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Abstract

Photocatalytic production of hydrogen was investigated towards achieving a decarbonized
supply of hydrogen gas for clean energy conversion technologies such as the proton exchange
membrane fuel cell (PEMFC). This study uses a template-directed electrodeposition technique
to synthesize multi-segmented CdSe based nanowires for use as a photocatalyst device for

hydrogen production.

CdSe, Ni, Au and Pt nanowires were successfully synthesized with dimensions ranging from 100
nm to 350 nm in diameter and up to 10 pm long. The CdSe stoichiometry was not easily
controlled despite following literature protocols and requires a more systematic investigation.
The electrodeposition of Ni nanowires was found to be most effective with very few problems
encountered. Improvements in the morphology of Au and Pt nanowires were made by using a

constant current as opposed to constant potential electrodeposition techniques.

Multi-segmented nanowire devices were prepared with nanowires left embedded in a porous
anodized aluminium oxide (AAO) template. Polymer PEDOT:PSS and noble metal Pt was used
as an anode and cathode electrocatalyst materials respectively. A prototype photocatalytic
testing system was set-up using a 1600 W xenon arc lamp as a light source, an in-house made
photoreactor as the device holder, and a mass spectrometer for online gas detection measuring
ionic currents of evolved species. The set-up was able to successfully detect hydrogen evolved
during the tests but does require further development if more complete photocatalytic testing

is to be conducted in future.

Photocatalytic hydrogen production from the irradiated devices was inconclusive, but hydrogen
detection from devices was observed in an 80 % MeOH solution with no irradiation. Through
these tests it was learned that photocatalytic activity needs to be differentiated from regular
catalytic activity. This is particularly the case if testing is conducted in organic media and if the

photocatalytic phenomena is to be properly isolated and understood correctly.
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Chapter 1: Introduction

In the imminent era of environmental sustainability, the proton exchange membrane fuel cell
(PEMFC) is a strong contender in the arena of efficient and clean energy conversion. Capable of
practical fuel utilisation efficiencies of up to 55 % at temperatures as low as 8o °C and pressures
between 1 - 2 bar and additionally known for operating silently, makes this technology an
attractive option. The environmental sustainability however, as well as the optimisation of
performance of this technology is tied to how hydrogen as the fuel is industrially produced. The
dominating process routes for hydrogen production are natural gas and oil steam reforming,
coal gasification and electrolysis of water (Logan, 2004). Unfortunately, these processing routes

typically either have direct or indirect carbon dioxide emissions associated with them.

Decarbonised production of hydrogen from renewable energy sources i.e. solar, wind or hydro
etc. used in combination with technologies like the PEMFC drastically reduces its
environmental impact. Furthermore, it also increases the operating lifetime of PEMFCs because
fossil fuel sources of hydrogen typically contain catalyst poisons such as H.S, CO and CO, etc.
These poisons are especially problematic in PEMFCs with Pt/C type electrocatalysts where
severe drops in performance of PEMFCs has been shown to occur after exposure to <100 ppm
levels of the contaminants mentioned after only a few hours (Cheng et al., 2007). Moreover,
renewable production of clean hydrogen is a solid foundation upon which a sustainable
hydrogen energy infrastructure can be built, the development of this infrastructure is a pre-

requisite for technologies such as PEMFCs to be implemented at large scales.

The possibility of renewable hydrogen production was first realised when Fuyjishima & Honda
(1972), irradiated a TiO, semiconductor electrode submerged in water in an electrochemical set-
up and evolved H, at the counter electrode. Advantageously, this observation in addition to
recent advances in the fields of semiconductors, nanotechnology and heterogenous catalysis,
has resulted in the exponential growth of the field heterogenous photocatalysis. Since then a
great deal of research efforts have been made to replicate this "Fujishima effect” using different
semi-conducting materials with various morphologies, sizes and prepared using a variety of
synthesis methods for applications in both energy and environmental spaces (Lee, 2005;

Coronado, Fresno & Portela, 2013; Preethi & Kanmani, 2013; Ismail & Bahnemann, 2014).

Of these semiconducting material options, cadmium chalcogenides (CdX, X = Se, Te and S) are
an interesting class of semi-conducting photocatalyst material for hydrogen production due to

their narrow optical band gap sizes, small enough to absorb visible as well as UV light. This



attribute makes them more effective at harvesting solar energy than materials only capable of
absorbing UV light such as wide optical band-gap materials like TiO,. Although the main
drawback of using these materials aside from their inherent toxicity is their poor stability in
photocatalytic systems where they are deactivated by photo-oxidation processes (Xu, Huang &
Zhang, 2016). Inclusion of metals, carbon, and polymers among other strategies have been used

to modify these cadmium compounds to be more stable for use as a photocatalyst material.

The advent of nanotechnology has additionally made way to a multitude of useful
characteristics for these semiconducting materials by inducing alternate chemical, electronic
and optical properties, different to their bulk forms for exploration (Jie et al., 2010). Of recent
interest has been one-dimensional nanomaterials consisting of nanowires, nanorods,
nanoribbons and related nanostructures with at least one of their physical dimensions ranging
from ca. a few nm to a few 100 nm. Furthermore, electrochemical synthesis techniques using
aqueous electrolytes of these one dimensional nanostructures have shown to be a simple, low
cost and facile means for the synthesis of these nanostructures (Lai & Riley, 2008; Shpaisman &

Givan, Uri Patolsky, 2010; Kim et al., 2013).

The main aim of this investigation was to incorporate semiconductor cadmium selenide (CdSe)
in the form of nanowires into a photoactive alumina-based device. In addition to CdSe, these
devices also include metal co-catalysts materials such as Ni, Au and Pt as has been carried out
by previous researchers (Pefia et al., 2002; Mubeen et al., 2013; Fawzy, 2016). These devices are
prepared using a template-directed electrodeposition technique to form nanowires with
multiple segments of connected materials protected by the alumina template that they are

grown in.

Proper fabrication of these devices is an important first task before photocatalytic testing can
be carried out. Therefore, further aims included: The optimisation of the electrodeposition
parameters & techniques for the electrodeposition of CdSe as well as co-catalyst metals Ni, Au
& Pt. As well as, the initial design and development of an online hydrogen detection method
using mass spectrometry for the detection of photo-catalytically produced hydrogen specifically
from template type photocatalytic devices. This includes the design and fabrication of a suitable

glass vessel or photoreactor in which optimally fabricated photocatalytic devices can be tested.

The work presented here will form part of further studies to better the understanding of
nanowire electrodeposition methodology for the creation of photocatalyst devices as well as

photocatalytic testing of these type of devices.



Chapter 2: Literature Review

This chapter draws attention to significant aspects in the literature terrain for photocatalytic
hydrogen production. More specifically it looks at the technological routes currently available
for hydrogen production from fossil fuels as well as water as a hydrogen source in section 2.1
Section 2.2 introduces some fundamental aspects of heterogenous photocatalysis and the
material requirements needed to achieve photocatalytic water splitting with section 2.3 focusing
on some significant development in the field since the Fyjishima & Honda (1972) benchmark.
The following section, 2.4, focuses specifically on the use of cadmium selenide (CdSe) as a
photocatalytic semiconducting material for visible light driven hydrogen production with
section 2.5 elaborating on the template electrodeposition technique used for the synthesis of
CdSe nanowires. Section 2.6 expands on section 2.5 and 2.4 by looking at multi-component
photocatalytic systems for improved photocatalytic production of hydrogen using CdSe. Finally,
section 2.7 considers the aspects of testing photocatalytic devices and the associated challenges
in the field, specifically, regarding standardised performance criteria. These sections of this
chapter will lay the foundation upon which the scope, objectives and hypothesis of the current

study have been built.

2.1: Hydrogen Production

The hydrogen production industry is based on the reality that diatomic hydrogen (H.) rarely
occurs naturally on Earth. It therefore needs to be extracted from compounds in which it does
occur such as hydrocarbons or water. This is achieved using various technological options that

can be powered by various energy sources or combinations thereof.

In recent years, due to our current environmental challenges and the subsequent development
of the hydrogen economy, the direction of this industry is fast moving to the production of
“green hydrogen” .This involves the production of hydrogen using cleaner and more readily
available energy and hydrogen sources (Dincer & Acar, 2014). In addition to being an attractive
solution to current environmental challenges, green hydrogen production has the potential to
reduce geopolitical tension related to energy security (Sharma & Ghoshal, 2015) as well as help

maintain economic security (Holladay et al., 2009).

2.1.1 Production Overview

Global hydrogen production was estimated to be 50 million metric tons per year on average

(Bakenne, Nuttall & Kazantzis, 2016).The means of production is still largely tied to the refining



industry with 47% and 30% produced from the reforming of natural gas and oil respectively,
while 19% is derived from the gasification of coal and 4% from the electrolysis of water (Stiegel

& Ramezan, 2006).

In the United States, The bulk of hydrogen produced is reported to be used for the production
of ammonia (49%), petroleum refining (37%) and methanol production (8%) (Kroschwitz &
Nees, 1995). These numbers are expected to change depending on the country and whether or
not they export or import refined petroleum for their needs. The fraction of hydrogen not used
in the petroleum refining or ammonia industry is demanded in a wide variety of other industries
of which some examples are the fuel cell and metal refining industries (Bakenne, Nuttall &

Kazantzis, 2016).

2.1.2 Hydrogen production from fossil fuels

The process routes that dominate hydrogen production using fuel processing technology for gas
and liquid phase feed streams include steam reforming (SR), auto-thermal reforming (ATR) and
partial oxidation (POX). These three options are typically compared based on several criteria:
The operating temperature, the ratio between H. and CO produced, oxygen requirements and
the use of a catalyst. All three of these options however, typically require desulphurisation
before further purification (Holladay et al., 2009). Solid hydrocarbon feeds such as coal, first
undergoes gasification which converts solid carbon to gaseous hydrocarbons via thermal
treatment. This gaseous mixture is then reformed into hydrogen using either of the reforming

process options.

In addition to reforming, pyrolysis of hydrocarbon materials involves the thermal
decomposition of the hydrocarbon into solid carbon and hydrogen in the absence of water or
air at temperatures close to 1000 °C. The advantage of this process is that no CO, or CO
emissions are made since solid carbon is formed, this removes the need for further processing
as well as carbon capture and sequestration (CCS) (Nikolaidis & Poullikkas, 2017). This is
typically a catalytic process, making use of transition metals such as Ni, Fe and Co as catalyst
which allows the reaction to happen at significantly lower temperatures but can be deactivated

by the build-up of carbon in the system (Muradov, 2003).

2.1.3 Hydrogen production from water

Water is an attractive carbon free source of hydrogen due to its abundance on Earth and with

the only by-product of its decomposition being oxygen:

2H,0 () o 2H,(g) + 02(9) AG° =237 kJ/mol



The three broad classes of hydrogen production from water splitting are thermolysis, the use of

thermal energy, electrolysis, use of electrical energy and photolysis, use of light energy.

2.1.3.1: Thermolysis of water

To decompose water using heat energy, temperatures of ca. 2500 °C are required, achieving
efficiencies of around 50% (Holladay et al., 2009). A lack of sustainable heat sources to
continuously operate at 2500 °C is one of the main barriers for direct thermolysis of pure water,
although developments in large scale concentrated solar energy may make this more viable

(Nikolaidis & Poullikkas, 2017).

To lower the temperature requirements, homogenous catalyst reagents are used to effect water
splitting (thermochemical water splitting) through a few reaction cycles with lower temperature
requirements. An example of a promising reaction route is with the use of the copper-chlorine
(Cu-Cl) thermochemical cycle (Nikolaidis & Poullikkas, 2017), this multi-stage water splitting

cycle examined by Orhan, Dincer & Rosen (2008) is illustrated in Figure 2. 1.

2CuCl, (s) + H,0 (g) = CuO*CuCl, (s) +2HCl(g) T =400°C
Cu0*CuCl, (s) = 2CuCl (1) +0.50, (g) T=500°C

4CuCl (s) + H,0 - 2CuCl, (aq) +2Cu(s) T =25—-80°C
CuCl, (aq) - CuCl, (s) T >100°C

2Cu (s) + 2HCL (g) - 2CuCl (1) + H, (g) T = 430 — 475 °C

Figure 2. 1: Cu-Cl thermochemical cycle as examined by Orhan, Dincer & Rosen (2008)

Another example includes a novel two-stage SnO,/SnO thermochemical cycle presented by
Abanades et al. (2008). Although the splitting of water for this cycle is achieved in two-stages, a
temperature up to 1600 °C is needed to drive the first stage. This in addition to minimizing the
Gibbs free energy (AG) for each reaction, maximising the reaction rates and ensuring there are
no additional by-products are among some of the considerations needed for the optimisation

of these cycles (Holladay et al., 2009).

2.1.3.2: Electrolysis of water

Water electrolysis is the transformation of electrical energy into chemical energy (hydrogen
bonds). This occurs as an electrochemical process whereby high-purity hydrogen up to 99.999%

pure can be produced (Dincer & Acar, 2014). Technologically, water electrolysis is carried out



using three main routes. First, and most well developed is the alkaline electrolysis route, second,
proton exchange membrane (PEM) electrolysis and third, solid oxide electrolysis cells

(SOEC)(Holladay et al., 2009).

Cathode Anode

2H,0 +2e~ - H, + 20H™
20H™ - Hzo + 02

Figure 2. 2: Schematic of alkaline electrolysis

Hydrogen production via alkaline electrolysis is illustrated in Figure 2. 2 and makes use of a
basic liquid electrolyte (ca. 30% KOH) separated by a diaphragm permeable to hydroxide ions
and water. For the electrodes, Ni with catalyst coatings such as Pt and C are used as the cathode,
whereas catalyst coating such as Mn, W, & Rh oxides or Co and Fe can be used for the anode

(Holladay et al., 2009; Carmo et al., 2013).

The main challenges associated with alkaline electrolysis are limitations in the achievable
current densities (0.2 - 0.4 mA.cm ") due to ohmic losses across liquid and solid layers;
decreases in efficiency due to hydrogen and oxygen cross-over; and difficulty in operating at
high pressure resulting in large stack sizes (Carmo et al., 2013). The low cost and long-term
stability of this technology however, maintains its relevance for large scale hydrogen

production.

Development and use of solid polymer-based electrolytes have allowed fuel cell technology as
well as PEM water electrolysis to flourish, which is the main competing technology to alkaline

water electrolysis for hydrogen production. PEM electrolysis is illustrated in Figure 2. 3.
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H20 d 2H+ + 0.502 + 2e”
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Figure 2. 3 Schematic of PEM electrolysis

Conversely to alkaline electrolysis, water is fed to the anode side for PEM electrolysis where
oxygen is evolved, and hydrogen ions are conducted across a solid polymer electrolyte with
hydrogen evolved at the cathode side. Catalyst electrode materials are typically noble metals
such as Pt and Ir for the cathode and anode reactions respectively with Nafion® as the polymer
electrolyte membrane material (Holladay et al., 2009; Carmo et al., 2013). Much higher current
densities (0.6 - 2.0 mA.cm™) can be achieved with this more compact cell configuration with

more or less the same efficiency to that of an alkaline system (Carmo et al., 2013).

More recently, SOEC has attracted attention for being a more energy efficient means for
hydrogen production compared to alkaline and PEM electrolysis (Wang, Wang, et al., 2014).
SOEC enables the decomposition of steam at temperatures between 600 - 1000 °C, this has the

advantage of lowering the theoretical thermodynamic potential (1.23 V) required for water-

Cathpde Andde
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Figure 2. 4 Schematic of solid oxide electrolysis



splitting as well as reducing the required overpotentials and ohmic losses (Wang, Wang, et al.,
2014). The most commonly used solid oxide electrolyte used for this system is Y.O; (YSZ) doped

ZrO, (Yu et al., 2012) with YSZ also used in both anode and cathode electrode materials.

As is illustrated in Figure 2. 4, SOECs operate by feeding steam to the cathode side producing
hydrogen gas and O* ions. These ions are conducted through the solid oxide membrane to the
anode side where oxygen gas is evolved. One of the major challenges with SOEC is having a
suitable energy source for steam generation which brings down its overall efficiency (Holladay
et al., 2009). One significant route being explored to address this, is the use of generated waste
heat from various industries (Ni, Leung & Leung, 2007) and most notably from nuclear power

waste heat.(Yildiz & Kazimi, 2006).

2.1.3.3: Photolysis of water

Of the three technological routes to hydrogen production from water splitting, photolysis of
water which refers to either photocatalytic or photoelectrochemical (PEC) hydrogen
production, is a field still very much in its early R&D phase (Dincer & Acar, 2014). Photolysis of
water refers to the direct decomposition of water into H, and O, using light energy (artificial or
solar) and some type of photocatalyst material to facilitate the decomposition reaction. Since it
has been observed that more light energy strikes the Earth in an hour than all the energy
consumed in a year (Lewis & Nocera, 2006), the dire need to exploit this clean and renewable

energy source is a main driver in the development of photocatalytic materials.

The concept of water photolysis for hydrogen production was first demonstrated when UV light
was used to drive a photoelectrochemical cell consisting of a TiO. anode and a platinum black

cathode using a small applied potential/bias (Fujishima & Honda, 1972).

o/

Platinum

Black

TiO
UV light

H,0 - 2H* + 0.50, + 2e~
2H* + 2e” > H,

MMmeaeh

Figure 2. 5: Schematic of TiOz photoelectrochemical hydrogen production adapted from Fujishima & Honda (1972)



This process is illustrated in Figure 2. 5, where electrons are liberated by an irradiated semi-
conductor electrode, which then travel through an external circuit effecting the reduction of

hydrogen ions at the cathode and oxidation of water at the anode.

This proof of concept study by Fujishima & Honda (1972), is widely recognized as the seed of
heterogenous photocatalytic water splitting which has, since then made progress in a range of
different areas. This includes but is not limited to: elucidating the photocatalytic mechanism,
the development of various novel UV and visible light active photocatalyst materials, band-gap
engineering though doping, dye sensitisation and the use of co-catalysts, combination of semi-
conductor materials to form z-scheme systems and the development hydrogen generation

systems (Chen, Shen, et al., 2010).

2.2: Heterogenous Photocatalysis

Many consider heterogenous photocatalysis to be a fairly recent concept, with interest being
ignited in the early 1970s when Fuyjishima & Honda (1972) first demonstrated the
electrochemical decomposition of water on a TiO, photocatalyst anode with H. gas being
evolved at a Pt black cathode. Although it is true that their pioneering study sparked widespread
interest in the development of better photocatalytic materials and systems, it has been
chronologically shown that heterogenous photocatalysis actually finds its roots in the early
1900s (Serpone et al., 2012). One of many examples of heterogenous photocatalysis preceding
the 1972 benchmark is the use of ZnO for the photo-oxidation of isopropanol looking specifically

at chain termination mechanisms (Ikekawa et al., 1964).

2.2.1 The Photocatalytic Mechanism

Photocatalysis, and more specifically heterogenous photocatalysis is the process of driving a
targeted chemical change on a solid catalytic surface using light energy. It is well agreed upon
(Motegh, 2013; Ismail & Bahnemann, 2014; Spasiano et al., 2015) that the photophysical

mechanism of a photocatalyst is as follows:

1. Formation of electron & hole charge carriers upon absorption of photons with the

correct minimum energy.

2. Separation and migration (or recombination) of electrons & holes to the solid

surface.

3. Redox reactions of charge carriers at the solid surface with adsorbed species.



The mechanism described above is equivalent to the formation of an excited state of the
material which is also the starting point in chemical change for both thermal and electro
catalysis. A schematic representation of how a photocatalyst functions corresponding to the

steps above is shown in Figure 2. 6.

Figure 2. 6: Schematic of generic photocatalytic process

Fundamentally, a pre-requisite for the process shown in Figure 2. 6 to occur is that the light
energy (hv) must be equal to or greater than the bandgap energy (E,) of the photocatalyst
semiconducting material. Only once this requirement has been met can photo-generated
electrons be excited into the conduction band (CB) and subsequently, holes (h*), be formed in
the valence band (VB). The reducing and oxidising ability of these charge carriers are then
determined by the positions of the conduction and valance band edges respectively. The
position of the edges of these bands are an intrinsic property of each semiconducting material

and can also be influenced by certain chemical species (Uchihara et al., 1990)

In a more realistic sense Fox and Dulay (1993) argue that the primary photochemical product
are reduced or oxidised species adsorbed on the surface (such as H atoms) which then
participate in surface reactions to form the desired secondary photochemical products. It is
important to realise that these photo-generated charge can actually be identified as chemical

entities adsorbed on the solid surface (Fox & Dulay, 1993).

2.2.2 The “Photo” in Photocatalysis

Electromagnetic radiation or light is integral to the functioning of any photocatalytic system.
Fundamentally, the energy of the irradiating light photons must be equal to or greater than E,

of the semiconducting photocatalyst material to drive any desired reaction. An understanding
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of how the light spectrum is segmented and in which segment the bulk of the useful energy is

located is therefore needed to design and create feasible photocatalytic systems.
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Figure 2. 7: Pie chart showing energy contributions of ultraviolet, visible and infrared irradiation to the solar spectrum
adapted from Navarro Yerga et al. (2009)
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Figure 2. 7 shows that the largest proportion of incoming solar radiation energy is made up of
the visible and infrared components with ultra-violet (UV) light only accounting for a mere
2.9%. hence material development is now being directed to be sensitive to components of the

spectrum where the bulk of the solar energy is located (Visible and Infrared).

To create an electron & hole pair, using only UV light, a photocatalyst material would need a
band gap of approximately 3 - 4 eV. Using only visible light, the photocatalyst would need a
bandgap of between 1.77 - 3 eV and so on for the infrared red region as well. The wider the
bandgap of the semiconducting photocatalyst the more restricted it is to making use of only
high energy photons found in the UV spectrum. Wide band gap semiconductors such as TiO.
are therefore only able to absorb light in the UV range whilst narrow bandgap semi-conductors

such as CdSe, MoS, and GaP can make use of UV as well as visible light energy.

It should be noted that Figure 2. 7 represents a simplistic model of the solar spectrum
components and that each of the three regions mentioned above can be further sub-divided.
Additionally, the contribution of each proportion can also vary quite extensively depending on

sky conditions and geographical location (Escobedo et al., 2009).

It is therefore preferable to conduct photocatalytic experiments under consistent illumination
conditions, which can be done using artificial lamps such as high-pressure mercury-vapour or
xenon lamps. Additionally, solar simulators, which are widely used to test photovoltaic (PV)

cells, can provide Air Mass (AM) 1.5 Global (G) illumination which is an approximation of the

11



most normal incoming solar radiation based on a set of atmospheric conditions and the mass

of air (Riordan & Hulstron, 1990).

2.2.3 Material requirements for photocatalytic water splitting

While the type of electromagnetic radiation used to maximise the performance of a
photocatalyst is an important aspect for consideration, the, optical, electronic and chemical
properties of the photocatalytic material is a domain whereby researchers have much more
control in creating a high performing photocatalytic device. Some important functional
requirements for effective photocatalytic materials have be outlined in literature (Navarro Yerga

et al., 2009; Chen, Jaramillo, et al., 2010):
1. Ability to absorb visible light energy (A > 420 nm)
2. Position of band edge potentials that enables overall water splitting
3. Efficient separation of photo-induced electrons and holes
4. Reduction in energy lost to charge transport and recombination effects
5. Stability of photocatalyst in oxidative or corrosive environments
6. Selectivity for water splitting over self-oxidation reactions

The implications of Figure 2. 7 represents one of the main drivers for the development of visible
light active photocatalytic devices. It has therefore been the work of many researchers to find
and fabricate photocatalytic materials that maximise light energy harvesting capabilities (Kudo
& Miseki, 2009; Ismail & Bahnemann, 2014; Xu, Huang & Zhang, 2016). These efforts include
interventions such as band-gap tuning through size confinement effects, creation of Z-scheme
photocatalysts, use of co-catalyst materials, dye sensitising and testing of novel materials for

photocatalytic activity.

The size of the optical band-gap as well as the positions of the conduction band and valence
band edge potentials relative to the potentials of the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) are a few of the most important parameters for overall

photocatalytic water splitting.
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Figure 2. 8: Band gap sizes and edge potentials of five n-type semiconducting materials relative to the energy
requirements for the HER and OER. (Adapted from Harriman (1985))

To evolve hydrogen gas, the conduction band potential must be more negative than the
potential at which the HER occurs. For oxygen evolution the valance band potential must be
more positive than the potential at which the OER reaction occurs. To evolve both gases, both

conditions must be simultaneously met by the photocatalytic system used.

As illustrated in Figure 2.8 narrow band gap (CdSe and CdS) as well as wide band-gap (TiO, and
ZnO) semiconductors have the appropriate electronic structures to split water
photocatalytically. Additionally, it should be noted that even if semi-conducting materials have
similar bandgap sizes such as TiO,, ZnO and WO;, their conduction band and valence band
edge positions relative to that of HER and OER determine if the semi-conductor would be a
suitable photocatalytic material for overall water splitting or not. In this case TiO, and ZnO

would be able to drive both reactions but WO; would only be able to drive the OER.

HER: AH* + 4e~ o 2H, E°cathode = 0.00 V vs SHE
OER: 2H,0 © 4H* + 4e™ + 0, E° gnoge = —1.229V vs SHE
Overall water splitting: 2H,0 < 2H, + 0, E°conn = 1.229V vs SHE

Figure 2. 9: half and overall water splitting reactions at standard conditions

Although these energy requirements are well outlined thermodynamic constraints as shown in
Figure 2. 9, the practical energy requirements for photocatalytic water splitting has been
estimated to be approximately 0.8 eV wider than the limits shown in Figure 2. 8 (Bolton, 1996).
This is mainly due to energy losses caused by an inability of the material to absorb all incident

photons, recombination of generated charge carriers and heat production within the material.
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Therefore, materials with band gap sizes of approximately 2 eV are more suited for practical

water splitting.

2.3: Progress made in photocatalysis

The field of photocatalytic water splitting has gained significant traction since the early 1970s
and therefore a few important milestones should be recognized post the Fujishima & Honda,

(1972) benchmark.

2.3.1 Artificial photosynthesis

One of the first significant milestones was the idea that photo-induced chemical change could
proceed without an applied potential or bias. This was demonstrated by the use of sandwiched
semiconductor structures, n-Ti0O,/GaP (Nozik, 1977) for water decomposition independently of
an external potential. This idea was further re-enforced when platinised(Pt) and metal-free
SrTiO; crystals another prominent photocatalyst material, was used for photoproduction of H.
gas (Wagner & Somorjai, 1980). This was significant because it differentiates the technology as
being inorganically analogous to photosynthesis, an observation made in the early stages
(Nozik, 1977). Today, the term “artificial photosynthesis” is more predominately used to
describe chemical change brought about using purely light energy via the use of engineered
photocatalytic materials (“Artificial Photosynthesis: Solar Splitting of Water to Hydrogen and

Oxygen”, n.d.; Mubeen et al., 2013; Ager et al., 2015; Montoya et al., 2016).

2.3.2 Development of UV-light sensitive photocatalysts.

Most of the progress made thus far in the field has been in the development and discovery of
novel photocatalytic materials. UV-light sensitive materials (Eg > 3 eV) are mainly classified on
the basis of their electronic configurations into four main groupings (Ismail & Bahnemann,

2014):

1) d° metal oxides (Ti 4*,Zr 4*, Nb 5%, Ta 5*, W ¢, and Mo ¢*)
2) d*° metal oxides (In 3*, Ga 3*, Ge 4%, Sn #*, and Sb 5*)

3) f> metal oxides (Ce +*)

4) Non- oxides

A look at review articles such as that presented by Kudo & Miseki (2009) quickly shows that
about 7o different UV-light active photocatalyst materials were developed and tested from the

mid-1980s to the early 2000s for the d° metal oxide group alone. Of this group one of the best
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performing photocatalysts was a La-doped NaTaO; perovskite with co-catalyst NiO. This system
exhibited activities for H, and O, and evolution rates of 19 8oo and 9 700 pmol.h™ respectively

with high quantum efficiencies in pure water (Kudo & Kato, 2000; Kato, Asakura & Kudo, 2003).

Some more notable examples of UV-light active photocatalysts for pure water splitting include:
Sr.KTasO,; with NiOyas a co-catalyst material (Wang, Schwertmann, et al., 2014) as well as GaN
nanowires using Rh/Cr,O; in a core-shell structure as a co-catalyst material (Kibria et al., 2014).
Examples of photocatalysts for hydrogen production from electrolytes with organic compounds
include: TiO, with Au-Pd core-shell structures as co-catalyst for hydrogen evolution from a 25
v% glycerol solution (Su et al., 2014) as well as carbon nanotubes(CNTs)-Ta,Os co-catalysed with
Pt for hydrogen evolution from a 50 v% methanol solution (Cherevan et al., 2014). Many more

such photocatalyst systems are well reviewed in the literature (Li et al., 2015).

2.3.3 Development of visible light sensitive photocatalysts

The realisation that a completely efficient UV-light (up to 400 nm) active photocatalyst material
can only practically effect a 2% solar energy conversion has resulted in the need to develop
visible light (up to 600 nm) active photocatalyst materials where a maximum theoretical 16%
solar energy conversion can be achieved (Abe, 2010). This is critical if H, production is to be
achieved at a large economical scale. The harnessing of visible light has been reported to occur
using one of two approaches, Z-scheme photocatalyst systems or the use of a single visible-light

active photocatalyst (Ismail & Bahnemann, 2014).

2.3.3.1: Z-Scheme photocatalyst systems

Z-scheme photocatalyst systems generally have three components, a photocatalyst for the HER,
a photocatalyst for the OER and an electron mediator present in the electrolyte or testing
solution. The Z-scheme configuration is advantageous because it allows recombination of
photogenerated electrons from the OER photocatalyst to recombine with the photogenerated
holes in the HER photocatalyst via the redox mediator as shown in Figure 2. 10. This allows for
the efficient separation of charge in the system, such that the electrons and holes with higher

reducing and oxidising power respectively participate in the surface reactions.
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Figure 2. 10: Z-scheme photocatalyst system

Additionally, having separate HER and OER photocatalysts allows for separate gas evolution
sites preventing any surface back reactions from occurring (Li et al., 2015) Drawbacks of this
system, however, are that they are more complicated than single material photocatalysts and
also that twice the amount of photons are needed to drive water decomposition due to the

presence of an HER and OER photocatalyst.

One example of a prominent liquid Z-scheme system was the use of Pt/WO; and Pt/ZrO./TaON
as OER and HER photocatalyst respectively with I057/I" as the electron mediator (Maeda et al.,
2010). This system achieved stoichiometric H, and O, evolution using visible light without the
use of sacrificial reagents. Also, of interest have been solid state Z-scheme systems when Tada
et al. (2006) initially presented a highly active CdS/Au/TiO, Z-scheme system with Au used to
connect CdS and TiO, for HER and OER respectively. Another example using a novel material
such as reduced graphene oxide (RGO) functioning as a solid redox mediator with BiVO, for
OER and Ru/SrTiO;:Rh HER showed significant improvement in the transfer of photoexcited

electrons within the system under visible light illumination (Iwase et al., 201).

2.3.3.2: Visible-light active photocatalysts

The availability of photocatalyst materials, with large enough band-gaps to meet the
thermodynamic requirements of water splitting and small enough to harvest visible light as well
as possesses the correct band-edge positions for overall water splitting, are very limited. One of
the only compounds to comfortably meet these requirements and as a result has been
extensively studied (Ismail et al., 2009) is CdS (2.4 eV) but it is adversely affected by anodic

photo-corrosion leading to its deactivation (Meissner et al., 1986). Many metal sulphides are
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active are active in visible light but require additional sacrificial reagents to supress photo-

corrosion.

More stable oxide photocatalyst materials modified with co-catalysts, dopants as well as dyes
are generally found to be active under visible light conditions for either HER or OER but rarely
both. The development of these reaction selective photocatalysts however is not a waste since
they can form part of Z-scheme systems (Kudo & Miseki, 2009). A few examples of these
photocatalyst include, for OER, WO, (Erbs et al., 1984), Bi.M0Os (Shimodaira et al., 2006),
Nao.sBi,sVMo0Os (Yao & Ye, 2008) and for HER, SrTiO;:Cr/Sb (Kato & Kudo, 2002) and
La,Ti,O,:Cr (Hwang et al., 2004).

2.4: Cadmium Selenide

CdSe is an n-type semiconductor with a direct, bulk band gap of approximately 1.7 eV. Its narrow
band-gap allows for the absorption of a larger proportion of solar energy as can be inferred from
Figure 2. 7 and is therefore an interesting material for use a s visible light active photocatalyst

for the application of water splitting.

For the case of 1.4 nm thick CdSe nanoribbons, Joo et al. (2006) found, using UV-Vis absorption
and photoluminescence spectroscopy, that these nanostructures showed extended bandgap
sizes of approximately 2.74 eV. This result was understood to be the effects of quantum
confinement or size confinement effects of the material. This observation was corroborated by
Andrew Frame et al.(2008) who also synthesised CdSe nanoribbons of similar size and tested
their photocatalytic performance by irradiating them with UV and visible light in an aqueous
solution of Na,S/Na,SO;. They confirmed the implications of what Joo et al. (2006) reported
relating to the extended band gap and showed that this size confinement effect can establish

catalytic properties in materials that did not have this property in their bulk form.

The effect of quantum confinement on the photocatalytic activity has also been reported for
other materials, including CdS (Yanagida et al., 1995) and WO3 (Tanaka, Oaki & Imai, 2010).
This highlights a key effect of nano-sized materials on photocatalytic properties that makes

available a much wider range of options to consider for use as effective photocatalysts.

Since the feasibility of CdSe as a photocatalyst for hydrogen production has been established,
many different nano-forms of this material has been tried and tested. The most extensively
tested forms of CdSe have been zero-dimensional structures such as quantum dots (QDs) or
nano-particles (Lin et al., 2010) This has been the case particularly with respect to how changes

in their size affect their bandgap (Holmes, Townsend & Osterloh, 2012; Zhao, Holmes &
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Osterloh, 2013). Zero dimensional CdSe nanoforms have also been used extensively as a co-
catalyst material that functions as a sensitizer for visible light in more complex, multi-

component photocatalytic materials (Kim et al., 2011; Sreedhar et al., 2015; Zhang et al., 2015).

Unlike zero-dimensional CdSe, one dimensional structures have been less systematically
investigated. These One-dimensional CdSe nanostructures include structures such as nanorods,
nanoribbons, nanobelts and the focus of this research, nanowires. Nanowire structures have
been reported to be between a few nm to a few 100 nm in diameter (Hurst et al., 2006) and are
often a few pm in length. This characteristic high aspect ratio of one-dimensional materials
makes them interesting to study for applications in heterogenous photocatalysis such as clean

hydrogen production, giving these materials large surface areas.

Nanoribbons synthesised using low temperature wet chemical methods by Andrew Frame et al.
(2008), were tested for hydrogen production by irradiation with UV and visible light. The
nanoribbons were suspended in three different aqueous solutions, pure water, a 20 % methanol
solution and a 0.1 M aqueous Na,SO,;/Na.S. These additives were used as sacrificial electron
donors which help prevent self-oxidation of the photocatalyst material. The hydrogen evolution
rate in pure water (0.92 pmol.h™) was found to be the lowest, while the evolution rate in the 0.1
M aqueous Na,SO;/Na.S solution performed the best (107 pmol.h). This was attributed to an
increase in the number of trapped electrons brought about by the presence of the sacrificial
electron donors. Despite, making use of Na,SO;/Na.S, the CdSe nanoribbons still showed
evidence of photo-decomposition confirmed by the increased concentration of Cd**ions in the
solution, the colour change from yellow to orange as well as transmission electron microscopy
(TEM) characterizations done after 5 hours of testing showing degraded nanoribbon

morphology.

This study illustrated that although this material is UV and visible light sensitive and has an
extended bandgap, that it is still very challenging to appreciably produce hydrogen from
aqueous solutions as shown by the very slow evolution rate. It also illustrates that these CdSe
structures are not very stable and undergo photo-corrosion. other researchers have also

reported on this observation (Mubeen et al., 2013; Fawzy, 2016).

Nanowires specifically have a range of possible synthetic routes which can be more broadly
classified as either top-down methods or bottom-up. These include vapour-liquid-solid (VLS),
solution-liquid-solid, supercritical fluid-liquid solid (SFLS), chemical vapour deposition (CVD),
laser ablation, metal-organic chemical vapour deposition (MOCVD), and chemical/molecular

beam epitaxy (CBE) (Banerjee, Dan& Chakravorty, 2002; Fortuna & Li, 2010). The method that
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will be the focus of this dissertation however, is rooted in electrochemistry and is a template

directed electrodeposition technique.

2.5: Template Directed Electrodeposition of CdSe

The template directed electrodeposition technique for nanowire synthesis involves the
deposition of reducible materials such as metals or polymers from an electrolyte solution into
the nano or micro sized pores of a template. The growth starts at the bottom of the pores, where
a conducting substrate is placed, where nucleation of the deposited material occurs
perpendicularly toward the other end of the pore with the nanowires taking on the dimensions

of the pores they grow in.

The mechanism for the formation of CdSe in dilute H.SO, from selenious acid and CdSO, has

been proposed by Skyllas Kazacos and Miller (1980) and is shown in Figure 2. 1.

H,SeOs + 6H* + 6e~ > H,Se + 3H,0
2H,Se + H,Se0; — 3Se + 3H,0

H,Se + Cd** — CdSe + 2H*

Figure 2. 1: Mechanism for the formation of CdSe in acidic electrolytes (Laboratories & Hill, 1980)

The cathodic co-deposition of Cd and Se however was found to be intrinsically richer in Se a
result of competing reactions. In an effort to eliminate this problem and form more even ratios
between Cd and Se, Kressin et al., (1991) proposed an electrodeposition technique whereby the
potential is swept or cycled between two potential limits to synthesise stoichiometric CdSe
films. This technique was then carried forward for the synthesis of CdSe nanowires using a

porous template.

One of the earliest attempts contributing to how nanowires are electrodeposited into templates
today was by Possin (1970), who electrochemically synthesised Sn, In and Zn nanowires inside
the pores of Mica with dimensions of approximately 40 nm in diameter an 15 pm in length. Klein
et al. (1993), then combined Possin's porous template technique with the cyclic
electrodeposition technique developed by Kressin et al. (1991) to deposit CdSe and CdTe based
microdiode arrays into the pores of alumina membranes. Their justification for using this
method instead of the other more elegant precipitation techniques was that it allowed for a
more precise control over the physical dimensions as well as the composition of the resulting
semiconducting materials. They carried out the electrodeposition using CdSO, and SeO, as Cd

and Se precursors and using Au, Ni and Ag layers as the conductive substrate.
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Pena et al. (2002) built on this and constructed CdSe based heterojunction nanowires that
consisted of Au-CdSe-Au segments. This structure was deposited by cycling or sweeping the
potential back and forth using anodised aluminium oxide as the template in an acidic medium.
To obtain a stoichiometric ratio of Cd to Se in the nanowires Pefia et al.(2002) varied the
concentration of SeO2 while keeping the concentration of CdSO4 constant at 0.30 M in the

electrolyte. This was to determine the optimum Cd/Se ratio in the electrolyte.

In contrast to Pefia et al. (2002), Peng et al. (2001), who also synthesised CdSe nanowires but
used direct current (dc) electrodeposition in an alkaline medium claimed that the ratio of Cd to
Se in the nanowires is dependent on the pH, having varied the pH of the deposition bath keeping
all other parameters constant. They claimed that the co- deposition of Cd and Se is easier under
alkaline conditions pH = 9. Aside from Peng et al. (2001), there have been no other studies found
that specifically looked at the effect of pH on CdSe nanowire stoichiometry as most nanowire

growth is done using acidic deposition baths.

In addition to Peng, direct current electrodeposition of CdSe has been used successfully in other
studies Xu et al.(2000) employed dc electrodeposition in non-aqueous electrolytes whereas (Yu-
Zhang et al., 2008) employed dc electrodeposition in acidic aqueous electrolytes very similar to

that used by Kressin et al.(1991), Klein et al.(1993) and Pefia et al, (2002).

Although all these studies had produced, on average stoichiometric ratios between Cd and Se.
Methods employed using DC electrodeposition were conducted under a variety of different
conditions with no consistent set of conditions that yielded comparable results. This was not
the case for cyclic electrodeposition studies where a consistent set of conditions such as

concentration, Ph, and temperature was used, and all produced near stoichiometric results.

A drawback of this method however, is that the effect of mass transfer phenomena on
stoichiometry is not well understood or accounted for in the reported literature. Consequently,
many studies report 1:1 ratios between Cd:Se but these are mostly ‘on average’ values and can

vary quite easily from one batch to the next.

The advantages of the template directed technique, regardless of how the potential wave is
applied, is that it allows one to synthesise various materials in a facile manner, provided they
come in easily reducible forms soluble in aqueous solutions. Furthermore, it allows for the
combination of these various materials to be synthesised within the same substrate, this is a
major advantage since the development of functional multi-component photocatalytic

materials is gaining traction (Hurst et al., 2006). Additionally, the experimental conditions are
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mild, occurring mostly at ambient conditions and fine control over the resulting materials

dimensions is possible.

2.6: Fabrication of multi-component photocatalytic devices

A photocatalytic device is referred to as a composite material made up of a variety of different
functional materials to help improve photocatalytic performance. These materials can vary in
their functionality and include but is not limited to improving charge separation via the
formation of ohmic and Schottky junctions, electron trapping, corrosion resistance, promotion
of electrochemical surface reactions, mechanical stability and sensitisation to visible light. The
core of any such device is the semiconducting or light harvesting material without which, it

cannot be called a photocatalyst or photocatalytic device.

With regard to performance, efficient use of absorbed photons is still regarded as one of the
biggest challenges for visible light sensitive photocatalyst materials (Lee, 2005) and various
strategies have been used to improve this efficiency. These efforts include cation and anion
doping of wide band gap semiconductors, creating new single phase materials with band gaps
ideal for water splitting (1.23 eV - 3 eV) as well as constructing multi-component materials
comprised of a semiconductor for suitable for reduction and one suitable for oxidation (Lee,
2005) or combining an overall water splitting semiconductor with metallic co-catalysts such as
Ni, Au and Pt to improve charge separation and efficiency (Pena et al., 2002; Mubeen et al.,

2013).

More recently, the previously described electrodeposition technique has been a method to
construct scalable, stable, and inexpensive multi-component photocatalytic devices. Building
on the construction concept by Pena et al. (2002), Mubeen et al. (2013) synthesised multi-
segmented nanowires consisting of a transparent polymer OER electrocatalyst poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), CdSe as a visible light absorbing
semiconductor, and Pt as a reduction electrocatalyst. Additionally, an ohmic contact (Ni-Au) is
also used between the CdSe and Pt segments to enhance charge separation. These multi-
segmented nanowires remained embedded inside the AAO membrane to increase mechanical

stability and provide protection against corrosion effects.

2.6.1 Design and performance of multi-segmented nanowires

The design of the hetero-structure presented by Mubeen et al. (2013) is such that the light
absorbing material (CdSe) is isolated from the electrolyte but can still absorb light due to the

use of a transparent polymer OER electrocatalysts PEDOT:PSS and the translucent nature of
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the AAO in solution. This is to reduce occurrence of photodegradation The CdSe is protected

both by the polymer and the AAO template.

When light with the correct energy strikes the photoactive semiconducting material (CdSe) an
electron-hole pair is formed. Ideally the electron moves towards the cathode and participates in
the reduction of hydrogen, while the positive holes move toward the anode electrocatalyst and
oxidises the sacrificial electron donors or for oxygen evolution. Co-catalysts help to facilitate
this separation of charge (Yang et al., 2012). Pt, Ni, Au and PEDOT:PSS are co-catalyst to CdSe
and carry out important functions that enable the photocatalyst device as a whole to perform
efficiently and remain stable. Platinum is well known to be the best material for hydrogen
evolution due to its moderate adsorption and low desorption energies to and from its surface
(Ojha et al., 2016). Nickel and Gold due to their excellent conductive properties are ohmic
contacts between the light absorber and Pt cathode (Mubeen et al., 2013) and allow electrons to
easily reach the reduction process. PEDOT:PSS has the dual purpose of being the Schottky

contact, which absorbs holes as well as an anode electrocatalyst for the OER.

The heterostructures were tested by the photo-electrolysis of HI with KI used as a sacrificial
reagent in a highly corrosive environment to illustrate the stability of the structure. This
resulted in a performance of 40 pmol/hr of hydrogen production with a quantum efficiency of
7.4 %. The photocatalysts were stable for more than 24 hours indicating that the protective
mechanisms of this heterostructure worked quite well considering that they were tested in a

highly acidic medium.

2.6.2 PEDOT:PSS as an OER electrocatalyst

Cadmium chalcogenides (CdX, X = S, Se, Te etc.) have been noted for having ideal band-gap
sizes and band edge positions to enable overall water splitting but are unstable due to photo-
oxidation of the semi-conducting material itself (Andrew Frame et al., 2008; Xu, Huang &
Zhang, 2016). Although the use of sacrificial electron donors has been used to minimise photo-
oxidation of the photocatalyst, another route of minimisation has been to incorporate novel co-

catalyst materials into the photocatalytic device structure.
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A very useful conductive and transparent polymer currently being studied extensively, and
that’s molecular structure is shown below in Figure 2. 12 is poly(3,4-ethylenedioxythiophene)
poly (styrene sulfonic acid) (PEDOT:PSS.). This material has been in development in response
to an increasing need for highly conductive, transparent, and more easily processed electrodes

that are less costly than ITO substrates (Sun et al., 2015).

n

Figure 2. 12: Molecular structure of conducting polymer PEDOT:PSS (adapted from Sun et al. (2015))

PEDOT:PSS has been used as co-catalyst material in conjunction with CdSe/TiO, nanotube
arrays (Chong, Zhu & Hou, 2017), ZnO nanorods (Dhar et al., 2018), CdSe multi-segmented
nanowires (Mubeen et al.,, 2013) as well as Si based solar cells (Jackle et al., 2017). The
incorporation of PEDOT:PSS into these systems was fundamentally to absorb and transfer
photogenerated holes from the semi-conductor material. What is symptomatic of this, is
extended photocatalyst life times and improved photocurrent stability. For CdSe systems
specifically, PEDOT:PSS has been described as a physical passivation layer as well (Chong, Zhu

& Hou, 2017), which is also important for the prevention of Cd** ions leaching into solution.

2.6.2.1: Post treatment of PEDOT: PSS thin films

Although as prepared PEDOT:PSS films are poor conductors for electrode use, with
conductivities of less than 1 S/cm being stated (Yu et al., 2016), further treatment of these films
have been found to dramatically increase their conductivity. Through treatments with various
concentrations, up to 1.5 M H,SO,, at elevated temperatures of 160 °C Xia, Sun and Ouyang
(2012) attained a maximum conductivity of 3065 S/cm. Treatment of PEDOT:PSS films with
various mild and weak organic acids has also been systematically shown to increase the
conductivity from 450 S/cm to 2870 S/cm using acetic acid and methanesulfonic acid

respectively (Ouyang, 2013). treatments with acetic acid and ethylene glycol can also be used to
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alter the solubility of film (Mubeen et al., 2013). In addition to chemical treatments, thermal

treatment is also used to improve film quality and stability.

2.7: Photocatalytic testing for hydrogen evolution

Testing of photocatalyst materials in the field of heterogenous photocatalysis has been said to
lack proper methodologies that allow for a fair basis of comparison between photocatalytic
testing results (Chen, Jaramillo, et al., 2010; Doscher et al., 2016; Qureshi & Takanabe, 2017).
Recently efforts have been made to address inconsistent reporting protocols by precisely
defining these performance criteria for the case of planar photocatalytic systems for hydrogen
production specifically, using single band-gap materials (Chen, Jaramillo, et al., 2010). Even
more recently, definitions of performance for photocatalytic powder systems (Qureshi &
Takanabe, 2017) has been reported on in an effort to address this problem within the field of

heterogenous photocatalysis.

It should be noted that the needs within commercial photoreactor design are very different from
the needs of photoreactor design for fundamental research. The former needing maximisation
of performance at the cheapest cost whereas the latter depends on what properties of the
photocatalyst are being tested. This is most evident when materials of construction are chosen.
For commercial processes UV-transmittance of materials would be desired as it would increase
the photocatalytic performance. But this would be undesired for research purposes if the aim is
to test visible light activity. This section refers to photocatalytic testing under laboratory

conditions.

2.7.1 Performance parameters for photocatalytic water splitting

Growth in the field of photocatalysis has been exponential since the 1970s, the current growth
and direction of that growth, however, is limited by a lack of standardised reporting guidelines
regarding the photocatalytic efficiency as well as stability (Ager et al., 2015). This has made it
quite impossible for research efforts across different laboratories to be compared. A few
attempts at defining reporting protocols for photocatalytic water splitting have been done, most
notably for photoelectrochemical (PEC) water splitting systems for single bandgap, planar,

materials.

2.7.1.1: Solar-to-Hydrogen Efficiency (STH)

The solar-to-hydrogen (STH) efficiency which is described by Chen et al. (2010) as a “benchmark

efficiency”, is defined as the amount of chemical energy obtained through the production of
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hydrogen divided by the total incident solar energy on the photocatalytic system and is given
by the following equation:

_ [(mmol Hy.s™") x (237 k] /mol)

STH =
Prota(mW.cm=2) X Area (cm?)

AM 15G

In the numerator, the hydrogen flow rate, which has ubiquitously been obtained using gas
chromatography (Andrew Frame et al., 2008; Holmes, Townsend & Osterloh, 2012; Mubeen et
al., 2013; Zhang et al., 2015) is multiplied by the standard state free energy change (AG®) for
hydrogen production from water decomposition. In the denominator the incident irradiance
(Protal) is multiplied by the illuminated photocatalytic area. This area is much more easily defined

for immobilised photocatalytic systems than suspension-based systems.

This efficiency can only be reported provided that the aforementioned parameters were

obtained under the following conditions emphasised by Chen et al.(2010):
1. The light source matches Air Mass 1.5 Global (AM 1.5 G) characteristics.

2. For photoelectrochemical systems, there is no applied bias between the working

electrode and counter electrode.

3. For photoelectrochemical systems, the working electrode and counter electrode must
be kept in the same compartment such that the pH is the same for both electrodes to

eliminate any chemical bias.

4. The electrolyte may not contain any sacrificial electron donors or acceptors that will

promote hydrogen or oxygen evolution redox reactions.
5. Stoichiometric evolution of H, and O, must be observed.

Reporting a STH efficiency is not a trivial task but is a critical parameter for comparing the
performance of photocatalytic systems for hydrogen production from water splitting. It should
also be noted that an analogous efficiency can be calculated for other photocatalytic reactions
such as the reduction of CO, to other solar fuels, provided the thermodynamics of those

reactions are taken into account (Qureshi & Takanabe, 2017).

2.7.1.2: Quantum Efficiency (QE)

Alongside the STH, the quantum efficiency is described as a material diagnostic efficiency by

Chen et al. (2010) as opposed to a benchmarking efficiency used for comparison. QE is defined
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slightly differently depending on if it is being calculated for a photoelectrochemical system vs a

photocatalyst suspension system.

The photoelectrochemical community splits QE up into two separate efficiencies, the external
quantum efficiency (EQE) or equally the incident photon-to-current efficiency (IPCE) and the

internal quantum efficiency (IQE) which can be defined as follows:

Reacting electrons produced
Photon flux (incident)

EQE = IPCE =

Reacting electrons produced
Photon flux (absorbed)

IQE =

For photocatalytic suspension systems (Qureshi & Takanabe, 2017) the QE is defined as:

__rate of chemical change

E =
¢ Photo flux (absorbed)

Regardless of the system configuration, the QE is essentially a measure of how many photons
(incident or absorbed) yield useful electrons that can participate in the redox surface reactions.

This translates to how effective the photocatalytic material is at harvesting light energy.

2.7.1.3: Stability

The stability criterion for photocatalytic systems (PEC or photocatalytic suspensions) is not
formally defined. Most research efforts simply report a period of time where the photocurrent
or hydrogen (or oxygen) evolution rate is stable (Ager et al., 2015). Even though this is sensible,
there are no known existing standard conditions for how these parameters should be measured
i.e. left continuously under illumination until a decline in photocurrent or hydrogen evolution
rates is observed or if the testing electrolyte can be changed after a set period of time or if there

is a set tolerance in the observed performance drop before instability can be concluded.

2.7.2 Mode of testing

Testing of photocatalytic materials for hydrogen production has typically been carried out in
two main modes related to the mobility of the catalytic material relative to the testing
electrolyte. These include irradiated suspensions or immobilised photocatalyst materials with
some examples being shown in Table 2. 1. Additionally, immobilised photocatalyst materials can
also be used as a photoelectrodes and integrated into a three electrode type electrochemical

cell. This configuration allows for the photoelectrochemical characterisation of photocatalyst
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materials with regard to its photocurrent density vs an applied potential bias (Kim et al., 2011;

Guo et al., 2016).

Table 2. 1 List of various photocatalytic materials being tested in either a suspension or as an immobilized

photocatalyst.
Photocatalytic | Suspension Photocatalytic Reference
material /Immobilised | /Photoelectrochemical
La;Ti,CuS;0,/Bi Both Photocatalytic (Sun et al., in press)
SrTiO, Immobilised Photocatalytic (Goto et al., 2017)
CdSe & CdS Suspension Photocatalytic (Uchihara et al., 1990)
TiO, Immobilised Photoelectrochemical (Fujishima & Honda, 1972)
CdS Suspension Photocatalytic (Sahu, Upadhyay & Sinha,
2009)
CdSe QDs / Immobilised Photoelectrochemical (Sreedhar et al., 2015)
SITiO,
Fe;O, Suspension Photocatalytic (Mangrulkar et al., 2012)
CdSe Immobilised/S Photocatalytic (Mubeen et al., 2013)
uspension

2.7.2.1: Aqueous suspensions photocatalysts

Aqueous suspensions involve the irradiation of photocatalytic particles suspended in the
desired testing electrolyte. Evolved gases then enter the vapour space above the suspension and
can be collected to determine photocatalytic performance. Although these systems are generally
simple in design and low cost, a few drawbacks are that H, and O, are evolved into the same
space which is both a health and safety hazard as well as requiring further downstream
processing to separate these gases (Fabian et al., 2015).Furthermore the interaction of light with
a suspension of randomly moving particles as well as other elements in the system such as the
presence of bubbles makes it challenging to understand and model the how light is scattered

within the system and what effect this has on the photocatalytic performance (Motegh, 2013).

2.7.2.2: Immobilized photocatalysts
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Immobilised photocatalyst consist mostly of planar systems with photocatalyst particles
immobilised on a surface as a film where they can be irradiated. The advantages of this are that
oxidation and reduction type photocatalysts can be physically separated allowing the separation
of evolved gases It also allows that the illuminated area becomes a lot better defined and light
distribution can be modelled more easily as opposed to the random motion of particles. The
disadvantage of this method is that it generally requires more complicated testing set-ups,

compared to particle suspensions.

The mode in which the photocatalytic material will be tested is one of the main considerations
for when designing a suitable photoreactor.(Bouchy & Zahraa, 2003). Additional considerations
included: The choice of sacrificial regent usage (Sabate et al., 1990; Andrew Frame et al., 2008),
Source of irradiation, measurement methodology as well as materials of construction for the

photoreactor.

2.7.3 Sacrificial Reagents

Sacrificial reagents are non-catalytic chemical additives, added to the electrolyte being tested
such that they improve photocatalytic performance by minimising recombination rates
(Commentary, 2013). The first type of sacrificial reagents are hole scavengers or electron donors
which quench photogenerated holes within the photocatalytic device and are consequently
oxidised. The second type are electron scavengers which remove photogenerated electrons and
are themselves reduced. The main purpose of using these reagents is to introduce a competing

reaction that favours the production of the desired product.

2.7.3.1: Sacrificial reagents for hydrogen evolution.

Hole scavengers are the dominant sacrificial reagent type used for the photocatalytic production
of hydrogen because electrons are required for the evolution of hydrogen. The most common
inorganic hole scavengers are aqueous solutions of Na,SO; and Na.S either used separately or
combined. While the most common organic hole scavengers include solutions of MeOH,
Ethylenediaminetetraacetic acid (EDTA) as well as various other alcohols and hydrocarbons

(Commentary, 2013).

In order of increasing performance, Joo et al. (2006) tested CdSe nanoribbons in pure H,O, a 20
% MeOH solution and a 0.1 M Na,SO;/0.11 M Na.S solution under UV and visible light. The use
of a sacrificial electron donor here resulted in increased hydrogen evolution due to the
suppression of the recombination dynamics as well as a decrease in the rate of photo-corrosion

as was evident from the lower concentration of Cd** ions in the testing electrolyte. A flaw in the
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interpretation of the H, evolution rate here however, for the MeOH solution, is that oxidation

of methanol also produces hydrogen as can be seen from the equation below:
CH;0H (1) + H,0 (1) - €O, (g) + 3H, (9)

This means that hydrogen is being produced in two photocatalytic reactions instead of just one
(Commentary, 2013) and should not be counted towards the activity reported or at least

acknowledged as a part of the combined reported activity.

Many researchers have reported these increases in photocatalytic activity and stability upon
using hole scavengers. Wu et al. (2014) indicates that the choice of hole scavenger strongly
influences the QE of the photocatalytic device and that the transfer of photogenerated holes is
a key efficiency limiting step for the case of CdS-Pt and CdSe/CdSe-Pt nanorods. In a similar
system of Pt decorated CdS nanorods, Berr et al. (2012) found that their photocatalytic system
was more stable and efficient the higher the redox potential of hole scavenger was. Mubeen et
al. (2013) carried out the photocatalytic production of hydrogen by suspending CdSe based
segmented nanowire devices, in 0.1 M KI acidified with HCl to a pH of 2, his aim was to
demonstrate the stability of his devices (> 24 hours) to produce hydrogen with a kinetically less
challenging redox reaction than water splitting. The use of KI and HCL as a testing electrolyte
in their study however, without any mechanistic detail or comparison to more commonly

studied systems was found to be quite arbitrary.

The enhancement effects of the use of hole scavengers be for the photocatalytic production of
hydrogen has been well studied and will play a key role at making processes more efficient for
larger scale hydrogen production. It should however be recalled that for the reporting of a STH
benchmark efficiency, these reagents cannot be used, but this does then imply that this reported

efficiency is then minimum performance expectation for any particular photocatalytic system.

2.7.4 Evolved gas measuring system

A challenging aspect in determining photocatalytic performance is being able to accurately
measure the rate of the gases evolved when they are only evolved at a rate of a few 100 pmol per
hour, if that. This has been quite an understated and underdiscussed practicality in the
literature looked at. What is more is that gas chromatography has been the go to method for
the quantification of these evolved gases with virtually no exploration in the use of other
methods such as mass spectrometry (M.S.). Chen et al. (2010) briefly refers to the use of an M.S
for the analytical determination of a true hydrogen production rate but provides no further

details regarding its use.
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2.8: Chapter Conclusion

This chapter has provided an overview of the relevant aspects leading up to and involved in the
photocatalytic production of hydrogen gas. The field as a whole is still relatively new, and can
is still currently in the midst of rapid expansion particularly with regard to the development of

novel materials as photocatalysts.

In parallel to this, there are also a lot of opportunities for further exploration. This includes from
a materials development point of view: Continued investigation into small band-gap
semiconductors such as CdSe with the aim of increasing its resistance to photo-decomposition;
Employing the template directed electrodeposition technique, which is a relatively simple, fast
and low-cost technique to produce more stoichiometric electrodeposits; Testing the
performance of multi-segmented nanowires such as those presented by Mubeen et al. (2013) in
different testing electrolytes and including different co-catalyst materials into the nanowire

heterostructure.

From a testing point of view, the development and description of a testing system that firstly,
allows for the accurate reporting of STH efficiencies as defined by Chen et al. (2010) and
secondly makes use of an alternative analytical technique such as mass spectrometry for the

quantification of photocatalytically evolved gases.
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Chapter 3: Study Objectives

Based on the insights obtained from literature, and with the intention of building on previous
work conducted at the University of Cape Town on the synthesis of functional nanowires
(Fawzy, 2016), the work presented by Mubeen et al. (2013) is of particular interest for use as a
foundation from which further developments can be made. This includes exploring differently
sized nanowire diameters and testing devices in more commonly reported testing electrolytes

such as MeOH solutions.

In addition to this, it is of interest for establishment of photocatalytic research at UCT to design
a system that allows for the proper reporting of photocatalytic performance as outlined by Chen
et al. (2010) &; Qureshi & Takanabe, (2017) which will accelerate and enable further work in this
field to be conducted in our labs. Also, the use of alternative analytical techniques for hydrogen
detection and measurement has also been lacking in literature and it will be of interest to

explore the use of mass spectrometry in this capacity.

With these points in mind the following project objectives have been set for the fulfilment of

the M.Sc.:

i) Prepare nanowire devices consisting of PEDOT:PSS/CdSe/Ni/Au/Pt segments as
previously described by Mubeen et al., (2013) with the aim of further developing
device preparation methodology. This development includes building on work
conducted by Fawzy, (2016) such as: Enhancing the working electrode assembly
methodology using alternative materials and commercially available options. As well
as further describing observations made during the electrochemical preparation of

nanowires to optimize the electrochemical deposition parameters.

ii) Design and creation of a simple photoreactor for testing the photocatalytic activity

of porous anodised alumina type devices.

iii) Set-up components of an initial testing system that allows for online real time
hydrogen detection using mass spectrometry. The testing system will have the

potential to be developed for more advanced photocatalytic testing.

Based on the above objectives, it is hypothesised that the devices will be able to produce
hydrogen upon being irradiated, based on the success of previous studies. It is further
hypothesised that mass spectrometry will be able to detect hydrogen evolved in an online

manner.
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Chapter 4: Experimental Methods

This chapter provides the details of the experimental techniques used to test the hypothesis
formulated in the previous chapter. First the templated electrodeposition technique used to
synthesise photo-active nanowires is described followed by characterization techniques. Post
treatments to improve the activity and stability of the nanowires are then discussed followed by

the catalyst testing methodology.

4.1: Chemicals and apparatus

Details of all reagents and materials used and described in this experimental method can be

found listed in Table A1.1in Appendix A1.

4.2: Thermal evaporation of silver metal as a contact

4.2.1 Anodised aluminium oxide

Anodised aluminium oxide (AAO) membranes with uniform and ordered cylindrical pores were
used as a template for electrochemical nanowire deposition. Membranes with a few different
specifications were obtained from either Whatman® or InRedox®. These specifications included
various pore diameters of 100 nm, 160 nm and 200 nm with two different membrane diameter

sizes of 13 mm and 25 mm (25 mm discs also came with a polypropylene support ring).

4.2.2 Silver evaporation

A thin layer of silver metal was thermally evaporated onto one side of a blank AAO membrane
to act as the working electrode during electrodeposition. An excess amount melted silver wire,
or a piece of sliver slug were placed into a molybdenum evaporation boat inside an evaporation
chamber. The AAO membranes were placed inside a metal holder as described by Fawzy (2016)
that kept one side of the membrane exposed approximately 10 cm above the evaporation boat.
The chamber was then sealed, and the vacuum pump switched on. Once a high vacuum of
approximately 2x10 mbar was obtained, a potential difference of 2 V was applied across the
evaporation boat terminals using an external power supply with a current setting at 25% of the
maximum current. This caused the evaporation boat to glow red hot and the silver to melt and
evaporate onto one side of the AAO membrane. The duration of the deposition was between 15-
30 seconds or until a silver screen was observed on the glass walls of the chamber. The current

was immediately turned off followed by the vacuum pump. The chamber was then carefully re-

32



pressurised with nitrogen gas until the chamber seals could be removed and the silver contacted

AAO membranes could be carefully removed.

4.3: Assembly of the working electrode

The working electrode for the electrochemical synthesis of semiconducting and metallic
nanowires could be assembled using three methods. The first two methods make use of a glass
slide support onto which the silver contacted AAO membrane was electrically contacted using
copper tape. These two methods are different in how the silver contacted AAO is isolated from
the electrolyte. The third method makes use of a commercially obtained electrodeposition
holder (obtained from InRedox®) designed specifically for electrodeposition into 13 mm

diameter AAO membrane. (refer to Figure 4. 1)

4.3.1 Method 1: Glass slide isolated with double-sided tape

For method 1. A 7 cm segment of a 20 cm piece of adhesive copper tape was stuck down along
the centre of a glass slide and the rest of the copper tape was folded in half onto itself to serve
as the point of electrical contact. A hole of equal diameter to the membrane size was then cut
out of a rectangular piece of double-sided tape. The Ag contacted AAO membrane was then
placed Ag side down onto the copper tape at the bottom most part of the glass slide, ensuring
that contact between the Ag layer and copper tape is maximised. The double- sided tape is then
stuck onto the glass slide such that the cut-out hole aligns with the open pore side of the AAO

membrane and that it completely covers any exposed copper tape.

4.3.2 Method 2: Glass slide isolated with nail varnish

For method 2. adhesive copper tape was attached to a glass slide as described above. The Ag
contacted AAO membrane was then placed Ag side down onto the copper tape at the bottom
most part of the glass slide, ensuring that contact between the Ag layer and copper tape is
maximised. Nail varnish, instead of double sided tape, was then carefully applied around the
circular edge of AAO membrane using a paint brush with relatively thin and short bristle. It was
important to ensure that the nail varnish completely sealed the AAO membrane and that there
were no gaps in the application. The nail varnish was then applied to any exposed copper tape
surface to insulate the surface. The assembly was then left to dry inside a fume hood for a

minimum of 30 minutes before being used as a working electrode.

4.3.3 Method 3: Commercial electrodeposition holder
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The PEEK electrodeposition holder is specifically designed to accommodate only one size

diameter membrane (13 mm).

Figure 4. 1: Deconstructed Comﬁonénég of PEEK electrodeposition holder

The front face of the holder was first unscrewed, and the O-ring lifted out. The AAO membrane
was then placed Ag contact side down onto the stainless-steel stub. The O-ring was then
carefully placed on top of the AAO membrane and the holder face screwed back on to secure
the AAO membrane in place. A metal rod protected by a glass sheath was then screwed into the
top of the holder that made contact to the stainless-steel stub. The assembly was then ready to

be used as a working electrode.

Figure 4. 2: Summary of working electrode construction methods used [A]Method 1 (Adapted from Fawzy (2016)) [B]
Method 2 using nail varnish, [C] Method 3 using an electrodepostion holder.
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4.4: Template directed electrodeposition of nanowire segments

The cell was setup by first connecting the working electrode (WE), reference electrode (RE) and
counter electrode to the Gamry (REF 300) potentiostat using the connecting wires and crocodile
clips. The electrodes were arranged such that the WE is directly opposite the CE and the RE in
the middle. The respective plating solution was then slowly poured into the cell until the AAO
disc in the holder was completely submerged. A nitrogen line was then inserted into the solution
and degassed for 20 minutes while being magnetically stirred. The solution was then blanketed

with N, before the electrodeposition script was run.

The cell was thoroughly washed with hot soapy water and rinsed three times with 18.2 MQ
deionised water before between each set of electrodepositions runs. Additionally, the cell was
rinsed out with the respective plating solution before an electrodeposition with that same

plating solution.

Experimental procedures regarding the electrodeposition of semiconductor (CdSe) and metals

(Ni, Au and Pt) are summarised in Table 4. 1:

Table 4. 1: Parameters for the electrodeposition of CdSe, Ni, Au and Pt. Optimised for 160 nm pore diameters used for
fabrication of photocatalytic devices.

Nanowire Reagent concentrations  Electrodeposition Electrodeposition

Segment: technique parameters*

(€Lt (CdSO,.8/3.H.O |=5mM Cyclic Potential: -0.35 V to -0.8

Selenide [SeO.] =1 mM Electrodeposition V

[H.SO,] = 0.25 M Scan rate: 10 - 50 mV/s
2 41 — .

Pl @os No. cycles: 50
Nickel [NiSO,.6H.O] = 0.23 M Chrono- Potential: -1V
[H;BO;) =0a5 M amperometry Deposition time: 500 s
[HAuCl,] = 5 mM Chrono- Current (mA): -0.35
[H;BO; =0.5 M RoSsliom Sy Deposition time: 250 s
[ MFEYe Il [H,PtCls.6H.O] = 10 mM Chrono- Current (mA): -0.25
potentiometry

Deposition time:- 600 s

* All potentials are referenced to a Ag/AgCl reference electrode saturated in 3M KCI.
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A comparison of the applied potentials stated in Table 4.1 and the associated theoretical

standard potentials are also provided in Table A1.2 in Appendix Au.

Solutions were all made 500 ml at a time, using 18.2 MQ D.I water, and stored in plastic
polypropylene bottles until needed for electrodeposition. Once electrodeposition is started,
deposits appear black for CdSe and Nj, slightly orange for Au and dark grey for Pt. Observing
partial deposition into the pores usually indicated poor Ag contact formation i.e. pores not

sufficiently blocked by thermally evaporated silver film.

It should also be noted that magnetic stirring was only used during cyclic electrodeposition of
CdSe and not during or once Ni had been electrodeposited since Ni is a ferromagnetic material
and can be loosened from the multi-segmented nanowire structure from the force of a changing

magnetic field.

4.5: Disassembly of working electrode

After electrodepositions were completed, all electrodes were disconnected. The Teflon lid was
lifted off the cell and all electrodes were rinsed thoroughly using 18.2 MQ D.I water. The
Ag/AgCl RE was kept in 3 M KCl solution until it was needed again. The Pt mesh CE was left to
dry in air.

4.5.1 Disassembly of working electrode when Method 1 or 2 was used

The working electrodes constructed using a glass slide in method 1 and method 2 were soaked
in acetone for 30 minutes and 10 minutes respectively. This allowed for the double-sided tape
to be loosened or nail varnish to be dissolved. The use of tweezers was sometimes required to
remove the AAO membrane from the double-sided tape, this had to be done very carefully to
prevent the membrane from cracking. For method 2 the membrane usually falls right of the
glass slide after 10 minutes of soaking in acetone. After removing the membrane from the glass

slide, it was rinsed in D.I water and allowed to dry at 70 °C for 30 minutes.

4.5.2 Deconstruction of working electrode for when Method 3 was used

After the holder was rinsed with D.I water, the AAO membrane is removed by unscrewing the
holder face, carefully removing the O-ring, lifting the stainless-steel stub out of the hole and
gently sliding the membrane off. Occasionally the membrane would stick to the O-ring, in this
case, flat and thin tweezers were used to carefully separate it. The membrane was then rinsed
in D.I water, and all the components of the holder were thoroughly rinsed with D.I water. The

holder was left to dry in air in its disassembled state until it was to be used again.
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If the Ag contact was not covering the pores sufficiently, electrodeposition was seen to occur on
the stainless-steel stub. As per supplier guidelines, this was then gently polished off using fine

grit polishing paper.

4.5.3 Acid etching of silver contact

The silver etching is important because removal of the silver layer allows the CdSe nanowires to
be in contact with the anodic PEDOT layer. Moreover, it allows a large portion of the light to
irradiate the photoactive CdSe segment. It is therefore important that the silver layer be

removed as much as possible without damaging the CdSe layer.

This was accomplished by making a up a 2:1 solution of nitric acid (70%) and DI water. A small
glass vial was placed inside a glass petri dish and then filled up to the brim with the nitric acid
solution. Additionally, A small beaker filled with D.I water was kept nearby. The membrane was
held near its edge with a pair of tweezers and the Ag contacted side was then carefully lowered
onto the top of the vial such that it contacted the nitric acid solution. The Ag contact around
the edges where no electrodeposition took place was seen to quickly dissolve. This was done for
approximately 10 seconds after which the device is immediately dipped in clean D.I water to
halt the etching action. This processed was repeated until the silver layer is seen to be
completely removed. Care must be taken not to dissolve the electrodeposited nanowires inside
the AAO template. Once the silver contact has been removed, the membrane was again rinsed

in D.I water and left to dry at 70 °C in air.

4.5.4 Preparation of nanowire suspension in EtOH

In order to remove the nanowires from the AAO membrane, the membrane was broken in half,
put in a 1.5 ml Eppendorf tube and filled with a 3 M NaOH solution to dissolve the template for
1 hour. The Eppendorf tube was kept upright at all times such that all solid material settled at
the very bottom of the tube. The supernatant solution was then decanted, taking care not to
dispose of the solids that had settled. Decanting could be preceded with a centrifuging step
(3000 rpm for 3 min), but this was found not to be required unless small losses of material could
not be tolerated. The NaOH dissolution step was repeated for another 30 minutes to completely

dissolve any residue of the AAO membrane.

After the AAO membrane had been dissolved, the NaOH was replaced with D.I water, by
successively rinsing 3 times with D.I water, decanting the solution between each rinse. Finally,
the water was replaced with pure ethanol by successively rinsing 3 times with ethanol, decanting

the solution between each rinse. The solids in ethanol were then gently sonicated for 5 minutes
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resulting in a dark grey suspension of nanowires. This nanowire suspension could then be drop-
casted onto silicon wafers for observation under the optical microscope or the scanning electron

microscope.

4.6: Post treatments of photocatalytic devices

4.6.1 Annealing

The electrodeposited nanowires were annealed in argon to ensure that ohmic contact was
obtained between nanowire segments and to improve the crystallinity the of the CdSe segments.
This was achieved by sandwiching the membrane between two pieces of glass wool inside a glass
tube. The tube was then vertically placed inside a furnace, a temperature probe was inserted as
close as possible to the membrane, an argon gas line was connected to the inlet and a vent line
connected to the outlet. Argon gas was continuously run through the system. The furnace set-
point was set to 350 °C for 1 hour, with a ramp rate of 5 °C per minute from ambient temperature.
Once the glass tube was cool enough, it was removed from the furnace and the annealed

membrane was carefully removed from the glass tube.

4.6.2 Application of PEDOT:PSS as the anode electrocatalyst

PEDOT:PSS was drop-casted onto the CdSe side of the AAO membrane to form a thin
transparent and conductive film to serve as the anode electrocatalyst of the photocatalytic
device. The membrane was then allowed to dry in air at 120 °C for 1 hour. The membrane was
left to cool before it was treated with a few drops glacial acetic acid. The film was then left to
dry on a hot plate at 120 °C for 30 minutes under extraction until all the acetic acid had
evaporated. The acetic acid treatment was found to increase the film stability in the MeOH

solution.

4.7: Physical Characterization

4.7.1 Optical light microscope

An optical microscope was used as a fast and cost-effective method to check that nanowires

have indeed formed before making use of more advanced characterisation techniques.



o =
Figure 4. 3: Optical Microscope image at 50 ooo x magnification [A} Pure nickel nanowires, [B} Pure Pt nanowires

Nanowires could be magnified up to 100 ooo x their size, making it possible to also roughly
estimate the lengths of individual nanowires. It should however be noted that this may not be

the case if working with smaller sized materials.

4.7.1 Scanning electron microscopy (SEM) & Energy dispersive X-ray
spectroscopy

Scanning electron microscopy (SEM) was carried out at the Electron Microscope Unit at UCT.
The system, FEI Field Emission Nova NanoSEM 230 make use of an Oxford X-Max detector and
Inca software between 5 and 20 kV. Samples were prepared by drop casting a small droplet of a
nanowires suspended in ethanol on a clean silicon wafer and quickly dried using a high flow of
N. gas. The wafers were secured on stubs using adhesive carbon tape. Non-conductive samples

(such as blank AAO membranes) had to be carbon coated before examined under the SEM.

This technique was used to observe the nanowire morphology and determine the nanowire
dimensions. Additionally, making use of a back-scatter detector greatly helped identify the

different nanowire segments.

The SEM system used was also coupled with an EDX detector. This was mainly used to
determine Cd/Se atomic ratios in nanowire segments and to confirm the identity of metal

segments Ni, Au and Pt.

4.7.2 X-ray diffraction

X-ray diffraction was conducted on a Bruker D8 Advance with a Co K« radiation source (A =
0.178897 nm) operating at 35 kV. This technique was used to confirm that the crystal structure
of the as prepared CdSe nanowires were cubic CdSe and that a phase change to the wurtzite

structure is achieved after annealing at 500 °C for 1 hour. in argon.
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The AAO membrane filled with CdSe nanowires were then placed centrally on a sample holder
(either zero back-ground or standard), with the x-ray angle being increased from 0° to 120° in
30 minutes using the standard holder and 70 minutes using the zero-background holder. The
reason for a slower scan with the zero-background holder was due to the membrane shifting
while being scanned due to the smooth surface of the zero-background holder and the

rotational motion of the stage.

4.8: Testing of Photocatalysts

This section explains how the photocatalytic devices prepared in the previous section are tested

for their hydrogen evolution ability in various aqueous media.

4.8.1 Solar simulator

A 1.6 kW xenon lamp as part of a SPI solar cell tester providing AM 1.5 global terrestrial
conditions was used as an irradiating light source during photocatalytic testing, the light

intensity ranges between 700 -100 W/m? (“Ni ve rs ity ap e To w n ve rs ity of e To w”, n.d.).

The solar cell tester could only be used in 20-minute increments as over-heating would occur.
This was one limitation in the testing methodology, that photocatalytic materials could not be

irradiated for longer periods of time.

4.8.2 Photoreactor

4.8.2.1: Construction of the photoreactor

Pasteur pipettes (Borosilicate) were cut and blown using a glass cutter and a small blow torch
respectively to make the bubbler, photocatalyst holder and cover. Epoxy resin was then used to
hold these components in place inside a cylindrical polytope glass vial (Soda lime). The epoxy

was hardened in air at 70°C for 2 hours.

4.8.2.2: Photoreactor set-up under irradiation

A glass photoreactor designed and made inhouse was used to test photocatalytic devices in

various aqueous media to produce hydrogen gas. A schematic of this set-up is shown in figure

4.4.
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Figure 4. 4: Schematic of photoreactor set-up for testing of photocatalytic devices

Argon gas was bubbled at 3.5 ml/min and was used as a carrier gas as well as an agitator for the
photocatalytic device to knock off bubbles adsorbed on the surface that would otherwise not be
collected. Due to the pressure drop across the photoreactor, the gas product flow rate could not
be measured with a bubble column. This unfortunately meant that the flow rate of evolved

species such as hydrogen could not be measured using the mass spectrometer.

4.8.3 Testing electrolyte used for hydrogen evolution

An 8o vol. % MeOH testing electrolyte was used for the photocatalytic evolution of hydrogen

gas.

4.8.4 Mass spectrometer

The gas product line is connected to and analysed by a Pfeiffer Omnistar mass spectrometer,
model GSD 301 with a mass range of 1-300 amu, operated in molecular ion detection (MID)
mode and using Quadstar 422 software for data analysis. The mass spectrometer ionises the
incoming products with an electron beam and measures the ion current for each specified
species. The expected gaseous species were N2, Oz, Ar, H20, H2, CO2 and MeOH. A unique
mass to charge ratio (m/z) characteristic of each species was used to calibrate the mass

spectrometer, these are reported in table A1.3 in Appendix A1.

This allowed an increase or decrease in hydrogen gas to be observed and related to the time the
photocatalytic device had been irradiated. If increases in the hydrogen ionic current is observed
with radiation, this would imply that the devices are photo-active. Additionally, decreases in
the hydrogen ionic current in the absence of irradiation would also imply photoactivity. Once
this can be confirmed more rigorous testing of these types of devices can be tested that explores

their stability and activity.
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4.8.5 Detection of hydrogen

To ensure that the set-up shown in figure 4.4 was able to detect hydrogen gas via the mass
spectrometer capillary, a solar cell connected to a mini bench-top electrolyser was used to
generate hydrogen gas from pure water under illumination from the solar simulator. A

schematic of this set-up is provided in Figure 4.5.

——— ———— » Solar simulator

H. product to

online analysis

(Solar Cell)

(Mini electrolyser)

Figure 4. 5 Schematic of set-up used to generate hydrogen gas for calibration of mass spectrometer

The mass spectrometer was calibrated using the mass/charge ratios provided in Table A1.3 in

Appendix A1.

4.8.6 Photocatalytic testing protocol

the following photocatalytic testing protocol was developed with aim of having a consistent

method of testing to ensure reproducibility and comparability of photocatalytic performance.

1. Rinse reactor with D.I water 3 times.

2. Allow reactor to dry in the oven for 20 minutes until completely dry.

3. Carefully insert the photocatalyst into the holder.

4. Connect the Ar gas line to the bubbler setting the flow to 3.5 ml/min.

5. Insert glass cover connected to the mass spec and ensure that it completely covers the
catalyst holder.

6. Put the photoreactor system inside the illumination area tilting it slightly allowing the
photoactive CdSe layer to face the light.

7. Slowly add solution, ensuring that the liquid level covers the catalyst and that Ar gas
bubbles are not leaking out the sides and are being channelled through the cover.
Close the covers around the illumination area.

0. Set the Mass Spec to MID mode and open the valve, allowing 10 minutes for the ion

currents to reach steady state.
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10. Ensure that the bubbles are all still being collected into the mass spec cover.

11. Restart Mass Spec cycle and wait 5 minutes.

12. Switch the light on.

13. Allow it to run for 20 minutes.

14. Switch the light off.

15. Leave the mass spectrometer running for a further 5 minutes before turning it off,

saving the data.

After the testing of a device, the solar simulator was left off for 30 minutes to cool down before

another device could be tested.
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Chapter 5: Results & Discussion

This chapter presents the results obtained in pursuit of the objectives and hypotheses previously
stated using the methods outlined in the previous chapter. Firstly, the significant advances
made to the methodology for preparing photocatalytic nanowire devices using the template
directed electrodeposition technique is presented in section 5.1:. Section 5.2: then focuses
specifically on the electrosynthesis and characterisation of semiconducting CdSe nanowires
while section 5.3 focuses on the electrosynthesis of the pure metal co-catalyst materials Ni, Au
and Pt. Section 5.4: uses the insights obtained from single component electrosynthesis in
sections 5.2: & 5.3 and presents results obtained for multi-segmented nanowires. Lastly, the
significant advances made to the photocatalytic testing methodology as well as the results

obtained with the established system is presented in section 5.6:

5.1: Template directed electrodeposition - Method development

Considerable progress has been made to the ease of how nanowires are synthesised using
template directed electrodeposition specifically regarding the assembly and disassembly of the

working electrode that uses fragile anodised aluminium oxide (AAQO) substrates.

5.1.1 Synthesis

5.1.1.1: Porous anodised aluminium oxide membranes

AAO membranes of two different average pore sizes were used as a template for nanowire
growth to determine possible effects on the electrodeposition parameters. The popular 200 nm

pores (Figure 5.1A) are supplied by Whatman® and have been used in various reported literature

©

et | HF O ‘% —

o

160 nm pores side 1.[C] 160 nm pores

Figure 5.1 SEM images of porous AAO membranes. [A] 200 nm pore .[B]
reverse side.

(Pena et al., 2002; Kumar et al., 2010; Mubeen et al., 2013).The 160 nm pore membranes (Figure
5.1 B & C) are supplied by InRedox® a more recently established supplier of these and other

materials related to the electrosynthesis of low-dimensional nanomaterials.

44



Although Whatman® membranes have been popular, they are prone to cracking and break quite
easily. They also come in a small range of pore sizes to choose from. Additionally, the actual
diameter of the nanowires have been found to be ca 50 -100 nm larger than the pore size rating
(Pefa et al, 2002; Fawzy, 2016). 13 mm 25 mm diameter membranes were used for
electrodeposition of nanowires. 25 mm diameter membranes with a polypropylene support ring
were found to be very easy to handle, the support ring however could not handle temperatures
above 100 °C and would cause disfiguration of the entire membrane. Therefore, devices for

testing were only fabricated using 13 mm diameter membranes.

InRedox® have provided more robust membranes that are less prone to cracking and breaking
with more consistency between pore size rating and actual nanowire diameter. The membranes
are also fully customizable in terms of pore size, membrane thickness, membrane shape and
membrane diameter. SEM images taken of each side (Figure 5.1 B & C) of their membranes
however, show that one side is smooth with good exposure of the pores (Figure 5.1 B) and that
the reverse side is covered with flat protrusions (Figure 5. 1 C) between the pores that hinder
their exposure. Although how this would affect the process of electrodeposition is not yet clear,
it is nearly impossible to distinguish which side is which with the eye making it difficult to
consistently use the same side. This feature was not observed in the imaging of Whatman®

membranes.

A comparision between theses membranes from the different suppliers also show a stark
contrast between the interpore distance, with Whatman® pores arranged quite densly as

opposed to the InRedox® membranes where pores are ca. 200 nm apart from each other.

5.1.1.2: High vacuum evaporation of silver films as a conductive substrate

Silver films, evaporated from pieces of pure silver wire onto one side of AAO membranes
function as the working electrode during the electrodeposition of nanowires. The evaporation
was carried out using a high vacuum of 2x10# mbar, the evaporation was carried out for between
20 - 40 seconds. This is a rougher vacuum than was used by Fawzy (2016) of = 10°® mbar, and
significantly reduced the time needed to evaporate the film as the vacuum pump took about an

hour to reach = 10° mbar and only about 10 minutes to reach = 10 mbar.

It is critical that a conductive silver film that effectivley blocks the membrane pores is
evaporated. If the pores are not sealed off with the film, the electrolyte will leach through open

spaces and deposit onto any other conductive surface creating difficulty in forming nanowires.
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Fortunatley a fast visual test can be applied, if the deposited film resembles a shiny silver colour
then silver has been successfully deposited.If however the film is shiny with a slight brown or
gold colour then the silver evaporated is not covering the pores completey as shown in Figure

5.2 B.

T

HFW ﬁéﬁdir\g E még ) spcﬁ WD - 1 pm — Landing E mag | 1um
TLD |2.98 pm| 200 keV [ 100000 x| 5.0 | 5.4 mm Nova NanoSEM 2 5.00 keV | 100 000 m | Nova NanoSEM

Figure 5. 2 SEM images of evaporated silver films. [A] Film evaporated at 2x104 mbar suitable for electrodeposition. [B]
Film evaporated at 5x105 mbar unsuitable for electrodeposition

It is not at this stage clear as to why the film morphology breaks down when thermally
evaporated at a higher vacuum level which results in an outlining of the pores with silver instead
of covering the pores, but it was clear that the former case does not allow for successful

deposition of nanowire material.

5.1.1.3: Methods of working electrode assembly: Advantages and disadvantages

In order to ensure electrodeposition only happens inside the pores and not on the back-side of
the silver film, this side must be isolated from the electrolyte. This can be done in three ways,
two of which have been made use of in this work. The reader is referred to the experimental

section which shows images of these working electrode assemblies.

1. A glass slide with copper tape down the centre and double- sided tape with a 13 mm hole used

to stick the AAO membrane down and electrically isolate it.

Figure 5. 3: Working electrode constructed using double-sided tape (adapted from Fawzy, (2016))
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2. A glass slide with copper tape down the centre and nail varnish used to isolate to seal the

edges of the AAO membrane onto the conductive copper tape.

Figure 5. 4 Working electrode constructed using nail varnish to isolate the porous membrane

3. A holder made of PEEK, designed specifically for electrodeposition into AAO membranes.

(Acquired from InRedox®)

Figure 5. 5 Working electrode construction using an electrodeposition holder

This development in the working electrode assembly shown in Figure 5. 3, Figure 5. 4 & Figure
5. 5 used for the template directed electrodeposition of nanowires shows that this type of
technique can be implemented using simple materials, making it more accessible for further
investigation and development. Especially since explanations of how this is carried out is largely
vague and rarely found in the literature looked at. The advantages and disadvantages of using

these assembly methods is describe in Table 5. 1.

Table 5. 1 Advantages and disadvantages of working electrode construction methods

Method | Advantages Disadvantages
L v Proper isolation of AAO X Removal of AAO membrane after

membrane is achieved being stuck easily causes cracking

v" Multiple AAO membranes or breaking of the membrane.
can be used at once X Many contaminates, and foreign

v' Materials are easily available matter are present on the double-
and cost effective. sided tape with unknown

v Can be used for small (13 consequences during
mm) or large (25 mm) electrodeposition.
diameter membranes.
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) v" Proper isolation of the AAO X Leakage of nail varnish occurs into
membrane is achieved. the pores around the edges of the
v" Multiple AAO membranes membrane reducing the
can be attached electrochemically active surface
v" Can be used for small (13 area for electrodeposition to take
mm) or large (25 mm) place.
diameter membranes. X Requires careful and even
v" Nail varnish has proven to be application around the AAO
stable and inert even in membrane.
acidic media X Requires 30 - 60 minutes of drying
v Nail varnish readily dissolves time
in acetone allowing easy
removal of the AAO
membrane.
3 v" Proper isolation of the AAO X Can only accommodate one AAO
membrane is achieved. membrane for electrodeposition at
v The holder is made from a time
PEEK, which is a chemically, X A separate holder must be
mechanically and thermally purchased for different membrane
stable thermoplastic. diameters.
X Costly

All three of the methods for the construction of the working electrode outlined in Table 5. 1
have successfully been used to electrochemically grow nanowires. Due to the brittleness of the
AAO membranes however, and how sensitive to contaminates electrodeposition is, method 3
was predominately used to construct devices for testing. Method 3 minimises the need to
directly handle the AAO membrane, reducing the risk of breaking them. Additionally, it
eliminates sources of possible contamination such as double-sided tape or nail varnish in

contact with the electrolyte.

5.2: Cadmium selenide nanowires

This section contains details on the template directed growth of CdSe nanowires by applying
cyclic voltammetry and is referred to as cyclic electrodeposition. The behaviour of the curves
from start to finish is observed to better understand how this affects the stoichiometry of the

resulting nanowires.
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5.2.1 Cyclic electrodeposition of CdSe nanowires

5.2.1.1: Cyclic electrodeposition of CdSe nanowires into 200 nm pores.

In the following three figures, the progression of the CdSe nanowire growth is shown. Figure 5.
6 shows the first 10 cycles. Figure 5. 7 shows every 10" cycle of cycle 10 to cycle 160. Finally,
Figure 5. 8 shows every 10" cycle of cycle 170 to cycle 300. This was done to simplify the graphs

so that curve transitions could be more easily observed.

Current | (mA)

Potential (V vs Ag/AgClin 3M KCI Sat.)

Figure 5. 6 First 10 cycles of cyclic CdSe electrodeposition into 200 nm pores

The very first few curves throughout all the depositions performed have been observed to reach
relatively high negative currents down to -12 mA at times. This is thought to be due the presence
of a high initial concentration of electroactive ions at the working electrode surface and/or
formation of silver alloys with Cd and Se species. It could also be due to the removal of surface
impurities. For this reason, the first cycle has been omitted from Figure 5. 6. The first 10 cycles
are also normally characterised by a big shift to more positive currents, with cycle two appearing
completely below the x-axis and cycle 10 having a part of its stripping peak in the above the x-

axis.

The first 10 cycles, observe peaks shifting into more steady state positions with an overall shift
to more positive currents. It therefore would make sense that the nanowire piece grown from
the first 10 cycles or so would be very unbalanced regarding the ratio of cadmium to selenium

and even more due to the presence of silver alloys with these elements.
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Figure 5. 7 Every 10th cycle of cycle 10 to cycle 160 of CdSe cyclic electrodeposition into 200 nm pores

CdSe electrodeposition is typically cycled from -0.35 V to -0.8 V and back to -0.35 V. Along this
path, the onset of the reduction peak is observed to occur rapidly at -0.73 V and with a dip at -
0.76 V. On the reverse cycle, the Cd stripping peak occurs at -0.68 V. These are the steady state

reduction and stripping potentials of this system as seen in Figure 5. 7.

After the first 10 cycles, the reduction and oxidation peaks remain relatively consistent with
respect to potential. Both peaks however shift with respect to current. The current associated
with the oxidation and reduction peak becomes more positive from cycle 10 to cycle 50
approximately. From cycle 50 to cycle 160 however, the oxidation peak current decreases while
the reduction peak current continues in the positive direction. The features of the cycle
diminish as the growth progresses. Which is most likely due to the ions being depleted in the

electrolyte with each cycle.

The steady state cyclic voltammogram presented here corresponds well to what other
researchers who have used cyclic electrodeposition technique of CdSe and have presented this
information (Kressin et al., 1991; Shpaisman & Givan, Uri Patolsky, 2010; Fawzy, 2016).Although
some researchers state they have used this electrosynthesis technique, but do not present their
obtained cyclic voltammetry data (Klein, Herrick, et al., 1993; Pefia et al., 2002; Schierhorn et al.,

2009)

The progression of the CV and the formation of stoichiometric CdSe was first elucidated by
Kressin et al. (1991) who first developed the technique for CdSe thin films. Following his
explanation, the region labelled A on Figure 5. 7 is where CdSe is deposited along with excess

Se. Se electrodeposits much more readily than Cd at these potentials, noting that its standard
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reduction potential is much more positive than that of Cd as shown in Table A1.2 in Appendix
A1. Region B sees excess deposition of Cd ions due to the higher concentration of Cd** Region
C is then where excess Cd is stripped back into the solution leaving behind mostly CdSe after
which the process is repeated. This explanation was corroborated by Shpaisman & Givan, Uri
Patolsky (2010) who repeated the process but for electrodepositing nanowires as opposed to

films and is critical to the formation of stoichiometric deposits.

Differences are observed in the anodic peak potential where Cd is stripped. For Kressin et al,,
(1991) & Shpaisman & Givan, Uri Patolsky (2010), This stripping occurs at less negative potentials
of ca. -0.6 V.( Vs Ag/AgCl for Shpaisman & Givan, Uri Patolsky (2010) and Vs SCE for Kressin et
al.(1991)). This is mainly thought to be due to differences in Cd concnetrations as well as the use
of different scan rates since Kressin et al. (1991) & Shpaisman & Givan, Uri Patolsky, (2010) both
use high scan rates of 1000 mV/s and 750 mV/s and both made use of higher concentrations of
Cd in their deposition electrolytes (0.3 M CdSO,) as opposed to that used for the results reported
here which correspond with the andoic peak position observed by Fawzy (2016) who used

similar scan rates (10 -50 mV/s) and similar concentrations of Cd (5 mM CdSO, ) to this work.
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Figure 5. 8 Every 10th cycle of cycle 170-300 of CdSe cyclic electrodeposition into 200 nm pores
Towards the end of the electrodeposition, the peaks featured previously completely disappear
and the entire cycle has migrated to the cathodic current region as is illustrated in Figure 5. 8.
This behaviour has not been previously reported but is most likely due to the depletion of Se

ions in the electrolyte, with electrodeposition happening only for Cd.

This has two implications, first, that if the electrodeposition is carried out for too many cycles

the segment deposited after the Se has been depleted below some limit, will predominately be
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Cd. To prevent this and ensure that majority of nanowires is stoichiometrically CdSe, the
electrodeposition should only be allowed to run for between 8o -100 cycles for this system and
parameters used. After 100 cycles, the anodic stripping peak is observed to fall into the cathodic

region.

Secondly that if longer nanowires need to be grown using extended cycles, a larger volume of
electrolyte will need to be used, such that Se ion depletion becomes negligible or alternatively,

the electrolyte will need to be refreshed after a certain amount of cycles.

5.2.2 Electrodeposition of CdSe nanowires inside 160 nm pores

Electrodeposition of CdSe was also carried out inside the pores of 160 nm diameter AAO

membranes. The resulting CV for this is shown in Figure 5. 9:

-0.85 -0.3

Current | (mA)

Potential (V vs Ag/AgCl 3 M Sat.)

Figure 5. 9: Every 10th cycle of 70 cycles of CdSe electrodeposition into 160 nm pores

The electrodeposition here was carried out for 70 cycles, at a scan rate of 15 mV/s using the same
electrolyte compositions as used for 200 nm pores. What is surprising here is that none of the
salient peaks associated with bulk Cd deposition and stripping are present as is for the 200 nm
pores. Additionally, there appears to be much less shift with respect to current and almost no

hysteresis observed for each cycle as there is for the CVs of the 200 nm pores.

This was an unexpected result considering that the difference in pore size was only 40 nm. One
does not expect 200 nm pores and 160 nm pores to exhibit such dissimilar behaviour reflected
in their respective CVs. A plausible reason may be the effect of the larger inter-pore distance
observed in Figure 5. 1 of the 160 nm InRedox® membranes compared to the 200 nm Whatman®
pores. These larger inter-pore distances in combination with a smaller pore size would also

result in a lower active surface area for electrodeposition which could contribute to the observed
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voltammogram. Despite an observed lack in cyclic voltammetry features, nanowires were
successfully electro-synthesised from the CV presented in Figure 5. 9 with SEM images

presented in Figure 5. 10.

5.2.3 SEM/EDX of CdSe nanowires

Scanning Electron Microscopy was used to assess the morphology of the electrodeposited
nanowires, whilst an Energy Dispersion X-ray analysis was used to determine the ratio of Cd to

Se in electrodeposited CdSe.
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Figure 5. 10 SEM of CdSe nanowires grown in [A] 200 nm pores using a 25 mm diameter AAO membrane. [B] 200 nm
of a 13 mm diameter AAO membrane grown for an extended period. [C & D] 13 mm AAO membrane with 160 nm wide
pores.
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Figure 5. 10 A & B show electrodeposited CdSe nanowires into 200 nm pores. For A, a 25 mm
membrane diameter was used with a method 2 working electrode assembly. Image B illustrates
nanowires electrodeposited for an extended period ca. 700 cycles using working electrode
assembly method 2 as well but with a 13 mm AAO membrane. Image C & D are CdSe nanowire
electrodeposits done using a PEEK electrodeposition holder into 160 nm pores. C shows a close-
up of these nanowires growing out of their pores while D shows a broader overview of the
nanowires. The length of CdSe nanowires can reach up to 15 pm and longer and depend mostly

on the number of cycles as observed by Shpaisman & Givan, Uri Patolsky, (2010) as well. In this
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work, nanowire length was also observed to be depend on the pore size, with smaller pores
being filled faster than larger ones with the same number of cycles and scan rate used. EDX was
used to determine the ratio of Cd to Se in the electrodeposited nanowires, these results are

shown in Table 5. 2.

Table 5. 2 Atomic ratio of Cd to Se of nanowire samples shown in Figure 5.10

Sample Cd (at%)/Se(at%)
[A] 200 nm pores using a 25 mm diameter 8.6
AAQO membrane
[B] 200 nm of a 13 mm diameter AAO L5

membrane grown for an extended period

[C & D] 13 mm AAO membrane with 160 nm 0.82

wide pores.

This EDX analysis was done to determine the atomic % of Cd and Se and the ratio Cd/Se was
calculated by averaging the data of all points analysed for each corresponding sample shown in

Figure 5. 10.

Nanowires shown in Figure 5. 10 A were found to be rich in Cd whereas nanowires for B, C and
D were found to be closer to stoichiometric proportion. This shows that a significant variation
in the ratio between Cd and Se can occur in these electrodeposited nanowires even though
experimental conditions are kept consistent. A potential reason for the variation in the
stoichiometry could be due to the use of different membrane sizes but more likely linked to the
relative consumption of the Se and Cd ions during the deposition. Small changes to the ratio
between these ions have been observed to cause big difference in the stoichiometry. Shpaisman
& Givan, Uri Patolsky (2010) also reports that significant variation in the ratio between Cd and
Se can occur along the length of nanowire axis when either just a forward or reverse scan is
isolated for the electrodeposition, but this was observed to be corrected when full cycles were

applied.

It is not yet clear how significant variation in the stoichiometry of electrodeposited nanowires
as seen in Table 5. 2 can affect its photocatalytic performance. This is one of the main drivers
for further understanding the behaviour the cyclic electrodeposition process. Understanding
this process will also help understand how CdSe nanowire growth can be optimised to produce

quality stoichiometric nanowires more consistently.
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5.2.4 X-ray diffraction of CdSe nanowires embedded in pores

20 30 40 20(°) 50 60 70

Figure 5. 11: X-ray diffraction plots of different sides of CdSe nanowires embedded in AAO membrane {A, B] XRD scan
of side 1 and 2 respectively. [C] XRD of side 2 after annealing.

X-ray diffraction was performed with the nanowires embedded inside the membrane pores and
it was found that a reliable signal could be obtained when the side of AAO membrane where
CdSe had been deposited and Ag layer etched was exposed, as is shown by scan B. Scan A shows
the result for the reverse side to B where a reliable signal was not obtained. Scan C was done on
the same side as B after the embedded nanowires were annealed in at 350 °C in Ar for an hour.
Reference patterns for the peaks obtained in Figure 5. 11 are illustrated and discussed in Figure

5.12
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Figure 5. 12: X-ray diffraction plots of annealed and unannealed CdSe nanowires embedded in porous AAO membranes

including the relevant matching reference patterns. Naumannite: PDF o1-071-2410, Silver Cadmium: PDF 03-065-3158,
CdSe Cubic: PDF 03-065-2891, CdSe Hexagonal: PDF 00-002-0330

The XRD analysis confirmed the zinc blend or cubic crystal structure for unannealed or as
prepared CdSe nanowires. Annealing of the embedded nanowires produced scans with sharper
peaks indicating an increase in the crystallinity, this is accompanied with a phase
transformation from cubic to hexagonal or wurtzite all of which has been reported in previous

studies for electrodeposited CdSe (Kressin et al., 1991; Fawzy, 2016).

Annealing also resulted in a shifting of the resulting peaks, causing a mismatch between the
hexagonal or wurtzite crystal structure reference pattern. The exact reason for this is not known
but it is suspected that it could either be due to an interaction between CdSe and the anodised
alumina membrane during annealing or because the nanowires are preferentially arranged in a
vertical manner by nature of being embedded in the membrane. Joo et al. (2006) observed XRD
peak shifting to higher angles for CdSe nanoribbons in with a wurtzite crystal structure. This
was attributed to a contraction of the crystal lattice due to high surface tension. Since a shift to
lower angles is observed in Figure 5.12, this may then indicate an expansion in the lattice

structure post annealing.

The presence of Ag.Se as well Ag;Cds were also noted in the diffractogram show in Figure 5. 11.
With other researchers reporting similar appearances of Ag in their XRD patterns (Xu et al.,
2000; Pefia et al., 2002) as a result of using it as the cathodic substrate. The presence of these Ag

species was difficult to eliminate even after multiple etching treatments with HNO;.



5.3: Electrodeposition of nickel, gold and platinum nanowires

After the cyclic electrodeposition of CdSe, conductive metals Ni and then Au are
electrodeposited on top of the CdSe segment forming multi-segmented nanowires. This forms
an ohmic contact to the CdSe segment allowing electrons to be conducted away from the CdSe
segment. Pt is finally electrodeposited at the end to function as the HER electrocatalyst. This
section describes what electrochemical techniques was used for the electrodeposition of each
of these metals and the associated parameters. Challenges faced during the electrodeposition of

these metals are also mentioned and how they were overcome.

5.3.1 Electrodeposition of nickel nanowires

Chronoamperometry or constant potential electrodeposition was used for the electrodeposition
of Ni into the pores of the AAO membrane. Ni electrodeposition using the parameters outlined
in the experimental methods chapter was found to be the most straight forward

electrodeposition with high chances of successful nanowire formation.

Ni @ -1V vs Ag/AgCl

Current (mA)

0 500 1000 1500 2000
Time (s)

Figure 5. 13: Chronoamperometry applied for the electrodeposition of Ni, Au and Pt nanowires

Nickel was deposited first at -1 V vs Ag/AgCl. The electrodeposition of Ni was almost always

observed to have an initial dip in current after which the curve flattens out. this has been
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reported to be due to the immediate nucleation of crystallites onto the conductive Ag substrate

at the bottom of the pore.

5.3.2 SEM and TEM analysis of Ni nanowires

A

Figure 5. 14: SEM images of Ni-Au-Pt nanowires using a backscatter detector [A &B}, TEM image of pure Ni nanowires

[C].

Nova

The chronoamperogram shown in Figure 5. 13 results in the Ni nanowire structures shown in
Figure 5. 14. An EDX analysis has identified the darker deposits as nickel and the brighter ones
as gold and platinum for image A and B. It was observed that the morphology of nickel conforms

well to that of the cylindrical pore being ca. 250 nm in diameter.

5.3.3 Electrodeposition of Au nanowires

Au nanowires were electrodeposited using chronoamperometry as outline by Fawzy (2016).The
Au nanowire segment has a dual function, First together with Ni promoting the conduction of
electrons formed in the CdSe segment to the Pt electrocatalyst. Its second, less reported
function is that it is needed in a protective capacity for the electrodeposition of Pt from chloride
based electrolytes since these electrolytes are corrosive towards base metals such as Ni.(Rao &

Trivedi, 2005) . It is therefore important for these Au segments to be well formed.

NG ;5 T 8 |

Figure 5. 15: SEM iages ofzrregula u nanowire electrodeposits
The morphology of Au nanowires was found to be irregular when compared to Ni as is shown

in Figure 5. 14 (A & B) as well as Figure 5. 15. These morphologies were observed to be jagged
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with small protrusions. This lead to an investigation into alternative electrodeposition
technique for Au nanowires. The suspected cause of this is that the rate of deposition was
occurring too fast and not allowing enough time for the metal to deposit laterally as opposed
along the pore axis. Further suspected causes could be poor pore wettability or concentrations

of the electrodeposition salt solutions being too low at 5 mM of the Au precursor HAuCl,.

Habouti et al. (20m) had observed similar jagged morphologies of electrodeposited Au
nanowires. They used the same Au precursor used in this work but at higher concentrations (1.2
M HAuCl,) with the addition of glacial acetic acid. Their observation was that chrono methods
had resulted in jagged nanowire structures while being able to obtain well formed, smooth
deposits using a pulsed chronoamperometry electrodeposition technique, but with an unknown
cyanide-based deposition electrolyte. Although this made it difficult to compare the two

methods these ideas were incorporated here to improve the Au nanowire morphology.

5.3.3.1: Chronoamperometry

To correct the morphology of the Au nanowire segment, several different electrodeposition
techniques were applied. This included chronoamperometry, pulsed chronoamperometry, a
combination of chronoamperometry and chronopotentiometry as well as just
chronopotentiometry. The idea behind applying these techniques was to lower the rate at which

deposition was occurring.
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Figure 5. 16: Chronoamperometry for the electrodeposition of Au nanowires at a high overpotential (-1.4V ) and a low
overpotential (-0.6 V)
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The chronoamperogram shown in Figure 5. 16 shows the current response to two different
potentials used to electrodeposit Au nanowires. The higher electrodeposition potential (-1.4 V)
sees a higher current magnitude and therefore an increase in the rate at which deposition is
occurring. For the higher potential deposition, a 2x increase in the magnetic stirrer speed was
made at approximately 1250 seconds. The current response immediately decreases in
magnitude, indicating that the electrodeposition response is sensitive to changes in agitation

speed and that mass transport limitations are present within the system.

,‘ det | HFW |LandingE mag
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Figure 5. 17: SEM images of Au

deposited at -1.4 V

The resulting electrodepositions from both the high and low potentials used are shown in Figure
5. 17 Both these attempts still show jagged Au nanowire morphologies [B] more so than [A],
indicating that higher potentials and therefore faster rates of deposition do not promote

complete lateral filling of the pore resulting in well-formed Au nanowire morphology.

5.3.3.2: Pulsed Chronoamperometry

A pulsed chronoamperometry electrodeposition of Au nanowires was attempted. The rational
for this was that keeping the potentials positive for short intervals might help keep the

concentration of the electroactive Au ions at the solid/liquid interface higher.
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Figure 5. 18: Pulsed chronoamperometry for electrodeposition of Au nanowires
The electrodeposition took place at a potential of -0.35 V for 30 seconds. The potential wave was
then kept at +0.3 V for 20 seconds, halting electrodeposition and allowing recovery of the Au

ion concentrations at the solid/liquid interface.
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Figure 6. 19: Au nanowires deposited using pulsed chronoamperometry

The SEM images in Figure 6. 19 show the resulting Au nanowire deposits from pulsed
chronoamperometry. It should be noted that incomplete Ag etching here has resulted in areas
where the Au deposits are attached to Ag layers. Visually it is observed that there is a slight
morphological improvement with the use of a pulsed Au electrodeposition, but that this is still

accompanied by many defects along the nanowire growth axis.

5.3.3.3: Combined chronopotentiometry and chronoamperometry for gold

electrodeposition

Since different variations of chronoamperometry have shown no significant improvement to the

morphology of Au nanowire morphology, a current controlled method such as
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chronopotentiometry was considered. This entailed fixing the current and allowing the
potential to vary with time, which is essentially the reverse of chronoamperometry which was

used previously.
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Figure 5. 20: Combined chronopotentiometry and chronoamperometry for the electrodeposition of Au nanowires

It was suspected that perhaps how the initial growth of the nanowire took place affected the
morphology of the rest of the nanowire. So then if the initial nucleation phase was more
controlled such that the nanowire could grow on a well formed based, the rest of the nanowire
would be well formed. Based on this, it was decided to use chronopotentiometry initially,
keeping the current magnitude low at -0.9 mA for 40 seconds. followed by chronoamperometry

for the rest of the deposition at -0.6 V.
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Figure 5. 21: SEM images of gold nanowires deposited using a combination of chronopotentiometry and
chronoamperometry

Combining these potentiodynamic and potentiostatic electrodeposition techniques showed a
definite improvement in the resulting nanowire morphology. It is observed throughout the SEM

analysis that segments of the nanowires have conformed well to the cylindrical pore followed
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by segments with a jagged and partially broken morphology. The former observation is
suspected to be a result of using chronopotentiometry at low current deposition rates as it has
not been observed with just chronoamperometry. With this result, chronopotentiometry was

chosen as the preferred method to electrodeposit the Au nanowire segments.
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Figure 5. 22: Chronopotentiometry of Au nanowire segment in multi-segmented nanowires

Applying chronopotentiometry for Au electrodeposition was done at an even lower current of -
0.35 mA for 250 s. This resulted in a relatively stable potential just lower than -0.9 V which could
not be achieved using chronoamperometry. If a potential of -0.9 was applied during
chronoamperometry, the resulting current would have been much higher than -0.35 mA in
magnitude as seen from the high potential chronoamperometry shown in figure s5.10.
Furthermore, the open circuit potential was also measured to gauge where the system starting

point is and was found to be approximately -0.24 V vs Ag/AgCl.
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5.3.4 Electrodeposition of Pt nanowires

chronopotentiometry was also adopted for the electrodeposition of Pt segments since the Au

and Pt salt solutions are of a similar low concentrations concentration
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Figure 5. 23: Platinum chronopotentiometry at -0.45 mA

This was done at a current of -0.45 mA for just over 300 s as shown in Figure 5. 23. The potential
response is similar to that seen for Au with an initial sharp drop in potential, then remaining
fairly consistent. The steady state potential of Pt chronopotentiometry is approximately -0.8 V
at -0.45 mA. The morphology of these deposits is shown in section 5.4 where multi-segmented

nanowires were electrodeposited.

5.4: Electrodeposition of multi-segmented nanowires

Once the electrodeposition techniques for each semi-conductor and metal component was
satisfactory, multi-segmented nanowires could be synthesised with more confidence. The
electrodeposition parameters were selected based on the findings in the preceding sections 5.2

and 5.3. These parameters used for each segment are also summarised in Table 4.1.

5.4.1 SEM analysis of multi-segmented nanowires

Multi-segmented nanowires were looked at using SEM coupled with a backscatter detector and
an EDX detector. Use of a backscatter detector for these materials allows the different metals to
be identified giving a rough indication of size of each segment. This along with EDX was used

to confirm the identity of the elements in different segments.
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The SEM images presented in Figure 5. 24 show a group of complete multi-segmented

nanowires in the order of CdSe/Ni/Au/Pt electrodeposited into 160 nm pores.
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Flgure 5. 24 Multl-segmented nanowires applying cyclic voltammetryfor CdSe Chronoamperometryfor Ni and
Chronopotentiometry for Au and Pt.

The images show that the morphology of Au and Pt segments have improved significantly in
comparison to the images shown in Figure 5. 15 for example by conforming to the cylindrical
pores. good contact between Ni, Au and Pt segments is also observed. This particular
electrodeposition however shows poor contact between the semi-conducting CdSe segment and
the rest of the pure metal segments. This along with the brittle appearance of the CdSe segment
for this deposit and the reliability of the CdSe stoichiometry discussed previously highlights a
few of the challenges associated with the template electrodeposition technique and defects that

can affect the performance of the photocatalytic device when tested.

5.5: Fabrication of photocatalytic devices for testing

Insights obtained from the electrodepositions carried out in the preceding sections coupled
with post electrodeposition annealing as well as the application of PEDOT:PSS as the protective
anodic electrocatalyst allowed for fabrication of CdSe based photocatalytic devices. These key

steps are emphasised here:
1) Electrodeposition of semi-conducting and metallic nanowires into AAO pores.
2) Annealing devices at 350 °C for 1 hr in Ar

3) Drop casting or spin coating of transparent conductive polymer PEDOT:PSS film as the

anodic electrocatalyst.
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Using this protocol, two photocatalytic devices were fabricated for testing with their
electrodeposition plots being summarised in Figure 5. 26 & Figure 5. 26.The parameters
regarding the electrodeposition of each device are kept the same, and the deposition times for

each segment was kept much shorter to reduce overall nanowire length.
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Figure 5. 25: Electrodeposition plots for device 1. [A] CdSe segment, [B] Ni, Au and Pt segments
To ensure reproducibility, each electrodeposition plot for each nanowire segment is compared.
Similarity in shape, position of peaks and potential in the case of chronopotentiometry are

observed before testing devices.
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Figure 5. 26 Electrodeposition plots for device 2. [A] CdSe segment, [B] Ni, Au and Pt segments

It should be noted that exactly identical plots have never been achieved using this method, there
have always been small variations to some degree for the same segments being deposited. This
could be due to a range of factors such as contaminants, small variations in temperature, an
uneven silver film having been deposited or use of a different potentiostat with different

sensitivities.

After the electrodeposition of CdSe, Ni, Au and Pt, the photocatalytic device was annealed and

PEDOT:PSS was drop casted and dried, completing the device fabrication for testing.
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5.6: Photocatalytic testing

The first part of the results section deals with how templated electrodeposition is used as a
synthesis technique for semi-conductor and metal nanowires, the characterisation thereof and
how photocatalytic devices were fabricated. This second part deals with how these
photocatalytic devices were tested for hydrogen production under illumination. The
development of the method used is first presented followed by the results obtained from testing

the 2 fabricated devices in an 80 % MeoH solution.

5.6.1 Photocatalytic Testing - Method Development

Development of a testing method to adequately gauge the activity of a photocatalyst is
presented here. Testing the performance of non-particulate planar like photocatalyst is
challenging for several reasons: These particular membranes are extremely fragile and need to
be handled with great care, hence the photocatalyst cannot be exposed to even mild torsional
or forces of compression. The orientation of the membrane should be such that the semi-
conducting CdSe is being directly illuminated by the light source to ensure maximum light
absorption. The membrane needs to be positioned upright and slightly slanted to allow gas
evolution to take place on both sides. Due to the small amounts photocatalytic gases evolved,
an inert carrier gas such as argon needs to be bubbled to displace bubbles off the surface of the
photocatalyst. The reactor needs to be completely transparent to allow light to penetrate. The
system needs to allow for easy sampling of a vapor space to determine which gases are being

produced.

As far as it is known, there exists no commercially available testing system that takes all these
requirements into account and a system needed to be designed and created from scratch. The
design of this photoreactor and its external system was created with the intention of allowing
for the proper reporting of photocatalytic activity as outlined by Chen et al. (2010) & Qureshi &

Takanabe (2017).

Although the system was designed with this aim in mind, which is no trivial task. The first step
in this work is to ensure that the system allows for the detection of hydrogen gas evolved from
these photocatalytic devices. Once this is achieved further development of the system such as

creating a photocatalytic standard as a benchmark can be considered.
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5.6.1.1: Design and construction of a photo-reactor and testing system

A glass photo-reactor was designed and constructed to specifically test 13 mm diameter

photocatalytic devices. The photo-reactor was created as outlined in the experimental methods.
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Figure 5. 27: Schematic of photocatalytic testing system

The photo-reactor and surrounding elements are displayed in figure 5.27. The photoreactor is

kept in a closed space (dashed line) under the lens of the solar simulator.

A clamp is used to hold in place and slightly tilt the reactor. An argon line is connected to the
bubbler and the flow is controlled using a mass flow controller between 2 and 5 ml/min
calibrated using a bubble meter. The mass spectrometer is connected to the system by placing
the glass around the device holder area such that a vapour space is created between the top

surface of the solution and stainless-steel tube capillary. The vessel can then be filled with the
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photolyte such that the photocatalytic device is sufficiently submerged. This is illustrated in

Figure 5. 28.

Figure 5. 28: Loading of photoreactor [A] 13 mm photocatalytic device inserted into holder. [B] glass sheath connected
to M.S. and sealed with epoxy placed over holder & Ar gas line connected. [C] Testing electrolyte added, completely
submerging the device.

5.6.1.2: Confirmation of hydrogen detection

To check that the mass spectrometer can indeed detect hydrogen, a solar-cell electrolyser

connected to a 7 x 15 cm solar cell was used to produce hydrogen from pure water
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Figure 5. 29: Hydrogen detection using mass spectrometry and a solar-cell electrolyser

The solar cell was put under illumination at ambient conditions and the hydrogen outlet was

connected directly to the mass spectrometer capillary.
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The test had a positive outcome, indicating that the system was correctly set-up to detect
hydrogen. Almost immediately after the light was turned on the hydrogen ion current spiked
and shortly after the light was turned off the hydrogen ion current started to decline as indicated
in Figure 5. 29. The delay in the response to the light is most likely due to the residence time

within the capillary.

5.6.2 Devices tested in 80% MeOH

The following procedure was followed in testing each device and is also outlined in the

experimental methods chapter:

The photocatalytic device is carefully inserted into the holder. The glass cover holding the mass
spectrometer capillary inlet is placed over the device. The argon gas line is connected and the
photoreactor is placed under the light. The correct orientation of the device towards the light
must be ensured. The mass spectrometer valve is then opened and allowed to start measuring
until a stable baseline has been obtained. Argon gas is then bubbled until the argon ion current
reaches a steady state value. Once the Ar ion current has stabilised, the photolyte or testing
electrolyte was added using a narrow nozzle directly into the photoreactor. Again the system is

left to reach a steady state. The light is then turned on for 4 -5 minutes and subsequently turned

off.

5.6.2.1: Device 1

The procedure described above was followed for device 1. The electrodeposition plots for this

device was summarised in Figure 5. 25.
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Figure 5. 30: Mass spectrometer ion current output for Device 1 tested in 80% MeOH
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The mass spectrometer response to the addition of the photolyte is the most significant feature
in Figure 5. 30. a few seconds after the photolyte is added. Spikes in the ion currents of H,, CO,
as well as MeOH are observed. This indicates that methanol oxidation occurs almost
immediately upon contact between electrolyte and photocatalayst. This is in the absence of any
applied irradiation meaning that the observed reaction most likely only a catalytic response as
opposed to a photocatalytic one. This is plausible since the oxidation of alcohols in the presence

of noble metals such as Pt is well known (Mallat & Baiker, 1994).
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Figure 5. 31: Mass spectrometer output for Device 1 tested in 80% Methanol

The ion currents for hydrogen and carbon dioxide are almost six times lower than that of argon
and methanol. It is therefore, from an activity point of view, more meaningful to observe the

behaviour of these curves in response to the applied irradiation.

Figure 5. 31 both CO, and H. ion currents increase from their baselines upon methanol addition
under no irradiation. For the duration of the irradiation however, no significant additional
increase in ion current for both these species was observed. Furthermore, after irradiation had

been stopped, no significant decrease in the ion currents were observed.
5.6.2.2: Device 2

The same procedure was used to test device 2 but initial ion current baselines were established

for a longer period.
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Figure 5. 32: Mass spectrometer output for device 2 tested in 80% MeOH

Addition of MeOH to the system without irradiation yielded the same response as seen for
device 1, an immediate increase in the ion currents for H,, CO, and MeOH, indicating catalytic

methanol oxidation.

The behaviour of the H, and CO. ion current for device 2 is different to that of device 1. Upon

irradiation the H. ion current continues to increase gradually while the CO, curve gradually

decreases.
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Figure 5. 33: Hydrogen and carbon dioxide ion currents for device 2 tested in 80% MeOH
When the irradiation is stopped, the ion current for both can be seen to decrease, The H. curve

is also slightly rougher during irradiation than before irradiation had started. This could be an

indication that the irradiation is driving some photocatalytic activity.

The electrodeposition curves for each segment of each device are comparable and both devices
were subjected to the same annealing conditions and PEDOT:PSS polymer application. Be this

as it may, device 1 showed no clear signs of being photo- active whereas device 2 gave a subtle
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response to the applied irradiation with respect to the hydrogen ion current, indicating that
small amounts of photocatalytic activity may have been present. Although this is not the most
desirable result, it does bring up the issue of how catalytic activity should be decoupled from
photocatalytic activity. This seems to be an important consideration for the case of testing in
MeOH. At this point, testing in electrolytes that do not spontaneously react with any of the
materials in the system seems like a reasonable way to isolate photocatalytic activity from
catalytic activity. This could be done by testing in electrolytes containing effective inorganic
hydrogen evolution promotors or hole scavengers such as Na,S/Na,SO; (Andrew Frame et al.,

2008; Commentary, 2013)

As for device 1 there are many reasons as to why it could be inactive, the most probably of which

are:

1) Poor contact between the segments along the nanowire structure as seen in Figure 5. 24

resulting in an inability for charge to be separated properly.

2) Formation of Ag;Cds and Ag.Se phases interfering with the process of light absorption
3) The ratio of Cd to Se being out of proportion in the CdSe segment of the nanowires.

4) A PEDOT:PSS layer that is too thick, hence not allowing light to reach photoactive CdSe

It may be of use for each completed device to be characterized before being tested. This however
runs the risk of destroying the device completely and will make estimating the illuminated area

difficult to determine if a piece of the device is broken off for further characterisation.

There is still a lot of work to be done towards the electrosynthesis of active photocatalytic
devices of consistent quality given that the results obtained were could not show definitive
photoactivity. What the results do however show is that gases evolved from these types of planar
devices, even though not produced photo-catalytically were detected using online mass

spectrometry and that the design of the photoreactor enabled these measurements to be made.

Although this does not yet allow for the proper reporting of photocatalytic activity since
hydrogen evolution has only been detected and not measured. The configuration of the mass
spectrometer system for the accurate measurement of hydrogen evolution would form part of

the next step of this research in its context.
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Chapter 6: Conclusions and Recommendations

Based on the preceding results and discussion thereof, and in relation to the objectives set and
hypotheses made in chapter 3, the current chapter presents the conclusions drawn and

recommendations made for future work.

6.1: Method development for the preparation of segmented nanowire
devices

Segmented (CdSe/Ni/Au/Pt nanowires were prepared using a template directed
electrodeposition technique into both 200 nm and 160 nm AAO membrane pores.
Photocatalytic devices for the intended purpose of photocatalytic hydrogen production were
also prepared with segments PEDOT:PSS/CdSe/Ni/Au/Pt that was subjected to post-treatments

such as annealing and treatment with organic acids.
Device preparation methodology was further developed from previous studies (Fawzy, 2016) by:

Making use of different AAO suppliers and carrying out electrodeposition of segmented

nanowires in both 200 nm pores (Whatman®) and 160 nm pores (InRedox®).

e Thermal evaporation of Ag films was done at a rougher vacuum level of 2 x10* mbar
allowing thermal evaporation to take less time as most of the time taken is waiting for
the correct vacuum level to be reached.

e Modifications to the construction of working electrode using a glass slide and copper
tape consisted of the use of nail varnish as an isolation material instead of tape. This
improved the ease by which the AAO membrane was recovered post electrodeposition
as they are extremely fragile.

e Exploring the XRD analysis of CdSe nanowires still embedded into the pores of the
AAO membrane. The analysis was carried out before and after annealing at 350 °C for 1
hour in argon. The reference pattern of the unannealed CdSe nanowires corresponded
well to pattern obtained but the XRD pattern obtained for the annealed CdSe
nanowires was found to have been shifted. The same analysis did not seem to work
inside the 160 nm pores.

e Chronopotentiometry was found to be an effective electrochemical technique to
control the morphology of Au & Pt nanowire segments whereas jagged nanowire

structures of these segments were obtained using chronoamperometry.

The cyclic electrodeposition of CdSe nanowires proved to be a lot more complicated than
initially anticipated. Variations in the pores sizes as well as pore characteristics such as the

interpore distances was suspected to significantly impact on the ratio between Cd and Se in the
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solid nanowire. This was attributed to mass transport effects taking place during the
electrodeposition process. There is a lot of scope to determine how mass transfer effects, affect
the stoichiometry of CdSe nanowires in systems where pore characteristics change and is

recommended for future investigation.

6.2: Design and creation of photoreactor for AAO membrane based

photocatalyst devices

A fully transparent glass photoreactor was constructed that was able to function as a holder for
the 13 mm diameter photocatalytic device as well the testing electrolyte and additionally allowed
Ar to be bubbled at very low flow-rates to act as an agitator and carrier gas. The design enabled
the AAO based photocatalytic device to stand vertically slanted with the photoactive segment

faced to the light source while gases could be carried away upwards from both sides.

The design of this photoreactor enabled the detection of hydrogen gas evolved from these
devices but cannot yet enable accurate hydrogen evolution rate measurements which are
required for the proper reporting of photocatalytic performances. It is recommended that this
task takes priority in future research in this area and be targeted specifically towards these
planar membrane type devices. This will require the development of a standard photocatalytic
material against which these devices can be benchmarked which is essential for further

development of a testing system like this.

6.3: Set-up of an online hydrogen detection system for photocatalytic

device testing.

A photocatalytic hydrogen detection testing system using online mass spectrometry was
successfully set-up. The elements of this system are shown in figure 5.27 consisted of an Ar mass
flow controller coupled to an electronic flow meter, A mass spectrometer linked to a computer,
an SPI solar cell tester as the source of irradiation and the previously described photoreactor
containing the photocatalyst material. The system did allow for the detection of hydrogen gas

evolved, but it was unclear if the hydrogen was produced because of irradiation or not.

For hydrogen detection the mass spectrometer is run in MID mode allowing it to detect the ions
of any specified ionic masses. Regardless of how much of it is being produced. MCD mode
however allows the concentration of a species in the sampled gas to be obtained but, for it to be
meaningful in this application, the flowrate into and out of the vapour space above the liquid

where hydrogen is being evolved into must be carefully controlled. Additionally, this mode
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requires further calibration regarding hydrogen. Once this is accomplished, more advanced and
meaningful photocatalytic performance data can be measured such as efficiency like STH and

quantum efficiencies, and specific activities such as pumol H. produced per hour.
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Appendix Al

Table A 1.1: Chemicals and reagents

membranes

Pore diameter: 160 nm

Reagent Details Supplier
Cadmium sulphate (CdSO,.8/3.H.0) 99.0% Sigma-Aldrich
Selenium dioxide (SeO.) 99.9%, trace metals basis Sigma-Aldrich
Nickel (IT) sulphate (NiSO,.6H,O) 99% Sigma-Aldrich
Gold (IIT) chloride hydrate () 99.999 % trace metals basis Sigma-Aldrich
Chloroplatinic acid (H.PtCls.6H.O) 37.50 % Pt basis Sigma-Aldrich
Boric acid (H;BO,) 99.97 % trace metal basis Sigma-Aldrich
Poly(3,4-ethylenedioxythiophene)- 1.3 wt. % dispersion in H.O, | Sigma-Aldrich
poly(styrenesulfonate) Conductive grade

Sulphuric Acid Analytic reagent Kimix

Nitric Acid Analytic reagent Kimix

Sodium hydroxide flakes Analytical reagent Kimix
Acetone Analytic reagent Kimix
Isopropanol

Glacial acetic acid

25 mm anodised aluminium oxide | Thickness: 60 pm, Whatman®
membranes with polypropylene support pore diameter: 100 & 200 nm

ring

13 mm anodised aluminium oxide | Thickness: 60 pm, Whatman®
membranes Pore diameter: 200 nm

13 mm anodised aluminium oxide | Thickness: 50 um, InRedox®
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Table A 1.2 : Comparison of theoretical Standard Reduction Potentials with applied and measured potentials during
electrodeposition

Element | Reduction half-reaction Standard Reduction Applied/Measured
Potential E° (V vs SHE) | Potential E (V vs
Ag/AgCl sat. 3.5 KCl)

Cd CdSO4 +2e” ¢> Cd (s) + S04 % -0.246 -0.3 to -0.8

Se H,SeO; + 4H* 4e¢> Se (s) + 3H,0 0.74 -0.3to -0.8

Ni -0.257 -1

Ni**(aq) + 2e <> Ni (s)

Au AuCls "+ 3e <> Au (s) +4CI 1.002 -0.4 to -0.5*
Pt [PtCl4]* + 2e” <> Pt (s) + 4CI 0.755 -0.4 to -0.5*

* Potentials stated for Au and Pt electrodepositions are the approximate steady-state potentials

measured since these metals were deposited using a constant current of -0.35 mA and -0.25 mA

respectively.
Table A1. 3 Mass to Charge ratios of species for detection using mass spectrometry
Species N> 0 Ar H,0 H, CO; MeOH
m/z 14 15.97 20.01 |18 1.94 4413 31.04
identifier
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