with the interband threshold values from literature [80].
The d-band is recognised from an XPS plot by a sharp rise in the plots, owing to the high density of states in
the d-band. The XPS analysis was also performed for the alloy sample. However, unlike the metal samples, a
sharp peak was not visible in case of the alloy sample. But instead a gradual shift from 2.3 eV to 3.7 eV in the
d-band is visible, implying that the density of states (DOS) of the d-band is shifted to higher energies. This
shift in d-band density of states also implies that the alloy samples would have lower probability of visible
light induced interband transitions compared to that of gold samples. To compensate for this decrease, more
intraband transitions would occur in the alloy samples resulting in higher energy hot electrons and higher hot
electron injection efficiency. This shift in d-band DOS with alloying and resulting impact on the hot electron
injection efficiency is schematically represented in figure 5.2.
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Figure 5.2: Schematic showing the shift in d-band edge and the resulting effect on the decrease in interband transitions and hot
electron injection by alloying gold with silver [43]

Another factor, as mentioned above, that could result in an inefficient injection process is a high Schottky
barrier. Different metal - semiconductor junctions have different Schottky barrier heights depending on the
metal work function and the semiconductor affinity, as discussed in section 2.2.6. The work function of silver
is reported to be ~ 4.26 eV [81] and for gold it is reported to be ~ 5.1 eV [81]. The work function of alloy is
expected to be in between these two values. The electron affinity for anatase Ti O, is reported to be around
5.1 eV [82]. Since the electron affinity of the semiconductor is higher than the work functions of the metals,
a zero Schottky barrier height is expected. But the predictions using Mott-Schottky rule is not often accurate
owing to some surface states that might be present at the semiconductor surface. It has been theoretically
predicted that the work function of silver can rise upto 7 eV depending on the oxygen coverage around the
silver atom [83]. The actual values of Schottky barriers for silver and gold - Ti O, semiconductors composites,
obtained experimentally, are around ~ 1 eV and ~ 0.9 eV respectively [82]. IPCE measurements suggested that
silver nanoparticles had a higher efficiency compared to gold and alloy nanoparticles, even at the resonance
frequencies of gold and alloy nanoparticles. This would imply that it is not the SBH that is limiting the hot
electron injection efficiency in case of the alloy and gold nanoparticles, instead it is the energy of hot electrons
as discussed above.
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Figure 5.3: Fitting the APCE plot, obtained by correcting the IPCE measurements using the corrected absorption, using the Fowler
theory

Fowler theory can be used to predict the photoemission of electrons from a metal. Curve fitting was per-
formed on the APCE curve for silver NP’s using the modified fowler equation (see section 2.2.6) to calculate
the actual SBH. The fitting estimated the SBH to be ~ 1.99 eV and the fowler coefficient of about ~ 0.65
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eV~!.The details of the fitting are given in Appendix E. Both values are reasonable when compared to lit-
erature [82, 84]. This value is a bit higher than previously mentioned 1 eV for silver that was determined
experimentally [82]. This could be because of the nanostructure form (small spherical nanoparticles) of sil-
ver used in this study compared to the silver film used in their experimental study. The nanostructure form
of silver could result in more coverage of the reactant undergoing oxidation around a single silver atom and
hence could result in a higher work function. The difference in the SBH obtained could also be from the
different environments used for these experiments. Theoretical predictions estimate plasmon induced hot
electron energies of upto 4 eV [49] for silver nanoparticles. Also, from the APCE trend it is understood that
the energy of the hot electron is the limiting factor in case of silver and not the SBH. However, similar fitting
in case of gold and silver was unsuccessful due to their very low response possibly suggesting that both high
SBH and low hot electron energies are the limiting factors. A lower SBH could be expected in case of gold and
alloy nanoparticles, compared to silver, because of the lower affinity of oxygen to gold. But comparing with
silver (which has a higher SBH) it can be concluded that it is the hot electron energy, owing to the increased
interband transitions, that is the limiting factor in case of gold and alloy nanoparticles. Therefore, to sum-
marise, it can be understood that it is possibly the hot electron energies that is acting as the limiting factor
for the plasmonic hot electron injection efficiency. Intraband transitions should be preferred, over interband
transitions, to obtain a higher efficiency of plasmonic hot electron injection.

5.2. DEPENDENCE OF HEI EFFICIENCY ON NANOPARTICLE SIZE

The sample characterisation using TEM analysis revealed that the particles are in the expected size ranges
and, more importantly, the size distributions are monodisperse. The particles were also almost spherical in
shape and had minimum agglomeration. The plasmon resonance frequency of all the samples were seen to
be around ~ 405 nm, the resonance frequency of spherical silver nanoparticles in this environment. Mie the-
ory predicts a minor blue shift in this plasmon resonance wavelength with decrease in nanoparticle size. This
minute shift in the plasmon resonance is hard to visualize with the current measurements, which are just ~
+/- 2nm apart, because of the comparatively high scan rates used (250 nm/min). However, when particles
sizes that are sufficiently far apart from each other, a general trend of blue shift with decreasing particle size
is observed as in figure 5.4 (Left). This trend is in agreement with Mie theory predictions shown in figure 5.4
(Right). As mentioned before, the IPCE enhancements are in agreement with the plasmonic resonance peaks
suggesting that the enhancement is from plasmonic hot electron injection. But it is difficult to conclude any-
thing regarding the size dependence of HEI efficiency because of the difference in concentration. Therefore,
the APCE plots were presented and used for the comparison.
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Figure 5.4: (Left) Blue shift of the surface plasmon resonance with decreasing particle size as seen from experimental results (Right)
Blue shift in surface plasmon resonance predicted by Mie theory using a refractive index of 1.5 to account of the anisotropic refractive
index in the actual case

The HEI efficiency (APCE) is product of the efficiencies of three distinct processes — hot electron generation,
hot electron transport from the point of generation to the point of injection and hot electron injection pro-
cess. Figure 5.3 in the previous section already showed that the plasmon induced hot electrons, in case of
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silver, are not completely limited by Schottky barrier height but rather by the low energies of the hot electrons
produced. The size dependence of the HEI efficiency (APCE), as seen in figure 4.17, suggests that the size of
the nanoparticles has an effect on the hot electron energy at the point of injection. Therefore, the size effect
can be subdivided into two factors :-

* The energy of the hot electron formed by the non-radiative plasmon decay

* The energy loss during the transport of the hot electron from the point of excitation to the point of
injection (at the metal-semiconductor junction)

As discussed in the previous section, high energy hot electrons are produced via intraband excitations com-
pared to interband excitations. For silver, the energy threshold for interband excitationsis at ~ 3.7 eVimplying
that intraband transitions dominate in the visible region of light. Visible light does not have enough momen-
tum to cause an intraband excitation to a high energy state and requires the assistance, from a phonon or
from the surface, to transfer the extra momentum.

The coupling of plasmons with the incoming light in these nanostructures is not self-sustaining and the plas-
mon will eventually decay. The decay mechanisms of surface plasmons are explained in section 2.2.8 and
are broadly classified into radiative and non-radiative decay mechanism. Both these mechanisms compete
each other with non-radiative decay dominating for particles of very small sizes and vice versa. As explained
before, only phonon-induced and surface-induced decay mechanisms will result in hot electrons. For silver
nanoparticles, these hot electron excitations are intraband excitations and hence the light cannot directly
excite an electron. A hot electron excited by the decay of a plasmon will need a phonon to transfer the ex-
tra momentum to excite it to a high energy state. This is called a phonon induced plasmon decay and is an
intrinsic property and hence independent of the size of the nanoparticle. Otherwise this additional momen-
tum is directly obtained from the surface plasmons and is called surface induced plasmon decay. The surface
induced plasmon decay mechanism is a size dependent phenomena and is prominent for very small parti-
cles. When surface plasmons are confined to oscillate in very small nanoparticles, more electric field energy
is converted into kinetic energy of the oscillating electrons (see section 2.2.1) and hence it attains sufficient
momentum to directly excite an electron on the decay of this surface plasmon. Both these mechanisms are
schematically represented in figure 5.5.
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Figure 5.5: (Left) Plasmon decay to produce hot electrons with extra momentum transfer from a phonon (Right) Direct plasmon decay
when the plasmon itself provides the extra momentum required for the transition

The surface plasmon decay is normally expressed in terms of linewidth, the full width at half maximum,
which is related to the dephasing time of the surface plasmon. And this dephasing time is dependent of the
decay mechanism. The overall dephasing time is a result of the competition between the radiative and non-
radiative decay mechanisms along with the resistive losses in the metal. The phonon induced non-radiative
decay and pure resistive loss are an intrinsic property of the material and can be combined together and
called intrinsic decay mechanism. Therefore, the overall linewidth of the surface plasmon decay is expressed
as the sum of linewidth contribution of each mechanism as [85],
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2h
I'=— (5.1)
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F:Fim+rmd+rsu,f (5.2)

Where, I" is the line width of the surface plasmon decay, 7, is the intrinsic plasmon decay contribution to the
dephasing time, 7,44 is the radiative plasmon decay contribution and 7, ¢ is the surface induced plasmon
decay contribution to the dephasing time of the surface plasmon. The dephasing time for intrinsic decay
mechanism for silver can obtained from literature (— = 0.125eV)[86]. The nanoparticle size dependent
dephasing time for radiative decay and surface 1nduced decay mechanisms are given by [85, 87]

Fmd = ZhKradV (5.3)

vr
Tsurf =287 (5.4)

where «,,4 is the radiation damping constant, g is the surface factor and D is the particle diameter. The
values used for these calculations (g5 = 0.7 [86], vy = 1.39 % 10m/s [88] and k,4q = 5.5% 10~ nm =3 fs~1 [87])
were obtained from literature. Using these relations the size dependency of these decay mechanisms, for the
size range under consideration, on the linewidth is plotted in figure 5.6 along with the linewidth calculated
for intrinsic decay mechanism using the value of intrinsic dephasing time from literature. This plot shows
that the surface induced decay mechanism dominates for particles below ~ 10 nm and above this threshold,
the phonon induced mechanism dominates. The radiative decay mechanism only has minimal contribution
in this size range. Based on this information, the APCE results obtained in this thesis can be divided into two
regions, for further discussion. The surface induced plasmon decay dominated region below 10 nm and the
phonon induced plasmon decay dominated region above 10 nm (Figure 5.7).
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Figure 5.6: Estimation of contributions of the three mechanisms under consideration

The sum of the linewidth contribution of the size dependent decay mechanisms (radiative and surface in-
duced) was also plotted to see the linewidth minimum, as in figure 5.8. The linewidth minimum or the max-
imum plasmonic enhancement is obtained at ~ 33 nm as per these predictions. Above this size the radiative
decay of surface plasmons dominates. Therefore, the silver nanoparticles will have maximum near field en-
hancement at 33 nm. But this near field enhancement decreases as the size of the nanoparticle decreases
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Figure 5.7: Figure summarising all the different effects involved in determining the hot electron injection efficiency. The experimental
values of APCE of different sized silver nanoparticles at 430 nm are plotted in combination with the theoretical aspects

due to surface induced decay of plasmons which increases with decreasing particle diameter [39]. Less hot
electron excitations are expected with weaker plasmonic near fields [89]. In figure 5.7, in the phonon induced
plasmon decay dominated region between 10 nm and 26 nm, the HEI efficiency is seen to peak at ~ 20 nm
with the increase in nanoparticle diameter but decreasing with further increase in particle diameter.

The mean free path of electrons in a silver crystal is reported to be ~ 20 nm [78]. This implies that for nanopar-
ticles below 20 nm, there is only minimal energy loss during transport and hence it is the energy of the hot
electron produced by the non-radiative plasmon decay that is effecting the overall efficiency. Above 20 nm,
the hot electrons could lose energy on transport by electron—electron collisions and thus effecting the overall
HEI efficiency. This means that, above 20 nm the probability of electron-electron collisions increases with
increase in nanoparticle diameter and hence hot electron injection efficiency decreases. This might be a pos-
sible explanation of the decrease in HEI efficiency above 20 nm in figure 5.7. Another possible explanation
is the discretization of the energy states with decreasing particle size, as obtained from simulations using the
Jellium model [41]. This implies that the higher energy hot electrons could be produced from the excitations
from these discrete states and hence an increase in HEI efficiency is achieved as the particle size is decreased
from 26 nm to 20 nm.

With all the above arguments, an increase in HEI efficiency with decrease in particle size is expected below 20
nm. But the experimental results in figure 5.7 suggests otherwise. As mentioned before, the electric near field
also decreases with nanoparticle size and this electric near field has an effect on the number of hot electrons
excited or the hot electron population. The HEI efficiency is directly dependent on the number of high energy
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Figure 5.8: Plot of the size dependency of the plasmon decay mechanisms obtained by plotting the sum of the linewidth contribution
ofthe size dependent decay mechanisms. A minimum is obtained at ~ 33nm.

hot electron produced and therefore, the decrease in HEI efficiency until the particle size of 10 nm from 20
nm could be attributed to this decrease in electric near field. With weak fields, other intrinsic mechanisms
like pure resistive losses (new phonon could get generated on electron - phonon collision) damp the plasmon
without generation of a hot electron.

In the surface induced plasmon decay dominated region, below 10 nm, the efficiency is seen to increase with
decreasing particle size. This was already observed in an Au/TiO, plasmonic solar cell system by Reineck et
al. [90]. They attributed this increase in HEI efficiency to the increased contribution to the surface induced
decay mechanism, with the decrease in particle size, which they claim to result in higher energy hot electrons.
From the results of this work, a possible addition to this argument could be that - it is not only the increased
contribution of the surface induced decay mechanism that plays a role in this region but also the decrease
in phonon induced hot electron excitations with the decrease in plasmonic near field with particle size that
is effecting overall HEI efficiency. The phonon induced plasmon decay normally results in lower energy hot
electrons bringing down the HEI efficiency.

5.3. DEPENDENCE OF HEI EFFICIENCY ON NANOPARTICLE CONCENTRATION

As mentioned in the results section, the approximate dependence of HEI efficiency on the concentration was
studied in this thesis. The absorption of the nanoparticles were seen to increase with the nanoparticle con-
centration as expected. A second peak was also visible at ~ 525 nm. This second peak can be attributed to the
particle — particle interactions at the substrate surface. When two plasmonic nanoparticles are placed very
close to each other, they start interacting. Such a configuration is normally known as plasmonic dimers. As
the concentration of nanoparticles on the substrate surface increases, these dimer interactions also increases
resulting in the increase in the second peak, as seen in figure 5.9. These dimer interactions and their absorp-
tion enhancement are extensively studied in literature [72, 76]. The plasmonic near field of two plasmonic
nanoparticles starts to interact when they are close to each other. This interaction is called coupling [76] and
results in a hot spot between these particles which has a high enhancement in the electric field. Two types of
polarizations results from these interactions — parallel and perpendicular to the dimer axis. The parallel inter-
actions have the plasmonic peak at ~ 520 nm with a shoulder at ~ 430nm and the perpendicular interactions
have a peak at ~ 410 nm [76]. These two polarizations along with the single particle polarizations together re-
sults in the absorption peaks seen in figure 5.9. Depending on the size and shape of the nanoparticles, a high
field enhancement (enhancement factor of ~ 10 compared to singlet particles) between this gap is obtained
when the gap distance is of the order of ~ 1 nm as in figure 5.10. [76] But for higher gap distances, the field
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Figure 5.10: Enhancement in plasmonic near field between the gap of a dimer [76]

The increase in IPCE performance is expected with the increase in concentration of particles on the substrate
surface, as each particle contributes a fraction of hot electrons injected into the semiconductor. But a de-
crease in IPCE performance at higher concentrations was unexpected. A plausible explanation for this could
be that at higher concentrations, the nanoparticles at the substrate surface are too close to each other which
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results in electron tunnelling between the dimer junction, as reported by Scholl et al. [91] This implies that ex-
cited hot electrons could get tunnelled into the neighbouring nanoparticle and can neutralize the field rather
than getting injected into the semiconductor, thereby decreasing the HEI efficiency. When the particles start
to touch each other, the near field is also found to decrease. [76]

As mentioned before, a second peak at ~ 525 nm similar to that of the absorption curves was not observed
in the IPCE plots. This second peak seen in the absorption curve are from the parallel polarizations of the
dimers, along its axis. [76] This could possibly suggest that the parallel polarizations does not contribute to
the HEI and only perpendicular polarizations contribute to the HEI. The orientation of the parallel polariza-
tion compared to the semiconductor hot electron injection point could be the reason why parallel polariza-
tion does not contribute to the HEI.

The APCE,,, values are constant for low concentrations and decreases at higher concentration. This im-
plies that the particles remain mainly as singlet particles at low concentrations and there are very less dimers
within them and therefore does not affect the overall HEI efficiency. But as the particle concentration is in-
creased, more dimers are formed on the surface of the substrate and dimer interaction begins to take place.
And when particles are placed too close to each other, electron tunnelling starts to take place decreasing the
overall HEI efficiency as discussed before.

The dependence of HEI efficiency on the nanoparticle concentration should be studied using advanced tech-
niques, that can control the interparticle distances on the substrate surface more accurately, to get a better
idea of effect of dimerization on hot electron injection. But the APCE results obtained here suggest that low
concentrations can be used to study the hot electron injection in singlet nanoparticles.



CONCLUSIONS

In summary, silver, gold and silver-gold alloy nanoparticles were used in this study to understand the fun-
damental factors effecting the plasmonic hot electron injection phenomena. The spark discharge technique
was used to prepare a nearly monodisperse distribution of nanoparticles and was electrostatically deposited
onto Ti0, semiconductor. The Ti0O, semiconductor, because of its high bandgap, allowed for the indepen-
dent study of the plasmonic HEI. The plasmonic nanoparticles were characterized using multiple techniques
and was tested for the HEI efficiency using some photo-electrochemistry techniques. Important conclusions
from this research are :

¢ The tunability of plasmonic hot electron injection by alloying two plasmonic nanoparticles was demon-
strated. It was shown that, to have high energy hot electrons for higher HEI efficiencies, intraband
excitations should be promoted over interband excitations.

* It was shown that the stability of silver nanoparticles, which has comparatively high HEI efficiency due
to its high interband energy threshold, could be improved by alloying with much more stable materials
like gold. But this would result in a loss in the HEI efficiency due to an increase in interband transitions.

* Theoretical calculations show that the maximum plasmonic near field enhancement for spherical sil-
ver nanoparticles is obtained at ~ 33 nm. Below this, the field decreases due to an increase in surface
enhanced damping of plasmon resonance (which increases with decrease in particle size) and it de-
creases above this threshold due to the domination of radiative decay of surface plasmon resonance
for particles of higher sizes.

* It was shown that for particle sizes smaller than ~ 10 nm, the surface enhanced non-radiative decay
mechanism is the dominating process. Above this size range, the intrinsic decay mechanism of plas-
mon resonance dominates with negligible contribution of the radiative decay mechanism for the size
ranges considered here.

* Through a careful study of the size dependence of the hot electron injection efficiency, it is understood
that particles of smaller sizes (< 10 nm) should be preferred for having higher hot electron injection
efficiencies. One possible reason for this was suggested to be the increase in contribution of surface
enhanced plasmon resonance decay mechanism and the decrease in contribution of the intrinsic plas-
mon resonance decay mechanism which results in low energy hot electrons.

* The plasmonic near field, which decreases with nanoparticle size, could possibly have an influence on
the hot electron population resulting from the intrinsic decay of surface plasmon resonance. Whereas,
the increase in HEI efficiency for particles smaller than ~ 10 nm possibly suggests that hot electron pop-
ulation resulting from the surface induced plasmon resonance decay is independent of this plasmonic
near field.
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6. CONCLUSIONS

¢ In the intrinsic plasmon decay size range, NP’s of ~ 20 nm should be preferred to have the maximum
HEI efficiency. Above this size the probability of electron-electron collisions increases, decreasing HEI
efficiency with increase in particle size.

* The number density of the nanoparticles on the substrate surface is also an important parameter that
effects the plasmonic hot electron injection efficiency. It was shown that at very high number densities,
there is a decrease in HEI efficiency possibly due to electron tunnelling between interacting dimers.

* Above all, it was demonstrated that photo-electrochemistry techniques are an easy way to study plas-
monics, even though, the eventual application of the plasmonic hot electron injection could be else-
where because of the very low efficiencies as observed here.



RECOMMENDATIONS

Even though, HEI has really low efficiencies in case of photo-electrochemical applications, photo-electrochemistry
techniques provides for an easy tool to study plasmonics. Plasmonics is still a young field and hence there is
always scope for further research. Some recommendations for further research are as follows :

* Nanoparticles with complex shapes are said to have high hot electron excitations due to high field en-
hancements [92]. Therefore, looking at the size dependence of HEI efficiency for nanoparticles of differ-
ent shapes would be interesting and could also give more insight into the plasmon decay mechanism.

* Lossy metals used are one reason for low HEI efficiencies. Exploring other materials like certain semi-
conductor metamaterials [93] could result in higher efficiencies and hence worth researching.

* From this research, it was shown that lower nanoparticle sizes should be preferred to have higher HEI
efficiencies. But going to lower sizes will also imply that related quantum factors starts to get important.
Therefore, it is worth investing time to try and study what is the impact of these quantum factors on
HEI efficiency at really small sizes of nanoparticles.

* The HEI efficiencies obtained here are lower compared to the previous work done within the MECS
group on HEI [43], where a different electrolyte was used with other conditions remaining the same.
Therefore, it will be interesting to see what the effect of electrolyte would be on the plasmonic HEI
efficiency.

* HEI efficiency also depends on the metal-semiconductor Schottky barrier as discussed before. There-
fore, it will be interesting to study HEI efficiency on multiple semiconductors or atleast look into the
actual noble metal-semiconductor Schottky barriers of these combinations.

* Methanol was used in this study (in excess) as a hole scavenger, due to its favourable reduction poten-
tial. But the kinetic factors also play a role in the eventual reaction pathway selection and hence could
be investigated. Different hole scavengers can also be tested to see if there is any change in the HEI
efficiency.

* A luggin capillary could be used on the reference electrode for an even finer control on the working
electrode potential.

* As mentioned before, precision study using lithography techniques could be explored to study the ef-
fect of nanoparticles dimers and dimer gaps on the HEI efficiency.
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APPENDIX A

ENERGY DENSITY OF DIFFERENT ENERGY STORAGE TECHNIQUES

Energy storage Lnergy density
i Gravimetric (MJ/kg) Volumetric (MJ/L)

Mechanical
Compressed air 0.512 0.16 (300 bar)
Pump water uphill 0.001 0.001
Capacitors
Supercapacitor 0.01 -
Ultracapacitor 0.0206 —
Batteries
Pb 0.14-0.17 -
NiCd 0.14-0.22 —
Li-ion 0.54-0.72 -
Fuels
Coal 24 —
Wood 16 —
Gasoline 44 35
Diesel 46 37
Methanol 20 18
Natural gas 54 0.036

R 0.011
Hydrogen 143 5.6 (700 bar)

Figure A.1: Typical energy density obtained through different energy storage techniques [5]
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APPENDIX-B

PROCESS CONDITIONS FOR THE SPARK GENERATOR AND THE DMA

Process conditions in the spark generator and size selection system for the reported samples.

Please note : Match both boxes based on serial numbers.

Sl. No. | Electrodes | Spark type | Carrier gas flow | Set frequency/Current | Gap voltage | Oven temperature
1. Silver HFS 7 lpm 1500 Hz 235V 905 C
2. Alloy LEFS 21pm 42 mA 0.64 kv 905 C
3. Gold LFS 21pm 6 mA 1.82 kv 1000 C
4. Silver HFS 7 lpm 1000 Hz 376.2V 905 C
5. Silver HFS 7 lpm 1500 Hz 3221V 905C
6. Silver HFS 7 1pm 1500 Hz 274V 905 C
7. Silver HES 7 lpm 1500 Hz 302.5V 905 C
8. Silver HFS 7 1pm 1500 Hz 2732V 930 C
9. Silver HFS 7 lpm 1500 Hz 316V 930 C
10. Silver HFS 7 lpm 1500 Hz 265V 930 C
11. Silver HFS 71lpm 1500 Hz 286V 930C
12. Silver LES 51pm 48.2 mA 0.69 kv 905 C
13. Silver LFS 51pm 42.4 mA 0.9kv 905 C
14. Silver LFS 5lpm 50.5 mA 0.73 kv 905C

Table B.1: Settings used in the spark discharge setup (1/2)
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78 B. APPENDIX-B
Sl. No. | DMA voltage/Particle size | DMA flow | Sheath air flow | Average concentration (CPC) | Deposition time
1. 275V/15 nm 2.282 Ipm 9.01 lpm 4%10°P/ccm 30 min
2. 275V/15nm 2.284 lpm 9.01 Ipm 5.9%10°P/ccm 30 min
3. 275V/15 nm 2.270 Ipm 9.01 Ipm 6.2+ 10°P/ccm 25 min
4. 85V/8 nm 2.281 lpm 9.01 lpm 1.2%10°P/ccm 180 min
5. 115 V/9 nm 2.259 Ipm 9.01 lpm 1.2+ 10°P/ccm 165 min
6. 185V/11 nm 2.260 Ipm 9.01 Ipm 2.7%10°P/ccm 80 min
7. 215V/14 nm 2.250 Ipm 9.01 Ipm 2.5%10°P/ccm 50 min
8. 310V/17 nm 2.270 lpm 9.01 Ipm 2.8%10°P/ccm 40 min
9. 372V/19 nm 2.245lpm 9.01 lpm 4.2%10°P/ccm 20 min
10. 476 V/22 nm 2.256 Ipm 9.01 [pm 2.6%10°P/ccm 23 min
11. 550 V/24 nm 2.251 lpm 9.01 Ipm 2.5%10°P/ccm 25 min
12. 215V/14 nm 2.209 Ipm 9.01 Ipm 5.5%10°P/ccm 40 min
13. 215V/14 nm 2.203 Ipm 9.01 Ipm 1.5%10°P/ccm 120 min
14. 215V/14 nm 2.237 Ipm 9.01 Ipm 1.3%10°P/ccm 51 min

Table B.2: Settings used in the spark discharge setup (2/2)




APPENDIX-C

CALCULATIONS FOR THE PREPARATION OF 0.1 M POTASSIUM PHOSPHATE BUFFER

A potassium phosphate buffer of pH = 7 was used in this study to avoid fluctuations in local pH that could ef-
fect the flat-band potential. The potassium phosphate buffer is prepared by dissolving appropriate amounts
of mono-basic and di-basic potassium phosphate in DM water. Calculations were performed, using the Hen-
derson - Hasselbalch equation, to estimate the exact amounts of the potassium phosphate mono-basic and
di-basic salts (Sigma-Aldrich) to be added. A pKa = 6.86 was used for the calculations [ref].

[A]

(HA] (C.1)

pH=pKa+log

where, HA (proton donor) is the potassium phosphate monobasic salt (Sigma-Aldrich) and A (proton accep-
tor) is the potassium phosphate dibasic salt (Sigma-Aldrich).

simplifying,
A
— =1.38 (C.2)
HA
and,
A+ HA=0.1 (C.3)
Therefore,
HA=0.042M =5.716g (C.4)
A=0.058M =10.1036g (C.5)

These amounts of salts were dissolved in 1 litre of DM water.
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APPENDIX-D

POWER CALIBRATION OF THE LAMP USED FOR IPCE MEASUREMENTS

Power calibration of the Xenon lamp used for the IPCE measurements was performed using an optical diode.
Light intensity (in uW) was measured as a function of wavelength and used to correct the photo-current
measurements to express in the IPCE % format. Figure D.1 shows the measured readings. The measurements
shows that the intensity has not changed much during the course of the experiments. The difference that is
seen could be due to the human error in the measurements because of the placement of the diode each time.
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Figure D.1: Results from the power calibration performed at three different instances during the experimentation period, marked with

the dates

81






APPENDIX-E

DETAILS OF THE CURVE FITTING USING FOWLER’S THEORY

This section shows the details of the fitting of the Fowler equation to the APCE of the ~ 16 nm silver nanoparti-
cles. Figure E.1 shows the residual distribution obtained from the fitting. The residuals are evenly distributed,
implying a good fit of the Fowler equation. Figure E.2 summarises the details of the fitting with the model
equation used. This table was obtained from the Origin software used for fitting.
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Figure E.1: Residual distribution of the fitting of the Fowler theory showing an even distribution across the 0 point
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E. APPENDIX-E

A | B | cC D

1 NewFunction4 (User)

Model

Equation C*((x-S)"2)/x

Reduced 1.13344E-4

Chi-Sqr
4 | Adj. R-Square 0.97569
5 Value Standard Error
6 C 0.65301 0.03965
71¢ s 1.08768 0.02295

Figure E.2: Table obtained from the Origin software used for fitting showing a 97.7% adjusted R? value



APPENDIX-F

APCE RESULTS FROM INITIAL RESULTS OF THE SIZE DEPENDENCE OF THE HEI
EFFICIENCY

The initial results of the APCE,,,x with nanoparticle size is plotted in figure E1. The silver particle degra-
dation on exposure to moisture was only noticed after these set of samples. These samples also had a lot
of agglomeration. These set of experiments were redone to rectify the degradation and also to minimise the
agglomeration. The trend seen in E1 is very similar to the result obtained in the second try as well. This
confirms that the trend is not from an experimental/human error.
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Figure E1: APCEn4x values of different sized silver nanoparticles
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APPENDIX-G

DETAILS OF GAUSSIAN CURVE FITTING FOR PARTICLES OF DIFFERENT SIZE
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Figure G.1: Residuals for Gaussian curve fitting into size distribution of silver nanoparticle of size A) 8.47 nm B) 9.49 nm C) 11.84 nm D)
14.80 nm E) 18.41 nm and F) 20.32 nm

The adjusted R? value for the curve fitting are tabulated in G.1.
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G. APPENDIX-G
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Figure G.2: Residuals for Gaussian curve fitting into size distribution of silver nanoparticle of size G) 23.32 nm and H) 25.42 nm

Diameter (nm) | Adjusted R? (%)
8.47 97.7
9.49 91.9
11.8 92.2
14.80 97.19
18.41 89.8
20.32 95.5
23.32 94.37
25.42 90.8

Table G.1: Values of adjusted R? for Gaussian curve fitting to the size distributions for different particle diameters

DETAILS OF GAUSSIAN CURVE FITTING FOR PARTICLES OF DIFFERENT COMPO-

SITION

The adjusted R? value for the curve fitting are tabulated in G.2.

Material | Adjusted R? (%)
Silver 88.5
Alloy 97.2
Gold 93.9

Table G.2: Values of adjusted R? for Gaussian curve fitting to the size distributions for particles of different composition
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Figure G.3: Residuals for Gaussian curve fitting into size distribution of nanoparticles of different composition A) Silver B) Alloy C) Gold
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