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Abstract

In the last decade, there have been major developments in the generation of green
fuel sources to replace fossil fuels with the aim of reducing greenhouse gas
emissions. Hydrogen is one of these sources that can be used either in the power
generating fuel cells or as a direct combustion fuel. To produce large hydrogen on a
large scale successfully, the whole process plant ought to utilise clean energy and

avoid fossil derived sources as much as possible.

This study focuses on a large scale solar driven hydrogen production in form of a
closed sulphur-ammonia thermochemical water-splitting cycle. The cycle utilises
both the thermal and quantum components of free and widely available solar
irradiation to drive the oxygen and hydrogen generation respectively. The only fluid
input to the cycle is water, and only output is hydrogen and oxygen gases. However,
in the most common type of sulphur-ammonia cycle, the hydrogen producing step is
undertaken by a high energy demanding electrolyser at high operating temperature.
In this research, the electrolyser step is replaced by a solar driven photocatalytic
reactor step, as a mean to make the cycle more economical and greener. To begin
with, an energy efficient and economically viable photoreactor based on LED
lightning, which could mimic the quantum part of solar irradiation, was designed and
benchmarked. Light intensity and flux analysis of the LED lightning indicated that cool
LEDs would be the most suitable option for a reactor using visible light driven
cadmium sulphide (CdS) photocatalyst particles. To further increase the
photostability of the CdS catalyst and improve its photonic yield, a suitable cocatalyst
was searched for. Among the cocatalysts under investigation, cobalt phosphides
(CoxP) was found to be most promising for an increased hydrogen evolution at a
reduced cost, if compared with more common noble metals such as Pt and Pd.
Different synthesis method and synthesis parameters showed different CoxP

composition could be tuned and optimised, resulting in different hydrogen evolution



yields. The CoP synthesised through an organometallic method loaded on CdS by
sonication, showed exceptionally high hydrogen yield compared to the other tested
CoxP/CdS, and even more than the most referred Pt/CdS, when an aqueous lactic acid
solution was used in the reactor. All investigations involved optimising different
working parameters such as; cocatalyst loading on CdS, reactor particle loading,
solution concentration variation and irradiation flux. For a solar driven sulphur
ammonia thermochemical cycle, the working fluid would be ammonium sulphite
rather than lactic acid and therefore, the same various CdS photocatalytic
composites and various working parameters were tested again but using ammonium
sulphite solution instead. Once again, the organometallic synthesised CoP/CdS
composite performed excellent with a comparable hydrogen yield than the more

understood and elaborated Pt/CdS.

For the photocatalytic reactions of both lactic acid (ag.) and ammonium sulphite (aq.)
a mathematical predictive model of the hydrogen production was developed. The
model was based on a pseudo-steady state approach of the Langmuir-Hinshelwood
adsorption isotherm, which further incorporated the total radiative flux effect into
the model. The Langmuir-Hinshelwood part reflected the mechanism of the surface
adsorption/desorption and the surface reaction rates whereas the irradiation part of
the model was based on an approximate solution of radiation field theory (RTE) and
the derivation of geometrical positions of the particles in a cross-section of the
reactor which was further expanded to incorporate the total visible radiative flux
density received by the particles in the whole photoreactor volume. One of the main
advantages of the model was the successful incorporation of both the measured
photocatalyst’s optical scattering and absorption coefficients in the relevant LED
output range of 410-500 nm, increasing the accuracy of the model. The obtained
model parameters were then successfully validated for a range of photocatalytic
hydrogen generation experiments conducted at various reaction conditions. These
results show that the developed model can be used to predict photocatalytic
hydrogen production satisfactory regardless of the radiation type, reactor size or
catalyst particle, with minor computational effort or use of any commercial software.

The obtained model information is suggested to work as a supporting aid for any



photocatalytic reactor scale-up, which can easily be altered to either reduction
product (hydrogen) or oxidation product if the most dominating initial reactions are
known. A feasibility study of a complete thermochemical cycle was also done, where
implementing several groups of parallel hydrogen photoreactors was suggested as
the best option for large scale hydrogen production with the main purpose of
replacing the energy demanding electrolyser in the thermochemical cycle. The
parallel photoreactor configuration can be easily implemented and be operationally
efficient in any thermochemical cycle configuration. Finally, it was shown that an
increased hydrogen efficiency (due to an increased photonic energy conversion) and
an improved hydrogen economy of the cycle (due to use of cheaper catalyst & reactor

materials and a reduced power consumption) can be achieved.

Vi
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Chapter 1: Introduction

In this chapter the main outline for this thesis is presented. First, solar-driven
hydrogen technologies are briefly compared to identify the research gap for this
thesis purpose, which is a visible light driven photocatalytic hydrogen production
step replacing the energy demanding electrolyser in a sulphur ammonia
thermochemical cycle. Then the current challenges of the hydrogen produced by the
solar driven photocatalysis are presented, which by solving would offer a high solar
hydrogen efficiency of the thermochemical cycle. Extra attention is also given to
produce and use correct catalytic particles in the reactor that are stable, inexpensive

and efficient.

Moreover, suitable descriptive mathematical models for the photocatalytic reactors
are explained. Building on these models, a predictive hydrogen model is developed
and solved numerically. By solving the model an accurate predication of the rate of
the hydrogen generation over time can be achieved regardless of the reactor size or

type of irradiation source.

Finally, the aims and objectives of this research are presented, followed by the

structure of the thesis.

1-1 Background

In recent years, the use of fossil fuels has gained significant attention due to their
extensive utilisation and acceleration of their depletion[1]. However, these fuels
often contribute to the harmful production of greenhouse gases, responsible for the
global warming. To replace the fossil fuels, sustainable energy alternatives such as
solar energy have been proposed [2]. Solar energy is a free and clean energy carrier
which can be converted to produce hydrogen fuel. There are various ways to utilise
solar energy for hydrogen production such as photochemical methods,

photoelectrochemical and thermochemical methods [2]. Photochemical methods



(photocatalytic surface reactions) are currently of limited use due to the small
portion of solar spectrum that can be absorbed in a commercially available
semiconductor to drive the reaction and the current visible light absorbing
components are of low efficiency and very expensive [3]. Photoelectrochemical set
ups, using separated photoanodic or cathodic reactions in a cell, for a solar driven
water splitting are more promising. The benefit here is that O, (g) and H; (g) products
are spatially separated and therefore there would be no recombination to form
water again. Thermochemical routes that can combine solar energy input and
chemical reactions to produce Oz (g) and H2(g) in a closed fluid cycle also suffer from
some drawbacks that hinder their practical applications for solar hydrogen
production, such as; (i) limitation to only use of part of the solar spectrum to drive
any reaction (often the thermal part is considered), (ii) requirement of very high
operation temperature that cannot be achieved from solar energy and (iii) high
energy demanding of the electrolysers currently used in thermochemical cycles [4].
From all thermochemical routes studied to date, only one cycle has advantages that
outweighs its disadvantages which is the Westinghouse cycle; a two-step water
splitting process for the hydrogen and oxygen production with sulphuric acid as the
working fluid. To improve performance of this cycle and improve the cycle efficiency,
ammonium sulphite as a less corrosive cycling fluid has been proposed [5]. This cycle
which is known as sulphur-ammonia thermochemical cycle, could potentially address
all drawbacks encountered by the thermochemical cycles as both thermal and
guantum components of the solar spectrum can be utilised to drive both the oxygen
and hydrogen generation respectively. For an optimum overall cycle efficiency, the
oxygen production step of the cycle would theoretically need to utilise 80.9% of the
solar thermal energy (at wavelengths approximately >520 nm) and the hydrogen
production step of the cycle the remaining 19.1% of the solar irradiance (wavelengths
< 520 nm), as previously suggested by the researchers [6,7]. In a process simulation
study (Aspen Plus) of the cycle, utilisation of the solar thermal portion (O, segment)
was estimated 73.33% [8], where no solar photonic energy was utilised for the
hydrogen producing step and only instead a high energy demanding electrolyser that
resulted in the overall cycle efficiency of only 13-20% was used [9].This poor result

suggested improvements in both the oxygen and hydrogen producing steps of the
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cycle to increase the cycle efficiency. For the hydrogen producing step, the
electrolyser could be replaced by a solar driven photoreactor, to improve the
efficiency up to 30% but most importantly, an improved hydrogen economy would
be achieved. An initial investigation on the replacement of the electrolyser with a
photocatalytic reactor found an energy conversion efficiency of 12% when bare CdS
photocatalyst was used and 22 % if CdS was coloaded with 0.5 w.t % Pt/Pd/Ru [7].
These initial found photonic conversion efficiencies would need to be improved if the
total portion of the solar photonic energy irradiance is aimed to be utilised for the
hydrogen production segment of the cycle. In addition, the proposed photocatalytic
particles would introduce high cost due to the use of expensive noble metal used.
These initial studies were also undertaken on an expensive reactor construction,
using a high energy demanding (1000 W) solar simulator to irradiate the

photoreactor. All factors together would make an upscaling hard to achieve.

In a solar driven photocatalytic step for the cycle, the hydrogen would be produced
on the surface of a semiconductor upon absorption of incoming photon. One of the
commonly used semiconductors is TiO, which is non-toxic, cost effective and
chemically stable in the photocatalytic reactions. However, TiO, with the bandgap of
3.1 eV only allows absorption of a small portion of the solar spectrum (majority in
the UV region). In addition, the formed charge carriers that diffuse to the surface
would have electron potentials, not suitable for a visible light driven water splitting
[10]. Other suggested photocatalyst alternatives are g-Cs N4 [11], WOs3 [12], BiVOa4
and Fe;03 that have narrower bad gaps of 2.7 eV, 2.6 eV, 2.2 eV and 2.1 eV
respectively and thus are more favourable for visible light driven photocatalysis.
However, their utilisation for hydrogen evolution reaction is again limited due to not
having suitable electron potentials of the conduction and valance bands [12]. Metal
sulphide systems are instead more promising semiconductors for visible light driven
hydrogen production. One of the most efficient semiconductors of this type for
hydrogen evolution that ever been reported to date is cadmium sulphide (CdS) with
the band gap of 2.4 eV, that owns merits such as cost-effectiveness, chemical stability
and thermostability. CdS is driven by the visible light and has the right bad gap and

suitable electron band potentials for driving the requested reduction and oxidation
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reactions needed for the water splitting and can therefore be successfully used for
the thermochemical cycle’s purpose. However, prolonged irradiation of CdS leads to
photocorrosion of itself, producing elemental sulphur (S°) and therefore poor
photocatalytic activity as a result. Strategies such as addition of a suitable cocatalyst
on the CdS surface for entrapping electrons and/or using a sacrificial reagent in
solution to be oxidised by the holes are promising to overcome the disadvantages of
both the internal electron-hole recombination and the photocorrosion[13,14]. The
most common cocatalyst to use with CdS is noble metal of platinum (Pt), which has
shown an excellent electrocatalytic activity for the photocatalytic hydrogen
production[15]. However, its high price has created a room for identifying non-noble
metal alternatives with an improved efficiency. These alternatives are (i) Pd-Cr,03 or
Pt-PdS[7,16], (ii) Ni(OH), [17,18] and Co(OH); [19,20], (iii) graphene [13,16], (iv) Fe203
when loaded on (CdS +ZnS)[21], (v) BiVOa[22], (vi) transition metal compounds of
MoS; [23] or NiS [24] and MS(M=Co, Cu)/CdxZn1-xS [25], and (vii) transition metal
phosphides of Ni;P [26], FeP [27] or MoP [28] or CoP [104, 105]. The hydrogen
produced from the transition metal phosphide of CoP/CdS system represents the
highest value found for a CdS-based photocatalysts until today, with an excellent
stability and high photocatalytic activity even after 100 h of irradiation[29]. They are
also inexpensive and stable options [30]. In this thesis, cobalt phosphides were
chosen to be investigated further and be used with CdS (despite their less green
natures) in a visible light driven photocatalytic reactor, aimed for an ammonium
sulphite thermochemical cycle.

The cobalt phosphides synthesis, which can be done by various routes, is reported to
be challenging [33], where the solid phase and solution phase synthesis routes have
been most-dominantly reported [30,34-37]. It is clear that the different synthesis
conditions applied will result in different size and crystal morphology of the
nanoparticles, and ultimately affecting the photocatalytic activities. As a
comprehensive information on the cobalt phosphide (CoP and Co,P) synthesis
methods is lacking in the literature, it was put forward in this thesis, that a
comparative study to evaluate the success of each synthesis method is needed. Such
comparisons are essential for understanding functionality of the composite

photocatalysts in the aimed photocatalytic reactions. There is also a lack of

4



comparative published data on the hydrogen evolution of the CdS composites using
CoP and CoyP cocatalyst in the presence of sacrificial reagents (hole donors).
Obtaining a good physical contact between the main photocatalyst (CdS) and the
cocatalyst surface and maintaining it over the whole photocatalytic reaction is

another challenge which need more elaboration.

In the recent decade, several investigations have been conducted on describing the
reaction mechanisms of the photocatalytic hydrogen production [13,14,26,38—45].
Some research efforts have also focused more towards the development of
descriptive photocatalytic reaction kinetics, but mainly aimed for the photo-
oxidation purposes using UV-light driven TiO, semiconductors [46,47]. So far, there
have been only a few conducted reaction kinetics studies using visible light-driven
CdS with a suitable cocatalysts [48-50], where none have been aimed for hydrogen
reactor scale-up purposes. The accurate prediction for a scale-up of a photocatalytic
hydrogen reactor requires a reliable and comprehensive model that incorporates
both the surface reaction kinetics alongside the irradiation (photonic) mechanism.
For the surface reaction kinetics, consideration of all dominating surface adsorption
mechanism is needed, and for the irradiation part both the geometry of the particle
filled reactor with regards to the lights, and the total radiative flux received by the
particles are needed. Furthermore, a thorough validation of the developed model
with empirical data, as to confirm the accuracy of the model, is essential. Over the
years, David F. Ollis has developed several important publications describing in-depth
the kinetics of photocatalysed chemical mechanisms [51-53], and in particular how
the Langmuir-Hinshelwood parameters, k and K, vary with light intensity in what is
described as a pseudo-steady state approach, which is considered more appropriate
method to apply here than a standard equilibrated adsorption Langmuir-
Hinshelwood model. In addition, several researchers have previously developed
various irradiation models for different photoreactor configurations. In 2000
Cassano et al. [54] reported the importance of the light scattering effect to be
included in a mathematical model describing a UV light reactor. In 2003 Brandi et al.
[55] developed for the first time an important 1D model, describing more physically

the quantum vyield of a photocatalytic reactor relative to the incoming wavelength

5



spectrain aTiOz + UV light slurry reactor set up. Li Puma et al. also developed in 2003,
a simple two-flux [56] model in a similar manner and later in 2004 the same authors
presented a six-flux absorption-scattering model [57] representing the radiation field
dependency to various reactor geometries. In 2018 Alvarado-Roldn et al. [58] used a
comprehensive four-flux absorption-scattering model and compared its accuracy
with the six-flux and two-flux absorption-scattering models in a TiO + cylindrical UV
light photocatalytic reactor system. As a conclusion and the shared view among these
published studies, is the importance of incorporating light distribution inside a
photocatalytic reactor for a complete photocatalytic reaction rate evaluation.

The actual photon-particle interaction inside the photoreactor can be described
mathematically by the basis of the radiative transfer equations (RTE), which allow
quantification of the radiation distribution on photocatalyst particles at a certain
wavelength [59]. The RTE contains integro-differential equations that can be solved
through various methods, such as Monte Carlo method [60], discrete ordinates (DO)
radiation methods [61] or Finite Volume Methods (FVM) [47]. However, these
approaches are usually computationally expensive and prone to discretization error.
In 2012, Palmisano et. al. [62] successfully reduced these complications by simplifying
the RTE integro-differential equations, which resulted in a substantial reduction of
computational time. The accuracy of the proposed radiation model was then
successfully validated, by the same group in 2015, against a UV irradiated

photoreactor for the photocatalytic oxidation of 4-nitrophenol using TiO; [47].

1-2 Research aim and objectives

The aim of this research is to investigate a photocatalytic hydrogen producing step
for a solar-driven sulphur ammonia thermochemical cycle. Despite several published
work on the development of hybrid sulphur-ammonia thermochemical
cycle[7,63,64], this type of cycle still have obstacles to solve until it can be considered
as a safe and low energy input technology with reduced process temperature.
Introduction of a photocatalytic hydrogen step to replace the traditional electrolytic
step of the cycle, is an attractive solution to achieve higher hydrogen efficiency and

therefore a higher hydrogen economy of the cycle. In this research, the quantum



energy absorption in the cycle will be investigated using an energy efficient and

economically viable photoreactor with appropriate photocatalyst materials.

Therefore, research objectives are as follows:

Synthesising visible light driven photocatalyst composites such as Pt/CdS,
CoP/CdS and Co,P/CdS.

Designing an economical viable hydrogen generating photoreactor based on
cool-LED lightning system (representing the visible light in the solar
spectrum).

Evaluating the photocatalytic hydrogen performance of the synthesised
composite systems at different operational parameters of irradiation time,
temperature effect, loading effect, photolyte concentration.

Developing a descriptive mathematical model for a hydrogen photoreactor
using CdS composite photocatalyst at different operational parameters of
irradiation time, temperature effect, loading effect, photolyte concentration.
Adaption of the developed models for upscaling purpose, where ammonium
sulphite (aq.) is the cycle working fluid.

Conducting a feasibility study of replacing photocatalytic reactors instead of
electrolyser in a fully working solar driven ammonium sulphite

thermochemical cycle.

1-3 Structure of this thesis

Chapter 1: Introduction

Chapter 1 gives a brief background information on the solar driven hydrogen

technologies, the different photocatalysts materials for the hydrogen generation, the

different photocatalytic reaction mechanisms, available irradiation mathematical

models developed for different photoreactor. Finally, the aims and objectives of this

PhD thesis are stated.



Chapter 2: Literature review

In this Chapter, solar energy for the hydrogen production is reviewed, focusing
towards the solar thermochemical cycles for the hydrogen generation. This will be
followed by the definition of photocatalysis and photocatalytic mechanism for
hydrogen production with enhancement towards visible light driven photocatalysis
for hydrogen generation. The choice of using CdS based photocatalyst with an
explanation of the necessary co-catalyst requirement will be justified. For the
photocatalyst, description of different synthesis methods of the nanoparticles will be
reviewed. Finally, different available design options of photoreactors will be briefly

explained.

Chapter 3: Methodology

Chapter 3 describes all particle synthesis procedures and the principles of the
analytical material characterization techniques used in this research. The design
details of an energy-efficient LED photoreactor as an economical alternative to more
the expensive Xenon lamps or solar simulator systems, is also presented here with
the LED light arrangement for a homogeneous illumination throughout the
photoreactor alongside the light intensity and flux analysis of the LEDs. For the
photocatalytic hydrogen generation, the hydrogen collection arrangement, photonic
energy conversion efficiency and the relevant hydrogen performance tests are

described.

Chapter 4: Photocatalyst characterisation

In this Chapter, the material characterisation of the synthesised photocatalyst
composites are presented, starting from the CdS synthesis, then followed by the
cocatalyst Pt synthesis and its loading on the CdS. This is followed by the cobalt
phosphate synthesis, CoxP, through solid-phase reaction and solution-phase

reactions and their loadings on the CdS semiconductor.

Chapter 5: Photocatalytic hydrogen generation
This Chapter presents a comprehensive investigation of the photocatalytic hydrogen

evolution. Initially, lactic acid (ag.) as a working fluid is investigated, followed by a
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study of the variable operational parameters on the H; generation using catalyst
composition, Pt/CdS, which will be used as the model catalyst for comparison of
published data. Then, the H; performance of all synthesised composite
photocatalysts are compared (all CoxP and Pt cocatalyst with photocatalyst CdS); one
selection by standard grinding assisted loading method and one part with various
improved loading methods. This will be followed by a stability analysis of the most

promising CoxP/CdS photocatalyst.

Chapter 6: Hydrogen photoreactor modelling

In this Chapter a descriptive mathematical hydrogen model to predict the hydrogen
production rate is developed. The model is based on surface reaction kinetics in
conjunction with the radiation field dependency within the LED driven reactor vessel.
The model accuracy is further improved by taking into account the optical
parameters over catalyst’s entire absorption wavelength as well as the chemical
reaction parameters. The model is then validated by comparing it with empirical
data. The least-square best fitting approach, using an optimization method in

MATLAB is employed for the estimation of the model’s kinetic parameters.

Chapter 7: Photocatalytic hydrogen production in the sulphur ammonia
thermochemical cycle

In this Chapter, the replacement of traditional electrolyser unit with a solar driven
hydrogen generation unit for the hydrogen production in a sulphur-ammonia
thermochemical cycle is investigated. The chapter will draw conclusion from previous
result chapters (Chapter 4, 5 and 6) and bring forward a plausible suggestion for this
replacement. First the photocatalytic conversion of ammonium sulphite is described,
followed by the effect of various operational parameters on the H, generation when
using the best performing photocatalyst composite (CoP/CdS) aimed for the
thermochemical cycle. All results with the novel CoP/CdS catalyst are compared with
the more documented Pt/CdS. Next, an adapted hydrogen prediction model (based
on Chapter 6) is presented, using ammonium sulphite (ag.) as the photolyte, CoP/CdS

as the photocatalyst and an upscaled reactor size with a corresponding visible light



arrangement for that size. Finally, a feasibility study of upscaling visible light driven

reactors towards a large scale solar driven thermochemical cycle is outlined.
Chapter 8: Conclusions and future work

This Chapter summarises the conclusions of all previous chapters and suggests future

research work in this topic.
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Chapter 2: Literature review

2-1 Introduction

In this Chapter, solar energy for the hydrogen production including thermochemical
cycles is reviewed. As this thesis will focus towards solar driven photocatalysis for
hydrogen generation, the working principle, current state and various synthesis
processes of relevant photocatalysis will be explained and reviewed. Finally, different
available design options of photoreactors and how they can be incorporated into a

thermochemical cycle will be explained.

2-2 Solar energy for hydrogen production

Hydrogen is an ideal fuel for the future because it is clean, energy efficient, abundant,
and has high energy capacity. From the current hydrogen generation technologies,
only a few are considered environmentally friendly. The most free and clean energy
source is solar energy which can be explored to be used as the driving energy form
in a large-scale hydrogen production plant.

Currently there are three major pathways for hydrogen production using solar
energy; (i) photochemical route, (ii) photoelectrochemical route, and (iii)
thermochemical route. In the photochemical (photocatalytic water splitting) route,
solar light is absorbed by a semiconductor material (photocatalyst), which generates
reactive electric potentials (formed electrons and holes) and sets off simultaneous
reduction and oxidation reactions on the particle surface. If the medium is water and
the electron potentials are favourable, possibility hydrogen(g) and oxygen(g) are
produced[65]. To utilise a wide range of the solar spectrum, a semiconductor with
narrow band gap energy is recommended [66]. However, too narrow band gap
semiconductors, will generate electrons (excited to the conduction band) and holes
(electron vacancy in the valence band) that possess potentials that are not suitable
to drive a water splitting mechanism [65]. Commonly used photocatalytic materials
such as TiO; with the bandgap of 3.1 eV only absorb a small portion of solar spectrum

(majority in the UV region), and the formed electrons and holes that diffuses to the
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surface have electron potentials to drive many redox reactions instead, in particular
forming the reactive OH-radicals which rapidly breaks down many water pollutants.
Since no single photocatalyst material is available to meet all the requirement
needed for the high solar light absorption and simultaneously provide the proper
electron potentials to drive the water splitting mechanism, other means of driving

the reactions is sought for.

In the photoelectrochemical route (PEC), water is split into hydrogen and oxygen in
a membrane separated device by using an electric field and two separate electrodes.
The configuration of photoelectrochemical cells varies, but they often consist of one
photoanode and one metal electrode, where an applied bias is utilised to drive
electron movement between the electrodes, see Fig 2.1. This bias can be powered
by a photovoltaic cell making it fully solar driven. There is also the option of making
a tandem PEC, where both the anode and cathode are solar driven, as seen in Fig
2.2. In both PEC cases, a suitable photocatalysts with the corresponding electron
potentials are needed. However, the difference is that in the normal PEC when the
photons are absorbed by the semiconductor, it creates electron-hole pairs which are
split by the electric field in the space-charge region between the semiconductor and

the electrolyte.

\ Visible-light-
responsive

photocatalyst

~ ~
Platinum Proton exchange
cathode membrane

Figure 2. 1 Working principle of a PEC with one photoanode and one metal cathode with
option of photovoltaic powering [67].
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Figure 2.2 Working principle of a solar driven tandem PEC with both photoanode and
photocathode [68].

Then, the electron movement from the photoexcited anode travels to the cathode
and will reduce the water to hydrogen (in case of correct potential from the applied
bias) and oxygen will be formed at the photoanode (the potential determined from
the hole potential of the photocatalyst coating), see Fig 2.1. On the other hand, in
the tandem PEC, the photoelectrode aimed for the H; generation needs a suitable
conduction band potential over -0.5 eV to drive the reaction, whereas the oxygen
generating photoelectrode need to have a suitable valance band potential of 1.23 eV
for the formed holes to drive the reaction. Both PEC configurations can be developed
to be 100% solar driven if correct photon-absorbing materials are used for the
photoelectrodes, hence the main challenge is to design the photoelectrode
configuration and circuit and assure that the catalyst materials are highly efficient
and chemically stable or not prone to the photocorrosion.

Many thermochemical water splitting cycles (TCWSCs) have been developed over the
years to achieve relatively what is called; high solar-to-hydrogen energy conversion
[69]. However, only a few of them have been proved to be economically and
technically feasible [69] for real commercialisation and even fewer are possible to be
even partly solar driven. Thermochemical cycles combine heat sources with chemical
reactions to split water into its hydrogen and oxygen components in a fluid-based
cycle. In this research, a hybrid solar thermochemical route for hydrogen and oxygen
generation is explored which will be based on the adaption of current
thermochemical cycles and incorporation of photocatalysis, which all will be

explained in the following section.
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2-3 Solar thermochemical cycles for hydrogen generation

The simplest solar driven water splitting is the direct decomposition of water to
produce hydrogen. This involves thermolysis of the water molecules at temperature
above 2500 K, which can only be achieved by high flux solar irradiation [70]. However,
there are two disadvantages associated with the solar thermolysis: (i) the high
operational temperature and (ii) very hard separation of the explosive hydrogen-
oxygen mixture. Solar driven thermochemical cycles on the other hand can
significantly address these problems as the temperatures required are comparatively
lower than that of solar thermolysis plus that oxygen and hydrogen are produced in
the different stages of the cycle and will be well-separated. A few variations of solar
thermochemical cycles aimed for the solar hydrogen production part of the cycle
have been identified, with operating temperatures between 850-2200 K [71].
However, not all cycles are practical for commercialisation due to the high energy
consumption, challenging thermodynamic operation and safety and environmental
considerations [72]. Based on these criteria, there are only two major cycle
classifications that are considered for the solar thermochemical cycles in this

research: (i) metal-oxide cycles and (ii) multi-step thermochemical cycles.

2-3-1 Solar metal-oxide thermochemical cycles

Metal-oxide cycles use of metal oxide as the redox material [73]. The first step of
these cycles can be described as a solar thermal endothermic oxidation step where
the metal oxide (MxOy) produces O; gas as;

M0, - xM +y/2 0, (2-1)

This is followed by a non-solar exothermic hydrolysis step where the metal (M) reacts

with water to form an oxide and the H; gas as;
xM +yH,0 - M0, +yH, (2-2)

In this type of the cycles, hydrogen and oxygen gases are generated in two separated
steps which eliminates the need for the high temperature gas separation. Examples

of several metal oxide cycles are presented in Table 2.1, where it can be seen that a
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lower temperature is needed in the cycles using MnO/Mn304, Hg/HgO and Cd/CdO.
However, the amount of hydrogen produced in these cycles is insignificant and the
heavy metals such as Cd and Hg making these cycles environmentally undesirable.
The most favourable candidate for a two-step metal oxide cycle is probably the
Zn/ZnO cycle. Although, several chemical aspects of this cycle have been previously
investigated, Xiao et al. [74] stated that the high temperature requirement of its
reduction step generates serious difficulty in finding durable reactor materials for the
operation and that zinc deposition on the reactor walls causes an additional

separation stage and an increase in the total cost.

Table 2. 1 Metal oxide cycles.

Cycles Max Temp. Reference

Hg/HgO Hgo - Hg+ 1/, 0, 600 °C (73]
Hg + H,0 - HgO + H,

cd/cdo cdo - cd+1/,0, 1400°C [73,75]
Cd + H,0 - CdO + H,

MnO/Mns;04 2Mnz0,4 — 6MnO + 0, 1537°C [76,77]
3MnO + H,0 - Mn;0, + H,
Zn/Zn0 Zn0 - Zn + 1/, 0, 2000°C [74,78]

Zn + H,0 -» ZnO + H,

2-3-2 Multi-step thermochemical cycles

The multi-step thermochemical cycles can operate at lower temperatures than the
two-step metal oxide cycles with the help of an additional reaction step, where the
complete formation of hydrogen and oxygen occurs [79]. Examples of the most

common multi-step thermochemical cycles are presented in the following section.

2-3-2-1 Hybrid copper-chloride cycle

The first cycle of multi-step thermochemical cycles is the hybrid copper-chloride (Cu-
Cl) which uses both thermochemical and electrochemical reactions, see Fig 2.3. The
process is described by the hydrolysis of CuCl, to form copper oxychloride (Cu20Cl,)
and hydrochloride acid (HCl) as;
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2 CuCl,(s) + H,0(g) —» Cu,0Cl, (s) + 2HCI (g) (2-3)

Next, the Cu,OCl; proceeds to the high temperature thermochemical step, where it

is decomposed forming CuCl (s) and O; gas as;
Cu,0Cl, (s) = 2CuCl(s) + 1/20,(g) (2-4)

The CuCl and HCI then proceed to the electrochemical step, where they are

electrolysed to release H; gas and CuCl; as;
2CuCl (s) + 2HCI(g) — 2CuCl, + H,(g) (2-5)

In a comparative study conducted by Ratlamvala et al. [80] in 2012, it was mentioned
that this cycle was more efficient and practical than the conventional thermolysis
because of its maximum operating temperature of only 500°C and the use of active,
cheap and abundant materials. However, the cycle has drawbacks of using highly
corrosive chemicals such as hydrochloric acid, plus if making it partly solar driven, the
energy would be only used in the hydrolysis and decomposition steps and the

electrolyser would still need a high energy input (electricity).
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Figure 2. 3 Conceptual flow diagram of Cu-Cl thermochemical cycle [81-83].
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2-3-2-2 Sulphur-iodine cycle

The sulphur-iodine(S-1) cycle is another multi-step thermochemical cycle consisting
of three thermochemical reaction steps, as shown in Fig 2.4. In the first step,
sulphuric acid is decomposed under high temperature (~870 °C) to produce water,
sulphur dioxide and oxygen [75], as:

H,S0, — H,0 + SO, + 1/20,(g) (2-6)

In the following step (Eq. 2-7), known as Bunsen reaction, the aqueous SO; reacts
with iodine to produce sulphuric and hydriodic acids, where the produced H,SO0s is
cycled back to the previous step, oxygen gas is collected, and the HI undergoes

further decomposition step.
SO, + 2H,0 + 1, —» H,S0, + 2HI (2-7)

In the third step, the hydriodic acid (aqueous solution of HI) undergoes

decomposition at 573—623 K to produce iodine and hydrogen gas as:

2HI - I, + H, (2-8)

Then formed lodine is sent back to the previous Bunsen reaction while the hydrogen

product is collected.

Heat

H,50, 2800 4 16 05 + 805+ @

Y

1/2 05 + SO, + H,O

Vi

H,SO,4 (H,0)

1,SO,4 + 2HI1 <L1 + S0, +®©

H(.at

2HI (I, H,O) lz (H,O)
Heat

slr

@D

Figure 2. 4 Conceptual flow diagram of a multistep sulphur iodine cycle[84].
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Despite moderate temperatures needed for the thermochemical reactions here, this
cycle also suffer from the several disadvantages, as reported by O’Keefe et al. [85] in
1980 such as, handling of corrosive chemicals and high energy requirement of the

separation steps.

2-3-2-3 Sulphur-bromine cycle

The sulphur-bromine thermochemical cycle also consists of a thermochemical and an
electrochemical reaction steps, as shown in Fig 2.5. In the first thermochemical step,
sulphuric acid is decomposed under high temperature (~870°C) to produce water,
sulphur dioxide and oxygen [75].

H,SO, — H,0 + S0, + 1/20,(g) (2-9)

In the following step, the aqueous SO, reacts with bromine to produce sulphuric and
hydrobromic acids, where the produced H,SOs is cycled back to the previous step (2-

9) and the HBr proceeds to the electrochemical step.

SO, + 2H,0 + Br, — H,S0, + 2HBr (2-10)

In the electrochemical step, hydrobromic acid is electrolysed at 77°C to produce

bromine and hydrogen gas as:

2HBr - Br, + H, (2-112)
Hydrogen T Oxygen
Eledricity ‘ Heat ‘,7
' [so0c] M
H, Rejected ) 140,
{3 2HEr ‘ Heat | H,S0.,—)
tia @ SO, + H,0
Bromine Sulfur
Circulation ‘ 2HBr + H,SO, ‘ Circulation

Bry SO, + H,0

B, + HO + 50|

Figure 2. 5 Conceptual flow diagram a sulphur bromine thermochemical cycle [75].
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The main challenges in this type of thermochemical cycle are handling of corrosive
chemicals and a hard separation of sulphuric acid from HBr[86]. To make this cycle
partly solar driven, it could be by using photovoltaics for the hydrogen production

part as the thermal part still needs relatively high temperatures.

2-3-2-4 Hybrid sulphur cycle (Westinghouse Cycle)

The Westinghouse Cycle (WC) is a two-step cycle as shown in Fig 1.6, that also uses
one thermochemical and one electrochemical reactions steps for oxygen and
hydrogen production respectively [87]. The cycle has the advantages of using cheap
and abundant materials and has far better potentials to utilise solar energies through
easier separations steps at relatively lower powered working conditions. In the first
thermochemical step, sulphuric acid is decomposed under high temperature

(~850°C) to form sulphur dioxide, water and O; gas as;

H,S0, = H,0 + S0, +1/20,(g) (2-12)
The aqueous solution of SO is further cycled to the electrolytic process as:
SO, + 2H,0 - H,S0, + H, (2-13)

The produced H,S04 is cycled back to the previous step and hydrogen gas is collected.
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Figure 2. 6 Conceptual flow diagram of hybrid sulphur thermochemical cycle
(Westinghouse Cycle)[87].
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However, Brecher et al. [5] in 1977 stated that this cycle’s success was hindered by
the low solubility of SO in water, the use of corrosive chemicals, the high acidity of
SOy in the electrolytic redox process, and the challenging electrolytic cell design due
to high level of sulphur deposition. Many efforts were made to improve performance
of this cycle such as usage of a depolarised electrolyser to reduce the sulphuric
deposition[88]. However, the cycle efficiency needed improvement for gaining a
higher overall solar-to-hydrogen conversion. Ali T-Raissi et al. [87] suggested an
alternative hybrid cycle, by incorporating ammonia into the Westinghouse Cycle,
called sulphur-ammonia thermochemical cycle. It was suggested that this cycle could
potentially address many of the drawbacks encountered to all solar thermochemical
cycles studied to date, if both thermal and quantum components of the solar energy
could be incorporated to drive the cycle. If only the thermal component of solar
irradiation is utilised, it would limit the overall solar-to-hydrogen conversion
efficiency of the cycle. If both solar components are utilised to drive O, and H»

production, it could certainly increase the cycle efficiency.

2-3-2-5 Sulphur-ammonia thermochemical cycle

The sulphur-ammonia thermochemical cycle, as shown in Fig 2.7, is a four-step hybrid
thermochemical cycle. This type of cycle which is a modified version of the
Westinghouse cycle, consists of two well-separated oxygen and hydrogen producing
half cycles. For the hydrogen producing half cycle, ammonia gas and sulphur dioxide

gas are absorbed in water at a chemical absorber as:
2NH;(g) + SO,(g) + H,0(1) - (NH,), SO5(aq) T =25C (2-14)

The formed (NH4);S03 (aq) then undergoes an electrolytic redox reaction in an

electrolyser at reasonably low pressure to yield hydrogen gas and (NH4).SO4(aq) as:

(NH4), SO5s(aq) + H,0(l) —» (NH4), SO4(aq) + H,(g) T=77C (2-15)
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Figure 2. 7 The working principle of solar driven sulphur-ammonia thermochemical

cycle[89].

For the oxygen producing half cycle, the formed ammonium sulphate (NH4).S04(aq)
is transferred to a low-temperature reactor at 400°C, where it reacts with potassium

sulphate (K2S0a4) as:
(NH,), SO,(aq) + K,S0,(1) » 2NH3(g) + H,S,0,(1) + H,O0(1) T = 400°C
(2-16)

The produced gases of NH3 (g) and H20(g) at high pressure are further utilised for the
electricity generation (via turbines) and therefore able to drive the electrolytic
reactor by cycling back into the chemical absorber. The produced pyrosulphate
(H25207) is fed to the medium temperature reactor, where it is decomposed to SO3

and K;S0q as:
H,5,0,(1) - SO05(g) + K,S0,(1) T = 790°C (2-17)

The produced K,SO4 (1) is then sent back to low-temperature reactor while SOs (g) is
further decomposed at high temperature reactor over a suitable catalyst to separate

oxygen (0Oz) from SO2 (g) as:

2505(g) = 2S0,(g) + 0,(g) T =1000°C (2-18)
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The principle of this cycle has been proposed by Ali T-Raissi group in Forida State
[87,90], and is still under investigation to improve the cycle efficiency as much as
possible. This can be achieved by a high solar-to-hydrogen conversion efficiency
through a full utilisation of the solar spectra energy and mainly by substituting the
electrolytic reactor with a photoreactor. A photocatalytic hydrogen step has a
potential for a higher hydrogen generation rate with minimal power consumption,
leading to the higher hydrogen efficiency and improved hydrogen economy of the
cycle. This research will therefore explore the option of developing an economical
photocatalytic reactor to generate hydrogen gas which can be integrated into a solar

driven sulphur-ammonia thermochemical cycle.

2-4 Photocatalysis

Photocatalysis is normally referred to a process in which light is used to activate a
substance (the photocatalyst) which then produce energy carriers (electron and
holes) which as a result of their potential at the catalyst surface can accelerate
reaction (a photoreaction in the presence of a catalyst). The photocatalytic activity
(PCA) depends on the ability of the catalyst to create electron—hole pairs, [91].
Heterogeneous photocatalytic reactions such as solid-gas or solid-liquid has gained
lots of attention for environmental purposes, energy generation and organic

syntheses [36, 37, 38].

2-4-1 Photocatalyst

A photocatalyst is defined as a material that does not undergo any chemical change
but could accelerate the reaction by gaining energy from the light photons. These
characteristics coupled with the favourable electronic structure of the photocatalyst
make it quite distinctive compared to a non-photocatalyst material. The activity of
photocatalyst is also believed to be proportional to the amount of possible light
absorption. Other factors that could influence the photocatalyst activity are surface

properties, particle size and synthesis route [92].

2-4-2 Photocatalytic mechanism
The solar radiation consists of electromagnetic waves in different regions; (i) visible

at the wavelength of 400-700 nm, (ii) ultraviolent (UV) at the wavelength less than
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400 nm, and (iii) infrared (IR) at the wavelength greater than 700 nm. The energy of
the photons at each wavelength (A) is usually described as;

E=h"c/A (2-19)
,where h’ is Planck’s constant (6.266 X 1073*(J/sec)), ¢ is the speed of light
(3 X 108 (m/sec)) and A is the wavelength (nm).

For any photocatalyst there exists a bad gap (Ejg) in energy between the valance
band (VB) (with lower energy) and the conduction band (CB) (with higher energy), as
shown in Fig 2.8.
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Figure 2. 8 Schematic showing the conduction band (C.B) and valence band (V.B) potentials
forming the bandgap potential in a photocatalyst aimed for water splitting (38).

Upon absorption of a photon with energy equal to or higher than the band gap
energy, light-induced electron-hole pairs are generated (collectively known as charge
carries)[92]. The photo-generated electrons and holes then migrate to the surface of
the photocatalyst and take part in driving oxidation-reduction reactions. For a
photocatalyst to be effective for solar driven water splitting purposes, the band
position of the bottom of the conduction band should be more negative than the
reduction potential of water to produce H; and that of the top of the valence band
must be more positive than the oxidation potential of water to produce O, creating
sufficient narrow band gap i.e <3 eV for a visible light absorption, where the value of
2.4 eV is a good compromise [43]. There are only few photocatalysts that have been
successful to be used under the visible light, which will be further explained in section
2-4-3.

One of the main problems encountered by most of the photocatalysts is their large

overpotentials, leading to some difficulties in transferring charge carriers between
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the photocatalysts and the water molecules. To overcome this problem, a co-catalyst
can be loaded on the surface of the semiconducting photocatalyst [25,93]. When a
co-catalyst is loaded onto the surface, the photo-generated electrons that migrate
to the surface of the host photocatalyst can be entrapped by the co-catalyst
depending on the work function of the cocatalyst. If choosing a cocatalyst with a
lower Fermi-level (Ef) compared to that of the host photocatalyst, the electron can
be successfully transferred, see Fig 2.9. Therefore, the photogenerated electrons at
the cocatalyst will be involved in the reduction reaction and the holes in the host

photocatalyst will be involved in the oxidation reaction.

Figure 2. 9 Schematic showing the charge transfer between a photo excited semiconductor
and a metal co-catalyst [93].

Examples of commonly used co-catalysts are Pt, Ru, Rh, Pd and metal oxides of NiO
and Ru0;[94]. Another important problem encountered by the photocatalysts is the
electron-hole pair’s recombination i.e. the formed electron and hole are recombined
before they successfully diffuse to the particle surface, to their respectively trapped
sites. This recombination is often found in the bulk of the particle rather than on the
surface and it is very rapid, which is rate-limiting for a successful hydrogen
production. If the purity of the semiconductor is low, “trap sites” are formed. This is
also found in particles with low crystallinity, where crystal defects form trap-sites
too. With this knowledge, it is important to synthesise the photocatalysts with as
high crystallinity as possible to reduce the charge recombination [95]. The use of
sacrificial reagents (hole scavengers) in the solution can also help reduce the charge
recombination [96], because sacrificial reagents act as electron donors to the valence
band of the semiconducting photocatalyst as being oxidised by the holes, therefore

drive away the holes from the surface of the photocatalyst. If sacrificial reagents are
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used in conjunction with the co-catalyst, further separation of photo-generated
electrons and holes would be expected as photo-generated holes and electrons will
be simultaneously involved in the oxidation and redaction reactions and therefore
electro-stability of the photocatalyst system can be better maintained. The particle
size and the surface area of the photocatalyst are equally important for reducing the
electron-holes recombination. Small particles will allow more diffused holes and
electron to the surface, leading to an improved photocatalytic activity. Smaller size
means that the particles surface area increases too, and it would allow higher surface
trapped electron and holes, leading to a reduced rate of bulk electron-holes

recombination and therefore higher photoreaction rate [97].

2-4-3 Visible light photocatalysts for H2 production

The development of a highly efficient photocatalyst with good visible light responses
for producing hydrogen has recently gained attention [98,99]. One of the most
commonly used photocatalyst has been metal-oxide titania (TiO2) due to being non-
toxic, cost effective and chemically stable in the photocatalytic reactions. However,
with a band gap of 3.2 eV only the ultraviolent region of the solar spectrum can be
absorbed, inhibiting its practical application in the green energy sector [10]. To
improve the photocatalytic properties of TiO; into the visible light region, Zhong et
al. [10] proposed an elemental doping approach that could reduce the absorption
threshold of TiO,, extend its spectral response from ultraviolent to visible region,
avoid electron—hole recombination, and further facilitate the charge transfer. For
instance, doping of non-metals of B, C, N, S has shown an efficient extension of TiO;
photo response from UV to visible light region (48, 50 and 51). Apart from titania
based photocatalytic systems, metal sulphide systems have also been suggested (50).
Metal sulphide systems with a narrower band gap, i.e. corresponding to the
wavelengths less than 700 nm, have demonstrated to be promising photocatalysts
under visible light for the hydrogen production [42]. Figure 2.10 shows the electron
band gaps for the most commonly used semiconductors at neutral pH and ambient
conditions [44,93].These band levels normally shift with a change in the pH,

impurities, absorbed compounds, which will be discussed further in the Result
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Chapter where lactic acid and ammonium sulphate solutions will be compared. One
of the better known metal sulphide systems is cadmium sulphide (CdS) with the
conduction band potential of around -0.7 eV, which is sufficient to reduce water and
a valence band potential of 1.7 eV which is well-suited to allow the oxidation of water

at pH=7 (band gap of 2.4 eV)[15,43]. The potentials can be seen clearer in Figure 2.10.
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Figure 2.10 Bandgaps of commonly used photocatalysts with the conduction band
potential (red) and valence band potential (green) measured against normal hydrogen
electrode (NHE) [44,93].

However, many researchers such as D. Meissner et al. [45] stated that prolonged
irradiation of CdS suspensions would lead to the photocorrosion of CdS to the
elemental sulphur (in the absence of oxygen) or sulphate (in the presence of oxygen),
and therefore a very low photocatalytic yield [65, 63 , 66]. The photocorrosion is
usually caused by the accumulation of photo-generated holes on the CdS
surface. The main strategy to overcome the photocorrosion is the use of a sacrificial
reagent together with a cocatalyst. Some published examples of CdS coloaded
photocatalysts composites include; Pt/CdS or Pd/CdS[20], Ni(OH),/CdS [18],
graphene/CdS [105], Co(OH)./CdS [106], MoS2/CdS [23], NiS/CdS[24], MS(M=Ni, Co,
Cu)/CdxZn1S [25] and metal phosphides/CdS [107].

Modifying CdS surface with the noble metals such as platinum (Pt), palladium(Pd),

rhodium (Ph), or nickel (Ni) is the most common approach to minimise the
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photocorrosion [18,33,108-111]. However, Wang et al. [25] argued that although
platinum and palladium were the most efficient co-catalysts for a photocatalytic
hydrogen evolution, they suffered from high cost, which considerably limited their
practical large-scale application. Minimising the mass of loading of noble metals by
combining them as a functional composite type of cocatalyst such as Pd-Cr,0s or Pt-
PdS on CdS did not resolve the problem, despite their promising hydrogen yield
[7,16]. Ran et al. [17,18] modified CdS nano-rods with Ni(OH), and tested them in a
triethanolamine aqueous solution under visible light, which resulted in a promising
H, production rate of 5085 pmol htg™? . Graphene (G) with its unique two-
dimensional honeycomb structure and large specific surface area and excellent
conductivity has attracted much attention as an electron transfer media. The flat
carbon configuration in the graphene structure can be served as a scaffold to anchor
metal and/or semiconductor nano-particles and therefore assists in the efficiency of
the catalytic processes. Lv et al. [13,16] showed how graphene attached to CdS
surfaces could efficiently transfer the photoexcited electrons, and therefore reduce
the electron-hole recombination. Another enhancement structure was in the form of
Co(OH),/CdS nano-wires (NWs) which effectively accelerated the charge separation,
leading to an improved hydrogen production rate of 14430 pmol h™ g1 [19,20]. A
more recent approach to reduce electron-hole recombination and therefore increase
photocatalytic activity under the visible light irradiation is the use of transition metal
compounds [31]. In a study carried out by Zong et al. [23], it was shown that CdS
loaded with only 0.2 wt.% of MoS; in lactic acid solution could improve the
photocatalytic hydrogen generation up to 36 times, compared to the same particles
loaded with 0.2 wt.% Pt instead. NiS was also reported [24] as a robust transition
metal co-catalyst that if loaded on CdS, it would lead to a hydrogen evolution of 7267
umol h™t g1, Another transition metal strategy was incorporation of ZnS into the
structure of CdS to form CdxZn1S solid solutions, where the potentials of conduction
and valence bands were modified by adjusting the Cd/Zn stoichiometry ratio, and
then loading of small amount of transition-metal sulphides of NiS, CoS or CuS was
made onto the surface of the CdxZni-S [25]. Recently, transition metal phosphides
such as Ni;P, CoP, FeP and MoP loaded on CdS have attracted an interest in hydrogen

production due to their metallic nature, high stability and low cost and earth-
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abundant nature. Yue et al. [28] showed an impressive photocatalytic H, production
rate of 163200 pmol h™! g™ under visible light illumination (A > 420 nm) for the MoP
loaded on CdS system. Cheng et al. [27] reported how a loading of FeP nano-particles
onto CdS nano-crystals (FeP/CdS) delivered a Hz production rate of 202000 pmol
h=1 g7t in a lactic acid solution and Cao et al. [26] reported a hydrogen evolution rate
of 143 600 umol h ! g"* when nickel phosphide was loaded on CdS (NiP/CdS), again
in a lactic acid solution. An impressive H, evolution rate of 251 500 umol h™t g™
(quantum efficiency of 25.1%) was presented by Cao et al. [104, 105] in 2015 for
loading of cobalt phosphide on CdS (CoP/CdS), once again when lactic acid solution
was used as a hole donor. The hydrogen produced from the latter system represents
the highest values found for a CdS-based photocatalysts until the date of this
literature review, with an excellent stability and high photocatalytic activity even

after 100 h of irradiation[29].

Comparing all visible light-driven photocatalysts based on their hydrogen evolution
capabilities shows that the earth-abundant transition metal phosphides, especially
cobalt phosphide on CdS surface, not only have high hydrogen generation rates but
also high photocatalytic stability. As far as known, this type of photocatalyst has
never been reported to be employed in a solar driven sulphur-ammonia
thermochemical cycle where a solar driven photocatalytic reactor configuration can
replace the electrolyser step. Based on this literature review, it was therefor decided
to take the photocatalytic composite of CoxP/CdS into further investigation for this

thesis.

2-5 Photocatalytic particle synthesis

Numerous methods have been developed so far to synthesise cadmium sulphide
nanoparticles, including chemical precipitation methods [19], ion exchange
strategies [112], solvothermal methods [14], hydrothermal methods [113] and
microwave assisted processes[114]. The synthesis method chosen will directly affects

the size and the crystal structure of the particles and ultimately their photocatalytic
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activities [113]. From all suggested methods, the hydrothermal routes produced the
most efficient CdS particles for the photocatalytic hydrogen evolution [115].

For the cocatalyst chosen for this research, cobalt phosphide (CoxP) , less successful
synthesis publications are available, where the found methods mostly include;
solution phase reaction methods[38], or solid phase reaction methods [38]. Cao et
al. [29], reported a solid phase reaction method for the CoP preparation, while
Wentuan et al.[116] reported a solution phase synthesis of CoxP, but both with a very
little detail of the method success or explanation of how and why it would work for
a photocatalytic purpose. In this research, it was decided to investigate the two
above mentioned methods and compare the photocatalytic hydrogen generation of

the CoxP/CdS system which could be used in the solar-driven thermochemical cycle.

2-6 Photocatalytic reactors

There have been previous reviews describing different photoreactor configurations
in the area of photocatalytic water treatment application[2], however, only a few
described the reactor design for the water splitting purposes and only one was found
describing a photoreactor design that can be used in a thermochemical cycles[7].
There are some important parameters that need to be considered for any type of
particle photocatalytic reactor design; (i) irradiation of a large catalyst surface area,
(i) uniform light distribution throughout the reactor, (iii) adequate light intensity for
the electron-hole generations, (iv) continues mixing of solution to allow even
irradiation of all catalyst particles and (v) constant temperature during the
irradiation[117]. Based on these parameters, the design features of the particle
photoreactors are classified in terms of (i) physical geometry (position of irradiation
source relative to the catalyst particles), (ii) type of radiation, and (iii) reaction tank

material. The following section will briefly explain these design features.

2-6-1 Physical geometry of photoreactor
The physical geometry is of the great importance in the reactor design, as it

determines the photon collection efficiency of the overall photochemical system.
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Xing et al. [93] reviewed different photoreactor designs with various shapes and
different light positions and explained this diversity as a result of different reaction
systems. Therefore, an optimised geometrical configuration is needed to increase the

chance of efficient photon collection by the catalyst particles.

2-6-2 Type of radiation

A wide range of visible light sources are available where each one can be categorised
according to their specific spectrum of wavelengths. For a visible light photocatalytic
hydrogen generation purpose, a successful coupling between the visible light
spectrum and the absorption properties of semiconductor can effectively promote
water splitting. Examples of commercial available visible light sources include
tungsten lamp, mercury lamp, solar simulator and very recently LED [93]. Figure 2.11
shows the relative amount of energy versus wavelength for several different light
sources in the visible region. The red curve represents the relative energy of tungsten
lamps over the entire visible spectrum as opposed to light distribution of white-LED

lamp (green), mercury lamp (blue) and natural sun light (yellow).
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Figure 2. 11 Different spectra from different visible light emitting sources [118].

The main drawbacks of mercury and tungsten lamps are their fragility such as danger
of explosion for high pressures, high working temperatures, inner gas leakage, and
short life span. Tungsten light provides mainly radiation towards infrared where no
semiconductor can be excited. On the contrary, white LEDs in the different ranges
of colour temperature index (cool-white or warm-white) have shown benefits of

incredibly long life span, lower power consumption, improved physical strength and
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smaller sizes in comparison with other commercial available light sources[118]. With
majority of radiation energy around 450-600nm, LEDs can be used to mimic the sun
emission spectrum in the visible region pretty well.

It has been reported that the maximum absorption of photons by the CdS particles
in the visible region is at the wavelength of nearly 520 nm [3]. This implies that only
white-LEDs could promote electron-holes generation in a CdS photocatalyst. In Fig
2.12, the difference of cool and warm white-LED can be seen ,where the cool white-
LEDs have far more radiation intensity and power below 520 nm, making it more

suitable for a CdS photocatalyst.
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Figure 2. 12 Radiation spectra for (a) cool white-LED and (b) warm white-LED lamps [119].

2-6-3 Reaction tank material

The material of the tank or vessel for the photoreactor is also an important design
feature as it determines the possible light transmission into the particle reactor. The
vessel material could be stainless steel, Pyrex® or quartz. Quartz is an ideal material
choice for the optical transmittance, but its high cost hinders its application for large
scale [93]. Stainless steel would effectively block light from a surrounding
environment, which is the case if using solar light. If using other light sources, a
dedicate illumination area or optical window would be incorporated and should be
relatively precisely designed. A stainless-steel tank , despite being stable and
corrosive resistant would add high cost for a scaled-up application. Pyrex® has low
refractive index and relatively lower cost, in addition to being safe, making it a

popular photoreactor material of choice [7].
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2-7 Conclusion

In this chapter, solar-driven hydrogen techniques together with the solar
thermochemical cycles for the hydrogen generation were reviewed. It was found that
the sulphur ammonia thermochemical cycle was the most promising cycle due to the
possible incorporation of both thermal and quantum components of the solar energy
to drive the cycle. It was concluded that the first strategic step to improve the cycle
would be replacing the energy demanding electrolyser with a photocatalytic step, for
the hydrogen production in the cycle. This replacement strategy could possibly
reduce both time and temperature for the hydrogen production while driving it by
solar energy only. To investigate what photocatalytic system could be utilised for a
solar thermochemical cycle, a review of possible visible light driven photocatalysts
was conducted, were it was identified that the CdS semiconductor had the suitable
band potentials for the hydrogen evolution or water splitting. The challenge of
overcoming CdS’ photocorrosion at prolonged irradiation could be reduced by using
a co-catalyst and/or using a sacrificial reagent. In the search for a cocatalyst that
would work (being inexpensive) and be compatible with CdS (also for electron
transfer purpose), the transition metal phosphide of CoxP showed to satisfy the
required criteria of the most active cocatalyst. It was found in the literature review
that the use of a suitable sacrificial reagent alongside the co-loading on CdS strategy
would further improve the H; evolution reaction.

Different photoreactor configurations to be used in this research were also reviewed,
where it was concluded that for any reaction system an optimised geometrical
configuration with the corresponding type of light and type of vessel material was
required. To increase the photon absorption efficiency in a slurry reactor
configuration, a Pyrex ® vessel with irradiation from surrounding around the reactor
would be the best option. To increase the irradiation opportunity of the particle
slurry, agitation would also be needed. Among the possible artificial lights, it was
concluded that cool white-LEDs had an irradiation spectra that would excite a CdS
system. The cool white-LED can also be treated as a cost-effective visible radiation
source, rather than more expensive solar simulators and therefore easily be utilised

in a scale-up if to be used in a large-scale photochemical cycle.
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Therefor in this research, a photoreactor will be designed with a cool white LED
irradiation source to mimic the solar visible irradiation satisfactory, while being able
to photoexcite a CoxP/CdS catalyst slurry. The information obtained in this research
will then be incorporated into the hydrogen step of the sulphur-ammonia
thermochemical cycle, where ammonium sulphite (aqg.) will be used as the cycle

working fluid.
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Chapter 3: Methodology

3-1 Introduction

This chapter describes the different experimental procedures undertaken in this
research including material synthesis, instrumental analysis and reactor design (such
as hydrogen measurement and collection, photonic energy conversion efficiency and

the light analysis).

3-2 Material synthesis

3-2-1 CdS synthesis

The synthesis of cadmium sulphide (CdS) nanoparticles was undertaken by a
hydrothermal method. All chemicals used were of analytical grade or higher. First the
precursor solutions of 0.14 M sodium sulphide nonahydrate, Na;S-9H,0 (>98%,
Sigma Aldrich), and 0.14 M cadmium acetate dehydrate, Cd(CH3CO,),.2H,0 (>98%,
Sigma Aldrich), were prepared in 200 mL and 250 mL deionised water respectively.
Then, the Na;S solution was added slowly to the Cd(CHsCO), solution under vigorous
stirring (with 100 rpm agitation speed), forming yellow precipitates. The mixture was
stirred for 24 h and kept for an additional 24 h at room temperature to assure
formation of a stable product. The precipitate was an amorphous CdS phase, as

reported by the following equation [29]:
Cd(CH53C0,), + Na,S — CdS (amorphous) + 2 CH3;COONa(aq.) (3-1)

Impurities in the solution were removed by filtering through 8 um filter paper. The
yellow filtrate was then dispersed into 160 mL deionised water. To form crystalline
CdS, a hydrothermal method was used, where the mixture reacted hydrothermally
at 473 K for 72 h using a 250 mL Teflon-lined stainless-steel autoclave (Lab Glassware

and Equipment). After cooled to room temperature, the product was filtered (8 um
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filter paper) and washed with 3:7 water/ethanol mixture at least three times and
dried in a vacuum oven at ambient temperature. Note that for the synthesis of CdS,
experiments were conducted in an inflatable glove box (Sigma Aldrich) and under the
ambient lab conditions to understand effect of oxygen on the synthesis, see Fig 3.1.
To make inflatable glove box air-free, a vacuum pump was attached to the glove box
to remove the air, followed by refiling it with inert argon gas and purging several

times.

¥ el
{‘%‘ CdS synthesis set-up

1»5\

Argon gas

Vaccum pump

Sealed plastic glove box

Figure 3. 1 Experimental set-up for the CdS synthesis in an inflatable glove box.

3-2-2 Pt synthesis

The synthesis of the cocatalyst platinum was undertaken by the reduction of
chloroplatinic acid H2PtCls. 6H,0 (37.5% Pt basis, Sigma Aldrich) to elemental
platinum (Pt°) using sodium citrate dihydrate CeHsNaszO;. 2H,0 (>99%, Sigma
Aldrich). First, 5% w/w aqueous solution of H,PtCls. 6H,0 was prepared in 4 ml
deionised water, followed by its dilution into 340 ml deionised water. This solution
was treated as the titrate. The titrate solution was then transferred into a 500 ml
three-necked round-bottom flask and heated to 80°C. The flask, as shown in Fig 3.2,
was equipped with a reflux condenser, bubbler, thermocouple and a heating mantle
and was continuously deaerated by the purging of the argon gas. For the titrant, a
solution of 1% w/w sodium citrate dihydrate was prepared in a 60 mL deionised
water. Then, the titrant solution was added to the titrate solution dropwise at 80°C,

using a syringe. The course of reduction was monitored by taking 1 ml sample
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solution every five minutes, where the samples were analysed for their optical
absorbance. The end of the reduction reaction was marked as disappearance of the

absorption band of PtCls and formation of Pt° metal as:
9H,PtClg + 2Na3CcH:0; + 10H,0 —» 9Pt° + 12C0O, + 6NaCL + 48H* + 48Cl~
(3-2)

The UV-Vis absorption spectra was recorded between 200 and 500 nm with the scan
rate of 150 nm/min. The UV-Vis spectroscopy samples were prepared by diluting 1
part reaction mixture with 7 parts of MilliQ water. The blank solution containing
water and sodium citrate was also subject to the same treatment as for the reaction

mixture samples for the UV-vis analysis.

—

Reflux condenser »\; : 7 1§ | bubbler

Three-necked flask

Heating mantle

Figure 3. 2 Experimental set-up for the Pt synthesis under argon gas atmosphere.

3-2-2-1 Loading of Pt on CdS

Platinum was loaded on the synthesised CdS by two means; once by adding the CdS
before the reduction reaction of PtCls ion to the elemental Pt° and once where the
CdS was added at the end of the reduction reaction (the point which was determined
by the UV-Vis analysis). At both cases, certain amount of the synthesised CdS was

introduced into the reduction reactions to make 2, 5, 7 and 10 wt. % Pt/CdS. Then,
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the solutions were allowed to be stirred for an extra 4 hours before they were cooled
down from 80°C to room temperature. The resulting products were then filtered
through 8 um filter paper and dried in a vacuum oven at the ambient temperature

overnight.

3-2-3 CoxP synthesis

Two routes are normally considered for the synthesis of cobalt phosphide (CoxP); one
is solid phase synthesis (through thermal phosphidation reaction), and the other one
is solution phase synthesis (through organometallic reaction or hydrothermal
reaction) . In this research, all these three synthesis routes will be conducted, and

their results will be compared.

3-2-3-1 Solid phase synthesis (thermal phosphidation reaction)

To synthesise CoxP by the thermal phosphidation reaction, the precursor of cobalt
hydroxide Co(OH), was made first by a precipitation method. Therefore, a buffer
solution of 1.7x10% M sodium citrate dihydrate Ce¢HsNaszO7. 2H,0 (>99%, Fisher
Scientific) was prepared in 100 mL deionised water. Then, 200 mg of cobalt nitrate
hexahydrate Co(NOs),- 6H.0 (>98%, Fisher Scientific) was added into the solution,
which stirred for 15 min. This solution was treated as a titrate. For the titrant, a
solution of 0.5 M sodium hydroxide was prepared in 100 mL deionised water using
NaOH pellets (>98%, Sigma Aldrich). The titrant solution was added dropwise to the
titrate solution until pH rise of 14 to ensure cobalt hydroxide precipitants were fully
formed (at the excess of NaOH) as:

CO(NO3), + 2 NaOH —» CO(OH), + 2 NaNO, (3-3)

The precipitated Co(OH); was then centrifuged, the solution decanted, and the solid
powders dried in a vacuum oven. To synthesise cobalt phosphide, 50 mg of the
formed Co(OH); and 250 mg of sodium hypophosphite monohydrate NaH,PO,. H,0
powder (>99%, Sigma Aldrich) were ground by pestle and mortar and then
transferred to a crucible and inserted into a tube furnace for annealing time of 1h in
an argon atmosphere (gas flow rate 30 mL/min) and temperature of 300 °C using a

ramp up rate of 2 °C-min’!, see arrangement in Fig 3.3. At the annealing step, the

37



thermal phosphidation reaction occurred, where NaH,PO, was decomposed to
produce phosphine PHz and Na;HPOs and where this short-lived gaseous
intermediate of phosphine quickly reacted with Co(OH); in an acid-base reaction to

form CoP, as:

2 NaH,PO, - Na,HPO, + PH; (decomposition reaction) (3-4)

PH; + Co(OH), — CoP(s) + H,0 (acid-base reaction) (3-5)

The formed black solid CoP was then washed subsequently by water/ethanol mixture

(molar ratio of 3:7) three times and dried in a vacuum oven.

Tube furnace with
PID controller

Argon gas

Flow-meter

Figure 3. 3 Experimental set-up for the solution phase synthesis of CoP in an argon purging
tube furnace with PID temperature controller.

3-2-3-2 Solution phase synthesis (organometallic reaction)

To synthesise CoxP by the organometallic reaction, 5 ml of 15.7 mmol 1-octodecene
and 5 ml of 15.2 mmol oleylamine and 257 mg Co(acac), were added into a 100 ml|
three-necked round-bottom flask, equipped with a reflux condenser, thermocouple,
bubbler and a heating mantle, see Fig 3.4. First, the reaction mixture was heated
under argon to 120 °C and kept at this temperature for 1 h in order to remove oxygen,
water and low boiling point impurities. Then, the reaction temperature was further
raised to 320 °C under argon atmosphere and allowed to equilibrate for 10 min.
Following the temperature equilibrium, 2 ml trioctylphosphine (TOP) was slowly
injected into the reaction mixture and the reaction was kept at this temperature for

1 h and 12 h. After that, the flask was allowed to cool down to room temperature by
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removing the heating mantle. The resulting suspension was then cleaned by the
addition of 50 ml isopropyl alcohol to the reaction mixture, followed by
centrifugation at 4000 rpm for 10 min. Then, the precipitate was suspended in the
mixture of 15 ml hexane and 25 ml ethanol. Washing process with the mixture of
hexane and ethanol and then centrifugation at 4000 rpm was repeated for 6 times
to assure all oily residues were removed and the dried CoP powders retained at the

bottom of the tube vials.

Reflux condenser | : ‘
;v
‘ ! ~ —

Thermocouple

Three-necked flask

Heating mantle

Figure 3. 4 Experimental set-up for the solution phase synthesis (organometallic reaction)
of CoP.

3-2-3-3 Solution phase synthesis (hydrothermal reaction)

Synthesis of CoxP was also undertaken by a hydrothermal method, where 1 mmol
(291 mg) of cobalt nitrate hexahydrate Co(NOs3); -6H.0 (>98%, Fisher Scientific) and
10 mmol (310 mg) of red phosphorous P (>97%, Sigma Aldrich) were added into 30
mL deionised water. Then, the solution was mixed for 30 min (with 100 rpm mixing
speed). To form crystalline CoxP, the mixture was reacted hydrothermally at 473 K
for 18 h in a 250 mL Teflon-lined stainless-steel autoclave (Lab Glassware and
Equipment). After cooled to room temperature, the final product was collected by
vacuum filtration. The product then washed three times with deionised water and

finally dried in a vacuum oven at 60 °C for 3 hours.
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3-2-3-4 Loading of CoxP on CdS

For the loading of the cocatalyst CoxP onto the CdS particles, different methods of
grinding, sonication and in-situ hydrothermal treatment were tested and compared.
In the grinding method, certain amount of synthesised CoxP and CdS powders were
dispersed in 1 ml ethanol (for making 5 wt. % CoxP /CdS) and then thoroughly ground
by the pestle and mortar to increase their contact area. After volatilisation of ethanol,
an extra 1 ml ethanol was added and the grinding was repeated. This grinding
procedure was conducted three times to ensure good loading of CoxP on the CdS
surface sites.

In the sonication method, certain amount of the synthesised CoxP powder and the
CdSs filtrate (before drying the final particles) were weighted first, for making 2, 5 and
10 wt. % CoxP /CdS, and then added into the 20 ml deionised water. Next, the solution
was allowed for the 2 h sonication to assure all the CoxP particles were loaded on the
CdS surface sites. The resulting solution was then transferred to a watch glass, where
the particles were dried naturally in an ambient temperature.

In the in-situ hydrothermal treatment method, certain amount of the pre-
synthesised CoxP powder and the CdS filtrate were weighted first, for making 2, 5
and 10 wt. % CoxP /CdS, and then transferred into 160 ml deionised water for a
hydrothermal treatment at 473 K for 72 h, using a 250 mL Teflon-lined stainless-steel
autoclave. After cooled to room temperature, the catalyst-cocatalyst product was
filtered (8 um filter paper) and washed with 3:7 water/ethanol mixture at least three

times and dried in a vacuum oven at ambient temperature.

3-3 Instrumental analysis

3-3-1 XRD analysis

To analyse the crystalline structure and estimate the particle size of the synthesised
particles, a high-resolution X-ray diffraction (XRD) apparatus was used with the X-ray
diffractometer of MiniFlex Rigaku and an X-ray source of CuKa (A=1.54056 A and
power of 600W). The diffraction spectra is generated when the X-ray light at certain
wavelength (A) is scattered by the sample and detected [108]. Different materials

give different diffraction patterns depending on their crystal structure and the
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different spacing between crystal layers (d). The principle of obtaining the diffraction
peaks can be described using the Bragg’s law[120];
nA = 2d sinf (3-6)

where A is the wavelength of the incoming radiation, d is the interplanar spacing
within the crystal, n is a positive integer and 6 is the angle between the incoming and

scattered X-ray beam, see Fig 3.5.

<+
d
-

Figure 3. 5 Working principle of XRD with incoming radiation, A, with an angle, 8,and same
angle scattering towards the detector ,with each crystal plan has a defined spacing of, d,
[120].

The X-ray spectrums in this thesis were collected between 20 -26 -100 and analysed
by a commercial software (X'Pert Plus ) and a published database within the software
(ICSD reference database). For this thesis, all thermal analysis were undertaken

externally at University of Nova Gorica, Slovenia.

3-3-2 TGA/DSC Analysis

To understand thermodynamics of the reactions and obtain correct temperature
settings to drive the reactions, thermogravimetric analysis (TGA) coupled with the
differential scanning calorimetry (DSC) were used. The TGA measures mass loss or
gain over a defined temperature rise in the apparatus. The gas environment can be
chosen as air, oxygen, argon, nitrogen. Mass changes observed in the
thermogravimetric analysis could be corresponding to decomposition of the sample,
water evaporation or as a result of oxidation [115]. A typical thermogravimetric

analyser consists of a precision balance with a sample pan that is located inside a
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closed furnace chamber with a programmable control temperature setting. Inside
the furnace the temperature is increased and the change in the mass of the sample
is recorded [121]. The thermogravimetric data at the corresponding temperature are
often presented in plots of mass % (of initial mass) versus temperature. The DSC part
of the thermal analysis measures amount of heat changes (as heat flux) of the same
sample set up i.e. sample pan and a reference pan inside the furnace chamber, see
Fig 3.6. The reference sample should have a well-defined heat capacity (Cp) over the

range of measuring temperatures.

Dual holder for simultaneous DSC and TG analysis

reference sample -
Heating disk

Heatflux and
mass Sensors

-

|
Connecting wires for heat flux signal
‘ and mass reading from scale

Figure 3. 6 Working principle of TG-DSC analysis set up [115].

When a sample undergoes a phase transition, heat is consumed by the sample (for
an endothermic phase transition) or given off from the sample (for an
exothermic phase transition ). This is latent heat and is not associated to a mass
change. For this thesis, all thermal analysis were undertaken externally at University
of Nova Gorica, Slovenia using a TGA/DSC analyser (Mettler Toledo 2), where the
particle samples were analysed at air in a heating rate of 10°C/min up to 700 °C. For
the reference a well dried corundum crucible was used as well as the powder sample

that was weighted carefully on a high precision scale in the corundum sample holder.

3-3-3 SEM/EDS analysis
To analyse chemical composition and morphology of the synthesised samples, a
scanning electron microscope (SEM) (JSM7100f TTLS, JEOL, Japan) equipped with an

energy dispersive X-ray spectroscopy (EDS) detector (X-Max80, Oxford) was used.
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The EDS enable analysis of (majority) surface elemental compositions of the powder
sample, hence when such analysis was needed, the sample was pressed prior
inserting into the microscope chamber.

To produce an image, a focused beam of high-energy electrons is generated by an
electron gun. The SEM uses an anode ( which is positively charged ), a magnetic lens
(which generates a magnetic field) and a specific set of coils (which scans the
electron beam in a raster-like pattern) to direct the generated electron beam to the
sample. After the sample is bombard by the electron beam, the secondary electron
signals are generated (the atoms of the sample that have absorbed energy of
electron beam give off their own electrons). These secondary electrons that are
knocked off the near-surface region of a sample will enter to a secondary electron
detector (300 V) where the signals are converted to create an image. Since the
wavelength of electrons is much smaller than the wavelength of light, the resolution
of SEM image is far better than an optical microscope. The working principle of a SEM
instrument is shown in Fig 3.7, where it can be seen that the sample specimen is
placed inside a vacuum evacuated chamber and bombarded with the highly focused
electron beam, created by the electron gun. The returning electron signals from the

sample surface are then entered into the SEM detector.

A -+— Magnetic Lens
To TV Scanner

Figure 3. 7 Working principle of a typical scanning electron microscope analysis[122].
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For the elemental analysis an additional EDS detector needs to be activated inside
the chamber and used instead. Therefore, in addition to the secondary electron
signals generated from the sample surface for image analysis, the EDS detects the
formed X-rays from the back scattered electrons that trapped inside the sample. The
X-rays are produced by inelastic collisions of the incident electrons with electrons in
discrete orbitals, shells, of the sample atoms. The produced X-rays are then emitted
in all directions and so they can escape the sample and thus be detected by the
dedicated EDS detector [123]. The number and energy of the X-rays emitted from the
sample are measured by EDS. The elemental analysis is undertaken by comparing the
peak of signals and its energy with known standards, which are part of the
microscope software package. The SEM/EDS analysis could therefore produce both
chemical compositional information, purity information as well as size, plus shape

information of the synthesised nanoparticles.

2-3-4 UV-Vis spectroscopy analysis

The UV-Vis spectroscopy was used for both qualitative analysis of compounds in
reaction solution and optical properties of the catalyst sample.

For molecular analysis of the reaction solutions specimen, the UV-visible light would
have enough energy to promote bonding and non-bonding electrons of the
molecules to a higher electronic state (which can be bonding and anti-bonding
molecular orbitals). The difference between these energy states of the orbitals is
called “band gap”, where the energy of the photon must exactly match the band gap
to be absorbed. Molecules with different chemical structures have different energy
band gaps, as they all have different atoms and bonding, and therefore all will show
different absorption spectra.

The working principle of the UV/Vis spectrophotometer with dual beam is shown in
the Fig 3.8. First a light source (Xenon arc lamp covering 160 to 2000 nm) passes
through a scanning monochromator ( including two slits and a prism), which filters
the light so only light of a single wavelength enters the instrument at a time. This is

necessary to see the samples response at specific wavelengths. Then the single
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wavelength light is split into two beams with equal intensities before reaching to the
detector (if dual beam set up is used). One beam is used for a reference and the other
beam is used for the sample. The reference beam intensity is taken as 100 %
transmittance (zero absorbance), and the measurement displayed is the ratio of the
two beam intensities. Therefore, if sample absorbs the light, the intensity of the
sample decreases compared to the reference intensity (100% transmittance), which
leads to a decrease in the ratio of the two beam intensities and subsequently a
decrease in its transmittance (an increase in absorption). The UV-Vis detector
presents the measured data based on transmittance % (or absorbance %) over the
wavelength (nm).

Reference

. >

Source Monochromator Detector Readout

Sample

Figure 3. 8 Flow sheet of a typical dual beam UV-Vis spectroscopy analysis [124].

For the optical analysis of the catalyst sample an externally placed spectrometer was
used at University of Nova Gorica, where an integrating sphere attachment (ISR-
3100) was mounted into the spectrophotometer (Shimadzu, UV-Vis 3100) to
measure diffuse transmittance and reflectance of the powders. The powder sample
was placed at the front or at the back of the sphere depending on if transmittance
(and absorbance) or reflectance was measured. The principle of measuring the
diffuse reflectance can be seen in Fig 3.9 where the sample is placed opposite the
incoming incident light and then the sphere concentrates the light reflected from the
sample on the detector. The obtained value is read as the reflectance with respect to
the reflectance of the white board standard (here barium sulphate with 100 %

reflectance).
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Figure 3. 9 A typical working principle of a UV-Vis diffuse reflectance analysis when using
an integrated sphere, where the sample is placed at the back of the sphere and reading
compared with a standard white board [124].

For the photocatalyst band gap calculation, the Tauc relations were used together
with the measurements obtained from the integrated sphere. The Kubelka-Munk
function, F(R), was also used to approximate the optical absorbance and scattering
of a sample from its reflectance as; F(R) = (1-R)? / 2R. The Tauc plot is then created
by taking the function of F(R) and photon energy (hv) and use of a correct exponent
,h, (for direct semiconductors n= 0.5 and for indirect semiconductor n=2) as; [F(N) x
(hv) ]". For a direct band gap semiconductor (as expected for CdS), the Tauc plot will
show a linear Tauc Region just above the optical absorption edge. Extrapolation of
this line to the photon energy x-axis can then be read as the semiconductor band gap
in eV. More details about the bang gap calculation will be presented in in the Result

Chapters.

3-3-5 Fourier transform infrared spectrometer (FTIR ) analysis

Fourier transform infrared spectrometer (FTIR) was used to analyse the reaction
molecules, where molecular structural information originates from the molecules’
characteristic absorption of an incoming infrared radiation. When the molecules are
exposed to the infrared radiation, they can selectively absorb the IR radiation of
specific wavelengths, which causes a vibrational energy levels transfer from ground
state to the excited state. The resultant absorption spectrum indicates presence of

various chemical bonds and functional groups present in the sample. The background
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emission spectrum of IR source is first recorded to create a baseline and then
followed by the emission spectrum of the sample. The ratio of the sample spectrum
to the background spectrum is directly related to the sample's absorption spectrum,
representing a molecular ‘fingerprint’ of the sample and shown in % transmittance
per wavelength number (cm™). Fig 3.10 shows a block flow diagram of a typical FTIR,
consisting of the IR source, a collimator (causing direction of beams to become more
aligned), interferometer, sample compartment and the signal detector. A typical
interferometer used in FTIR, consists of two perpendicular mirrors (one stationary

and one movable) and a beam splitter.

Fixed mirrar
—

Eeam splitter  Mowing mirror

[Source HCollimator] H I

Sample
compartment

|

Figure 3. 10 Block flow diagram showing a typical work principle of a FTIR analysis [125].

First, the source generating the IR radiation is passed through the sample (some
radiation is absorbed by the sample and some passes through), and then through the
interferometer and reaches the detector. The beam splitter is designed to transmit
half of the light and reflect half of the light. Subsequently, the transmitted light and
the reflected light strike the stationary mirror and the movable mirror respectively.
When reflected back by the mirrors, two beams (with different path) of light
recombine with each other at the beam splitter and conducted into the detector,
where the difference of the intensity of these two beams are measured as a function
of the difference of the paths.

In this research, FTIR (Shimadzu, IR Tracer-100) was used to analyse adsorption of

lactic acid on 5 wt.% of Pt/CdS system and ammonium sulphite on 5 wt.% of CoP/CdS.
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First the catalyst powders were immersed in the photolyte solutions long time
enough to assure maximum adsorption on the particles. Then the samples were
washed with deionised water and then dried in the vacuum oven before analysis. The
10 mg dried solid sample was pressed into a pellet (using FTIR dedicated die and
press) and transferred to the FTIR sample holder. For the liquid samples (the various
solution specimens), small drops on the sample holder were used for the FTIR

analysis.

3-3-6 lon chromatography (IC) analysis

To measure concentration of anion species in the reaction solution, such as SO3?" and
lactate, ion chromatography (IC) was used. In a typical ion exchange chromatography
analysis, the dissolved charged ions bind to the oppositely charged functional groups
that have been bound covalently on the matrix of the column resin and then eluted
by changing the ionic environment using a mobile phase. The mobile phase (eluent)
which runs through the column, consists of another specific ionisable functional
group that can bind to the targeted charged ions on the column wall and then
separate them ( by ion exchange function). This means ions will have different affinity
to the column wall and therefore different mobility through the column. The ions
with high affinity for the functional groups of the column will have a lower
separation, a lower mobility, and consequently a longer retention time. The eluent
fluid, which now contains new ion complexes(after the ion exchange) will have ions
with different retention time depending on their respectively time of ion exchange,
and therefore will finally pass the detector for the specimen analysis. The different
retention peaks obtained by the separated ions, can be used to determine type and
the concentrations, if a calibration curve has been created first.

The working principle of a typical ion chromatography is shown in Fig 3.11. First the
eluent is delivered to the system using a high-pressure pump. Then, the sample is
introduced and flows into the analytical ion-exchange columns where the ion-
exchange separation occurs. The eluent both carries the sample through the ion
chromatography system and separates the sample ions. Then the separated sample

ions are introduced to a suppressor, where the high conductivity ions are removed

48



and replaced with low conductivity ions. This process not only reduces the
background conductivity, but also reduces the associated noise while simultaneously
increase the conductivity response of the low concentration analytes. An eluent
regeneration system as a fundamental part of the suppressor system, also facilitates
the recycling of the eluent and only causing a water-based eluent waste. Finally, the
ions are introduced to a conductivity detector, which detects ions based on a change
in their conductivities. The detector is connected to a data recorder to acquire and

process the data and show peaks in the chromatogram.
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Figure 3. 11 Working principle of an anion IC analysis using a conductivity detector [126].

The analysis of concentration of different ions of sulphite and lactate in this research
was carried out by an ion chromatograph (Dionex IC-25 system, Thermo Fisher)
equipped with an isocratic pump (ICS-5000 system). The pump had a high accuracy
performance to maintain a controlled rate and pressure for the eluent. The eluent
was a mixture of sodium carbonate (Na,COs3) and sodium bicarbonate (NaHCO3) that
continuously ran through the separation ion-exchange column (LC30). The column
contained amino-ethyl functional group which suited best for the detection of the
anionic species in this research . A suppressor (Dionex, micromembrane MMS 300)
in combination with an eluent regeneration system (Dionex, ERS™ 500) were used
for the chemically regeneration of the eluent. A detector ( Dionex, ICS-4000 CD) was

used for the high-performance conductivity detection of the targeted ions. The
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obtained information from the IC will be used in the reaction kinetic studies that will

be presented in the Result Chapters.

3-3-7 Gas chromatography (GC) analysis

To identify the level of purity of the formed gas, gas chromatography (GC) with a
thermal conductivity detector (TCD) was used. The working principle of a GC is shown
in Fig 3.12, where a gas sample is first injected into the injector port and is heated
assuring all volatile specimens are vaporised prior entering the column. A thermal
conductivity detector consists of two parallel tubes; one tube for the sample and the

carrier gas and the other one is for the carrier gas only (which was helium gas in this

research).
Injector
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Figure 3. 12 Working principle of gas chromatography[127].

A thermal conductivity detector senses changes in the thermal conductivity of the
column effluent and compares it to a reference flow of carrier gas. A gas with high
conductivity will therefore produce a different heat transfer rate than a gas with
lower conductivity. Temperature sensors pick up these changes and convert them to
digital signals. A GC chromatogram is a plot of gas retention peaks against time where
each different gas specimen produces a distinct peak which can be compared to the
known standards. The retention time depends on the duration of travel through the
column. The height of the peaks (or area under the peaks) can be used to evaluate

the concentrations.
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The gas analysis in this research work was carried out using a gas chromatograph
(TRACE 1310 Gas Chromatograph, Thermo Scientific), equipped with a TCD (Instant
Connect Thermal Conductivity Detector, Thermo Scientific™) for the specimen
analysis and a column chosen for the light gases such as hydrogen (Trace plot TG-
Bond M sieve 5 A) of approximate dimensions of 30 m x 0.53 mm x 50 um. The 5 A
molecular sieve for the column was chosen to provide good separation of the
expected light gas peaks and produce well-defined peaks. For manual injection of the
gas samples, a dedicated GC syringe (10 pl, Hamilton™ 700 tight syringe) was used.
The injection port temperature was kept at 250 °C and the thermal conducting
detector at 200 °C for most of the analysis. A selection of high purity gases was
employed for calibration of the GC instrument, as listed in Table 3.1, plus the

calibration sheets from Fisher Scientific.

Table 3. 1 Gases used as the standards.

Gases Purity (%) Supplier
Hydrogen (H2) 99.999 BOC
Nitrogen (N3) 99.999 BOC

Oxygen (0O2) 99.999 BOC
Argon (Ar) 99.999 BOC

3-4 Reactor design

For the photocatalytic experiments, a water-jacketed Pyrex glass photoreactor was
designed and benchmarked. The vessel was supplied with four ports; one for pre-
purging with argon gas, one for the produced gas outlet, one for photolyte and
catalyst input and one for gas sampling, see Fig 3.13. The cylindrical photoreactor
had a volume of 1.57 litre with an inner diameter of 10 cm (ID) and height of 20 cm
(h). The reactor temperature was controlled by an isothermal water jacketed
reservoir with a PID temperature controller. A magnetic stirrer was placed at the

bottom of the reactor to provide sufficient agitation.
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Gas sampling < Catalyst input
Ar inlet — Ar outlet

Photoreactor with light
arrangement

Water reservoir

DC-AC power supply
LED Fan

Figure 3. 13 Jacketed Pyrex photoreactor set-up with a LED arrangement , the four ports,
and the additional LED fan and power supply.

A cool white-LED light arrangement was designed and attached to the outside of the
reactor, see Fig 3.13. For the reactor light source (LED) appropriate factors such as
great irradiation area, uniform light distribution throughout the reactor and
adequate light intensity for the electron-hole generations were considered. Based on
these factors the first LED unit was designed, as shown in Fig 3.14, which included
10 LEDs (10 W cool white LED) in a parallel connection configuration that was
wrapped around the outside of the Pyrex reactor. As the LED unit would be very hot
when driven at maximum power, a metallic heat sink was attached to the light
configuration. A thermocouple was attached to the back of the light assembly to
record the temperature. An additional fan (LED fan) for removing the heat from LEDs
back surface was placed outside the reactor vessel, as seen in Fig 3.13. A gap of 2 mm
between the LED front surfaces and the outside of the Pyrex® glass reactor was made
to assure direct contact and for easy removal of the reactor vessel if need be.

The arrangement of light in the LED unit was done after spectral analysis of one LED,
see section 3-4-1, and then arranged in a manner so that the intensity of the
irradiation could be met by a power control. To drive the LEDs, a DC power supply,
with variable output (max 15 V DC) and current capability up to 10 A was used, see
Fig 3.13. A setting of 15 V and 10 A, would provide the maximum power for the 10 x
10 W LED’s. To ensure that the maximum power was provided inside the reactor, a

digital hand-held light meter (Voltcraft MS-1300) was used to register the exact level

52



of illumination used in the photocatalytic reactions. The device measured 700,000

lux, which corresponded to 0.0102 W/cm? ( 102 W/m?).

Reactor jacket
LED light

Heat-sink

Figure 3.14 The 10 x 10W cool white-LED arrangement at the outside of Pyrex glass
reactor vessel with additional metal heat sink.

3-4-1 Hydrogen collection

To collect the produced hydrogen, an inverted water-filled measuring cylinder or
burette was used, where the volume of the collected hydrogen was determined by
the volume of the water displaced, see Fig 3.15. The accuracy and reproducibility of
the water displacement method was tested using a syringe. Before the start of the
test, the plunger was pushed outwards to be filled with air and then pressed fully
into the barrel to expel any air present into the syringe and therefore into the
measuring cylinder. Then, the volume of the air which was displaced by water, was
measured using a balance scale. The accuracy and reproducibility (experimental
errors) of the water displacement set-up was recorded within + 0. 1 ml based on the

standard deviation of 3 tests.

Inverted measuring
cylinder

Balance Scale
Syringe

Figure 3. 15 Inverted column hydrogen collection set-up.
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3-4-2 Photonic energy conversion efficiency

The energy conversion efficiency for the photoreactor used in this research was
defined as the ratio of the chemical energy of the photogenerated hydrogen per unit
of time, to the irradiation energy absorbed by the photocatalyst particles per unit of

time as:

n = HH2X28% o 100% (3-7)

abs

,where rH, is the rate of hydrogen production (mol/min), multiplier 286( KJ/mol) is
the higher heating value of H, (HHV) and I, is the radiation power absorbed by the
photocatalyst (KJ/min). It will be shown later in Fig 7.15 that the rate of hydrogen
production for the 1.57 Litre photoreactor with 300 ml ammonium sulphite (2.66 M)
using 0006 g/cm?3 CoP/CdS catalyst and two rows of cool white LED arrays (2 x 10 W,
total of 200 W) will be 0.8 pmol/s. The maximum total radiative flux received by the
photocatalyst particles will be shown later in Fig 7.14, to be around 1 W/m? at the
absorption band of the photocatalyst (CoP/CdS). Therefore, the energy conversion
efficiency used in this research was calculated as:
mol

- k'
0.8x10 6(T)><60 (ﬁ)“% oD X 100% =~ 22.88% (3-8)

= 0.001(% x60 (=)

min

3-4-3 Photocatalytic hydrogen experiment

The photoreactor compartments for the photocatalytic hydrogen production were
put together according to Fig 3.16. For this photoreactor, (i) an argon gas was
supplied to assure oxygen free reaction conditions, (ii) a water reservoir was used to
control the temperature, (iii) a LED unit (with the power supply and a fan) was used
to provide the required light intensity, and (iv) a hydrogen collection part was

attached to collect and measure the produced hydrogen.
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Figure 3. 16 The connected compartments for a typical photocatalytic hydrogen
production.

Prior to the hydrogen production tests, the solution mixture, including photolyte and
the photocatalyst particles, was purged with argon gas for 45 min to assure the
reaction system to be oxygen free. Then photocatalytic reactor was then exposed to
the maximum LED light intensity at the start of the photocatalytic reaction. The
temperature for the photocatalytic reactor could be varied and majority of the lactic
acid solution runs where at 25°C and majority of the ammonium sulphite solutions

at 60°C.

3-5 Conclusion

In this chapter, all experimental procedures were presented and the basic principles
of XRD, SEM/EDS, UV-Vis, FTIR, TG/DSC, IC and GC were clarified. The details of the
reactor design, analysis of the light intensity, hydrogen collection, photonic energy

conversion efficiency and hydrogen experiment were also explained.
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Chapter 4 Results and Discussion: Photocatalyst
Characterisation

4-1 Introduction

In this Chapter, the synthesised photocatalyst is analysed. First, the CdS
characterisation is given in section 4-2, followed by the co-catalyst Pt synthesis and
loading on the CdS synthesis and analysis in section 4-3. After that the co-catalyst
CoxP synthesise through a solid-phase reaction is presented in section 4-4-1, followed

by the two types of solution-phase synthesis in section of 4-4-2.

4-2 CdS processing

The cadmium sulphide nanoparticles were synthesised by a hydrothermal method.
First, a sulphuric precursor of Na;S was added slowly to a cadmium precursor solution
of Cd(CHs3CO,), by titration to form an amorphous CdS precipitate that was
hydrothermally annealed. To investigate the effect of oxygen in the titration step,
two different samples were synthesised; one inside an oxygen free glove box and one

outside in air, see Fig 4.1.

Synthesised CdS
in absence of air

Synthesised CdS in §
presence of air

Figure 4. 1 Comparison of CdS powders prepared in air and in oxygen free environment.

From the image, there is no indication of any interferer cadmium oxide formed for

the sample that synthesised in air, as it would have produced a darker coloured
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Intensity/100(1%)

powder. The two synthesised samples were then analysed by XRD, where two
identical overlapping pattern were obtained, both matching perfectly with the CdS
standard data (JCPDS, File No. 41-1049), Fig 4.2. There was also no identified peak
shift or peak broadening in any of the two spectra. This confirms that oxygen did not
affect the CdS synthesis and therefore both synthesised CdS samples can be assigned
to a highly crystalline hexagonal cadmium sulfide phase with the lattice parameters
of a= 4.1360 A’, b=4.136 A’, and c=6.713 A", which is in agreement with the
published data [128,129].
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Figure 4. 2 Comparison of the two synthesised CdS XRD pattern ; in oxygen free
atmosphere (“first run”) and in presence of air (“second run”) as compared against CdS
standard data (JCPDS, 41-1049).

From the full width at half maximum (FWHM) of the most intense peak, particle size

for both samples were calculated by Scherrer equation [130], as:

0.9
~ pcose (4-1)
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, Where A is the wavelength of X-ray diffraction (Cu K-alpha), § is FWHM in radians of
the XRD peak and @ is the angle of diffraction. The obtained values can be seen in

Table 4.1, leading to the calculated crystalline mean size in a range of 18 nm.

Table 4. 1 Parameters used for the Scherrer formula.

FWHM (°) B (rad) A (A) 26 0 cos 0 D (nm)

0.5 0.008 0.154 45 22.5 0.92 18.060

It should be noted that the high crystallinity of the synthesised CdS particles would
mean a reduced amount of defects in the crystal structure and therefore promotion
of an efficient movement of the photogenerated electrons and holes to the CdS
surface, as reported by the researchers[131-135]. For photocatalysis, hexagonal-CdS
is preferred as its electron band structure configuration promotes a higher
photocatalytic activity compared with the cubic CdS crystal structure. The small
nanostructured size of the synthesised CdS particles will also promote a faster
electron and hole diffusion to the catalyst surface and as a result, will lead to a higher
efficient photocatalytic yield. To investigate the optical absorption performance of
the synthesised CdS samples, UV-Vis spectroscopy of the powders was conducted,

see Fig 4.3.
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Figure 4. 3 Light absorbance of the synthesised CdS sample compared with radiation from
thel0 W cool white LED.
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It should be pointed out that the absorption and reflection spectra of the two types
of synthesised CdS powders were identical, which further proves that a successful
CdS synthesis does not need to be conducted in an oxygen free environment. In Fig
4.3, it can be seen that the CdS sample exhibits an absorption edge in the visible light
region between 512-555 nm, which is attributed to the CdS intrinsic band gap. This
optical absorption profile matches with the emission spectrum of the cool white LED
lamps used in the photoreactor, suggesting that the CdS photocatalyst can be
successfully photoactivated inside the LED-driven photoreactor.

The optical band gap of the synthesised CdS nanoparticles was calculated using the
Tauc relation [131,136] as:

()™ = A(hv — Eg) (4-2)

, Where a” is the absorption coefficient, hv is the photon energy (eV) where hv =

%, A is the proportionality constant and Eg is the energy of the optical band gap.

In the above equation, exponent n dictates the characteristics of the transition in the
semiconductor [131], i.e. n = 1/2 for the direct band gap transition and n = 2 for the
indirect band gap transition. The absorption coefficient @” was obtained using the

diffuse reflectance measurements, R, as:
a = (1-R)?/2R (4-3)

CdS is regarded as a direct transition semiconductor by most authors [131,137]. A
direct band gap transition is when the energy changes, but the momentum is
conserved and it is formed between the lowest energy point of a conduction band
and the highest energy point of a valence band. The indirect transition is when both
the energy and the momentum change and is formed between the lowest energy
point of a conduction band and the highest energy point of a valance band [138]. A
schematic showing the difference can be seen in Fig 4.4. By plotting the values of
(a’hv)Y™ on the y-axis versus the hv on the x-axis, the corresponding direct band
gap of the synthesised crystalline CdS sample was obtained from extrapolating the
straight part of the graph on the hv-axis, as shown in Fig 4.5. The extrapolation of
the straight line that intercepted the hv -axis gave the value of 2.3 eV for the optical

band gap, which was consistent with reported results[129,137,139].
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Figure 4. 4 Comparison between indirect and direct bandgap transitions [138].
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Figure 4. 5 Tauc plot based on the UV-Vis diffuse reflectance analysis to obtain optical
bandgap value for CdS.

4-3 Pt synthesis

Platinum nanoparticles were synthesised by the reduction of PtClg? ions to elemental
Pt° by sodium citrate at 80°C. The citrate ions are used as both reducing agent and
capping agent. As a reducing agent, it transforms the metal ions into the elemental
metal which then grows into a Pt particle. As a capping agent, it prevents the Pt

particle from growing beyond the nanometric size. To investigate the course of
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reduction of PtCls* to Pt°, UV-Vis spectroscopy analysis of the reaction solution at
various reaction times between 0 to 120 minutes were conducted, see Fig 4.6. The
figure shows that before the reaction starts at t=0 min (before addition of sodium
citrate), a peak at 264 nm attributed to PtCls* (Pt") is observed, which is consistent
with literature [140]. The 264 nm peak gradually diminishes with time and completely
disappears after t=120 min. This indicates a gradual formation of platinum
nanoparticles in the reaction mixture has occurred, where Pt® exhibits broad but very
weak absorbance band. The solution also shifted in colour from a pale yellow to dark
brown, which is also consistent with previous published data [141,142]. For all Pt
synthesis in this research, the reduction reaction was undertaken at a minimum of
120 minutes to assure complete Pt formation.

To investigate the success of Pt loading on CdS two distinct experiments were
conducted; one where the CdS particles added at the end of the Pt reduction
procedure (t=120 min) and one at the beginning of the reaction, before sodium
citrate addition (t= 0 min). The theoretical aim was a 7 wt. % loading of Pt on CdS.

The final products were analysed by SEM/EDS, see Fig 4.7 (a, b and c).

0.7
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Figure 4. 6 UV-Vis absorption analysis on the reduction of PtCls*ion to Pt°.
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Figure 4. 7 (a) A typical SEM sample area of the 7 wt.% Pt/CdS sample, and (b) the

representative EDS spectrum when CdS added at t=0 min and (c) when CdS added at t=120
min in the Pt on CdS loading experiment.
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In Fig 4.7 (a), a typical SEM sample area (11200 um?) of a compressed powder can be
seen, whereas Fig 4.7 (b) shows the corresponding EDS analysis of a 7 wt. % Pt/CdS
sample when CdS was added at t=0 min and when CdS was added at t=120 min is
shown in Fig 4.7 (c) . In both EDS, it can be seen that CdS and Pt are the main elements
present. The molar ratio of Cd : Sis also very close to the expected 1:1 stoichiometry
for the both cases of (b) and (c). However, the EDS in (b) shows 4 atm. % Pt
(corresponding to 7.5 wt. %) when CdS was added at t=0 min, while the EDS in (c)
shows only 0.5 atm. % Pt (corresponding to 0.7 wt. %) when CdS was added at t=120
min. This suggests higher possibility of loading of Pt particles on the CdS surface when
CdS is added at the beginning of the Pt reduction, due to the greater chance of PtClg*
to occupy binding sites of CdS as being reduced to Pt°. At t=120 min, there is a smaller
chance for the Pt growth site on the CdS surface (“seeding sites”) and therefore
majority of the Pt particles would be dispersed in the solution. To precisely
characterise the actual loading of Pt on the CdS, supporting analysis technologies
would be needed such as Transition Electron Microscope (TEM) or even a High
Resolution SEM (HR-SEM).

To further analyse the 7 wt. % Pt/CdS sample when the CdS was added at t=0 min,
XRD analysis of the powder was conducted, see Fig 4.8. No peak shift or peak
broadening of the CdS was observed after deposition of Pt, indicating that the Pt
loading did not alter the phase structure or crystallinity of the hexagonal CdS
particles. Due to the low loading of Pt, which was below the detection limit of the
XRD, no distinct Pt peaks were observed. Three Pt peaks at 20 values of 42.9°(111),
46.4°(200) and 67.9° (220), consistent with previous reported data [143], are shown
in Fig 4.8.
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Figure 4. 8 XRD of 7 wt.% Pt/CdS prepared at t=0 min of the Pt on CdS loading experiment,
compared with CdS standard data (JCPDS, 41-1049) and Pt standard data (JCPDS, 87-0647).

4-4 CoxP processing

4-4-1 Solid phase synthesis

In the solid phase synthesis (phosphidation reaction) of cobalt phosphide (CoP), the
phosphor precursor of NaH,P0;.H,0 was thermally decomposed, producing an short
lived intermediate PHz gas which immediately reacted with the nearby cobalt
precursor, Co(OH): , inside a closed crucible in the furnace. The Co(OH); precursor
was synthesised by a titration reaction, by slowly adding 0.5 M NaOH to a solution of
Co(NO:s3); until a precipitate of Co(OH), was formed when reaching pH 14, see more
details in Chapter 3.

The success of the CoP synthesis depends on: (i) successful pre-synthesis of Co(OH)s,
and (ii) the correct temperature and annealing time for the thermal decomposition

of NaH2PO,. The XRD result of the synthesised CoP did not show any diffraction peaks
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matching with a CoP standard data (JCPDF, File No. 29-0497) and therefore the
results are not reported in this thesis. This result suggested either not high enough
furnace temperature to drive decomposition of NaH;PO,, or too-short annealing
time, or the possibility of a poorly Co(OH), synthesis. To evaluate the optimal
decomposition temperature of the NaH.PO,, thermal analysis of the NaH,P0,.H.O
powder was undertaken by TGA/DSC, as seen in Fig 4.9. The TGA plot shows that the
first weight losses occur at 83°C and 132°C respectively, corresponding to the water
loss (non-bonded and bonded humidity) with the associated endothermic DSC peaks.
At 255° C, an endothermic DSC peak is observed with no associated weight loss,
contributed to a phase transition (melting point). However, the main decomposition
occurs at 320° C, where the PH3 is formed, which is associated with a large, 12 %,

weight loss and an exothermic DSC peak.
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Figure 4. 9 Thermal analysis (TGA/DSC) of NaH,P0,.H20, where the major decomposition
at 320° C is marked with red circles.
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Another weight loss occurs around 370 ° C with a small exothermic DSC peak,
associated with the further decomposition of the solids. From the thermal analysis,
it was therefore concluded that the furnace temperature for the successful
phosphidation reaction ought to be at 320° C for 1 hour ( this annealing -time is
enough for the decomposition). Next step was to assure that the synthesis of the
precursor Co(OH), was successful, which was done by the XRD analysis. The first
batch of the synthesised Co(OH); did not show any XRD peak matching with the
Co(OH), standard data (JCPDF, File No.74-1057) (results are not shown here),
indicating that the Co(OH), particles were amorphous and not crystallised. To
improve crystallinity of the Co(OH); particles, the synthesised Co(OH), powder was
heated up in an air-filled tube furnace at 600°C, 10° C /min ramp up, for 5 hours
annealing. The XRD of the post annealed Co(OH). powder, as seen in Fig 4.10, showed
additional diffraction peaks of Co304 formed by the following equation:

6 Co(OH), +0, — 2C030,(s) +6 H,0 (4-4)

Co{OH)Z_heabed_Tha1a_s-Theta Lo

400d —

hydroxide peaks

(20)

Figure 4. 10 XRD pattern of the post-annealed Co(OH), sample in air, 600°C for 5 hours,
against Cos0, standard peaks (JCPDS 74-1657). The hydroxide peaks are marked as red
cycles.
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However, the formed Co304 is not considered as a suitable alternative Co source in
the phosphidation reaction of producing CoP, due to being more stable than Co(OH)3,
hence preventing a rapid and low temperature CoP synthesis. Due to the difficulty in
controlling the synthesis of Co(OH),, commercially available Co(OH), (Sigma, fine
particles, 99.9% purity) was purchased. Then, the phosphidation reaction was
conducted at 360° C /1 hr to ensure complete decomposition of NaH,PO, and
formation of CoP. Fig 4.11 shows the XRD pattern of the formed product compared
with a CoP standard data (JCPDS, 29-0497), where only a few of the peaks can be
assigned to CoP. The rest of the peaks are associated with various phosphate and

sodium compounds according to the XRD software (High Score X’Pert).
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Figure 4. 11 XRD of synthesised CoP sample (in argon at 360° C /1 hr) , using commercial
Co(OH),, against CoP standard peaks (JCPDS 29-0497). The CoP peaks are marked as red
cycles.

The presence of these phosphate and sodium compounds suggests non-
stoichiometric environment and that some part of the produced PHs gas may have
escaped with the purging argon gas inside the furnace, which might have hindered a
complete reaction with the Co(OH),. Another reason why such high content of

phosphate and sodium compounds are observed in the XRD could be due to
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ineffective washing of decomposition residues of Na,HPO4 prior to XRD analysis, see
further details in Chapter 3 Methodology. To further investigate the phosphidation
synthesis, the prepared CoP sample was analysed by SEM/EDS for the elemental
analysis, Fig 4.12 . The results reveal that C, O, P, Co and Na are the main elements
present for all spectrums in a spot analysis of the powder. However, Co : P ratio
indicates very little CoP formation. This observation further confirms an incomplete
reaction between PHs; and Co(OH); in addition to an ineffective removal of the

decomposition products of Na;HPOa.
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Figure 4. 12 (a) A typical SEM sample area (11200 pm?)of the synthesised CoP sample and
(b) and (c) EDS analysis on two spectrums of the SEM image.
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Based on these results, it was concluded that the solid phase synthesis of CoP was
not suitable due to the associated difficulties in the synthesis process and in addition
the disadvantage of producing the intermediate PHs gas, which was extremely toxic

and lethal even at a few ppm.

4-4-2 Solution phase synthesis

4-4-2-1 Organometallic reaction

One of the solution phase synthesis of cobalt phosphide (CoxP) was undertaken by
the so-called “organometallic reaction” method. Cobalt acetylacetonate Co(CsH703),,
referred as Co(acac),, was the source of cobalt and trioctylphosphine P(CsH17)s,
referred as (TOP), was the phosphor source. The Co(acac). precursor, which uses the
bidentate ligand to form a large chelated compound, was used to control the CoxP
nanoparticle size. To further control the nanoparticle synthesis, the Co(acac), was
mixed with the solvent oleylamine (CigsH3sNHz). As well as a solvent for the reaction
mixture, the oleylamine acted as a coordinating agent and a stabiliser. The schematic

of the involved molecules can be seen in Fig 4.13.
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H tri-n-octylphosphine
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Figure 4. 13 Schematic of the molecular structures for all components involved in the
organometallic reaction synthesis of cobalt phosphide (CoxP).
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As a coordinating agent oleylamine formed more stable chelates with the cobalt ions
inside the Co(acac); and as a stabilising agent, it reduced the growth rate of the
formed Co nanoparticles via the prevention of a nuclei agglomeration. The
stabilisation proceeds as the amines (-NH;) of the oleylamine bind to the formed
particles surface and lead to a particle repulsion and therefore a stabilisation of
particle growth in the solution. This stabilisation mechanism can therefore be used
to control the formation kinetics during the synthesis (particle growth rate control).
The amine group in the oleylamine that binds to transition Co metal, plus its long
hydrocarbon chain make the oleylamine molecule as an ideal surfactant to control
nanoparticle growth. Oleylamine can also function as a weak reducing agent at high
temperatures of solution phase syntheses, hence serving many roles such as; the
solvent, surfactant, stabilising agent and reducing agent in the CoxP nanoparticle
synthesis.

To further facilitate the reduction of Co in the Co(acac); chelate while slowing down
the growth rate of the formed nanoparticles, the non-coordinating, nonpolar solvent
octadecene as was added to the oleylamine and Co(acac);, as shown in Fig 4.13. The
reduced concentration of oleylamine by increasing the amount of non-polar
octadecene narrows down the size distribution of the particles. This is another
mechanism used to control the particle growth rate, as a very small size was aimed
for. Then after the initial solution mixing at 120° C for 1h to remove low boiling point
impurities, the solution temperature was raised to 320°C. At this point, the phosphor
precursor (TOP) was introduced very slowly into the, now destabilised, Co(acac)
chelates to continuously deliver a Co—-TOP complex and gradually transform it to the
CoxP phases during 12 h reaction time at 320°C. The phosphor precursor, TOP, also
acted as a coordinating agent which provided better size control and surface
passivation. The phase evolution of the final CoxP nanoparticles was monitored at t=1
h and t=12 h. Fig 4.14 shows the XRD result of the formed products at t=1 h with only
one matching peak with a Co,P standard data (JCPDF, File No. 89-3030) at 26 value

of 43.5°(121), where the signal to noise ratio was low. To improve crystallinity of the
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synthesised particles, the powders were post-annealed in an argon filled tube

furnace at 450°C, 10° C/min ramp rate, for 2 hours.
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Figure 4. 14 XRD pattern of the organometallicly synthesised Co,P sample at t=1h.

However, the post annealing treatment did not show any improvement of the XRD
peaks (results are not shown here), assuming the majority of the particles were still
amorphous. Fig 4.15 shows the XRD result of the formed products at t=12 h with the
matching peaks with an orthorhombic CoP standard data (JCPDS, 29-0497) at 26
values of 31.7°(011), 36.5°(111), 46.3°(112), 48.4°(211)and 56.61°(103). From the
full width at half maximum (FWHM) of the most intense peak, size of the CoP
particles was calculated to be 5 nm using the Scherrer equation, see Table 4.2.
However, the signal to the noise ratios, as seen in Fig 4.15, were all low. This indicates
that the synthesised CoP particles were only partly crystallised, and therefore
majority of particles were still amorphous. To improve crystallinity of the synthesised
particles, again a post-annealing treatment of the particles was undertaken in an
argon atmosphere at 450°C, 10° C/min ramp rate, for 2 hours.

Table 4. 2 Parameters used for the Scherrer formula.

FWHM (°) B (rad) A (A) 20 0 cos 6 D (nm)

19.44 0.33 0.15 48 24 0.91 5.01
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Figure 4. 15 XRD pattern of the organometallicly synthesised CoxP sample at t= 12 h when;
as-prepared (black) and post-annealed at 450 °C (red).

The post-annealing treatment showed once again nearly the same XRD pattern
regarding the peak positions and intensities compared to that as-prepared sample,
with a slight improvement in the baseline drift for the post annealed samples. This
indicates that the post-annealing neither affected the crystal structure of the formed
particles, nor dramatically improved the detectable (within the sensitivity range of
XRD analysis) crystallinities. It should be pointed out here that such small
nanoparticles indeed contained a large amount of defects and broken bonds at the
surface versus a very small bulk interior. To further support the analysis of the post
annealing step, thermal analysis of as-prepared and post-annealed CoP samples was
undertaken by TGA/DSC at the heating rate of 10 °C/min in argon, as seen in Fig 4.16.
The TGA plot for the as-prepared sample showed a gradual mass loss (8%) when
heated up to 360 °C, followed by a sudden weight loss when further heated up to
450 °C, where the sample had 18% mass loss. The initial gradual weight loss is
attributed to the atmospheric moisture and organic solvents present in the sample,
while the high-temperature weight loss with a corresponding exothermic DSC peak

at 380° Cis probably due to some phase changes in the sample.
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Figure 4. 16 Thermal analysis (TGA) of Co.P at t=12 h when as-prepared (red) and post-
annealed in argon at 450 ° C (black).

In a related study, Yang et al. [37] reported that at 380° C, probably a part of the
particles was converted into the carbon as a result of carbonisation of the organic
solvent residue. The TGA curve for the post-annealed sample showed only 3% mass
loss when heated up to 440 °C as the post-annealing process had already caused
removal of the moisture and organic solvents present in the sample. However, the
corresponding DSC curve of the post-annealed sample exhibited again the same
exothermic peak at 380° C. This surprisingly indicates some reversible phase changes

at this temperature.
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These post annealing observations will be further discussed in Chapter 5, where a
reduced hydrogen performance for the post-annealed CoxP in the CoxP/CdS
composites compared with those using as-prepared CoxP was obtained. This may be
because of carbonisation as explained by Yang et al. [37], which in this case would
reduce the CoxP electroconductivity for the hydrogen production. Only a few
researchers [30,144] reported the hydrogen performance of similar CoxP/CdS
composites but in the electrochemical cells, stating the hydrogen performances were
not dependent on the CoxP crystallinity, but on the high electronegativity of the P
atoms to attract electrons from the metal (Co) atom. Therefore, the phosphorus
becomes a negatively charged centre attracting the positively charged H* in solution.
This will be further explained in Chapter 5.

The phase transformation from metallic Co to Co,P and then finally to CoP, has been
reported by some researchers [98,145,146], see Fig 4.17, which would further explain
the reaction time and temperature in this research. For the transformation from Co
to CoyP, two diffusion mechanisms are considered; one is inward diffusion of
phosphorus into the Co matrix, forming an initial Co-rich Co2P shell with negligible
movement of cobalt and the another one is an outward diffusion of cobalt from the

CozP region, leaving a hollow particle structure through an Kirkendall mechanism.

© cobart

© Phosphorus

Cobalt Intermediate Cobalt
oba Core-Shell structure Phosphide

Figure 4. 17 Schematic of the formation transition from metal cobalt (left hand) to a Co.P
shelled cobalt particle (middle) to a CoP particle (right hand), where a phosphor precursor
TOP added to the cobalt metal [139].
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The Kirkendall diffusion mechanism (a defect supported diffusion) can explain how
initially the phosphorus atoms diffuse much faster than the cobalt atoms into the
cobalt matrix, where they form an amorphous shell of Co—P around the Co
nanoparticles that is gradually transformed to more crystalline Co,P. This is followed
by a change in the diffusion mechanism, causing a “Kirkendall hollowing” effect,
where the outward diffusion of the Co from the formed Co.P core becomes faster
than the inward diffusion of P.

The transformation process from CozP to CoP is different from that of Co metal to
CoP. The cobalt-rich inner region of the initial formed Co,P causes further Kirkendall
hollowing with an increased void size, at the increased time and temperature. This
would explain the difference between sample t=1 and t=12, producing Co,P and CoP
respectively. However, at some point fracturing of hollow particles is expected,
leading to a decrease in the number of particles that are hollow. From above results,
it was found that a longer reaction time caused crystallographic transformation
towards the more thermostable CoP, see Fig 4.18 , which was confirmed by the XRD

results in Fig 4.14 and 4.15.
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Figure 4. 18 Thermo-stability transformation of Co,P to CoP structure [145].

To investigate the success of CoxP loading on CdS, the loading methods of grinding
and sonication were conducted, and their results were compared. The theoretical
aim was a 5 wt. % loading of CoxP on CdS. The final products were analysed by
SEM/EDS and XRD, see Figures of 4.19 (a, b and c), 4.20, 4.21 and 4.22. In Fig 4.19 (a),
a typical SEM sample area of a 5 wt. % ground CoP (as-prepared )/CdS composite
can be seen while Fig 4.19 (b) and (c) show the corresponding EDS analysis of the

sample.
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Figure 4. 19 (a) A typical SEM sample area of a 5 wt.% ground CoP (as-prepared) /CdS
composite and EDS analysis on the two spectrums of the SEM image in (b) and (c).

For both EDS spectra, the elements detected were Cd, S, Co and P with the molar
ratio of Cd : S very close to the expected 1:1 stoichiometry (corresponding to 45.9
wt. % Cd and 44.1 wt. % S). Further SEM imaging of the sample, see Fig 4.20, showed
no segregation of CoP clusters, indicating the CoP particles nicely covered the CdS
surface with a very uniform distribution. However, the CdS particles had large size
variation of agglomerates (> 50 nm), implying only the outside exposed surface of
the CdS agglomerates were covered by the CoP and for those CdS particles trapped
inside the agglomerates there was a limited chance of physical contact with the CoP
particles. This issue will be further reflected in the hydrogen performance of the
composite catalysts (see Chapter 5), where the 5 wt. % ground CoP (as-

prepared)/CdS performed far less hydrogen evolution than the Pt/CdS system.
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Figure 4. 20 SEM images of the 5 wt. % ground CoP (as-prepared)/CdS.

The loading of 5 wt. % Co,P (as-prepared) on CdS by the grinding method showed the
same SEM/EDS results as 5 wt. % ground CoP (as-prepared)/CdS sample (results are
not presented here). The results again showed large CdS agglomerates, providing a
little chance for the Co,P particles to cover all available surfaces of CdS particles. The
effect of the grinding method will be further reflected in the hydrogen performance
of the composite catalysts in Chapter 5. Based on these results, it was concluded that
the CoxP loading on CdS by grinding was not a suitable method if an increased
physical contact between the photocatalyst and cocatalyst is aimed for, and
therefore loading by the sonication method was investigated.

In Fig 4.21 (a), a typical SEM sample area of a 5 wt. % sonicated CoP (as-prepared
)/CdS composite can be seen. The corresponding EDS result of the sample can also
be seen in Fig 4.21 (b). From the EDS result, Cd, S, Co and P were the main elements
present with the Cd : S molar ratio nearly equal to 1:1 (corresponding to 45.96 At. %
Cd and 44.15 At. % S) and the CoP content (corresponding to 5.21 At. % or 5.4 wt.%
Co and 4.96 At. % or 3.4 wt.% P ), which was close to what was theoretically expected
from a 5 wt. % CoP loading in the sonication solution. From the SEM image, no
segregation of CoP clusters was observed but instead breakage of the large CdS
agglomerates to the smaller sizes (< 50 nm) was observed. This is due to the forceful
sonication energy input which produced less CdS particle agglomerates and
separation into very small fractured CdS particles with a high-volume ratio of broken
bonds and vacancies close to its surface, where the cocatalyst CoP particles more

successfully adhered.
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Figure 4. 21 (a) A typical SEM sample area of a 5 wt.% sonicated CoP (as-prepared) /CdS
composite, and (b) the representative EDS spectrum of the SEM image.

The XRD analysis of the 5 wt. % sonicated CoP (as-prepared )/CdS sample was also
conducted, see Fig 4.22, showing no peak shift or peak broadening of the CdS after
energetic deposition of CoP. Due to the low loading of CoP, which was below the
detection limit of the XRD, no distinct CoP peaks were observed (the standard
marked in black in Fig 4.22).

The photocatalytic hydrogen generation of the sonicated CoP/CdS sample was later
conducted, where an incredible H; evolution was obtained compared to the more
common Pt/CdS system, see Chapter 5. As a conclusion, the SEM/EDS and XRD
analysis of 5 wt. % sonicated CoP (as-prepared)/CdS sample together with its
hydrogen performance test confirmed an improved CoP loading on the CdS by using
the sonication method compared to more commonly published grinding methods,
despite lack of actual proof from supporting material analysis such as TEM or HR-

SEM.
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Figure 4. 22 XRD pattern of a 5 wt.% sonicated CoP (as-prepared)/CdS composite, against

CdS standard peaks (JCPDS, 41-1049) (green) and CoP standard peaks (JCPDS 29-0497) (
black).

4-4-2-2 Hydrothermal reaction

The other solution phase synthesis of cobalt phosphide (Co2P) was by a hydrothermal
method, where a cobalt precursor Co(NO3).6H,0 was added to a phosphor precursor
(red phosphorus), and then the solution mixture was hydrothermally annealed at
200° C for 18 h. Figure 4.23 shows the SEM/EDS analysis of the Co,P hydrothermally
processed sample, where the Co and P with an atomic ratio close to the expected 2:1
stoichiometry was observed, see Fig 4.23.(b) and (c). Figure 4.24 shows the XRD
analysis of the above sample (black spectra, “Co;P hydro 200°C 18hr”), where the
peaks were matched with an orthorhombic Co.P standard data (JCPDS file no. 89-
3030) with 20 values of 41°(121), 43.5°(211), 44°(130), 52.5°(002). From the full
width at half maximum (FWHM) of the most intense peak, the size of the Co.P
particles was calculated to be 2 nm by Scherrer equation, see Table 4.3. However,

the signal to the noise ratios were rather low. This may indicate that the synthesised
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Co,P particles were only partly crystallised, and majority of particles were still

amorphous.
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Figure 4. 23 (a) A typical SEM sample area of a compressed hydrothermally synthesised

Co,P sample, and (b) and (c) the corresponding EDS analysis of the two spectrums in the
SEM image.

Table 4. 3 Parameters used for the Scherrer formula.

FWHM (°) B (rad) A(A) 20 0 Ccos 6 D (nm)

18.44 0.31 0.15 41 20.5 0.93 2
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To increase crystallinity of the particles, a change of annealing condition from 200 °C
/18 h to 220 °C /24 h was conducted. Fig 4.24 shows the XRD results of this change,
where nearly the same XRD pattern with the same peak positions and similar
intensities were observed. The aluminium peak (artefact) in the pattern was from the
microscopes sample holder. Also, in Fig 4.24 the two different hydrothermal
annealing condition samples were compared with the organometallic synthesised
CozP sample at t= 1h “CozP organo” in blue. Improved Co,P XRD peaks can be seen
in both the hydrothermally synthesised samples when comparing with the
organometallic ones. It should be pointed out here that the expected Kirkendall
diffusion would not be applied to the hydrothermal annealing conditions as the
hollow CoxP structured were only reported where organometallic methods were
used [29,32,37,116]. However, as explained before and will be shown later in Chapter
5, the hydrogen performance of Co,P/CdS composite was not dependent on the level
of the cocatalyst crystallinity, as only Co;P (organometallic-as prep)/CdS composites

appeared to have the highest hydrogen evolution rate than the rest.
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Figure 4. 24 XRD pattern comparison of different synthesised Co,P samples when;
hydrothermally annealed at 200 °C for 18 h (black), hydrothermally annealed at 220 °C for
24 h (red) and organometallically synthesised at t=1h (blue).
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To load CoxP on the CdS surfaces, the grinding method was found inefficient here
whereas loading by a high energy input of sonication for 2 hours proved efficient for
breaking the large CdS agglomerates into smaller fractured particles and providing a

better scenario for the cocatalyst affinity for adhering to the exposed surfaces.

4-5 Conclusion

The synthesis and characterisation of the visible light absorbing semiconductor CdS
was presented alongside its different co-loaded catalysts. An investigation was also
undertaken to find a suitable cocatalyst loading method. The XRD analysis of the CdS
sample showed that nanoparticles with a highly crystalline hexagonal phase were
successfully synthesised. The UV-Vis analysis of the CdS sample indicated the
particles’ optical absorption matched with the emission spectrum of cool white LEDs
that will be used in the photoreactor. This means that majority of the received visible
fluxes can successfully activate the particles. Then, a UV-Vis analysis on the reduction
reaction of PtCle2 ion = Pt° was conducted, where it was found that Pt"V was reduced
to elemental platinum. The SEM/EDS analysis of Pt/CdS sample showed that a
successful Pt loading would be only achieved if CdS was added at t=0 min of the Pt
reduction reaction. XRD analysis of the same sample showed that the Pt loading
process did not affect the hexagonal CdS particles.

Initially the CoxP synthesised through a solid phase reaction (thermal phosphidation
reaction) did not show any XRD diffraction peaks matching with any corresponding
standard data. This was followed by a thermal decomposition study of the
NaH;PO3.H,0 precursor using TGA/DSC , which revealed correct furnace settings for
a successful phosphidation reaction: 320°C for 1 h. This deviated from the published
data. Further, the other precursor Co(OH)2, which was synthesised in the laboratory
and analysed by the XRD, indicated that the Co(OH), particles were still amorphous
and not fully crystallised. The Co(OH). particles were then post-annealed at higher
temperature and longer time, with the aim of increasing the crystallinities, but XRD
showed additional diffraction peaks from a Co304 formation. This oxide was
concluded not to be suitable as a Co-precursor in the phosphidation reaction. To

assure pure stoichiometric Co(OH)2 , a commercial nanostructured powder was used
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instead which showed a better CoP synthesis. However due to the high toxicity of
PHs, it was concluded the solid phase reaction was not suitable to be used in this
research. This leaded the research into a safer option where next CoxP synthesis was
conducted by an organometallic synthesis reaction. The first XRD of the synthesised
CoxP sample (t=1 h) showed some peaks that partly matching with the orthorhombic
Co,P phase, and that majority of the sample were amorphous. Then, a sample post-
annealing step was introduced, which did not improve the crystallinity of the
particles. The XRD of the formed products at t=12 h showed some orthorhombic CoP
phase XRD peaks, but with low peak-to-noise ratios, meaning the majority of the
particles were still amorphous. Again, a post-annealed step was introduced, but the
CoP sample (t=12 h) showed the same peak position and intensities than the as-
prepared sample. The thermal analysis of the organometallically synthesised CoxP
samples by TG/ DSC indicated that a post aneling step probably only converted a part
of the particles into the carbon as a result of carbonisation of the organic solvent
residue, and did not improve crystallinities. This conversion effect will be seen in the
hydrogen performances of the corresponding CoxP/CdS composites in Chapter 5. The
SEM/EDS analysis of the organometallic CoxP loading on CdS also showed that the
grinding loading method was not suitable but instead the sonication method was the
most efficient one.

The other synthesis method of CoxP was by a hydrothermal reaction. The first XRD
analysis showed peaks corresponding to orthorhombic Co;P. However, once again
the background noise was high, suggesting that the particles were only partly
crystallised, and majority still amorphous. Here no post-annealing was introduced
but an alteration in the hydrothermal annealing condition was done by increasing
from 200°C/18h to 220°C/24 h, where it did not show any major effect on the XRD
analysis. However, both the two different hydrothermal annealing condition samples
showed better XRD peaks when compared with the post-annealed organometallic
synthesised Co,P sample (t= 1h). Therefore, it was concluded that hydrothermal
method was better for Co,P and organometallic better for CoP. Finally, the SEM/EDS
analysis of Co,P (hydro) loading on CdS showed that only the sonication loading
method was suitable. The hydrogen performance of all CoxP/CdS composites will be

compared later in the following chapters.
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Chapter 5 Results and Discussions: Photocatalytic
Hydrogen Generation

5-1 Introduction

In this Chapter, the different photocatalytic hydrogen reactions inside the
photoreactor is presented. First, the various CdS-composite catalytic particles were
tested in a simultaneous hydrogen generation and lactic acid degradation
photocatalytic reaction system in section 5-2. This is followed by variations of
reaction operational parameters and usage of different sacrificial reagents (hole
donors), but keeping the catalyst composite material constant in section 5-3 and 5-4
respectively. Then, different catalytic material choices and comparison of their
impact on the reaction kinetics are presented in section 5.5 and 5.6, followed by a
stability and recycling test of the chosen heterogeneous CoP/CdS composite catalyst

in section 5-7.

5-2 Photocatalytic hydrogen reactions in lactic acid solution

Lactic acid is a commonly used chemical in food, cosmetics and bioplastic industries,
which can therefore be found in industrial waste streams [147]. Lactic acid has also
been used as a sacrificial reagent (hole donor), for the visible light driven hydrogen
generation using CdS photocatalyst [148—-150]. For a simultaneous water reduction
and lactic acid oxidation by a CdS photocatalyst, there are four important steps to
fulfil; (i) absorption of photons with energy equal or higher than the CdS electron
band gap (ii) dissociation of the formed excitons and their diffusion to the catalyst
surface (iii) lactic acid adsorption on CdS surface, and (iv) desorption of the formed
products. For a successful photocatalytic degradation of lactic acid, it is important to
assure it does not absorb the incoming photons, and for the reaction kinetics, it is

important to understand that the surface adsorbance and reaction products
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desorption occur. To investigate if lactic acid absorbs photons, a 10 mM aqueous
solution of lactic acid was analysed in a UV-Vis spectroscopy between 190-800 nm. It
was found that lactic acid only absorbs UV light < 250 nm, with an absorption peak
at 200 nm, see Fig 5.1.

As a visible light driven reactor was used in this research, it was concluded that no
direct photo reaction of the lactic acid occurred, and that all incoming photons

energy would be only absorbed by the CdS particles.
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Figure 5. 1 UV-Vis absorption spectrum of lactic acid.

To investigate lactic acid adsorption on the surface of CdS , FTIR spectroscopy was
used. Catalytic particles (5% Pt/CdS) that was newly made was compared with
catalyst particles that had been immersed in 2.67 M lactic acid solution, washed and
dried and both particle sets were then compared with neat lactic acid (> 90% purity),
which can be seen in Fig 5.2.

For the 5% Pt/CdS sample, the bands located at 642, 974 and 1040, 1402 cm™ are
ascribed to the vibrational modes from the Cd—S bond [151-153]. The peak at 1566
cm! attributed to a O-H bending vibration from adsorbed H,O [151]. For the 5%
Pt/CdS sample pre-immersed in lactic acid (black spectra in Fig 5.2), additional bands
at 1227,1392, 1430 and 1650 cm™ corresponding to the lactic acid are now observed.
The lactic acid vibrational mode at 1640 was not, however, observed in this sample.
This is because this vibration corresponds to the free lactic acid’s strong C=0
stretching vibration at 1640 cm™ will disappear or be shifted, if the lactic acid is

adsorbed, particularly chemisorbed on a surface, as reported by Susai
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Rajendran[154]. The small peak at 2334 cm™ corresponds to adsorbed CO, [152].
From the FTIR study it was concluded that lactic acid bond strongly (chemisorbed) to

the Pt/CdS surface as the 1640 cm™ peak disappeared.
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Figure 5. 2 FTIR spectrum of newly made 5 wt. % Pt/CdS (red), same particles pre-immersed

lactic acid (black) and pure lactic acid (green). The dotted lines correspond to particle
Pt/CdS’s vibration peaks.

Suggested lactic acid surface adsorption can be seen in Fig 5.3, where the strongly
adsorbed lactic acid molecule would rapidly facilitate an electron transfer for the
necessary photocatalytic reaction. In the figure it can be seen a lactic acid molecule
to the left, followed by the chemisorption of the free lactic acid and then the
desorption of the formed pyruvic acid as the reaction product. Further investigation

on the photooxidation of lactic acid will be presented at below.
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Figure 5. 3 Suggested lactic acid surface chemisorption and desorption of the pyruvic
acid product on a Pt/CdS surface.
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Also, discussion on the photooxidation reaction will be seen in the reaction kinetic
modelling in Chapter 6, where the k and K values for the Langmuir Hinshelwood

contribution to the model, will be obtained by fitting of the model and validation.

Researchers have reported that the only immediate photocatalytic oxidation product
when using lactic acid solution is pyruvic acid (PA) [24,39]. However, it should be
pointed out that molecular pyruvic acid is in equilibrium with the pyruvate ion, as it
is a weak acid with pK;=2.39. Also, it is assumed that lactic acid with pK;=3.8, isin
the neutral form (molecular rather than ionic form) at these low solution pH. From
above conclusions, the initial oxidation pathway on the CdS surface can be proposed
as Fig 5.4. By looking at this pathway, it would be expected that the pH of the reaction
solution would experience a significant drop over time (as more and more H* is

formed) or that additional H, gas would be formed.
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Figure 5. 4 Suggested initial oxidation pathway of lactic acid.

To investigate these assumptions, pH measurement was done over a 4 hours reaction
run alongside a complementary IC-measurement of the lactic acid concentration
change, as seen in Fig 5.5. According to this figure, the initial pH was 1.05 and after
4 hours it dropped down to 0.87 (corresponding to a small H* change from 0.089 M
to 0.13 M), whereas the lactic acid concentration dropped from 2.6 M to 1.6 M. The
conclusion here was that the pyruvic acid <> pyruvate equilibrium, was heavily left
shifted towards pyruvic acid ( CH3(CO)COOH ) at these low pH as part of the lactic
acid oxidation route. In fact, the slight decrease in pH (as a result of increased H"),
corresponded to the increase in the pyruvic acid formation and therefore reduction

of lactic acid in the solution. Also, it was further concluded that the two protons (2
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H*) released from the lactic acid oxidation would not contribute into the increase of
pH nor additional of H, formation (this will be confirmed in the kinetic modelling
section in Chapter 6, where the experimental H, rate matches with the model
predicted H; rate). The two released protons would therefore form water with the
formed hydroxyl ions from the photoreduction of water.

The photocatalytic reactions on the surface can therefore be proposed as:
2H,0+ 2~ - H,+20H" water reduction (5-1)

CH;CH(OH)COOH + 2h* — CH3(CO)COOH + 2HT lactic acid oxidation

(5-2)
If further reaction time elapsed, demineralisation of pyruvate would have possibly
occurred, forming acidic acid and CO;. However, no CO; was detected in the GC
analysis up to 4 hours reactor run suggesting that this will be after much longer

reaction runs.
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Figure 5. 5 Lactic acid degradation over 3 h measured by IC (black squaresHll). The black
dots ® show the predicted reducing trend for the lactic acid toward its proven complete
depletion at the end of the photocatalytic reaction. The Insert shows pH variation over a 4
h reaction run.
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As the same time lactic acid was oxidised, water was reduced and formed hydrogen
gas. To evaluate the purity of the produced hydrogen, gas chromatography analysis
was conducted where gas samples from the reactor were taken and injected
manually into the GC apparatus. The GC analysis, Fig 5.6 and the corresponding
retention times and full peak widths at half maximum (FWHM) of the detected gases
and the matching standards, Table 5.1, shows three peaks corresponding to

hydrogen, oxygen and nitrogen.

Table 5. 1 The detected retention times and peak widths by the GC.

Peak name Reaction time (min) FWHM (min)

Hydrogen 2.26 0.035
Oxygen 3.10 0.040
Nitrogen 5.32 0.033

Standard Gases

Hydrogen (99%) 2.12 0.027
Oxygen(99%) 3 0.033
Nitrogen(99%) 5.26 0.030
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Figure 5. 6 GC analysis of a photocatalytic gas product sample, showing only H; peak as
the liberated reaction product (see insert).

The oxygen and nitrogen peaks originated from air due to the off-line sampling

technique and therefore the only gas evolved from the photocatalytic reaction was

89



pure hydrogen (R=2.26 ,FWHM = 0.035) as no other peaks were observed . The air
presence was further confirmed by a “dry run” using the same gas-tight syringe, that
showed no hydrogen but only oxygen and nitrogen peaks with retention times and
peak heights that matched that of the air signatures recorded during the

photocatalytic gas product analysis (results are not presented here).

5-3 Effect of operational parameters on the hydrogen evolution

The photocatalytic hydrogen experiments were conducted at various cocatalyst Pt-
loading on CdS, Pt/CdS photocatalyst loading in the reactor, incident flux intensity,
lactic acid concentration and reaction temperature to investigate the effect of these
operational parameters on the hydrogen evolution. Fig 5.7 shows the experimental
set-up of the small scale photocatalytic reaction system, where a 60 ml quartz
photoreactor (inner diameter 2 cm) was used with one outlet for the hydrogen gas
(which was measured by the inverted burette method) and one inlet for the argon
pre-purging (to assure oxygen free reaction conditions). The reactor was externally
irradiated by a 10 LED lamp arrangement (10 x 10 W cool white LED) with a LED lights

to reactor wall distance of 4 cm, as seen in Fig 5.7.

Inverted burette

Photoreactor
LED arrangement

Figure 5. 7 Experimental set-up of the small-scale photocatalytic reactor.

For the LED lights to be used in the photoreactor, the choice of the LED power and
the distance of the lights from the reactor wall was made by conducting the light

intensity analysis. It should be noted that the lights should be powerful enough to
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excite the photocatalyst particles in the photoreactor within the suitable emitted
wavelengths. To measure light intensity and light spectra of the LEDs, a light meter
spectrometer (GL Spectis 1.0) device was utilised. The GL Spectis 1.0 device uses a
CMOS image sensor in the range of 340-780 nm which can be visualised by
connecting to a PC. Figure 5.8 shows the conducted experiment in the dark room for
the light measurement of two types of LEDs; (0.3 W cool white and 10 W warm white,
Deal Extreme) at different distances (6, 4 and 2 cm) from the sensor. The variation of
distances was done to place the LEDs at an appropriate distance from the

photocatalytic reactions.

LED light DC-AC power supply

GL Spectis device

Figure 5. 8 The light spectrophotometric analysis conducted on the LEDs in a dark room.

The device measured the spectral irradiance as power per area for each wavelength
(mW/m?2nm). The effect of light distance for the two types of LEDs, 0.3 W cool and
10 W warm white LED, when running at the highest power is presented in Fig 5.9 (a,
b, c) and Fig 5.9 (d, e, f) respectively. For the 0.3 W cool white LEDs, the maximum
intensity peak was found at 455 nm (visible region), followed by a lower broad peak
between 500-700 nm, see Fig 5.9 (a, b, c). The maximum peak (suitable for CdS
absorbance) was used for the intensity analysis at the distances of 6, 4 and 2 cm,
where their values increased from 48 mW/m2nm to 114 mW/m2nm and to 328
mW/m?2nm respectively. This indicates when the distance to the sensor decreases,
the light intensity significantly increases. However, these measured intensities for
0.3W would not be enough to mimic solar radiation intensities in the photocatalytic
reaction, therefore the higher intensities, 10 W warm LEDs, were analysed at the
same distances. Fig 5.9 (d, e, f) shows the spectrum for the 10 W warm LED. For all

warm LEDs, two strong peaks were observed; one at 455 nm and the other one at
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600 nm. Both peaks are the same as the cool LED’s spectra, but the second peak at
600 nm (IR region) have a much higher intensity when using warm LEDs than the cool
LEDs, which could lead to an undesirable heat generation if used in the photoreactor.
For the peak at 455 nm, the measured values of intensity for the distances of 6, 4 and
2 cm increased from 733 mW/m2nm to 1434 mW/m?Znm and to 3333 mW/m2nm

respectively and for the peak at 600 nm from 1056 mW/m?nm to 2252 mW/m?nm

and to 4561 mW/m?nm.
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Figure 5. 9 Light intensity analysis for a 0.3 W cool white LED at distance of; a) 6 cm, b) 4
cm and c) 2 cm and for a 10 W warm LED at distance of; d) 6 cm, e) 4 cm and f) 2 cm from
the GL Spectis light spectrometer surface.
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For the photocatalytic purposes, the warm LED lights possessed sufficient visible light
intensities, but they were not suitable to be used in the photoreactor as the heat
build-up in the reactor would jeopardise the study of reaction kinetics later. For such
analysis, the reactor needs to have a controlled and stable temperature. Therefore,
10 W cool white LED was considered instead of 10 W warm white LED, which would

surely prevent the unnecessary heat build-up in the reactor.

The different hydrogen generation response by varying the amount of Pt-loading on
CdS can be seen in Fig 5.10 (a). The Pt-loading is expressed as the weight % of Pt to
CdS powder. The theoretical aim was to have 2, 5, 7 and 10 wt. % Pt/CdS, despite the
actual supporting material analysis proof such as TEM or HR-SEM for the real loading
of Pt on the CdS . The accuracy and reproducibility (experimental errors) of the
hydrogen generation of Pt/CdS at different Pt loading of 2, 5, 7 and 10 wt.% was also
recorded within + 0.5 ml based on the standard deviation of 3 tests. After each run,
the composite catalyst was immediately washed and then dried and used again for
the next run. This indicated validity of the hydrogen tests and stability of the
composite catalyst of Pt/CdS (with different Pt loading of 2, 5, 7 and 10 wt.%) that
caused nearly similar hydrogen evolution at each run.

For the hydrogen generation tests here, the lactic acid concentration was 2.67 M, the
incident flux intensity was 2.6 W/m? per LED, temperature was 25°C and catalytic
reactor loading (Pt/CdS) was 0.0002 g/cm?3. Note that the incident flux intensity of
2.6 W/m? was measured on the reactor wall for one LED light and with the maximum
allowed voltage of the power unit. According to Fig 5.10 (a) an increase from 2 wt.%
to 5 wt.% Pt-loading shows more than a 3-fold increase in the cumulative hydrogen
production, reaching to 1100 umol H; after 240 min. However, a further increase to
7 wt.% or even 10 wt.% Pt loading, resulted in a significant drop of the cumulative
H.. This observed trend can be explained by an initial advantageous excited electron
trapping in the Pt (from a photoexcited CdS) until a point where the increased co-
catalyst loading on the CdS starts blocking the incoming photons and promote
scattering and reflection of the incoming light. Therefore, the optimum Pt-loading of
5 wt.% was considered throughout the hydrogen evolution experiments in this

research.
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Figure 5. 10 Effect of reaction variables on the cumulative H, evolution by variation of; (a)
cocatalyst Pt-loading on CdS, (b) photocatalyst loading in reactor, (c) light intensity, (d)
lactic acid concentration and (e) reaction temperature.
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The effect of catalyst particle loading can be seen in Fig 5.10 (b). Here the initial lactic
acid concentration was 2.67 M, the incident flux intensity was 2.6 W/m? per LED,
temperature was 25°C and the Pt loading on CdS was 5 wt.%. As the catalyst loading
was increased from 0.00007 g/cm3 to 0.00060 g/cm?3, the evolved hydrogen was
increased from 318.9 to 2300 umol, respectively, after 4 hours irradiation. A further
loading increase to 0.00100 g/cm3, did not significantly change the cumulative
evolved hydrogen after 4 hours irradiation. This implies that there is an upper limit
for the catalyst loading, where the H, production rate remains practically unchanged,
as a result of shielding effect of the incoming light. Thus, the photocatalyst reactor
loading of 0.0006 g/cm?® was used as the baseline in the most of the H, experiments.
The effect of incident light intensity on the cumulative H; evolution can be seen in
Fig 5.10 (c). The lactic acid concentration was 2.67 M, photocatalyst loading was
0.0006 g/cm? with Pt loading of 5 wt.%, reaction temperature was 25 °C and light
intensity per LED variation was between 0.3 to 2.6 W/m?. According to the figure, an
increase in the light intensity improved linear the amount of evolved hydrogen from
1058 to 2300 umol after 4 hours irradiation. This means at the higher intensity, the
more photon absorption and therefore more electron-hole generation, leading to an
enhanced redox-reaction rate. A further increase of light intensity was limited due to
the power restriction. Note that the upper limit of 2.6 W/m?was the maximum driven
intensity of one LED light.

The effect of lactic acid concentration is shown in Fig 5.10 (d), where an increased
lactic acid concentration from 0.66 M to 2.67 M, also increased the hydrogen
evolution, from 729 to 2300 umol respectively, after 4 hours irradiation at a fixed
incident flux of 2.6 W/m?, a photocatalyst loading of 0.0006 g/cm? with Pt loading of
5 wt.% and a reaction temperature of 25 °C. This means that at higher lactic acid
concentration, the more lactic acid is surface adsorbed, where the photogenerated
holes can oxidise more lactic acid to pyruvic acid. This hole reaction will therefore
improve simultaneous the water reduction to hydrogen by the photogenerated
electrons. A further increase in lactic acid concentration beyond 2.67 M did not cause
a further increase in the hydrogen production (the result is not presented here),

which is indicating an upper limit with the change of lactic acid concentration.
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Finally, the effect of reaction temperature on the H; evolution was analysed, as seen
in Fig 5.10 (e). Here the incident flux was 2.6 W/m?, lactic acid concentration was
2.67 M, and photocatalyst loading was 0.0006 g /cm? and the temperature varied
between 20.8 °C and 80.0 °C. The H, evolution increased with increasing reaction
temperature, reaching a maximum of 4780 umol at 60 °C after 4 hours irradiation.
However, further increase to 80 °C did not significantly change the H; evolution.
There are many reasons for this temperature dependency. The initial increase is
directly related to the adsorption isotherm between the catalyst surface and
water/lactic acid, where the higher temperatures facilitate a higher mass diffusion
i.e. adsorption and desorption rates. Also, the lower viscosity of the solution at the
elevated temperature can facilitate detachment of the H; bubbles (gas desorption)
and contribute to an apparent increased hydrogen production. In addition, the band-
gap of CdS will slightly decrease with the increasing temperature due to an increase
in thermally excited electrons (a response by the increase of CdS lattice vibrations
and therefore change in the phonon density of state). Furthermore of the CdS state
change, the potential of the conduction band may therefore vary in these
temperature variations and/or the electron transfer to the Pt where the water
reduction occurs may be affected. These CdS alterations with the temperature are
beyond the scope of this thesis and only briefly speculated here and therefore is not
explored further here. For the majority of the photocatalytic reactions in this thesis,

room temperature of 25°C was used.

5-4 Effect of sacrificial reagents on the hydrogen generation by Pt/CdS
In Fig 5.11 the comparison of hydrogen generation performances in various hole
donor solutions using a 5 wt.% Pt/CdS catalyst loading can be seen. The solutions of
choice were 2.6 M lactic acid (which was thoroughly studied earlier in this chapter)
and 2.6 M ammonium sulphite with the sodium sulphide variation between 0.5-1.5
M. The cumulative H,, normalised to mg catalyst, were measured at 1 h, 2.5hand 4
h irradiation, at a fixed incident flux of 2.6 W/m? per LED, a photocatalyst loading of
0.0006 g/cm? and a temperature of 25°C. As seen in Fig 5.11, the Pt/CdS system

showed far higher hydrogen evolution per mass of catalyst in the lactic acid solution
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compared to any of the ammonium sulphite + sodium sulphide solutions. Moreover,
the Pt/CdS system performed almost identical when 1 M sodium sulphide and 1.5
M sodium sulphide were separately used in ammonium sulphite solution, where
both showed slightly higher hydrogen evolution than the solution with 0.5 M sodium

sulphide.
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Figure 5. 11 Effect of sacrificial reagents on the cumulative H; evolution after 1 h, 2.5 h
and 4 h irradiation when using 5 wt.% Pt/CdS loading.

The reason why Pt/CdS showed such a high activity in lactic acid compared to the
ammonium sulphite + sodium sulphide solutions could be due to a range of factors.
One important factor is that the surface potential of the trapped excited electrons in
the Pt cocatalyst versus the half potential of reducing water scenario, which varies at
different pH, see Fig 5.12. Another is the difference between the electron potential
of CdS (c. b.) and both the potential of the water reduction and the Pt co-catalyst,
that both change with change of pH. The water reduction is assumed to proceed as
a result of trapped electrons in the co-catalyst which involves an initial efficient

electron transfer from the CdS (c. b.) to the cocatalyst (Pt), before the final electron
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transfer necessary to reduce the water. According to Fig 5.12, at low pH (as found in
the lactic acid solution), the electron potential for Pt is only -0.04 eV [155], compared
to the necessary water reduction potential of H*/H, = 0 eV and the CdS (c. b.)
potential of -0.7 eV [149]. At high pH (as found in the ammonium sulphite - sodium
sulphide solutions) the electron potential for Pt is now -0.4 eV and the water
reduction potential changed to -0.3 eV [155], on the contrary, the CdS (c. b.) potential

marginally changes with pH changes [156].

H20

0 Acid 7 Base 14

Figure 5. 12 pH dependency of the potentials driving the water reduction. The blue dots ®
show pH in the lactic acid solution (pH=1.1) and in the ammonium sulphite -sodium
sulphide solution (pH=8.7).

The higher pH also decreases slightly the electron bandgap of CdS, which will also
affect both the reduction and oxidation reactions potentials [156]. Moreover, the pH
changes will also change the zeta potential of the CdS, which will then affect the
surface adsorption and repulsion mechanisms (both are important for a high level of
electron transfer) [157]. Conclusion is that the needed electron transfer from CdS to
Pt and from Pt to the solution specie will all be affected by the pH variation, in
addition to the ability for the surface adsorption by the photolyte .

In the results shown in Fig 5.11, an addition of sodium sulphide in the 2.6 M
ammonium sulphite was used, where the concentration of sulphide (5%) ions varied
from 0.5 M to 1.5 M. This addition of S> was aimed to improve the electron donation
of the already physiosorbed SO3% ions (as will be shown in Chapter 7) on the CdS

surface as a result of the difference in the oxidation potentials of SO3%/S04?=+0.92
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eV [104] and S%/S,%=+0.57 eV [104] compared to the CdS valence band potential of
+1.68 eV [156]. According to the figure, an increase of S from 0.5 M to 1 M, showed
a slight improvement in the cumulative hydrogen evolutions after 1 h, 2.5 hand 4 h
irradiations, but when 1.5 M S% concentration was used no further improvement
was observed. This indicates an exceeded concentration of the oxidation product
disulphide ions ( S2%) on the catalyst surface, which probably acted as an optical filter
(absorbs incoming light) or competed the photocatalytic reactions. Previously, Bao
et al.[158] described the negative effect of this disulphide ion when sulphite ions
were photo-oxidised and also reported a suggested reaction mechanisms. The
investigation of using the sodium sulphide- ammonium sulphite mixture was not
explored further here, as the final working fluid of the sulphur ammonia
thermochemical cycle is aimed to be only ammonium sulphide.

As final conclusion, the chemosorbed lactic acid proved to more efficiently donated
electrons to the valance band of CdS than the physiosorbed S + SO3% ions. Also, it
was concluded that the presence of S* in a SOs3* containing solution did not
significantly improve the photocatalytic reaction. Therefore, as presence of S* is
not needed in a thermochemical cycle fluid, it was abandoned for the continuation

of the research.

5-5 Hydrogen generation of CoxP/CdS photocatalysts

The hydrogen generation using different synthesised CoxP/CdS composite
photocatalysts ,and with or without post-annealing of CoxP, were compared with
Pt/CdS, as seen in Fig 5.13. The cumulative H, evolution values are per mg catalyst
loading and measured after 1 h, 2.5 h and 4 h reactor irradiation, at a fixed incident
flux of 2.6 W/m? per LED, a lactic acid concentration of 2.67 M, a photocatalyst
loading of 0.0006 g/cm?3 (with 5 wt.% cocatalyst) and 25°C. The cocatalyst loadings
were all done by the grinding method except for Pt ( which was done by a reduction
reaction). The results show that Pt/CdS produced a higher hydrogen evolution per
mass of catalyst than the other composites, reaching 71.6 umol mg?, 183.5 umol
mg?! and 226.3 umol mg? after 1 h, 2.5 h and 4 h irradiation respectively. These
results are comparable to reported data [29]. The CoP/CdS synthesised via the

organometallic method, appeared to be the second most active composite with a H;
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evolution of 173.5 umol mg™ after 4 h irradiation. The third active composite was
Co,P/CdS, also synthesised by the CoxP organometallic method, which displayed a H;

evolution of 137.4 umol mg* after 4 h irradiation.
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Figure 5. 13 Hydrogen performance of synthesised photocatalyst composites, with and
without post annealing of their cocatalysts, compared with Pt/CdS after 1 h,2.5hand 4 h
irradiation.

The least active composite was hydrothermally synthesised Co,P/CdS, where Co,P
was synthesised at 200 °C for 18 h. This catalyst displayed a H, evolution of only 85.3
umol mgtafter 4 h irradiation.

None of synthesised CoxP/CdS composites performed as much as the Pt/CdS system.
This could be either due to low crystallinity of the synthesised CoxP or inefficient
grinding loading efficiency for the CoxP on the CdS particles. To increase the
crystallinity of CoxP, a post-annealing step was introduced to the organometallic
synthesis of the CoxP particles and for the hydrothermal method, higher and longer
temperature setting was introduced. The hydrogen generations were compared
under identical conditions with those of the as-prepared samples, see Fig 5.13.

However, the post-annealing step adversely affected the hydrogen evolutions of
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CoxP/ CdS composites. For the hydrothermal synthesis of Co,P, the longer and higher
process temperature did not cause any significant enhancement of the H;, evolution
of its composites either. Previous, in Chapter 4, it was shown that one negative effect
of the organometallic synthesis post-annealing was carbonisation on the particle
surfaces and not improved crystallinities, which is the main reason for a reduced
hydrogen evolution for these composites. Shi et al. [30] claimed in a related
electrochemical study that the good hydrogen producing performance of
organometallically synthesised CoxP was by the high electronegativity of the P atoms
creating a polar particle, which would enhance the H* affinity to the P sites of the
CoxP particle. This confirms the insignificant role of crystallinity in the hydrogen
evolutions using the organometallic synthesised CoxP particles. On the other hand,
the reason why minimum hydrogen evolution activity was obtained for the
hydrothermally Co,P synthesised composites, even with the change of hydrothermal
condition, may come down to the charge transfer between the Co,P particles and the
CdS nanoparticles at the interfaces.

In Chapter4, it was shown that the hydrothermally synthesised CdS particles
contained a high level of large agglomerates (> 50 nm particles). Therefore, the
cocatalyst loading by the grinding method would provide only a small probability for
the CoxP particles to cover all exposed CdS surfaces. The conclusion was therefore
that for a more trustworthy comparison, an improved cocatalyst adhering process
were needed. In the following section, the hydrogen evolutions between different

loading methods will be shown.

5-6 Hydrogen evolution comparison between different cocatalyst
loading methods

In Fig 5.14, the hydrogen generation of CoP /CdS (with organometallicly synthesised
CoP) and Co,P/CdS (with the hydrothermally synthesised Co,P), before and after
loading improvements (i.e. grinding vs sonication loading), are compared with
Pt/CdS. For the hydrothermal Co,P/CdS, an additional loading improvement named
“in situ” was also conducted (route explained in Chapter 3). In Fig 5.14 the

cumulative H; evolution values are by umol per mg catalyst loading and read after 1
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h, 2.5 h and 4 h irradiation, at a fixed reactor incident flux of 2.6 W/m? per LED, a
lactic acid concentration of 2.67 M and a photocatalyst loading of 0.0006 g/cm3 and

a temperature of 25°C.
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Figure 5. 14 Hydrogen generation of Co,P/CdS photocatalyst before and after cocatalyst
loading improvements and compared with Pt/CdS.
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The main observation from these results is the outstanding hydrogen generation for
the CoP/CdS photocatalyst when the organometallic CoP was loaded by the
sonication method, reaching 1150 umol mg™ after 4 h irradiation, which is about 5
times more than Pt/CdS. This observation is consistent with the results of a
comparative study in 2015 by Shuang Chao et al. [29] on the hydrogen evolution of
composite catalysts using metal phosphides co-catalyst (especially cobalt phosphide)
against Pt-based photocatalytic systems of CdS. In that study it was concluded that
the CoP was the only metal phosphide that held an exceptional potential to serve as

a cheaper alternative cocatalyst, than the other metal phosphide catalyst systems
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and therefore could acceptably replace the noble metal Pt nanoparticles for the
practical photocatalytic applications, due to its incredible hydrogen evolution.

The impressive hydrogen evolution of CoP/CdS system in Fig 5.15 was mainly due to
an improved loading caused by the energetic sonication forces when CoP was added
to CdS. Another important factor to mention again is the surface potential of the
trapped excited electrons in the cocatalyst (CoP or Pt) versus the half potential of
reducing water at low solution pH (as in 2.67 M lactic acid). As the water reduction is
assumed to proceed by the trapped electrons in the co-catalyst, it involves an initial
efficient electron transfer from the CdS(c. b.) to the cocatalyst (CoP or Pt) before the
final water reduction reaction. Callejas et al. in 2015[32], compared the estimated
overpotentials needed in a Ti-Pt and Ti-CoP electrochemical cell to produce a
cathodic current of —=10 mA cm? (CoxP catalysts were organometallically
synthesised). The study was conducted at a low solution pH (H2S04) and aimed to
find cheaper alternatives than noble metals for driving hydrogen evolution reactions
(HER). In that study the cobalt phosphide cathode of Ti-CoP required an overpotential
of -75 mV for a -10 mA/cm? current, compared with -19 mA/cm? for Pt. From the
overpotential study the ranking order was as; Pt>CoP, however their hydrogen
evolution reaction study (HER) showed a raking order as; CoP >Pt (in low pH). In
addition, the researchers observed an excellent acidic stability of the cobalt
phosphides with high hydrogen evolution after long and repeated tests. Their final
conclusion of why CoP worked well for HER activity was due to the dynamic relation
of transitional metal ion (Co) and phosphorous (P) for the surface reactions rather
than the expected work potentials. Relating Callejas et al. [32] study with what was
observed in Fig 5.14, it can be concluded that indeed CoP exhibited better HER
activity than Pt at low solution pH.

Another observation from the results illustrated in Fig 5.14, is that only a marginal
hydrogen evolution improvement of 0.4% for the hydrothermal Co,P was seen when
using sonication loading rather than the grinding loading. Also, the in-situ
hydrothermal method of Co,P loading did not show any significant improvement
when compared to the grinding method. The sonication loading was used to deliver
ultrasonic energy to particles at a defined time (2h), where a change of the surface

characteristics of particles (e.g. size related surface area, surface defects and
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dissolution of surface bound contaminants) would be expected and therefore be a
route to change the interaction with other particles or specimens. However, the
sonication loading method did not cause a significant change in the surface
characteristics of the hydrothermally synthesised Co,P particles, and only caused less
CdS agglomerates (as confirmed in Chapter 4), resulting in only margin improvement
in the hydrogen evolutions, seen in Fig 5.14. The in-situ hydrothermal loading
method that included an additional hydrothermal step for the CozP in-situ synthesis
showed very poor performance and it was therefore suggested that this route would

need further optimisation, see Future Work.

From these results, it was concluded that only the CoP/CdS composite (with the
organometallically synthesised CoP and loaded by sonication) was the best
performing photocatalyst and surprisingly far better than the Pt/CdS photocatalyst
which is more understood and elaborated in literature. This massive improvement
after sonication was not only because of the reduced agglomerates (as this would be
the same for the hydrothermal process comparison), but by the fact that the solvent
residues after the organometallic synthesis, will be dissolved or “cleaned” during the
sonication method. Further studies to appreciate the extent of such sonicating
cleansing effect on the organometallic CoP particles were suggested, see Future
Work. The optimised synthesised CoP/CdS photocatalyst was therefore chosen to be
used for the hydrogen producing step of the proposed solar driven sulphur ammonia

thermochemical cycle, as will be presented in Chapter 7.

5-7 Stability of the optimised CoP/CdS composite

The stability and reusability of the optimised CoP(organo)/CdS composite was
evaluated through six consecutive runs under the same experimental conditions;
fixed incident flux of 2.6 W/m? per LED, a lactic acid concentration of 2.67 M and a
photocatalyst loading of 0.0006 g/cm? and a temperature of 25°C, as seenin Fig 5.15.
Each run was performed for 2.5 h, where the catalyst was immediately washed
afterward and then dried and used again. The figure shows that there was no

significant decrease in the H; evolution activity after each cycle.
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Figure 5. 15 Stability test of the CoP(organo)/CdS catalyst in a use-wash-dried-and use
again cycle repeatability test.

It was therefore concluded that the optimised photocatalyst could maintain the
similar photocatalyst activity for at least 12 hours and probably more. As a
conclusion, the optimised CoP(organo)/CdS catalyst showed both an excellent
hydrogen production in addition to an excellent stability for the photocatalytic
hydrogen production. The photocatalytic stability of the optimised compote catalyst
of CoP(organo)/CdS is also consistent with the reported results by Shuang Chao et al.
[29] in 2015, where they found incredible photocatalytic activity even after 100 h of

light irradiation.

5-8 Conclusion

In this chapter a comprehensive investigation of the photocatalytic hydrogen
evolution with different synthesised particles and different reaction conditions was
presented. First the different photocatalytic reactions when using lactic acid solution
was investigated. A preliminary UV-Vis analysis of the solution showed that no direct

photodissociation of the lactic acid would be possible and therefore the visible
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photon energy would only be received by the CdS particles. The FTIR results showed
that lactic acid was probably chemisorbed on the Pt/CdS photocatalyst particles as
the typical vibrations of a “free molecule” disappeared. This finding will play an
important role in the hydrogen rate model development in Chapter 6, where the
surface adsorption/desorption and surface reaction rates observed, were found to
have an impact on of the amount of formed H,. The GC analysis of the evolved gas
proved it was 100% hydrogen and no inferior gas was formed in the reactor. All these
analytical methods plus a pH measurement during the reaction, enhanced the
understanding of photooxidation mechanism of the lactic acid while water was
photoreduced. The primary oxidation pathway was found through oxidation of lactic
acid to pyruvic acid, which was normally in an equilibrium with a pyruvate ion and
one proton. The two released protons from the lactic acid oxidation would only form
water with the hydroxyl ions produced from the photoreduction of water molecules
and not contribute to the hydrogen production. When using Pt/CdS photocatalyst in
the lactic acid, the best performing operational parameters were; photocatalyst
loading of 0.0006 g/cm? (with the cocatalyst content of 5 wt.%), incident flux of 2.6
W/m? per LED, lactic acid concentration of 2.67 M and with temperatures in the
range of 60 °C -80 °C. The comparison of the different sacrificial reagents effect (hole
donor solutions) when using Pt/CdS (at these optimised operating conditions)
indicated that the chemosorbed lactic acid on the catalyst surface would more
efficiently donate electrons to the valance band of CdS than when compared to the
weakly physiosorbed S+ SO3% ions. Further it was concluded that the presence of
S% in the SOs? solution did not significantly improve the reactivity. When comparing
all synthesised catalysts while using 2.67 M lactic acid, a decreasing order of ; Pt/CdS
> CoP(organo)/CdS > Co;P(organo)/CdS > CoP(hydro)/CdS was found, when the
simple grinding loading method was used. By introduction of a post-annealing step
in the organometallic synthesis of CoP and by changing the hydrothermal synthesis
conditions of CoP, no major improved hydrogen evolution of the same catalysts
systems was found. Therefore, a change of cocatalyst loading method on the CdS
surface was seen as the only route for improvement. By using a sonication-assisted
loading method which could also dissolve surface bound contaminants, an

exceptional photocatalytic activity for the CoP(organo)/CdS was obtained. The
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amount of hydrogen after 4 hours run was significantly higher than other composite
photocatalysts, especially the more elaborated and previous published Pt/CdS
composite. The stability test of the optimised CoP (organo)/CdS catalyst indicated it
had excellent photocatalytic stability and repeatability, and for more 6 x 2 hours run
with a use-wash-dry-use again cycle in a lactic acid solution. As the final conclusion
the optimised CoP(organo)/CdS composite where CoP was loaded by a sonication-
assisted method, was the best photocatalyst composite to substitute Pt/CdS for
photocatalytic hydrogen reactions in ammonium sulphate solutions and therefore to
be used in the hydrogen producing step of a suggested solar driven sulphur ammonia

thermochemical cycle.
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Chapter 6 Results and Discussions: Hydrogen
Photoreactor Modelling

6-1 Introduction

In this Chapter a descriptive mathematical model to predict the hydrogen production
rate is presented. First, surface reaction kinetics for adsorption of lactic acid on
Pt/CdS catalyst surface based on Langmuir Hinshelwood adsorption is presented in
section 6-2, followed by the radiation field model explanation in section 6-3. Then in
Section 6-4, the complete model and results will be discussed, where the model will

be validated against the empirical data at various operating conditions.

6-2 Surface reaction kinetics

The hydrogen generation reaction can be described as a joint event of the formed
electrons and holes in the CdS after absorbing a photon. When the electron and holes
have diffused to the surface, it is assumed that simultaneous reduction/oxidation
reactions occur on the particle surface. In the cathodic reduction step, hydrogen gas
is formed via reduction of adsorbed water molecules by the excited electrons that
transferred from CdS to the Pt co-catalyst surface. Therefore the driving potentials is
that of the Pt co-catalyst which is -0.04 eV[32], and is less negative than flat band
potential of CdS, -0.7 eV, but more negative than redox potential of H*/H, =0 eV. In
the anodic step, oxidation of lactic acid is undertaken by the surface trapped-holes
on the CdS with the valence band potential of +1.7 eV [159], which is more positive
than oxidation potential of lactate/pyruvate, +0.19 eV. It is assumed that lactic acid
is not dissociated at the experimental solution of pH 1.20-1.34. It is also assumed that
no OH" radicals taking part of the oxidation, as the formation potential of OH radicals
is +2.8 eV, which is higher than the valence band potential of CdS. Also, there is no

oxidation driven by free O, due to the oxygen-free experimental conditions and
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therefore the oxidation pathway is by the surface trapped holes only. The anodic and
cathodic reactions as already presented in Chapter 5, can be seen in Eq.(6-1) and (6-
2).

Cathodic reaction:
2H,0+ 2~ - H,+20H" H*/H2=0eV (6-1)
Anodic reaction:
CH;CH(OH)COOH + 2h* — CH3(CO)COOH + 2H*
lactate/pyruvate = +0.19 eV (6-2)

The rate of hydrogen formation is therefore depending on incoming (and absorbed)
radiative flux as well as the rate of surface reactions. The hydrogen production rate
can then be expressed as a product of Langmuir Hinshelwood surface reactions with
the incorporation of total radiative flux received by all catalyst particles. The
equilibrium of adsorption and desorption rate of lactic acid (LA) on CdS surface
adsorption sites (S), or the vacant sites, can be expressed as:

kq
LA +S PN LAS (reversible adsorption) (6-3)

k4

,where LAS is the occupied sites by the lactic acid. The adsorbed lactic then donates
electron to the valance band of CdS, (“hole donation”). The holes will therefore

oxidise lactic acid to form pyruvic acid (PA) and proton as:

ka
LAS+ 2ht > PA+S+ 2H* (photooxidation reaction)
(6-4)
The released protons (2 H*) would not contribute into the increase of pH, as discussed
and shown in Chapter 5, but rather they would form water with the hydroxyl ions
produced from the water photoreduction. However, due to the small change in the
hydroxyl concentration observed in the pH measurements during the reaction, as

shown in Fig 5.6, equation (6-4) can be approximated to a first order reaction

109



mechanism. If the total amount of available surface adsorption sites by lactic acid is
denoted with[S];,:, the vacant sites [S] can also be obtained as:

[S] = [Sltor — [LAS] (6-5)

A pseudo- steady state hypothesis of the reaction rate is applied to the surface

occupied sites by lactic acid (as described by Ollis in 2005 [51]), assuming d[Z':S] =0
as:
A = ky[LANS] = k_y[LAS] — ky[LAS] =0 (6-6)

,where k;[LA][S] represents adsorption rate of lactic acid with adsorption constant
of k;(mol~ts™1), k_; [LAS] represents desorption rate of lactic acid with desorption
constant of k_,(litre"1s™1), and k,[LAS] represents product rate (pyruvic acid)
formation with product formation constant of k,( is explained in the following

section). By substituting Eq. (6-5) into (6-6) and solving for [LAS], we arrive at:

_ ka[LAI[S)eor ]
[LAS] = ki[LA]+k_1+k, (6-7)

Re-arrangement of Eq. (6-7) results in:

“1_1,4](S] 0t

[LAS] = =22 ——— (6-8)
1+(k_1ik2)[LA]
, Where 1 s termed as Kaapp- Kaapp is the apparent adsorption constant

k_q1+k>

representing that lactic acid adsorption/desorption rate is affected by the product
formation. In Eq. (6-8), [S]:o: can be approximated to 1, if the equation is expressed

by surface coverage of lactic acid, 0A, as;

(LA K, [LA]
_ k_1+ko _ a,app _
Bal= B i T T kaan Al (6-9)

As the rate determining step is by the photooxidation step, see Eq. (6-4), the product

formation rate from the holes can be described as:
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Tproduct—holes = k [HA] (6-10)

The substitution of Eq. (6-9) in (6-10) results in:

k1

[LA]
Tproduct—holes = k, ( k_ﬂl;liz (6-11)
1+ G ) LAl

As suggested by Ollis in 1990 [52], the product formation constant k, is a function
of absorbed radiative flux, I, by the catalyst within the reactor as; k, = k'I*. The
constant of k'is the proportionality constant and « is the light absorbing parameter
that varies between 0.5 and 1. Therefore, Eq. (6-11) will be presented as:
Toroduct—holes = k'1¢ | —al (6-12)
product—holes k_ll_:lk Ia+[LA]

It is assumed that the rate of hydrogen production by electrons are equal to the rate
of product formation by the holes, therefore 7y,oquct—hotes= Tnz, Where the

expression for the rate of hydrogen production will be as:

/ [LA]
Ty, = k'1* (W) (6-13)
2 %HLA]

This expression accounts for the absorbed radiative flux from only one LED light, so
incorporation of total received radiative fluxes from all LED lights, G, in this
expression will result in the final expression:

1 [LA]
Th, = k'G* (k_1+k’G“+[LA]> (6-14)

k1
,where 1y, is the rate of hydrogen production (umol/s), [LA] is lactic acid
concentration(M), k' is the proportionality constant (m?litre™*J~1) and G¢ is the
total received radiative fluxes from all lights (W m?2 nm) and a. is the light absorbing
parameter. The hydrogen production rate produces two limiting cases; one when the
total radiative flux on the reactor wall is high with a =0.5 and one when it is low a
=1[51,52]. The total radiative flux, G%, is a function of photocatalyst particles’
positions inside the photoreactor and the angle of receiving photons, leading to an
inhomogeneous distribution of radiative flux absorbed by the particles inside the

reactor, with maximum values near the irradiated wall (where the lights are
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positioned) and negligible values towards the centre. This issue will elaborate in the

following section.

6-3 Radiation field modelling

The radiation distribution in the photoreactor system with 10 visible LED lights is
modelled by the approach previously developed by G. Palmisano [62] but for 6 UV-
lights. The LED lights surrounding the reactor vessel were placed on a level that a
complete coverage of the reaction solution occurred. Therefore, there is no
gradients in the radiative flux in the vertical direction and change of flux is only
considered in the cross-section of the cylindrical reactor. For each particle positioned
in that area, contribution of the radiative flux from all 10 LED lights accounts for the
total received fluxes. The radiative flux from each LED absorbed by an irradiated
particle is evaluated by the radiative transfer equation (RTE), which expresses the
radiation energy balance at a certain wavelength (A) and given propagation direction
(Q). The RTE gives information of how the spatial intensity variation depends on the
particle light absorption, particle emission and the two types of particle scattering

(in-scattering and out-scattering). The complete form of the RTE can be seen in Eq.

(6-15)

dl S ’

24 = —kloa *+ elppa  — Sloa + [lpap(Q',2)dQ" (6-15)
RTE = -(absorption) + (emission) - (out-scattering) + (in-scattering)

, Where d;!;”l describes changes of light intensity (which is directional and wavelength

dependant) over dx (which is the spatial coordinate along Q). In Eq. (6-15), the first
term represents absorption of the particle with light absorption coefficient k (cm™)
and the second term represents emission of the particle, with emissivity of & (unit
less) and black body light intensity Ip,, ; (W m2 nm™). The third term represents light
scattering from the particle with scattering coefficient s (cm™), which takes away
photon energy from the propagation direction. The last term, in-scattering, describes

the probability of light absorption and then its scattering in a particular direction
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originating from scattering from other particles within the reactor with ¢ (', ) as
a scattering phase function that is angular distribution of scattered radiation [47].
The complete form of the RTE involves a set of integrated-differential equations,
where rigorous numerical procedures are required for obtaining the solution. The
numerical solution of RTE can be eased if it is considered with specific assumptions
such as negligible emission contribution, as the emission would have too high
wavelengths to excite any of the particles. The final RTE approximation based on the
Schuster-Schwarzschild isotropic scattering approach [160], consists of dividing the
radiation field of two oppositely directed radiation fluxes; I; (in the positive
propagation direction) and J,(in the negative propagation direction), where the

effect of absorption and scattering terms of the RTE (Eq. (6-15)) can be described as:

daly,

— = U+ s))h+s53J; (6-16)
% = —(ky +s2)J1 + salx (6-17)

If it is assumed that the radiation flux in the negative propagation direction, J;, is
negligible, an approximate solution to Eq. (6-16), as suggested by Palmisano et

al.[62], can be presented as:
2 = (1 = Ryp?)exp (—2bs* Coqel) (6-18)
Iy

,where I, is the incident radiative flux density at the reactor wall (W m2 nm), R, is
the diffuse reflectance of the catalyst (Pt/CdS)(dimensionless), C.,; is the catalyst

concentration (g cm3), s* is scattering coefficient per unit catalyst concentration

N2
(cm? g?l), L is the light path length (cm) and b is (1 + :—) - 1.

The wavelength-dependent diffuse reflectance, R, and the scattering coefficient of
the particles, s, are determined from spectrophotometric measurements at the
absorption band of the photocatalyst (Pt/CdS), coinciding with the reactor LED’s
output. Here R, was in a range of 0.16-017, s* was in a rage of 1-2 x10* cm? gt and
k* was in the range of 0.16-0.17x10* cm? g'L. The light path length, L, of each LED to

a photocatalyst particle positioned in the cross-section of the reactor, is obtained by
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deriving the geometrical position of the particle in the reactor with regards to the
other lights. If a particle is positioned in the reactor with radius R, where the reactor
itself is positioned in the distance 1, from one LED light, the particle coordinate
(L;, 6;) can be defined as seen in Fig 5.1. For that particle coordinate, i = 1...10
denotes number of lights, 6; denotes the angle of receiving photons to the particle
by the light i, which varies between —6, and +6, , and L; is the corresponding
distance between the particle and the reactor wall. The geometrical derivation of all
0; and L; ,fori = 2...10 are presented in Appendix (A), where (L, ,6;) is chosen as

the reference point.

Figure 6. 1 Derivation of the geometrical coordinate (L;,0;) for particle, P, inside a
reactor with radius, R, irradiated by one lamp.

Therefore, the radiative flux density of Eq. (6-18) for light i and a particle with

coordinate (L; ,6;) at wavelength (A), is evaluated using Eq. (6-19):
I (Li,6) =1(0,6,) (1= Re,?)exp (—2bs*Cegrly) (6-19)

, where 1(0, 6;) is the radiative flux density on the reactor wall in the direction of
radiation. The term 1(0, 6;) can be substituted with the term I(0,0):—‘Z to adjust for
the radiation intensity at 17 [160], where the radiative flux density at coordinate (0,
0), 1(0,0) , was measured by the spectrometer (GL Spectis 1.0 ). In Fig 6.2 (A), the 3D-

representation of the radiative flux density distribution by one LED light on a particle

with the coordinate (L, 6;) can be seen as I;(L; , 6;), where the maximum flux is
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observed closest to the LED lamp position. To obtain the overall radiative flux density
from all 10 LED lights on that chosen particle, the individual contributions from all

lights are added up, G;(Lq,0;), as seen in Fig 6.2(B).

Having calculated G;(L;,0;) and substituted its values into Eq.(6-14), the

theoretical hydrogen rate expression results in:

' [LA]
Ta, = k'Gy (Ly,0;) @ <k_1+k'cz T [LA]> (6-20)

k1

Figure 6. 2 Three-dimensional representation of the radiative flux density distribution
created by MATLAB at coordinate (Lq , 04) for; (A) 1 LED light and (B) 10 LED lights.

Note that the experimental rates of hydrogen production were obtained for the
entire reactor volume, whereas Eq. (6-20) represents the theoretical rate of
hydrogen for a cross-section of the reactor at the coordinate (L, , 8;), and therefore

Eg. (6-20) was integrated over the whole reactor volume as:

T, = k'ky[LA] [ Gy (Ly,61) ¢ (k - )dv (6-21)

_1+k,GA(L1 ,91) (1+k1 [LA]

By substituting dv with dS. h, where dS = (r; + L)dL df is the area of the cross-

section and h is the reactor solution height within the reactor, we have:

1
_1+k’GA (L1 ,91) a+k1[LA]

’ - 6
re,” = Kk [LATR 777 (200 Gy (L, 60) @ (5 )+

L)dL dé (6-22)

,where the angle 6, and path length, L, , seen in Fig 5.1, can be expressed as [62]:
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0, = cos™! (—W) (6-23)

R+T0

and the boundary conditions of L, varies between r; and ryas:

1 = cos01(R + 1) — y/c0s20, (R + 19)% — rZ — 2Ry (6-24)

1, = c0s01(R + 1) +/c0os20,(R + 15)2 — 17 — 2Rr, (6-25)

The rate of hydrogen production from Eq. (6-22) needs to be converted to umol/s to

be consistent with the empirical rate.

6-4 Model results

The variable parameters in the 64 experimental runs, as shown in Table 6.1, were
different catalyst loadings (5% Pt-CdS), different lactic acid concentrations and
various incident flux intensities during the reaction. All experimental runs were
previously presented in detail in Chapter 5. The theoretical hydrogen rate from the
model, Eq. (6-22), was fitted to the experimental H; rate to obtain a, k,, k_; and k',
by a least-square best fitting procedure, using a non-linear derivative-free
optimization method in MATLAB. The objective function (0. F.), which is the sum of
squared difference between the experimental and the calculated values of H;

production rate, was then minimised as:
0.F.= Y$*(H;P — H5)? (6-26)

The obtained parameters for the 64 reaction runs are shown in Table 6.2. The
comparisons between the empirical and predicted H; rates at different lactic acid
concentrations, incident flux intensities and catalyst loadings can be seenin Fig 6.3
(a, b, ). The cumulative hydrogen for the same reaction conditions are presented in
Fig 6.4 (a, b, c). Both set of figures show a satisfactory agreement between the model
and the experimental data points. In Fig 6.3 (a), the model is compared with the
experimental results when the initial concentration of lactic acid varied between

0.66-3 M at a fixed incident flux of 2.6 W/m? and a catalyst loading of 0.0006 g/cm?3.
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Table 6. 1 Photocatalytic reaction runs at different catalyst loadings, lactic acid
concentrations and incident fluxes.

Run | Cat. loading | [LA] (M) Incident Run | Cat. loading | [LA] (M) Incident
(g/cm~3) flux (g/cm”3) flux
at 1(0,0) at  1(0,0)

(W/mA2) (W/mA2)

1 0.00060 2.64 2.60 33 0.00060 2.64 1.20

2 0.00060 2.41 2.60 34 0.00060 2.42 1.20

3 0.00060 2.04 2.60 35 0.00060 2.03 1.20

4 0.00060 1.80 2.60 36 0.00060 1.90 1.20

5 0.00060 1.74 2.60 37 0.00060 1.80 1.20

6 0.00060 1.60 2.60 38 0.00060 1.74 1.20

7 0.00060 1.64 2.60 39 0.00060 1.68 1.20

8 0.00060 1.51 2.60 40 0.00060 1.58 1.20

9 0.00044 2.65 2.60 41 0.00060 2.31 0.30

10 0.00044 2.43 2.60 42 0.00060 2.22 0.30
11 0.00044 2.02 2.60 43 0.00060 2.12 0.30
12 0.00044 1.94 2.60 44 0.00060 2.00 0.30
13 0.00044 1.81 2.60 45 0.00060 1.93 0.30
14 0.00044 1.70 2.60 46 0.00060 1.65 0.30
15 0.00044 1.64 2.60 47 0.00060 1.43 0.30
16 0.00044 1.56 2.60 48 0.00060 1.41 0.30
17 0.00020 2.55 2.60 49 0.00060 1.30 2.60
18 0.00020 2.44 2.60 50 0.00060 1.28 2.60
19 0.00020 2.04 2.60 51 0.00060 1.01 2.60
20 0.00020 191 2.60 52 0.00060 0.98 2.60
21 0.00020 1.84 2.60 53 0.00060 0.91 2.60
22 0.00020 1.72 2.60 54 0.00060 0.86 2.60
23 0.00020 1.64 2.60 55 0.00060 0.85 2.60
24 0.00020 1.49 2.60 56 0.00060 0.70 2.60
25 0.00007 2.55 2.60 57 0.00060 0.63 2.60
26 0.00007 2.45 2.60 58 0.00060 0.62 2.60
27 0.00007 2.22 2.60 59 0.00060 0.5 2.60
28 0.00007 2.04 2.60 60 0.00060 0.48 2.60
29 0.00007 1.94 2.60 61 0.00060 0.44 2.60
30 0.00007 1.83 2.60 62 0.00060 0.42 2.60
31 0.00007 1.74 2.60 63 0.00060 0.30 2.60
32 0.00007 1.44 2.60 64 0.00060 0.25 2.60

Table 6. 2 Obtained model parameters.

ky 0.0907

k_q 0.0877
k' 0.1596
a 0.52
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The experimental rate of H, production increases non-linearly with increasing lactic
acid concentration and starts to levelling-out at 2.66 M with a H, generation rate of
0.12 umol/s. The model prediction agrees well with the experimental non-linear
behaviour, implying that the adsorbed lactic acid on the catalyst surface sites reaches
a limit value where no more adsorption sites would be available by the increased
lactic acid concentration (as reflected in the developed Langmuir Hinshelwood

adsorption mechanism above).
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Figure 6. 3 Model predicted H; rate (blue line) vs. experimental rate (+), when lactic acid
concentration (a), incident flux intensity (b) and loading of catalyst (c) were varied.
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Figure 6. 4 Model predicted cumulative H, production (solid lines) vs. experimental H,

production after 4 hours irradiation by varying lactic acid concentration (a), incident flux
intensity (b) and catalyst loading (c).

Lactic acid did not absorb radiation from the LED (as shown in UV-Vis in Chapter 5)
and therefore did not affect the irradiation model segment. The cumulated H over
time at various lactic acid concentrations, seen in Fig 6.4 (a), shows a gradual non-
linear increase in the cumulative hydrogen production from 729 pmol to 2300 umol

H, after 4 hours irradiation. In Fig 6.3 (b), the model was compared with
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experimental data when the incident flux varied between 0.2 W/m? to 2.6 W/m? at
a fixed initial lactic acid concentration of 2.66 M and a catalyst loading of 0.0006
g/cm3. According to this figure, the hydrogen generation rate is proportional to the
incident flux until levelling out at the higher incident fluxes of 2.6 W/m?, where
maximum rate of hydrogen production of 0.15 umol/s was obtained. The levelling-
out of the reaction rate by the increased flux was probably due to the absorption
limit of photocatalytic slurry at maximum incident flux of the light, beyond which no
further absorption by the catalyst particles was observed. The results are completely
in accordance with cumulative H, generation, Fig 6.4 (b), where rate of H, production
also undergoes a gradual increase.

Figure 6.3 (c) compares the model predictions with the experimental results when
the catalyst loading varied between 0.0006 to 0.00007 g/cm?3 at a fixed incident flux
of 2.6 W/m? and an initial lactic acid concentration of 2.66 M. The model agrees
satisfactory with the experimental results and shows clearly a levelling-out toward
higher particle loadings. This might be due to two factors; one is an exceeded vacant
photocatalyst adsorption site limit for the lactic acid (as seen in the Langmuir
Hinshelwood adsorption), and the other is the shielding effect which does not allow
all particles to be evenly irradiated. The gradual increase in the hydrogen production
rate is also confirmed in the cumulated hydrogen data over time, Fig 6.4 (c), where
the maximum of 2300 umol H; after 4 hours irradiation was obtained for the catalyst

loading of 0.0006 g/cm3.

6-5 Conclusion

A descriptive hydrogen mathematical model including both adsorption and
irradiation mechanisms for an externally LED-driven photoreactor was presented
and validated against experimental results. The batch slurry photoreactor was
externally irradiated by 10 visible light-emitting diodes (LED), surrounding the
circumference of the cylindrical reactor. The irradiation mechanism part of the
model was based on an approximate solution of the Radiative Transport Equation
(RTE) with the derivation of the geometrical position of the particles in the cross-

section of the reactor with regards to the lights. This enabled the calculation of the
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total visible radiative flux density received from all 10-LEDs by the Pt/CdS particles
positioned in that special area of the reactor. Integration of total calculated radiative
flux density over the whole reactor volume accounted for the total received photon
fluxes of the particles positioned in the said reactor volume. The irradiation
mechanism of the descriptive model further increased its accuracy by incorporating
the spectrophotometric experimental measurements of the Pt/CdS’ scattering and
absorption coefficients within the LED’s output range of 410-500 nm. The adsorption
mechanism of the model was based on a pseudo-steady state Langmuir-
Hinshelwood adsorption mechanism, where the surface adsorbed lactic acid was
oxidised to pyruvic acid (via electron transfer) while simultaneously the adsorbed
water was reduced to hydrogen (via electron transfer).

The developed hydrogen model was then successfully validated against
experimental measured rate of hydrogen production using different catalyst
loadings, lactic acid concentrations, and incident radiation fluxes. The unknown
model parameters of «, k,, k_; and k' were obtained by a least-square fitting
procedure using a non-linear derivative-free optimization method in MATLAB. All
experiments were conducted to their limiting values which could be concluded well
by the mathematical model. The satisfactory agreement between the model and
empirical results showed the model capability to predict behaviour of any
photocatalytic reactor in a wide range of operating conditions. The model also
allowed analysis of flux distribution depending on the number of switched-on lamps
being used, as long as their position was not changed. The main advantage of the
developed mathematical model was to predict reaction results with minor
computational effort, without employing any commercial software. The information
obtained from the model could be used for design and scale-up of any photocatalytic

batch reactor system regardless of type of radiation or reactor size.
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Chapter 7 Results and Discussions: Photocatalytic
Hydrogen Production in the Sulphur-Ammonia
Thermochemical Cycle

7-1 Introduction

In this Chapter, a comprehensive investigation on the photocatalytic hydrogen
producing step of the sulphur—-ammonia thermochemical cycle is presented. The aim
here was to realistically investigate a replacement of the traditional electrolyser unit
with a solar driven hydrogen generation unit in a solar driven thermochemical cycle
using ammonium sulphite as the working fluid. The chapter will draw conclusion from
previous result chapters (Chapter 4, 5 and 6) and bring forward a plausible suggestion
for this replacement.

First the reaction mechanism of photocatalytic degradation of ammonium sulphite is
described in detail in section 7-2. Then the various operational parameters using the
novel CoP/CdS catalyst for the hydrogen part in the cycle will be evaluated in section
of 7-3. Next, in section 7-4, the Hx performance of CoP/CdS and Pt/CdS composites
will be compared when using the cycle fluid ammonium sulphite solution. This will
be followed by an adapted hydrogen prediction model in section 7-5, using
ammonium sulphite as the photolyte together with CoP/CdS as the photocatalyst in
an upscaled reactor size with a relevant visible light arrangement. Finally, a feasibility
study for the upscaling the thermochemical cycle using the suggested hydrogen

producing step will be presented in section 7-6.

7-2 Photocatalytic degradation of ammonium sulphite
In the photocatalytic step of the sulphur—-ammonia thermochemical cycle, hydrogen
gas is produced on the catalyst surface upon absorption of incoming photon energy

with the simultaneous oxidation of ammonium sulphite. For a simultaneous water
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reduction and ammonium sulphite oxidation, there are four important rate
determining steps; (i) absorption of photons with energy equal or higher than the
CdS electron band gap (ii) dissociation of the excitons and their diffusion to the
surface (iii) ammonium sulphite adsorption on CdS surface, and (iv) desorption of the
formed products. For the successful redox reactions on the photocatalyst surface,
initial experiments were undertaken to assure ammonium sulphite did not absorb
the incoming light inside the reactor, ammonium sulphite was pre-adsorbed on the
catalyst surface and the successful desorption of the reaction products occurred.

First UV-Vis spectroscopy was used to investigate the ammonium sulphite light
absorption between 190-800 nm using an initial 2.6 M aqueous solution in a cuvette;
at 0 h,3 hand 25 h reaction time, as seen in Fig 7.1. At 0 h, the predominating spectra
showed the signature of the SO3% absorbance spectra which absorbs UV light < 275
nm. However, some traces of SOs> was observed in the ammonium sulphite
solution due to the partly oxidation of ammonium sulphite during solution
preparation and storage, which was also shown in the ion chromatography section
that follows. According to Huang et al. [90], who compared 0.5 M Na;SOs with 0.5
M NaxSOs in a UV-Vis study, SO4% ions absorbed only at high energetic UV light <200
nm. At 3 h of reaction time, the absorbance spectra was blue-shifted with a more
distinct slope and a reduced absorption intensity, excepting toward 200 nm. This
indicates an oxidation to SO4% as well as some formed intermediates, which will be

discussed in the following section.
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Figure 7. 1 UV-Vis absorption spectra of the ammonium sulphite photocatalytic
degradation, at 0 h(orange), 3 h (blue) and 25 h (green) reaction time.
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At the end of the reaction, 25 h, (green spectra in Fig 7.1), only the signature of SO4*
was observed, indicating that all 2.6 M SO3% was consumed and oxidised. It was
therefore concluded that no compounds in the solution would absorb the LED (or
visible) light and that no direct photolysis would occur. To support this finding, lon
chromatographic (IC) measurement was conducted before (0 h) and after (25 h) of
the photocatalytic reaction to further investigate the photoreaction path of
ammonium sulphite. In Fig 7.2, both SO3% and SO4% ions are shown with R=12.08 and

R=13.12 respectively before the photocatalytic reaction (0 h).
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Figure 7. 2 lon chromatogram of 2.66 M of aqueous solution at pH =8.7 taken before the
photocatalytic reaction (0 h).

This further supports the fact that some SO3% are converted to SO4%* when preparing
the solution or as an effect to air exposure, as also reported by Huang et al. [90].
However, at the end of the photocatalytic reaction, only the SO4> peak was detected,
as shown in Fig 7.3, which is in an agreement with the UV-Vis findings. To investigate
the ammonium sulphite adsorption on the CoP/CdS surface, FTIR spectroscopy was
used. In Fig 7.4, a bare CdS sample was first compared with a 5 wt. % CoP loaded CdS
sample and then the same CoP/CdS sample was immersed in 2.67 M ammonium
sulphite solution, washed and dried prior the FTIR measurements. For the bare CdS
sample, the bands located at 642, 974, 1040 and 1402 cm™ can be ascribed to the
vibrational modes from the Cd-S bond, with a broad band at 1566 cm™ as a result of

the adsorbed surface water, see more in Chapter 5.

124



oy

65.0 1
€04
$5.0 4
004
4501
00 1
3509
3001
504
00

15.0 4 [l 1 1 : | |
10.01 - i ] 1 I 1

G w2 W & 5 A 0 80 %0 00 1y R0 B4 M0 g

271
933
4 >s~nr.s:e 13.19

Figure 7. 3 lon chromatogram of 2.66 M of aqueous solution at pH =8.9 taken after the
photocatalytic reaction (25 h).
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Figure 7. 4 FTIR spectrum of pure CdS (green), 5 wt. % CoP/CdS (blue) and 5 wt. % CoP/CdS
pre exposed to 2.67 M ammonium sulphite (black). The asterisks (*) show ammonium
sulphite IR bands.
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For the 5% CoP/CdS sample, the CdS peaks were found to be slightly shifted and got
broader. This might be due to the effect of the forceful sonication when adding the
CoP co-catalyst to CdS. The energetic sonication will produce less particle
agglomerates and then separation (or liberate) into very small sub 17 nm CdS
particles (as determined from the XRD) ,with a high-volume ratio of broken bonds
and vacancies close to its surface, where the CoP particles are adhered during the
sonication. The black spectra in Fig 7.4 was for the 5% CoP/CdS particles exposed to
the ammonium sulphite. Mattias Hallquist [161] reported that free ammonium
sulphite had four distinctive features in the IR spectrum; two sulphite bands at 620
cmtand 1115 cm, one N-H bending vibration at 1400 cm™ and one N-H stretching
vibration at 2500 cm, where the first three are marked with an asterisk(*) in Fig 7.4.
From the FTIR study it was concluded that the ammonium sulphite was physisorbed
on the surface not chemisorbed as the peaks of the sample immersed in the
ammonium sulphite corresponded to free ammonium sulphite species. This can be
compared with the chemisorbed lactic acid discussed in Chapter 5, where the free
lactic acid peak completely disappeared.

To evaluate purity of the produced hydrogen, gas chromatography was conducted.
Gas samples from the reactor were taken and injected manually into the GC
apparatus. Fig 7.5 shows the result of the GC analysis and Table 7.1 shows the
corresponding retention times and full peak widths at half maximum (FWHM) of the
detected gases and the matching standards. Three peaks corresponding to hydrogen,
oxygen and nitrogen were detected in this analysis, where the oxygen and nitrogen
peaks originated from the air due to the off-line sampling. Therefore, the only gas
evolved from the reaction was pure hydrogen with the retention time of 2.26 min
and FWHM of 0.030 min. The detected air presence was further confirmed by a dry
run using the same gas-tight syringe, where it showed that no hydrogen peak and
only peaks of oxygen and nitrogen with the retention times and peak heights
matched that of the air signatures recorded during the H, gas analysis (results are
not presented here). Therefore, it was finally concluded that only hydrogen gas was

liberated from the photocatalytic reaction.
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Table 7. 1 The detected retention times and peak widths by the GC.

Peak name Reaction time (min) FWHM (min)

Hydrogen 2.26 0.030
Oxygen 3.10 0.035
Nitrogen 5.32 0.033

Standard Gases

Hydrogen (99%) 2.12 0.027
Oxygen(99%) 3 0.033
Nitrogen(99%) 5.26 0.030
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Figure 7. 5 GC analysis of a photocatalytic gas product sample, showing only H, peak as the
liberated product (see insert) when 5 wt. % CoP/CdS was used in ammonium sulphate
photocatalytic reaction.

To understand chemistry of the reaction, all possible reactions and dissociations
were identified as:

(NH,),S0; & NH,* + S0,*~ (7-1)
The water molecules were also dissociated as:

2H,0 & OH™ + H,0* (7-2)
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Therefore, the possible reactions between the available ions in the photocatalytic

solution were proposed as:

S05°” + H30* & HSO;~ + H,0 (7-3)
HSO;~ + H;0% & S0,(g) + 2H,0 (7-4)
NH,*+ OH™ & NH;(g) + H,0 (7-5)

Eq. (7-4) and (7-5) are less likely to proceed as the GC analysis of the gaseous products
only confirmed H; formation (at the detection level of the GC technique). This can be
related to a study by Muradov et al. [162] who analysed the gaseous products from
an ammonium sulphide photocatalytic reaction by in-situ GC analysis and also found
no traces of SO3(g) or NHs (g). This means the equilibrium of Eqg. (7-3) was heavily
left-shifted towards SOs%. Earlier it was confirmed by the IC measurements that SO4*
was present alongside SO3% in the solution prior to the photocatalytic reaction. Here,
the suggested conversion pathways of SO3% to SO4>" are explained and shown in Fig
7.6. In the figure, the pathway (1), it can be seen how the SOs? ions react with the
hydroxyl ions (from the water photoreduction or water dissociation) and then
subsequently produce sulphate (5S04%) ions and water in the solution. This reaction
explains why small amount of SO4> are present in the water solution before the
reaction. In pathway (2), the weakly physiosorbed SOs% ions (at high concentration)
donate electrons to the valence band of the CdS to form SOs? radicals. The half
potential to for the SO32_/SO42_ is +0.92 eV, which is less positive the valence band
potential (hole potential) of CdS (+1.65 eV[156]), making an electron transfer from

SO3% possible, forming a reactive -SO3? radical which would rapidly form S;06% as:
2S05%" + 2h* - 2'S05%” (7-6)
2'S03%” - S,04% (7-7)

The dithionate (S206>" ) ions would further react with the surface adsorbed hydroxyl

ions and produce sulphate (S04% ) ions and proton as:

S,0¢2” +20H- - 250,24+ 2H* (7-8)
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Figure 7. 6 Suggested SO;> to SO,> conversion reactions.

These suggested pathways are in an agreement with the related previous studies
[90,163], where Ali T-Rassi’s group in Florida analysed the photocatalytic oxidation
of ammonium sulphite by HPLC and UV-Vis and found traces of dithionate ions as a
suggested intermediate before the complete conversion to SO4%>. By looking at these
two pathways, a pH drop over time is expected by both pathways. To investigate
this, pH measurement was performed in a 25 h reaction run, alongside
measurements of sulphite degradation and H, generation (at the incident flux of 6.5
W/m?, initial ammonium sulphite concentration of 2.67 M, photocatalyst loading of
0.0006 g/cm?and temperature of 60 °C). According to Fig 7.7, the H, generation rate
for the first 1300 min of photocatalytic reaction was a linear function of time, yielding
a constant production rate of 55.39 umol/min, followed by a levelling-off until 1500
min when the hydrogen production completely stopped. From the pH result, the
insert in Fig 7.7, it can be seen that the initial pH of 8.7 increased with a high rate at
the first 100 min, corresponding to a higher rate of sulphite degradation for the same
time, and then stabilised at 8.87 > 16 hours run (1000 min). Despite the fact that the
IC measurement was not continuously taken for the whole 25 h (1500 min), the IC
measurement until 3 h and extrapolated to the one single measurement at 25 h, with
the previous described UV-Vis analysis indicated that there were no sulphite ions

present in the solution after 25 hours reactor run.
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Figure 7. 7 Hydrogen generation over 25 h (red), compared with the IC measured sulphite
concentration over 3 h(black). The black dots show predicted reducing trend for the
sulphite ions toward its complete depletion, where at 25 h the concentration was
measured by IC . The insert shows pH variation over a 25 h reaction run.

The increase of pH corresponded to a H* concentration change from 1.99 x10° M to
1.58 x10° M, where it remained constant after 1000 min until 1500 min measured
reactor run time. The sulphite concentration dropped 0.8 M, from 2.6 M to 1.8 M
during 3 h (180 min) of the reaction, and then to zero after 25 h. The 0.8 M (0.21
mol) drop for the first 3 h corresponded to a simultaneous H* decrease from 1.99
x10° M to 1.94 x10° M.

As a conclusion, the slight initial increase in the pH (increase of hydroxyl ions) proves
a very fast water reduction rate H,0 + 2e- 2 Hy + 2 OH", as water (in the dissociated
forms at pH 8.7) is readily adsorbed on the catalyst surface, promoting an efficient
electron transfer straight from the start. On the contrary, sulphite ions are not
strongly adsorbed on the surface, in addition that hole diffusion to the surface tend
to be slower than the electrons, meaning that the photocatalytic oxidation route is
expected to be apparently slower than the water reduction. These expected different
reaction rates would therefore explain the small pH increase (up to 1000 min reaction
run) before it stabilises, which is coincidence with the completion of the

photocatalytic reaction and complete depletion of SO32_. Note that the protons (2
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H*) released from the pathway (2) would not contribute into the change of pH or
additional formation of H gas (this will be confirmed in the kinetic modelling section,
where experimental H, rate matches with the predicted H, rate), but rather they
would form water with the hydroxyl ions produced from the photoreduction of water
molecules.

The proposed overall photocatalytic reactions on the CdS-CoP catalyst surface, which

will be used in the kinetic modelling section 7-5, are:
2H,0(e 2H*+20H" )+ 2e~ - H,+ 20H™ waterreduction (7-9)

2S0,°"+20H™ 4+ 2ht —> 2S0,°” 4+ 2H*  sulphite oxidation (7-10)

7-3 Effect of operational parameters on the hydrogen generation

The photocatalytic hydrogen experiments were conducted at various CoP/CdS
photocatalyst loading in the reactor, incident flux intensity, ammonium sulphite
concentration and reaction temperature to investigate the effect of these
operational parameters on the hydrogen evolution. Fig 7.8 shows the experimental
set-up of the scaled-up photocatalytic reaction system, where a 1.57 Litre
photoreactor (inner diameter 10 cm) was used with one outlet for the hydrogen gas
(which was measured by the inverted burette), one outlet for the gas-sampling, one
inlet for the argon pre-purging to assure oxygen free reaction conditions and one

inlet for photolyte and catalyst input.

Inverted measuring
cylinder

Photoreactor

LED arrangement

Figure 7. 8 Experimental set-up for the scaled-up photocatalytic reactor using 20 x 10W LED
arrangement.
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The reactor was externally irradiated by two rows of 10 W cool white LED lamp
surrounding the outside of the reactor to assure an efficient hydrogen evolution. The
result of the hydrogen evolution using this reactor system when varying the catalyst
loading can be seen in Fig 7.9 (a). The initial ammonium sulphite concentration was
2.67 M, the incident flux intensity 6.5 W/m? per LED, temperature 60 °C and the CoP
loading on CdS was 5 wt.%. Note that the incident flux intensity of 6.5 W/m? was
measured on the reactor wall for one LED light and with the maximum allowed
voltage of the power unit. As the particle loading was increased from 0.00007 g/cm3
to 0.00060 g/cm3, the evolved hydrogen increased from 3216.2 to 9965.9 umol after

3 hours irradiation respectively.
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Figure 7. 9 Effect of process parameters on the cumulative H, evolution of CoP/CdS
composite catalyst; when photocatalyst loading (a), ammonium sulphite concentration (b),
reaction temperature (c) and incident flux intensity (d) are varied.
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A further increase in loading to 0.00100 g/cm3 reduced the cumulative evolved
hydrogen after 3 hours run. This decrease with increased catalyst loading was due to
the shielding effect of the incoming light. Thus, the photocatalyst loading of 0.0006
g/cm3 was used as the baseline in the rest of the scaling-up study.

The effect of ammonium sulphite concentration variation where an increase in
ammonium sulphite concentration from 0.66 M to 2.67 M increased the hydrogen
evolution from 3024.5 to 9965.9 umol respectively, after 3 hours reaction at a fixed
incident flux of 6.5 W/m?, a photocatalyst loading of 0.0006 g/cm3 with CoP loading
of 5 wt.% and a reaction temperature of 60 °C, seen in Fig 7.9 (b). This means that
with more concentrated solution, the more sulphite ions are adsorbed on the surface
sites of the catalyst, where the photogenerated holes on the CdS surface can oxidise
more sulphite to sulphate. Further increase in the ammonium sulphite concentration
beyond 2.67 M, did not cause any further increase in the hydrogen production (the
result is not presented here), indicating an upper limit for the hydrogen production
with the increase of ammonium sulphite concentration. The surface adsorption of
sulphite showed different behaviour when comparing with lactic acid, which
adsorbed more strongly to the catalyst, in Chapter 5. Therefore, the next study shows
a concentration dependency comparison when using lactic acid and ammonium
sulphate in Fig 7.10. It is clear that the evolved hydrogen was more depending on the
variation of lactic acid concentration than when using ammonium sulphite. This fact
will be further shown in the reaction kinetic modelling section in this Chapter.

The H; evolution variation with different reaction temperature was then analysed
and shown in Fig 7.9 (c). Here the incident flux was 6.5 W/m?, initial ammonium
sulphite concentration 2.67 M, photocatalyst loading 0.0006 g/cm?® and the
temperature varied between 50 °C to 70 °C. As it can be seen in Fig 7.9 (c), the rate
of Hz evolution was the fastest at 60 °C with 55.39 ymol/min, when comparing with

50 °C and 70 °C with the rates of 25.94 umol/min and 16.79 umol/min respectively.
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Figure 7. 10 Comparison of concentration dependency between lactic acid and ammonium
sulphite.

The dramatic improvement around 60 °C was assured by repeating 3 reaction runs
with a SDS of + 0.4-0.8 umol. This temperature depending trend was different than
when using lactic acid, see in Chapter 5. The initial rate increase from 50°C to 60 °C
may be related to the adsorption isotherm effect between the catalyst surface and
water/sulphite, where the higher temperatures facilitate a higher mass diffusion i.e.
adsorption and desorption rates, just like what observed for the lactic acid in Chapter
5, but the dramatic drop in rate for 70 °C reflects that what was previous thought of
temperature depending factors for lactic acid, certainly is not applied for ammonium
sulphite.

Here it is possible that the spontaneous oxidation of SO3% to SO+ in water, as shown
in the reaction pathway (1) in Fig 7.6, is highly temperature dependant, meaning less
amount of SOs% to participate in the photocatalytic reaction and therefore less
hydrogen evolution. It is also possible that pH of the solution was varied by the
temperature changes due to several possible dissociation, resulting in a lower
hydrogen evolution at higher temperature. The same result in this unexpected
temperature trend was observed earlier by Huang et al. [163], who found a maximum
hydrogen evolution at 70°C before the rate dropped towards 90°C in a similar
photocatalytic system. They did not elaborate further the reason but only assumed

a connection with pH variation with temperature. For the photocatalytic H, scale-up

134



experiments in this thesis aimed for a solar driven thermochemical cycle, a reactor
temperature of 60°C was considered as the optimum operating temperature when
working with ammonium sulphite cycle fluid.

The effect of the incident light intensity on the cumulative H; evolution then
evaluated for this reactor system and can be seen in Fig 7.9 (d). Here the initial
ammonium sulphite concentration was 2.67 M, photocatalyst loading was 0.0006
g/cm?3 with CoP loading of 5 wt.% , and the reaction temperature was set at 60 °C
while the light intensity per LED was varied between 2 to 6.5 W/m2. According to the
figure, an increase in the light intensity improved the amount of evolved hydrogen
from 1614.4 (2 W/m?) t0 9965.9 umol (6.5 W/m? ) after 3 hours irradiation in a linear
response. These results are comparable with lactic acid in Chapter 5, meaning that
hydrogen evolution is proportional to the activity of the catalyst itself, i.e. higher
intensity leading to more photon absorption and therefore more electron-hole
generation. A further increase of light intensity was limited due to the power
restriction. Note that the upper limit of 6.5 W/m?was the maximum driven intensity

of one LED light.

7-4 Comparison of hydrogen generation of CoP/CdS and Pt/CdS
composites

As the aim of this research study was to find the best photocatalytic system to be
incorporated into a solar driven sulphur ammonia thermochemical cycle, the final
examination was to compare two different visible light CdS photocatalyst
composites; one as the most common but more expensive Pt/CdS and one as the
novel and less expensive CoP/CdS. In Fig 7.11(a) a comparison of the two catalyst
systems’ hydrogen performances in lactic acid is shown. It can be seen in the figure
how differently the two photocatalysts systems produce hydrogen per mg catalyst
loading after 1 h, 2.5 h and 4 h irradiation in a reactor system of; 2.6 M lactic acid,
with an incident flux of 2.6 W/m? and a temperature of 25°C. The novel and far
cheaper CoP/CdS system showed a higher hydrogen generation per mass of catalyst
than the Pt/CdS when lactic acid was used. In Figure 7.11 (b) a comparison between

the two composite systems but in a 2.67 M ammonium sulphite is seen with the only
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Cumulative H2 evalution (umeol mg )

difference is the reaction temperature of 60 °C and incident flux of 6.5 W/m? per
LED is used here (larger reactor system). Here the CoP/CdS performed almost the

same as the more understood and elaborated Pt/CdS system.

(a) (b)

100
1200 - -
o
1000 - TE}
£
a
800 - c
]
]
600 g
[ ]
I
400 o
3
a
200 £
a
[}

1h | 2.6h | 4h 1h 25h | 4h ih 2.5h 4h

Pt CoP(sonicated) Pt CoP(sonicated)

Figure 7. 11 (a) Hydrogen performance of composites of CoP/CdS and Pt/CdS in 2.6 M lactic
acid solution after 1 h, 2.5 h and 4 hirradiation in the small reactor and (b) same composite
comparison but in 2.6 M ammonium sulphite solution in the scaled-up reactor.

In both (a) and (b) the photocatalyst loading was the same with 0.0006 g/cm? (with
a co-catalyst loading of 5 wt.%). The reason why CoP/CdS showed such a high activity
improvement in lactic acid solution could be due to a range of factors that was
previously explained in detail in Chapter 5. One important factor to mention here is
the surface potential of the trapped excited electrons in the cocatalyst (CoxP or Pt)
versus the half potential of reducing water, which all will vary with different solution
pH. Earlier in a study by Callejas et al. [32] the evaluated over-potentials in a
hydrogen cell when using these cocatalysts materials, had the ranking order as;
Pt>CoP. However their observed hydrogen evolution reaction study (HER) showed a
different raking order as; CoP>Pt (in low pH), where it was finally concluded that the
dynamic relation of transitional metal ion (Co) and phosphorous (P) for the surface
reactions (rather than the work potentials) caused cobalt phosphides CoxP
performing well for the HER activity. Relating Callejas et al. [32] study with what was

observed in 7.11(a), it can be concluded that indeed CoP exhibits better HER activity
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than Pt at low solution pH. With the change of pH in the solution, as seen in Fig
7.11(b), the potentials driving the reactions will be altered with pH, seen in Fig 5.10,
Chapter 5. The difference between the electron potential of CdS (c. b.) and both
potentials of water reduction and the co-catalyst potential, will change with changing
of pH. According to Fig 5.10, at low pH (lactic acid solution), the electron potential
for Ptis only -0.04 eV [155], compared to the necessary water reduction potential of
H*/H, = 0 eV. At high pH (ammonium sulphite solution) the electron potential for Pt
changes to -0.4 compared with the water reduction potential that changes now to -
0.3 eV [155], whereas the CdS (c. b.) potential marginally changes with pH[156]. The
higher pH also decreases the electron bandgap of CdS, which will then affect both
the reduction and oxidation reactions potentials [156]. Moreover, at high
pH(ammonium sulphite solution) , the zeta potential of the CdS will also change,
which will affect the surface adsorption and repulsion mechanisms [157]. Therefore,
all necessary electron transfer from the parent CdS to co-catalyst and from co-
catalyst to the solution will all be affected by the pH variation, in addition to the
ability for the surface adsorption by the photolyte that will vary with pH. Another
factor to highlight here is the surface adsorption varies with temperature too, where
the temperature was different for lactic acid (T=25°C) compared to ammonium
sulphite solutions (T=60°C). As a conclusion ammonium sulphite as the working fluid
of the thermochemical cycle showed the great performance using CoP/CdS
composite catalyst instead of Pt/CdS for the hydrogen production. The main
advantage of the CoP/CdS composite catalyst is its low-cost and earth-abundant
nature compared to the more expensive Pt/CdS composite, which would lead to an
improved hydrogen economy for the cycle. Furthermore, the CoP/CdS showed good

initial stability and repeatability results.

7-5 Hydrogen production modelling (surface reaction kinetics and
irradiation modelling) in ammonium sulphite solution

To understand the development of the mathematical prediction model applied to be

used in ammonium sulphite it is important to review the necessary charge transfer
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from the photon absorbed particle to the catalyst surface, with the simultaneous
reduction/oxidation reactions that will occur on the catalyst and cocatalyst surface,
as shown in Fig 7.12. In the cathodic reduction step, hydrogen gas is formed via
reduction of adsorbed water molecules (they are in the dissociate form at pH 8.7) by
the excited electrons transferred to the CoP cocatalyst. The driving reduction
potential of the CoP co-catalyst is assumed to be -0.5 eV at pH 8.7, (taken as an
approximate from the reported data[164]), which is less negative than the flat band
potential of CdS, -0.68 eV[156], but more negative than the water reduction potential
at this pH; H*/H2 = -0.3 eV[155].

‘ > andl
=1 cB T F
. = H,0

(NH.)SO;

I (NH.)SO.

Ccds - Co,P

Figure 7. 12 Schematic of the photocatalytic redox reactions of CoP/CdS in ammonium
sulphite solution.

In the anodic step, the oxidation of sulphite ions are undertaken by the surface
trapped-holes on the CdS, with the assumed valence band potential of +1.68 eV
[156], which is more positive than the oxidation potential of SO3%*/S04%,+0.92
eV[104]. It is also assumed that no OH" radicals taking part of the oxidation, as the
formation potential of OHradicals is +2.8 eV, which is higher than the valence band
potential of CdS. Moreover, there is no oxidation driven by any free O; due to the
oxygen-free experimental conditions and therefore the oxidation pathway is by the
surface trapped holes only. The anodic and cathodic reactions are presented in Eq.
(7-9) and (7-10). The equilibrium of adsorption and desorption rate of sulphite on the
CdS surface adsorption sites (S) based on the Langmuir Hinshelwood surface

adsorption isotherm, can then be expressed as:
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Sulphite+ S & (Sulphite —S) (reversible adsorption) (7-11)
k_y

,where (Sulphite — S) is the occupied sites by the sulphite ions, S is the vacant sites,
k; (umol~1s™1) is the adsorption constant and k_, (litre"'s™1) is the desorption
constant. The adsorbed sulphite ions react with the hydroxyl ions, adsorbed on the
different surface sites, and then donate electron to the valance band of CdS (“hole
donation”). The holes will therefore oxidise sulphite to sulphate and proton at the
end as:
ka
2 (Sulphite —S) + 20H™ + 2h* - 2 Sulphate + S+ 2HT

(photooxidation reaction) (7-12)
,where k,( m?litre™1]"1) is the product formation constant. Hydroxyl ions are
produced from both the water reduction and the self-dissociation of water molecules
in the solution (pH>8). However, due to the small change in the hydroxyl
concentration observed in the pH measurements during the reaction, as shown in Fig
7.7, equation (7-12) can be approximated to a first order reaction mechanism.
If the total amount of available surface adsorption sites is denoted with[S];,:, the
vacant sites [S] can be obtained as:

[S] = [Sleor — [Sulphite — S] (7-13)

A pseudo-steady state hypothesis of the surface reaction rate is applied to the

surface occupied sites by the sulphite ions (as described by Ollis in 2005 [51]),

d[Sulphite—S]
dt

assuming = 0 as:

w = k,[Sulphite][S] — k_,[Sulphite — S] — k,[Sulphite —S] =0

(7-14)

, where [k [Sulphite][S] represents adsorption rate of sulphite ions,

k_i[Sulphite — S| represents desorption rate of sulphite ions and k,[Sulphite —
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S] represents product formation rate for sulphate ions. By substituting Eq. (7-13) into

(7-14) and solving for [Sulphite — S], we arrive at:

ki[Sulphite][Stor

[Sulphite — S] = k1 [Sulphite]+k_,+k, (7-15)
Re-arrangement of Eq. (7-15) results in:
k1 .
[Sulphitel[Sl¢o
[Sulphite — §] = =2k - (7-16)
1+(k_1+k2)[5ulphlte]
, Where k_’fikz is termed as K; gpp- Kgapp is the apparent adsorption constant

representing that the sulphite adsorption/desorption rates are affected by the
product formation. In Eq. (7-16), [S]:o: can be approximated to 1, if the equation is

expressed by the surface coverage of sulphite ions, OA, as:

k1 . .
(6,]= Ko 4k, [Sulphite] _ _Kaapp [Sulphite] (7-17)
A 1+(k ’Iikz)[Sulphite] 1+ Kg,app [Sulfite]

As the rate determining step is by the photooxidation step, see Eq. (7-12), the

product formation rate from the holes can be described as:

Tproduct—holes = k2 [64] (7-18)

The substitution of Eq. (7-17) in (7-18) results in:

k1 .
PP [Sulphite] >

k1 .
1+( 1+k2) [Sulphite]

(7-18)

Tproduct—holes = k, <
k_

As suggested by Ollis in 1990 [52], the product formation constant k, is a function
of absorbed radiative flux, I, by the catalyst within the reactor as; k, = k'I*. The
constant of k'is the proportionality constant and « is the light absorbing parameter

that varies between 0.5 and 1. Therefore, Eq. (7-18) will be presented as:

_irra [Sulphite]
Tproduct—holes = k'l PG - (7-19)
T+[Sulphlte]
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It is assumed that the rate of hydrogen production by electrons are equal to the rate
of product formation by the holes, therefore 7,,0quct—notes= Tu,» Where the

expression for the rate of hydrogen production will be as:

, [Sulphite]
Ty, = k1% (k_1+k,};p — ) (7-20)

o +[Sulphite]

This expression accounts for the absorbed radiative flux from only one LED light, so
incorporation of total received radiative fluxes from all lights, G, in this expression
will result in the final expression as:

, [Sulphite]
T - k G @ T~ 7'2 1
Hz (%H‘Sulphite]) ( )

,Where 1, is the rate of hydrogen production (umol/s) in the cross-section of the
reactor, [Sulphite] is the sulphite ions concentration(M), k’ is the proportionality
constant (m?litre™1J1) and G¢ is the total received radiative fluxes from all LED
lights (W m2 nm) and a is the light absorbing parameter. The hydrogen production
rate produces two limiting cases; one when the total radiative flux on the reactor
wall is high with a@ =0.5 and one when it is low with a =1 [51,52]. The total radiative
flux, G%, is a function of the CoP/CdS photocatalyst particles’ positions inside the
photoreactor together with the angle of the receiving photons, leading to an
inhomogeneous distribution of the radiative flux absorbed by the particles inside the
reactor, with maximum values near the irradiated wall (where the lights are
positioned) and negligible values towards the centre of the reactor.

The radiative flux distribution here, in the photoreactor with 20 LED lights, was
obtained by the irradiation modelling approach developed in Chapter 6 and by
adjusting the corresponding equations to the reactor size, light arrangement and
now with the CoP/CdS photocatalyst’s optical scattering and absorption coefficients.
Fig 7.13 (A) and (B) show the radiative flux density distribution obtained by the
MATLAB for; one LED light and for all LED lights on a CoP/CdS particle with the
coordinate (L, 68,), where the maximum flux is observed closest to the LED lamp

positions.
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Figure 7. 13 Three-dimensional representation of the radiative flux density distribution at
coordinate (L{,84) for (a) one LED light as I;(L,,0) and for (b) all 20 LED lights as
G;(Lq,04), as simulated by MATLAB.

In the calculation of overall radiative flux density on one particle, as shown in Fig 7.13
(B), the individual contributions from all 20 lights were added up as G (L, , 8,). Then,
by substituting the calculated values of G;(L;,6,) into Eq. (7-21), the theoretical
rate of hydrogen production at the cross-section of the reactor at the particle
coordinate (L, ,60,;) was obtained. Since, the experimental rates of hydrogen
production were obtained for an entire used reactor solution volume, the theoretical

hydrogen rate was integrated over the whole used reactor volume as:

Ty’ =
7 . To—T1 +90 1
k'k, [Sulphite]h fO f—eo Gy (L1, 61)% (k_1+ k'Gy (Lq ,91)“+k1[5ulphite]) (ry +
L)dL dé (7-22)

, Where h is the reactor solution height within the reactor, angle 6, and path length

L, were obtained as:

/ 2
0, = cos™1 (m) (7-23)
R+T0
the boundary conditions of L, varied between r; andr, as:
r, = cosO; (R +1y) — \/coszel(R +19)2 —1¢ — 2Ry (7-24)
1, = c0s0; (R + 1) ++/c0s26, (R + 15)2 — ¢ — 2R7, (7-25)

Finally, the rate of hydrogen production from Eq. (7-22) was converted to umol/s to

be consistent with the empirical rate.
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In Table 7.2 the experimental conditions for all 84 reactor runs conducted at different
catalyst loading of the 5 wt.% CoP/CdS, different ammonium sulphite concentration
and various incident flux intensity used during all the photocatalytic reaction can be
seen. The theoretical rate of hydrogen production from Eq. (7-22) was then fitted to
the experimental rate of hydrogen production to obtain the «, k;, k_; and k' by a
least-square best fitting procedure, using a non-linear derivative-free optimization
method in MATLAB. The objective function (0. F.), which was the sum of squared
difference between the experimental and the calculated values of H; production

rate, was then minimised as:
0.F.= Y8 (H;? — H5)? (7-26)

The obtained fitted parameters for the 84 reactor runs are shown in Table 7.3. In Fig
7.14 (a, b and c) the comparisons between the empirical and predicted rate of
hydrogen production at different initial ammonium sulphite concentrations, incident
flux intensities and catalyst loadings are shown. The empirical rate for the cumulative
formed hydrogen, at the same conditions, is presented in Fig. 7.15 (a, b and c). Both
set of figures show a satisfactory agreement between the model and the
experimental data points. In Fig 7.14 (a), the model and the empirical hydrogen rate
are compared when the initial concentration of ammonium sulphite varied between
0.66-3 M at a fixed incident flux of 6.5 W/m?, a catalyst loading of 0.0006 g/cm?3 and
a reaction temperature of 60 °C. The empirical rate of H, production increases non-
linearly with increasing ammonium sulphite concentration, fitted as Y= k°°
[Ammonium Sulphite], and starts to levelling-out at 2.66 M with a H, generation rate
of 0.9 umol/s. In Fig 7.15 (a) the corresponding cumulated H; over time at various
concentrations increased linearly from 3024.5 umol (50 min) to 9965.9 pmol H, (180
min). The rate model agrees well with the empirical non-linear behaviour, implying
that the adsorbed ammonium sulphite on the catalyst surface sites reached a limiting
value where no more adsorption sites were available for the increased ammonium
sulphite concentration (as reflected in the adsorption mechanism), hence the non-

linear behaviour.
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Table 7. 2 Photocatalytic reaction runs at different CoP/CdS catalyst loadings, ammonium
sulphite concentrations and incident fluxes.

Run | Cat. loading | [Am- Incident flux | Run | Cat. [Am- Incident flux
(g/cm?3) sulphite] | at  1(0,0) loading | sulphite] | at  1(0,0)
(M) (W/m?) (g/cm®) | (M) (W/m?)
1 0.00060 2.65 6.5 43 0.00060 1.1 6.5
2 0.00060 2.43 6.5 44 0.00060 1.05 6.5
3 0.00060 2.35 6.5 45 0.00060 1.0 6.5
4 0.00060 2.3 6.5 46 0.00060 0.98 6.5
5 0.00060 2.3 6.5 47 0.00060 0.95 6.5
6 0.00060 2.25 6.5 48 0.00060 0.9 6.5
7 0.00060 2.2 6.5 49 0.00060 0.64 6.5
8 0.00060 2.25 6.5 50 0.00060 0.63 6.5
9 0.00060 2.2 6.5 51 0.00060 0.6 6.5
10 0.00060 2.1 6.5 52 0.00060 0.58 6.5
11 0.00060 2 6.5 53 0.00060 0.54 6.5
12 0.00060 1.8 6.5 54 0.00060 0.53 6.5
13 0.00033 2.65 6.5 55 0.00060 0.52 6.5
14 0.00033 2.43 6.5 56 0.00060 0.51 6.5
15 0.00033 2.35 6.5 57 0.00060 0.5 6.5
16 0.00033 2.3 6.5 58 0.00060 0.48 6.5
17 0.00033 2.3 6.5 59 0.00060 0.45 6.5
18 0.00033 2.3 6.5 60 0.00060 0.42 6.5
19 0.00033 2.25 6.5 61 0.00060 2.55 4
20 0.00033 2.2 6.5 62 0.00060 2.45 4
21 0.00033 2.2 6.5 63 0.00060 2.2 4
22 0.00033 2.1 6.5 64 0.00060 2.04 4
23 0.00033 2 6.5 65 0.00060 1.94 4
24 0.00033 1.8 6.5 66 0.00060 1.83 4
25 0.00007 2.55 6.5 67 0.00060 1.74 4
26 0.00007 2.44 6.5 68 0.00060 1.44 4
27 0.00007 2.42 6.5 69 0.00060 1.3 4
28 0.00007 2.42 6.5 70 0.00060 1.2 4
29 0.00007 2.4 6.5 71 0.00060 1.1 4
30 0.00007 2.4 6.5 72 0.00060 1 4
31 0.00007 2.35 6.5 73 0.00060 2.64 2
32 0.00007 2.3 6.5 74 0.00060 2.42 2
33 0.00007 2.3 6.5 75 0.00060 2.03 2
34 0.00007 2.25 6.5 76 0.00060 1.9 2
35 0.00007 2.2 6.5 77 0.00060 1.8 2
36 0.00007 2.2 6.5 78 0.00060 1.74 2
37 0.00060 1.31 6.5 79 0.00060 1.68 2
38 0.00060 1.3 6.5 80 0.00060 1.57 2
39 0.00060 1.27 6.5 81 0.00060 1.5 2
40 0.00060 1.25 6.5 82 0.00060 1.4 2
41 0.00060 1.20 6.5 83 0.00060 1.3 2
42 0.00060 1.15 6.5 84 0.00060 1.2 2
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Table 7. 3 Obtained model parameters
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Figure 7. 14 Model predicted H, rate (blue line) vs. experimental rate (+), when the
ammonium sulphite concentration (a), the incident flux intensity (b) and the loading of
catalyst (c) are varied.
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It is important to point out here that the ammonium sulphite did not absorb any
radiation from the LED (as confirmed by the UV-Vis results in Fig 7.1) and therefore
did not affect the irradiation segment in the model. In Fig 7.14 (b), the hydrogen rate
comparison between the empirical data and the model can be seen, where the
incident flux varied between 2 W/m? to 6.5 W/m? at a fixed initial ammonium
sulphite concentration of 2.66 M, a catalyst loading of 0.0006 g/cm?3 and a reaction
temperature of 60 °C. According to the figure, the hydrogen generation rate is
proportional to the incident flux until a distinct levelling out at higher incident fluxes
of 6.5 W/m?, where a maximum rate of hydrogen production of 0.87 pmol/s was
obtained. The levelling-out of the hydrogen rate by the increased flux, was probably
due to the absorption limit of photocatalyst slurry at the maximum incident light flux,
beyond which no further light absorption by the particles are observed. The rate
results when varying the light intensities are in agreement with the corresponding
cumulative hydrogen seen in Fig 7.15 (b), where the cumulative H, generation
undergoes a small but a gradual non-linear trend with increasing light intensity.

In Figure 7.14 (c) the model is compared with the empirical hydrogen rate when the
catalyst loading was varied between 0.0006 to 0.00007 g/cm?3 at a fixed incident flux
of 6.5 W/m?, an initial ammonium sulphite concentration of 2.66 M and a reaction
temperature of 60 °C. The model agrees satisfactory with the empirical results and
shows a gradual levelling-out of the hydrogen evolution rate with higher catalyst
loading. The gradual increase in the hydrogen production rate by the increased
loading was also confirmed in the corresponding cumulated hydrogen over time, as
seen in Fig 7.15 (c), where a maximum of 9965.9 umol H; after 3 hours irradiation
was obtained using a catalyst loading of 0.0006 g/cm?3. This limiting catalyst loading
effect might be due to two factors; one is an exceeded vacant surface adsorption site
limit for the ammonium sulphite (as seen in the Langmuir Hinshelwood adsorption
part of the model), and the other is the shielding effect, which does not allow all

particles to be evenly irradiated with high loading.
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Figure 7. 15 Model predicted cumulative H, production (solid lines) vs. experimental H;
production after 3 hours irradiation; at varying ammonium sulphite concentration (a),
incident flux intensity (b) and catalyst loading (c).

From these results, it was concluded that the developed hydrogen rate model
successfully predicted the hydrogen production even in the scaled-up photocatalytic
reaction where ammonium sulphite was used. The results were then critically
compared with the hydrogen rate model for lactic acid, which was undertaken in a
smaller volume reactor (30 ml vs 1.57 lire) and using Pt/CdS. Therefore, it was

concluded that the developed hydrogen rate model has enough strength to be used
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for a scale-up of a H, photocatalytic reactor system to incorporated into a large-

scale sulphur-ammonia thermochemical cycle.

7-6 Feasibility of upscaling (towards fully working of solar driven
thermochemical cycle)

One of the main objectives in this research was to provide a suggestion for a fully
working solar driven thermochemical cycle to support large scale hydrogen
production and the development of hydrogen fuel cell technology. Furthermore, the
findings will support the development of a pilot plant design for the hydrogen
production segment.

The LED-driven photoreactor in this research was a 1570 ml stirred jacketed Pyrex
reactor, where 300 ml ammonium sulphite produced 75000 umol hydrogen in 25
hours, corresponding to 0.0728 Litre/h (or 0.0048 kg/h) using a CoP/CdS catalyst
loading of 0.0006 g/ml. The reactor light arrangement consisted of two parallel rows
of LEDs (2 x 10 W, total of 200 W), surrounding the reactor. However, to utilise the
maximum capacity of the photoreactor, a 1000 ml of ammonium sulphite photolyte
is suggested (allowing 30% of argon filled headspace), where a theoretically 246000
umol (0.21 Litre/h or 0.014 kg/h ) of hydrogen could be obtained after 30 hours
irradiation. When using this maximum capacity, an increased LED arrangement is
also needed to accommodate the increase of the reaction solution volume bringing
it to 6 x 10 W, total of 600 W. Fig 7.16 shows an schematic of a photoreactor aimed
for the capacity increase from 300 ml to 1000 ml (corresponding to 0.0728 I/hr and
0.2100 I/h respectively ). For the 1000 ml Pyrex photoreactor capacity, the following
instalments are suggested; a suitable agitation system (containing an agitator and
baffles), argon gas purging, appropriate hydrogen collection unit, temperature
control, pH monitor and corresponding light arrangement (6 rows arrays). After each
completed reaction in a thermochemical cycle, a separation of the used cycle fluid
from the catalyst particles is needed. Therefore, a purpose made system including a

sparge and a drain, is suggested, as seen in Fig 7.16.
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Figure 7. 16 Schematic of a stirred jacketed Pyrex reactor for the hydrogen scale-up.
To incorporate a hydrogen producing reactor into a sulphur ammonia
thermochemical cycle, the suggested reactor arrangement should be in a parallel set-
up, as seen in Fig 7.17 where a network of parallel semi-continuous photoreactors
are shown. The water and ammonium sulphite cycle fluid will be the only inputs to

the reactors and hydrogen gas and ammonium sulphate the only outputs.
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[ el < (X X
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Collected Ar

-I Ammonium Sulphate

Figure 7. 17 Schematic of the suggested photocatalytic reactor configuration in an
ammonium sulphate thermochemical cycle.
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The reason why several parallel reactors is favoured instead of one single
photoreactor is due to a range of factors. One is to easily accommodate a hydrogen
generation capacity increase of an existing hydrogen plant as a result of increasing
the mass flow rates of ammonium sulphite in the cycle. A single reactor would not
be able to accommodate such increase due to the residence time needed in the
reactor. A parallel configuration allows more flexibility of capacity increase,
considering the same catalyst loading and the same average light input. In addition,
a reduced solar to hydrogen conversion would be expected for the cycle if only one
single photoreactor is used, depending on solar light energy and not LEDs. Another
advantage of a parallel configuration is the maintenance effectiveness without
jeopardising operation of the working reactors, where one or two reactors can be
closed while margin allowance can still accommodate the increased production
need. According to a process simulation of the sulphur ammonia thermochemical
cycle conducted by Ali T-Rassi’s group in Florida [75], the obtained hydrogen
production rate when using electrolysers was 2.24 kg/s , with the specification seen
in Table 7.4.

Table 7. 4 Specification of an suggested electrolyser used in a solar thermochemical
cycles from Ref [75].

Reactor temp (°C) 140
Reactor pressure (bar) 9

Required power (MW) 172
Conversion (%) 98

To achieve the same hydrogen production capacity of 2.24 kg/s using the above
suggested reactor configuration, 5 groups of parallel photoreactors would be
needed, where 5 x reactors are located in each group as seen in Fig 7.17 where each
reactor having 1500 Litre capacity. To meet the 2.24 kg/s capacity as Ref 55, all 5
parallel reactors in each group must be in the full working operation, hence one extra
reactor per group would be needed for the maintenance purpose or for a breakdown
back-up. These photoreactors will operate at a reduced temperature and pressure
(T=60 °C and P =1 bar) compared with Ali T-Rassi’s electrolysers (T=140 °C and P=9

bar) in Ref 55. Furthermore, as the photoreactors are aimed to be fully solar-driven,

150



the power consumption will be significantly reduced, compared to the 172 MW
power consumption by the electrolyser (see Table 7.4). The photonic energy
conversion efficiency of the photoreactors with the maximum working volume of
each reactor of 1500 ml, was calculated 25% (as explained in Chapter 3), which is 9%
higher than the photonic energy conversion efficiency of a CdS coloaded with 0.5 w.t
% Pt/Pd/Ru system that was reported by Ali T-Rassi’s group in Florida [7]. The high
cost of their photoreactor system is not suitable for scaling up purposes due to the
use of expensive noble metal catalyst and a as they used a 1000 W (high energy
demanding) solar simulator to irradiate their photoreactor. One of the uniqueness of
this suggested photoreactor configuration, is the use of earth-abundant and
inexpensive CoP/CdS photocatalyst system for the hydrogen evolution, with a proven
high stability and reproducibility for the extended and repeated reactor runs. This
reactor system showed no disadvantage when using ammonium sulphite , which is
suggested as the cycle working fluid. The final advantage to put forward is the
material of construction of the photoreactors, which is Pyrex, that has a low
refractive index and relatively low cost compared to the proposed solar-simulated
driven stainless steel photoreactor used by Ali T-Rassi’s group in Florida [7].

All these advantages will result in; an increased hydrogen efficiency (due to an
increased photonic energy conversion) and an improved hydrogen economy (due to
use of cheaper catalyst & reactor materials and the power consumption reduction).
It is finally concluded that a hydrogen generating photocatalytic step for the sulphur
ammonia cycle with groups of (solar or LED driven) parallel reactors configuration
can be fully implemented and be successfully operational. For complete investigation
of electrolyser to photoreactor replacement, a cost study with more accurate capital
cost estimations (mainly the photoreactors cost) and operating cost (photocatalyst

regeneration and power) would need further elaboration.

7-7 Conclusion
A comprehensive investigation of replacing the traditional electrolyser unit with a

solar driven hydrogen generation unit using the working fluid ammonium sulphite in
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a thermochemical cycle was presented. First, the reaction mechanism of
photocatalytic conversion of ammonium sulphite was investigated. UV-Vis analysis
of the reaction solution showed how the initial dominating SO3% ions oxidised to SO4*
in 25 hours reaction time . After 25 hours, only SO4?" was detected, indicating this ion
was not photocatalytically active. The UV-Vis analysis also confirmed that none of the
dissolved ions in the working fluid absorbed any of the incoming LED light. The lon
chromatography analysis of the reaction solution further confirmed the UV-Vis
results, describing how the SO3? was oxidised to SO4%. The FTIR analysis showed that
ammonium sulphite was weakly physiosorbed on the CoP/CdS photocatalyst
particles, compared with the adsorption of lactic acid, where lactic acid showed much
higher surface adsorption affinity than the ammonium sulphite. This finding played
an important role in the development of the hydrogen production model where
surface adsorption/desorption and surface reaction rates were found to have an
impact on the amount of formed H,. GC analysis of the evolved gas proved it was
100% hydrogen and no inferior gas was formed in the reactor. All these analytical
methods plus pH measurement during the reaction, enhanced the understanding of
photooxidation mechanism of ammonium sulphite while water was photoreduced.
The main photooxidation pathway was through oxidation of SO3% ions, forming first
SO3% radicals and very rapidly S206%, where S;06% ions further reacted with the
surface adsorbed hydroxyl ions and produced SO4? ions and two protons. A very fast
water reduction rate that promoted an efficient electron transfer straight from the
start was also found, compared to the slower photooxidation rate with the slower
hole diffusion to the surface (sulphite ions were not strongly adsorbed on the
surface).

One of the main finding of this research was that the novel and far cheaper
CoP(organo)/CdS system performed almost the same as the more understood and
elaborated Pt/CdS system in ammonium sulphite. This confirmed that ammonium
sulphite as the working fluid of the cycle had the potential using CoP/CdS catalyst
instead of Pt/CdS for a successful hydrogen evolution. The main advantage of the
CoP/CdS composite was its low-cost and earth-abundant nature compared to the
expensive and more elaborated Pt/CdS composite. Evaluation of various operational

parameters on the H; generation of the most suitable composite catalyst (CoP/CdS)
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for the cycle, suggested the optimised parameters as; photocatalyst loading of
0.0006 g/cm? (with the CoP content of 5 wt.%), incident flux of 6.5W/m? per LED,
ammonium sulphite concentration of 2.67 M and temperature of 60 °C.

An adapted hydrogen prediction model, based on Chapter 5 lactic acid Pt/CdS model,
was then developed using ammonium sulphite as a photolyte, CoP/CdS as the
photocatalyst and an upscaled reactor size with a suitable visible light arrangement.
The irradiation mechanism of the model incorporated the optical properties of the
photocatalytic (CoP/CdS), measured in the LED output range of 410-500 nm by
spectrophotometric measurements to improve its accuracy. The adsorption segment
of the model which was based on a pseudo-steady state Langmuir-Hinshelwood
adsorption mechanism, assumed that the adsorbed sulphite on the particles was
oxidised to sulphate while simultaneously adsorbed water was reduced to hydrogen.
The adopted model was successfully validated against the experimentally measured
rate of hydrogen production at different photocatalyst loadings, photolyte
concentrations, and incident radiation fluxes. The parameters of a, ky, k_; and k'
were obtained by a least-square fitting procedure using a non-linear derivative-free
optimization method in MATLAB. The developed model allowed analysis of flux
distribution for number of the switched-on lamps. The model results confirmed the
model strength and consistency for a H, photocatalytic reactor scale-up, which could
potentially be used in a large-scale sulphur—-ammonia thermochemical cycle.

The feasibility of upscaling towards fully working of solar driven thermochemical
cycle was also conducted, where the use of a group of parallel hydrogen
photoreactors instead of a traditional electrolyser in the hydrogen step of the cycle
was evaluated. The parallel photoreactors showed that they can be successfully
implemented and operationally efficient, resulting in an increased hydrogen
efficiency (due to an increased photonic energy conversion) and an improved
hydrogen economy of the cycle (due to use of cheaper catalyst & reactor materials

and the power consumption reduction).
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Chapter 8 Conclusions and Future Work

8-1 Conclusion

In this thesis a solar driven sulphur ammonia thermochemical cycle for hydrogen (g)
and oxygen (g) production has been presented. Until today, there are only a few
published reports of this type cycle[7,63,64], however it is clear that further
improvement is needed until this technology can be considered as both safe for large
scale production purpose and low in energy consumption. To make this type of
thermochemical cycle completely solar driven, a suggestion of harvesting both the
thermal and quantum components of solar irradiation should be aimed for, where
the thermal part and quantum component (in the visible region) would drive the
oxygen and the hydrogen productions respectively. By introducing a photocatalytic
reactor for the hydrogen generation, and thereby replacing the energy demanding
electrolytic step of the cycle, the target of lower energy consumption would be met.
In this research all aspects of the photocatalytic step were investigated with the aim

of industrial implementation and scaling-up purpose.

The first stage of this research was to find a best photocatalyst system for the
photocatalytic hydrogen step in a sulphur ammonia thermochemical cycle. To be
solar driven, a photocatalyst that could be driven by the visible light was aimed for.
CdS was the choice of material as CdS absorb visible light and because the bandgap
potentials seemed to match what would drive the requested redox reactions needed
for the thermochemical cycle’s purpose. The aim was to synthesise a novel and less
expensive cocatalyst/CdS photocatalyst that could substitute the more common but
more expensive visible light driven Pt/CdS system. Initially, the CdS particles were
successfully synthesised to the desired hexagonal crystal structure by a hydrothermal

method. After a thorough research, it was found that a metallic phosphide could
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possibly replace the noble metal Pt or Pd for an effective photocatalytic hydrogen
generation. Then the first trial of CoxP synthesis was by a solid phase reaction.
However, the synthesis of the cobalt precursor Co(OH). was challenging plus the
phosphidation reaction in the furnace did not lead to a successful formation of CoxP
in addition to the formation of toxic intermediate products inside the furnace.

Due to the challenges in the solid phase synthesis of CoxP, a solution phase synthesis
through an organometallic reaction was studied next. Here, depending on the
addition of the phosphor precursor TOP and 1 h or 12 h reaction time, either CoxP or
CoP could be formed through the organometallic route. The formed particles of CoxP
were mainly amorphous for the both reaction times, where post-annealing
treatment was used to improve the crystallinity. The effect of post-annealing on the
crystallinity of CoxP samples was, however, insignificant for both cases. In a thermal
analysis of the as-made CoxP samples it was shown that the argon gas post-annealing
treatment above 380° C, converted parts of the particles into carbon as a result of a
carbonisation mechanism. This high level of carbon originates from the solvents used
in the synthesis, in particular cyclohexane.

The next solution phase synthesis of CoxP was by a hydrothermally method, where
partly crystallised CozP nanoparticles with an orthorhombic crystal structure were
found. A change of hydrothermal annealing condition to higher and longer
temperature settings did not improve the particle crystallinities much. However,
both the two different hydrothermal annealing conditioned samples had better
crystallinity when compared with the organometallic synthesised Co,P sample (at t=
1h).

Following the synthesis of the cocatalyst, loading of the CoxP on CdS was needed. The
Pt/CdS had also been made as to compare the developed CoxP/CdS photocatalytic
activity. In Pt/CdS, the Pt was adhered on the CdS particle by metal salt reduction,
hence assuring a good connectivity between the cocatalyst and semiconductor
particle. Unfortunately, such deposition method could not be adapted for the CoxP.
Instead two other methods of grinding and sonication were investigated as several
related articles had reported that thorough grinding of the nanoparticles could
produce effective photocatalyst composites. However, the grinding method turned

out to be unsuitable due to large CdS agglomerates being formed with less
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possibilities of surface covering of the CoxP , while the sonication method turned out
to be the most efficient method, as a mean of reducing the large CdS agglomerates
and working in a favour for dissolution of surface bound contaminants on the

organometallic CoxP.

After a selection cocatalyst/CdS were synthesised, the photocatalytic hydrogen
evolution was investigated. The aim was to understand the photocatalytic reaction,
and find the optimal operational parameters to be able to compare the hydrogen
performance of differently synthesised CoxP/CdS composites with the model catalyst
Pt/CdS system in a LED-driven photoreactor.

The reactor was designed around the purpose of an oxygen free atmosphere inside
the vessel, and with a good illumination of all particles in the slurry which would need
some form of agitation and temperature control. Further all ports for sampling,
purging and connectors needed to be fitted. Instead of using an expensive and energy
demanding solar simulator, low energy LED’s with visible light output was searched
for in an arrangement that would provide comparable light intensities of a
commercial solar simulator in the visible region. An arrangement of connected white
cool LED’s surrounding the cylindrical reactor was the final choice. Optical analysis of
the LED lights indicated that an initial arrangement of 20 x 10 W cool white LED lights
were powerful enough to excite efficiently the CdS photocatalyst in the photoreactor
without a heat build-up in the reactor due to a designed heat sink arrangement and
external LED fan. Finally, a 1.57 Litre water-jacketed photoreactor with an inner
diameter 10 cm was successfully benchmarked with four ports and a 20 x LED light
arrangement (each 10 W cool white LED) which was attached to the outside of the
reactor, where the reactor was externally irradiated. The reactor temperature was
controlled by an isothermal water reservoir and the temperature of light

arrangement was controlled by a thermocouple attached outside the reactor.

For the photocatalytic reaction, initially a lactic acid solution, as a most common
photolyte, was studied, where no direct photodissociation of the lactic acid in LEDs’

visible region was found, suggesting majority of visible photon energy was only
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received by the CdS particles. The characteristics of the lactic acid at high
concentrations (and low pH) were investigated. It was found that the lactic acid was
chemisorbed to the catalyst surface in its molecular form and its possible oxidation
route, via the holes (electron transfer to the CdS) ,was also investigated. The main
oxidation pathway was through the oxidation of the surface adsorbed lactic acid
molecules, forming pyruvic acid and two protons.

The Pt/CdS composite, which was the reference catalyst, was used to determine the
optimised operational parameters for the H, evolution in lactic acid and the
following was found; a photocatalyst loading of 0.0006 g/cm? (with a cocatalyst
content of 5 wt.%), incident flux of 2.6 W/m? per LED and a lactic acid concentration
of 2.67 M at room temperature. At these conditions, the lactic acid was found to
efficiently donate electrons to the valance band of CdS while water was
simultaneously reduced by an electron transfer at Pt.

The photocatalytic H, performance of the different synthesised CoxP/CdS composites
(using grinding loading method) in lacticacid compared with Pt/CdS at the optimised
conditions followed the order of; Pt/CdS > CoP(organo as-prep)/CdS > Co,P(organo
as-prep)/CdS > CoP(organo-anneal)/CdS > CozP(hydro as-prep)/CdS = Co.P(hydro-
with a change of condition)/CdS > Co,P(organo-anneal)/CdS.

It was found that the post- annealing step in the organometallic synthesis of CoxP
caused a reduced hydrogen evolution compared to the as-prepared CoxP, due to the
partly carbonisation of the CoxP surface. Also, a reduced hydrogen performance for
the hydrothermal Co,P compared to the organometallic Co,P was found. This was
surprising as the improved particle crystallinity was found for the hydrothermal
synthesis Co,P particles compared with the highly amorphous crystal structure in the
organometallic route.

Then, a change of cocatalyst loading method was investigated to the sonication-
method that resulted dissolution of surface bound contaminants. Here an
exceptional photocatalytic activity for the CoP(organo)/CdS was obtained which was
significantly higher than other composite photocatalysts, especially the more
understood Pt/CdS composite, maintaining its photocatalytic activity very well in a
repeatability test. This indicated that the hydrogen performances may be driven

differently as initial though, where the work potentials of the CoxP was seen as the
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driving potential for the water splitting. However, the numbers of these work-
potentials were found in the literature and were determined for the bulk single
crystals. Instead in the highly amorphous CoP, the high electronegativity P atoms in
the amorphous structure created a dipole moment which facilitated an effective
hydrogen generation from the water splitting attracting. CoP has a higher ratio of P
than in Co,P. Another reason for this high performance when organometallic
synthesised CoP was used, was originated from the sonicating loading method where
not only the large CdS agglomerates were separated to smaller (and surface exposed)
particles but also the residual organic solvents (which caused carbonisation in the
post annealing) where cleaned away from the CoP surfaces, which now created a
better foundation for electron transfer from the excited CdS to the CoP cocatalyst.
As a result, CoP(organo)/CdS composite (with the sonication loading) was chosen as
the best photocatalyst composite to substitute the more commonly used Pt/CdS in a

sulphur ammonia thermochemical cycle.

The CoP(organo)/CdS catalyst was further tested at different operational conditions,
confirming the potential of developing a robust and quantitative assessment of
photocatalytic reactions to be implemented into a thermochemical cycle using
ammonium sulphite solution rather than lactic acid. The optimised reaction
parameters determined as; CoP(organo)/CdS photocatalyst loading of 0.0006 g/cm?
(with the CoP content of 5 wt.%), incident flux of 6.5 W/m? per LED, ammonium

sulphite concentration of 2.67 M and temperature of 60 °C.

The analysis of the reaction solution showed small amount of SO4> ions alongside
SOs3% ions before the photocatalytic reaction, however no direct photodissociation of
any of the compounds in the LEDs’ visible region was found, suggesting all visible
photon energy would be absorbed by the CdS particles only. The main
photooxidation pathway was suggested through the oxidation of SO3% ions, forming
first SOs% radicals and then a short lived intermediate S;06%, where these S;0¢% ions
further reacted with the surface adsorbed hydroxyl ions and produced SO ions and

two protons. By FTIR it was concluded that the SO3? was weakly physiosorbed to the
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catalyst surface (and not the SO4%) . This was different compared with lactic acid
where the lactic acid molecule was chemisorbed on the particle surface. The only gas
formed when using either lactic acid or ammonium sulphite as a photolyte was pure
hydrogen, according to GC analysis. As ammonium sulphite and its dissociated ions,
did not adsorb so strong, a very fast water reduction rate by an efficient electron
transfer was observed straight from the start, compared to a slower photooxidation
rate caused by a slower hole diffusion rate to the surface and sulphite ions that not

strongly adsorbed on the surface.

When using ammonium sulphite solution and comparing it with lactic acid a range
of new factors turned out to play a big part in the reaction, such as the pH
dependency which caused changes the driving potentials and changes of the zeta
potential. The needed electron transfer from the parent CdS to co-catalyst and from
co-catalyst to the solution and how it varied between high and low pH was
investigated, in addition to the ability for the surface adsorption by the sulphite that
also varied with both pH and temperature. Consequently, using ammonium sulphite
as the working fluid of the cycle was found to work well with the visible light driven
photocatalytic CoP/CdS instead of Pt/CdS for the hydrogen step in a suggested
thermochemical cycle. The main advantage of choosing the more effective CoP/CdS
composite was its low-cost and earth-abundant nature compared to the expensive

Pt/CdS composite, leading to an improved hydrogen economy for the cycle.

The fourth stage was to develop a descriptive mathematical model for the LED-driven
H, photoreactor and validate it against the experimental data. The obtained data can
then be used for a scale-up purpose of the sulphur ammonia thermochemical cycle
and easily be linked to complete process flow diagrams (PFD) in Aspen Plus. First the
hydrogen production rate using the small photoreactor (irradiated by 10 LEDs) and
Pt/CdS in lactic acid solution was used for the development of the model. Then the
basis of the same model for an up-scaled reactor ( irradiated by 20 LEDs) was used
but using CoP/CdS photocatalyst in the ammonium sulphite solution instead. The

surface reaction mechanism of the developed model was based on a pseudo-steady
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state Langmuir-Hinshelwood adsorption isotherm which incorporated the total
radiative flux effect. The irradiation mechanism of the model was based on an
approximate solution of the RTE together with the derivation of geometrical position
of particles in the cross-section of the small reactor. The total received photon fluxes
by all particles in the cross section of the reactor then were obtained, followed by an
additional integration over the longitudinal reaction depth to account for the total

received photon fluxes inside the whole slurry photoreactor by integration.

To improve the accuracy of the model, measurements of the photocatalyst’s optical
properties such as absorbance, reflectance and transmittance were made, and then
integrated into the model, with increments of 1 nm within the LED output range of
410-500 nm. The developed model was then successfully validated against
experimental measured rate of hydrogen production when using different catalyst
loadings, different photolyte concentrations, and different incident light intensity.
The unknown model parameters of a, k;, k_; and k' were obtained by a least-
square fitting procedure using a non-linear derivative-free optimization method in
MATLAB. A satisfactory agreement between the model and empirical results
indicated the model’s capability to predict the behaviour of any photocatalytic
reactor in a wide range of operating conditions, regardless of the radiation type or
reactor size, with minor computational effort. The model also allowed analysis of flux
distribution depending on the number of switched-on lamps around the reactor
vessel. To take the model from a small sized reactor (Pt/CdS and lactic acid in room
temperature and 10 x LED), to the large reactor (using CoP/CdS and ammonium
sulphate at 60°C and 20 x LED (and more)), some adjustments were made and then
solved. The final descriptive mathematical model again confirmed the model
strength and consistency to provide a coherent framework for a LED-photoreactors
scale-up that would predict the hydrogen production satisfactory in a visible light

driven sulphur ammonia thermochemical cycle.

The final stage was a technological feasibility study towards a fully working large
scale solar driven thermochemical cycle, where a group of parallel hydrogen

photoreactors instalments was suggested to replace the traditional electrolyser in
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the hydrogen step of the cycle. The suggested parallel group photoreactors

configuration showed that they can be easily implemented and being operationally

efficient, while providing an increased hydrogen efficiency and most importantly; an

improved the hydrogen economy of the cycle (due to use of cheaper catalyst &

reactor materials and power consumption reduction).

8-2 Future work

The range of ideas that could be further carried out for this research project are

suggested in this section. The recommendations for the future work include:

1-

Evaluating the effect of different loading methods of CoxP on the CdS
nanoparticles: understanding the sonicating cleansing effect on the
organometallic CoP particles and optimising the in-situ loading methods.
Evaluating the regeneration of the spent composite catalyst of CoP/CdS.
Synthesising CdS nanorods: CdS nanorod structures could overcome the slow
hole diffusion and reduce photooxidation of CdS and therefore improve the
photocatalytic reaction rates.

Evaluating photocatalytic hydrogen evolutions and other redox reactions where
CdS nanorods are used and compare it with the CdS composite photocatalysts as
undertaken in this research.

Evaluating CdS nanorod based particles in ammonium sulphite solution or any
other thermochemical cycle fluid to be used in the hydrogen producing step of a
cycle.

Development of how to incorporate the photocatalytic hydrogen data into a
computer process simulation such as Aspen Plus of the sulphur ammonia
thermochemical cycle to evaluate the overall process efficiency. Aninitial process
flow diagram of the sulphur ammonia cycle was implemented in this study as
seen in Fig 8.1. However, the efficiency of the whole cycle needs further
elaboration.

A full investigation of the cycle, including the cost analysis where accurate
estimation of capital cost and operating cost to be implemented in the computer

process simulation such as Aspen Plus.
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Figure 8. 1 Initial full process flow diagram representing a sulphur ammonia
thermochemical cycle obtained in Aspen Plus.
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Appendix A: Geometrical derivation of L; and 8; for LED-lights

Fig. A1l shows the positions of the lights surrounding the reactor and the
corresponding L;, 8;. For a particle positioned at a point P with a given 8, and L, the

below trigonometrical relations can be developed for each L;, 6;(i=2...) as:

Fig Al. Schematic position of photoreactor and lamps used for the geometrical
derivation of L;, 8;. r; and 7, indicate distance between random point of P and light
of 1 and 2 while 7y represents the distance between light 1 and the surface of the
reactor.

Lamp 2 coordinates:

(L1+7y) sin (5—61)

0, = — z?n + arctan (A1)

2 (R+1g) cos (Z?R) —(L1+711) cos (2?”—91)

sin (Z?R—Bl)

L, =(Li+1) - —cos 0,(R+1y) + \/605292 (R +19)2 — 1 — 2R7y (A2)
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Lamp 3 coordinates:

(Lp+1y) sin (2{—92)

03 = — Z?n + arctan (Aa)

2 (R+70) €05 () —(Lp+72) cos (5—02)

. 2_1'[_9
Ly = (L, + 1) s cos O3(R + 1p) ++/c0s205(R + 15)2 — 12 — 2Rry (Aa)

sin (2?”+93)

Lamp 4 coordinates:

- _ (Lo+T19) sin (09)
0, = —arctan [2 (R+70) —(Lo+79) cos (99)] (As)
2 (R+719) —(Lg+19) cos (69)
be = 0 cosg(f); > — c05 0,(R +19) +/c0s20,(R + 1) — 17 — 2Rry
(As)
Lamp 5 coordinates:
— (L1g+110) Sin (910)
95 - aT'Ctan [2 (R+T0) —(L10+T'10) cos (910) (A7)
2 (R+79) —(L10+710) €05 (610)
L5 = 0 00150(951)0 10/ _ coS 95(R + ro) + \/COSZQS(R + rO)Z _ TOZ — ZRT'O
(As)
Lamp 6 coordinates:
— _ (L1+4711) sin (64)
0¢ = —arctan [2 (R+19) —(L1+71) cos (61) (Ag)
__ 2(R+1y) —(L1+711) cos (61)
ke = 0 C051(96)1 = —c0s 0(R +19) + \/COSZQG(R +19)% — 18 — 2Ry
(A10)
Lamp 7 coordinates:
— _ (Lp+13) sin (63)
0, = —arctan [2 (R+719) —(Lz+713) cos (67) (A11)
_ 2(R+1g) —(La+1y) cos (682)
b7 = 0 6052(97§ = —cos 0;(R +1p) + \/C05297(R +19)% — 18 — 2Ry
(A12)
Lamp 8 coordinates:
- — (L3+73) sin (63)
98 = —arctan [2 (R+1y) —(L3+713) cos (63) (A13)
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2 (R+1g) —(L3z+713) cos (63)

L8 - cos (6g) — Cos HS(R + ro) + \/C05298(R + 7'0)2 — rOZ — ZRT'O
(A14)
Lamp 9 coordinates:
L+ [ 2—”+9
0o = 2= — arctan ( 2;10) sin G5 +62) _ )
5 2 (R+79) cos (3) —(L1o+T10) €OS (T+62)

.2
sin (?n +649)

Lo = (Lig + 110) —3=

— €05 05(R +715) +1/c05204(R + 15)2 — 12 — 2R1,

sin (? —09)
(As6)
Lamp 10 coordinates:
Li+7y) sin CZ+8
010 = 2 _ arctan G 2,1) G500 — (A17)
5 2 (R+1g) cos (?) — (L+71) cos (?+91)

sin (5% +6;)

sin (3 = 610)

L10 = (Ll + Tl) — CO0S HIO(R + To) + \/C052010(R + To)z - T'Oz - 2Rr0

(A1s)
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Appendix B: MATLAB Program for the hydrogen predication

rate

m.file 1

% geometrical input

function y = intensity(ll, theta, lnum)
global r0 R;

thetal = theta;

angel = deg2rad(72);

rl = (r0 + R) * cos(thetal)- sqgrt((r0O + R) *~ 2 * cos(thetal) ~ 2 - r0
N2 -2 * r0 * R);

theta0 = acos(sgrt(2 * R * rO + r0O ~ 2) / (R + r0));

maxl = cos(thetal) * (R + r0) + sgrt(cos(thetal) ~ 2 * ( R + r0) ©~ 2
-r0~ 2 -2 * R * r0) - rl;

if (thetal > thetalO) || (11 > maxl) || (11 < 0)
display("error", thetal, maxl);
return;

end

theta2 = atan(((11 + rl) * sin (angel - thetal)) / (2 * (R + x0) *

cos (angel) - (11 + rl) * cos(angel - thetal))) - angel;

r2 = (rO0O + R) * cos(theta2) - sqgrt((r0 + R) *~ 2 * cos(theta2) ~ 2 -
r0O ~ 2 -2 * r0 * R);

12 = (rl + 11) * sin(angel - thetal) / sin(angel + theta2) - r2;

theta3 = atan(((12 + r2) * sin(angel - theta2)) / (2 * (R + r0) *

cos (angel) - (12 + r2) * cos(angel - theta2))) - angel;

r3 = (r0O + R) * cos(theta3) - sqgrt((r0 + R) *~ 2 * cos(theta3) ~ 2 -
r0 ~ 2 -2 * r0 * R);

13 = ((r2 + 12) * sin(angel - theta2)) / sin(angel + theta3) - r3;
theta6 = -atan(((rl + 11) * sin(thetal)) / (2 * (R + r0) - (rl + 11)
* cos(thetal)));

r6 = (rO0O + R) * cos(theta6) - sqrt((r0 + R) *~ 2 * cos(thetao6) ~ 2 -
r0 ~ 2 -2 * r0 * R);

16 = (2 * (R + r0) - (rl + 11) * cos(thetal)) / cos(theta6) - r6;
theta7 = -atan(((r2 + 12) * sin(theta2)) / (2 * (R + r0) - (r2 + 12)
* cos(theta2?)));

r7 = (rO0O + R) * cos(theta7) - sqgrt((r0 + R) *~ 2 * cos(theta7) *~ 2 -
rO ~ 2 -2 * r0 * R);

17 = (2 * (R + r0) - (r2 + 12) * cos(theta2)) / cos(theta7) - r7;
theta8 = -atan(((r3 + 13) * sin(theta3)) / (2 * (R + r0) - (r3 + 13)
* cos (theta3))):

r8 = (r0O + R) * cos(theta8) - sqgrt((r0 + R) *~ 2 * cos(theta8) ~ 2 -
rO ~ 2 -2 * r0 * R);

18 = (2 * (R + r0) - (r3 + 13) * cos(theta3)) / cos(theta8) - r8;

thetal0 = angel - atan(((ll1 + rl) * sin(angel + thetal)) / (2 * (R +
rQ) * cos(angel) - (11 + rl) * cos(angel + thetal)));
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rl0 = (r0 + R) * cos(thetall) - sgrt((xr0 + R) ~ 2 * cos(thetall) *~ 2
- r0~2 -2 * r0 * R);
110 = ((rl + 11) * sin(angel + thetal)) / sin(angel - thetall) - rl0;

theta9 = angel - atan(((110 + rl0) * sin(angel + thetalO)) / (2 * (R

+ r0) * cos(angel) - (110 + rl0) * cos(angel + thetalO)));

r9 = (r0 + R) * cos(theta9)- sqgrt((r0 + R) *~ 2 * cos(theta9) "~ 2 - r0
N2 -2 *r0 * R);

19 = ((rl0 + 110) * sin(angel + thetal0)) / sin(angel - theta9) - r9;
thetad4 = -atan(((r9 + 19) * sin(theta9)) / (2 * (R + r0) - (r9 + 19)
* cos (theta9)));

r4d = (rO + R) * cos(theta4) - sqgrt((r0 + R) *~ 2 * cos(thetad) ~ 2 -
r0O ~ 2 -2 * r0 * R);

14 = (2 * (R + r0) - (r9 + 19) * cos(theta9)) / cos(theta4) - r4;
theta5 = -atan(((rl0 + 110) * sin(thetalO)) / (2 * (R + r0) - (rl0 +
110) * cos(thetal0))):;

r5 = (r0O + R) * cos(thetab) - sqgrt((r0 + R) *~ 2 * cos(thetad) ~ 2 -
r0O ~ 2 -2 * r0 * R);

15 = (2 * (R + r0) - (rl0 + 110) * cos(thetal0)) / cos(thetab) - r5;
alll = [11 12 13 14 15 16 17 18 19 110; thetal theta2 theta3 thetad

theta5 theta6 theta”7 theta8 theta9 thetall; rl r2 r3 r4d r5 r6 r7 r8
r9 rl0];
y = alllI(1:3, lnum);

end

m.file 2

function y = Icalc(ll, theta, cCat, lnum)

global rO0;

sstar = le4;

kstar = 0.16e4;

Rinfinity = 1 + kstar / sstar - sqrt((kstar/sstar) ~ 2 + 2 * (kstar
/ sstar));

b = sqrt((l1 + kstar / sstar) ~ 2 - 1);

y = 0;
for 1 = 1 : lnum
ltr = intensity (11, theta, 1i);

y =y + r0 * (1 - Rinfinity * 2) * exp(-2 * b * sstar * cCat *
ltr(l, 1)) / 1tr(3 , 1);
end
end
m.file 3
function result = latest(cCat, I0, LA, K1, Kminus, Kprim )
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global R r0;

deltatheta = 0.5;
deltal = 0.5;
theta0 = acos(sqgrt(2 * R * rO + rO ~ 2) / (R + r0));
result = 0;
for theta = -thetal : deltatheta : thetal
rl = real(cos(theta) .* (R + r0) - sqgrt(cos(theta) .~ 2 .* ( R +
r0) .~ 2 -r0 .~ 2 -2 .*R .* r0))
r2 = real (cos(theta) .* (R + r0)
r0) .~ 2 -r0 .~ 2 -2 .*R .* r0)
for 1 = 0 : deltal : r2 - rl
LVREA = I0 .* Icalc(l, theta, cCat, 10);
LVRPA = 0;
for lambda = 414 : 1 : 500
LVRPA = LVRPA + lambda ;
end
LVRPA = LVRPA .* LVREA .* 1.0e-9 ./ (6.626e-34 .* 2.998e8) ;
result = result + (Kprim .* LVREA .~ 0.52) ./ (Kminus + (Kprim .*
LVREA .~ 0.52) + K1 .* LA ).* (rl + 1) .* deltal .* deltatheta;

+ sgrt(cos(theta) .~ 2 .* (R +
)

end
end
result = real (result .* 0.04 .* 3.14 .* R*"2 .* cCat.* 15 .* 6.92e-
3.* 1le5 .* K1 .* LA ) ;

end

m.file 4

function sumobj = objective (K)
global cCatV IOV LAV H2V ;
sumobj = 0;

for i =1 : 64
sumobj = sumobj + (latest(cCatV(i), I0V(i), LAV (i), K(1), K(2),
K(3)) - H2V(i)) .~ 2;
end
end

m.file 5

global cCatV IOV LAV H2V;
global R rO0;

% optimization
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cCatV = [

O OO OO OO OO O

I
6
2

LAV = [
.513326644
.7 1.64
.84
.04

oL NN NDBE R R

ocNoNoNoNoNoNoNoNoNolNolNo RN

options =
[x,

.0002
.66667E-05
.66667E-05

ov

2V = [
.15674665
.151082849
.066384888
.070700197
.068887667
.019698647
.11798251
.226939522
.074801532
.11055149
.078115511
.03886796
.026831043

.000666667
.000666667
.000666667
.000666667
.000666667
.000666667

—

6
2

N oyl
N oY O

2

fval] =

m.file 6

o

°

xlabel ('time
ylabel ("H2 evolution

1.72
1.94
.428495855 2.034
.221257162 2.1 2.002

.306677779 1.287771601
.536582311 0.528961169

0.
.000666667 0.000666667
.00033 0.00033 0.00033
0.0002
6.
.66667E-05
.000666667
.000666667
.000666667
.000666667
.000666667
.000666667

O OO OO oo,

[e)}

1.

000666667

0.0002
66667E-05

6
6 6

o o) O
o O

2

2.643865466
2.651970426 2.433840484 2.03

566402594

1.64 1.499068156

1.83
1.9

0.190010004
.126673336
.110053717
.091565363
.071840523
.03455903
.016012351
.120295892

.000666667 0.000666667 0.000666667
.000666667 0.000666667 0.00033 0.00033
.00033 0.00033 0.00033 0.0002 0.0002
.0002 0.0002 0.0002 6.66667E-05
.66667E-05 6.66667E-05 6.66667E-05
0.000666667 0.000666667 0.000666667

o O O OO

.000666667
.000666667
.000666667
.000666667
.000666667

0.
.000666667
.000666667
.000666667
.000666667

000666667

0.
.000666667
.000666667
.000666667
.000666667

O O OO

000666667

O O O O O o
O O O O o

.000666667 0.000666667 1:

[e)}

6

[e)}

6 6 6
4

o

6 4

6 6

N O O
N O O
N O O
o B O
=
o B O

6 6 6 4
6 6 6 6 1;

o

4
6 6
2.419267808 2.04 1.8 1.74 1.6 1.
1.94 1.81
2.555035344 2.444225056 2.042 1.91
2.558400147 2.457985438 2.2
1.445405951 2.642792559
1.68 1.57 2.313961914
1.43 1.41
0.91 0.8 0.85 0.7
44 0.42 0.3034 0.25]1;

64

1.74

1.8 1.74
1.93 1.65
1.0156 0.9834
0.5 0.48 0.

0.204980489 0.184252125 0.154178811
0.139167861 0.121824245 0.122468673
0.101691185 0.11560127 0.076685991
0.096927689 0.090085735 0.066138894
0.062033721 0.055419832 0.050174333
0.024191321 0.0215741 0.016127547
0.01358345 0.119139201 0.12723604
0.112199053 0.113355745 0.114512436

0.105872937 0.105872937 0.089761838 0.069047568

.069047568
.105251468
.071027011
.029912001

17

0.063293604 0.050634883 0.164351838

0.094201174 0.089010873 0.086151098
0.10514741 0.040509512

0.029113393 0.028011339 0.027630213

optimset ('PlotFcns', @optimplotfval);

fminsearch (@objective, [1,1,1],0ptions);

Cumulative hydrogen

[min] ')

with the change of intensity

[Mmol] ") ;
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z=[ 2.666666667 2.643865466 2.419267808 2.04 1.8 1.74 1.6
1.64 1.513326644 1;
result=[ 0 0.190010004 0.204980489 0.184252125 0.154178811
0.15674665 0.126673336 0.139167861 0.121824245 7;
y = zeros(1l,9);
for i=1:9
y(i)=latest (0.0006666,2.6,2z(1),0.0767,0.0223, 0.3289);
if i > 1
y(i) = y(i) * 1800 + y(i - 1);
result (i) = result(i) * 1800 + result(i - 1);
else
y(i) = y(i) * 1800;
result (i) = result(i) * 1800;
end
end

plot([ O, 30, 60, 90, 120, 150, 180, 210, 2401, y(1:9) )
hold on

plot([ O, 30, 60, 90, 120, 150, 180, 210, 240], result(l:9),
'color', 'k', 'LineStyle' , 'none', 'Marker', '+' )

hold on

z=[ 2.666666667 2.642792559 2.428495855 2.034 1.9 1.8 1.74 1.68
1.57]1;

result=[ 0 0.198950899 0.119139201 0.12723604 0.11798251
0.120295892 0.112199053 0.113355745 0.114512436];

y = zeros(1l,9);

for i=1:9
y(i)=latest (0.000666,1.2,2z(1),0.0767,0.0223, 0.3289);
if 1 1

>
y(i) = y(i) * 1800 + y(i - 1);
result (i) = result(i) * 1800 + result(i - 1);
else
y(i) = y(i) * 1800;
result (i) = result(i) * 1800;
end
end

plot([O 30, 60, 90, 120, 150, 180, 210, 240],y(1:9))

hold on

plot([ O 30, 60, 90, 120, 150, 180, 210, 240], result(l:9), 'color',
'k', 'LineStyle' , 'none', 'Marker', '*'")

hold on
z=[ 2.666666667 2.313961914 2.221257162 2.1 2.002 1.93 1.65
1.43 1.41 ],

result=[ 0 0.105872937 0.105872937 0.089761838 0.069047568
0.074801532 0.069047568 0.063293604 0.050634883 17

y = zeros(1l,9);

for i=1:9
y(i)=latest (0.000666,0.3,z(i),0.0767,0.0223, 0.3289);
if i > 1

y(i) = y(i) * 1800 + y(i - 1);
result (i) = result(i) * 1800 + result(i - 1);
else
y(i) = y(i) * 1800;
result (i) = result(i) * 1800;
end
end
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plot([ O, 30, 60, 90, 120, 150, 180, 210, 240],y(1:9))
hold on
plot([O, 30, 60, 90, 120, 150, 180, 210, 240], result(l:9),
'color', 'k', 'LineStyle' , 'none', 'Marker', 'o')
hold on

m.file 7
% Cumulative hydrogen evolution with the change of photolyte
concentration

xlabel ('time [min]"');
ylabel ('"H2 evolution [Mmol]');

z=[ 2.666666667 2.643865466 2.519267808 2 1.578656095 1.559846497
1.544645697 1.527945554 1.413326644 ];
result=[ 0 0.190010004 0.204980489 0.184252125 0.154178811
0.15674665 0.126673336 0.139167861 0.121824245 1;
y = zeros(1l,9);
for i=1:9
y(i)=latest (0.0006666,3,z(i),0.0767,0.0223, 0.3289);
if i > 1
y(i) = y(i) * 1800 + y(i - 1);
result (i) = result(i) * 1800 + result(i - 1);
else
y(i) = y(i) * 1800;
result (i) = result(i) * 1800;
end
end

plot([0O, 30, 60, 90, 120, 150, 180, 210, 240], y(1:9) )

hold on

plot([O, 30, 60, 90, 120, 150, 180, 210, 240], result(l:9), 'color',
'k', 'LineStyle' , 'none', 'Marker', '+', 'DisplayName', '2.67"' )
hold on

z=[ 1.33 1.306677779 1.287771601 1.0156 0.9834 0.91 0.8 0.85
0.7 1;
result=[ 0 0.164351838 0.11055149 0.105251468 0.094201174
0.089010873 0.086151098 0.078115511 0.071027011 1;
y = zeros(1l,9);
for 1=1:9
y(i)=latest (0.000666,3,z(i),0.0767,0.0223, 0.3289);
if i > 1
y(i) = y(i) * 1800 + y(i - 1);
result (i) = result(i) * 1800 + result(i - 1);
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y(i) = y(i) * 1800;
result (i) = result(i) * 1800;
end
end

plot ([0, 30, 60, 90, 120, 150, 180, 210, 240],y(1:9))
hold on

plot ([0, 30, 60, 90, 120, 150, 180, 210, 240], result(l:9),

'color',

'k', 'LineStyle' , 'none', 'Marker', '*','DisplayName', '1.33")

hold on
res=300;
z=[ 0.66 0.536582311 0.528961169 0.5 0.48 0.44 0.42
0.25 1;
result=[ 0 0.10514741 0.060509512 0.05886796 0.055912001
0.042113393 0.040011339 0.039630213 0.039831043 1;
y = zeros(1l,9);
for i=1:9
y(i)=latest (0.000666,3,z(i),0.0767,0.0223, 0.3289);
if i 1

>
y(i) = y(i) * 1800 + y(i - 1);
result (i) = result(i) * 1800 + result(i - 1);
else
y(i) = y(i) * 1800;
result (i) = result(i) * 1800;
end
end

plot([O, 30, 60, 90, 120, 150, 180, 210, 240],y(1:9))

hold on

plot([0O, 30, 0, 90, 120, 150, 180, 210, 240], result(l:9),
'k', 'LineStyle' , 'none', 'Marker', 'o')

hold on

m.file 8

)

xlabel ('time [min]");
ylabel ('"H2 evolution [Mmol]');

z=[ 2.6666667 2.643865466 2.419267808 2.04 1.8 1.74
1.64 1.513326644 1];

result=[ 0 0.190010004 0.204980489 0.184252125 0.154178811
0.15674665 0.126673336 0.139167861 0.121824245 ];

y = zeros(1,9);
for i=1:9
y(i)=latest (0.0006666,2.5,z(i),0.0767,0.0223, 0.3289);
if i > 1
y (i) y(i) * 1800 + y(i - 1);
result (i) = result(i) * 1800 + result(i - 1);

else
y(i) = y(i) * 1800;
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result (i) = result(i) * 1800;
end
end

plot ([0, 30, 60, 90, 120, 150, 180, 210, 2401, y(1:9))

hold on

plot ([ O, 30, 60, 90, 120, 150, 180, 210, 240], result(l:9),
'color', 'k', 'LineStyle' , 'none', 'Marker', '+' )

hold on
z=[ 2.666666667 2.651970426 2.433840484 2.03 1.94 1.81 1.7
1.064 1.566402594 ];

result=[ 0 0.162468673 0.161082849 0.130053717 0.131691185
0.1260127 0.11685991 0.10384888 0.090065363 17

y = zeros(1l,9);
for i=1:9
y(i)=latest (0.00033,2.5,z(i),0.0767,0.0223, 0.3289);
if i > 1
y(i) = y(i) * 1800 + y(i - 1);
result (i) = result(i) * 1800 + result(i - 1);

y(i) = y(i) * 1800;
result (i) = result(i) * 1800;

end

plot([0O, 30, 60, 90, 120, 150, 180, 210, 240],y(1:9))

hold on

plot([O, 30, 60, 90, 120, 150, 180, 210, 240], result(l:9), 'color',
'k', 'LineStyle' , 'none', 'Marker', '*'")

hold on

z=[ 2.666666667 2.555035344 2.444225056 2.042 1.91 1.84 1.72
1.64 1.499068156 1;

result=[ 0 0.12927689 0.10085735 0.096138894 0.090700197

0.090840523 0.072033721 0.075419832 0.070174333 1;
y = zeros(1l,9);
for i=1:9
y(i)=latest (0.0002,2.5,2z(i),0.0767,0.0223, 0.3289);
if i > 1
y(i) = y(i) * 1800 + y(i - 1);
result (i) = result(i) * 1800 + result(i - 1);

y(i) = y(i) * 1800;
result (i) = result(i) * 1800;

end

plot ([0, 30, 60, 90, 120, 150, 180, 210, 240],y(1:9))

hold on

plot([O ,30, 60, 90, 120, 150, 180, 210, 240], result(l:9), 'color',
'k', 'LineStyle' , 'none', 'Marker', 'o')

hold on

186



z=[ 2.666666667 2.558400147 2.457985438 2.2 2.04 1.94 1
1.74 1.445405951 1;

result=[ 0 0.06887667 0.05455903 0.044191321 0.0315741
0.02127547 0.02198647 0.021012351 0.02358345 1;
y = zeros(1l,9);
for i=1:9
y(i)=latest (6.66667E-05,2.5,z(i),0.0767,0.0223, 0.3289);
if 1 1

>
y(i) = y(i) * 1800 + y(i - 1);
result (i) = result(i) * 1800 + result(i - 1);
else
y(i) = y(i) * 1800;
result (i) = result(i) * 1800;
end
end

plot([0O, 30, 60, 90, 120, 150, 180, 210, 240],y(1:9))
hold on

plot([0O, 30, 0, 90, 120, 150, 180, 210, 240], result(l:9), 'color',

'k', 'LineStyle' , 'none', 'Marker', 'diamond')
hold on
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