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ABSTRACT
photocatalytic hydrogen evolution by using organic
semiconductors nanoparticles
Shahad Mahmoud Sulaimani
With the worldwide dependence on non-renewable fossil fuels and increasing
concerns over their impact on our planet through greenhouse gas emissions
finding an alternative source of clean energy is a global imperative. The solar
energy is one source of renewable energy resources, and It has the highest
potential to contribute substantially to the future of carbon-free power needs. Solar
to hydrogen has attracted much attention in the past decade due to its abundance
and the spotlessness of hydrogen as fuel for energy usage. However, practically
the requirements to convert solar energy to hydrogen, require a stable
photocatalyst that’s able to operate efficiently over a wide range of the UV-VIS
spectrum. Organic semiconductors have been widely used in hydrogen evolution
due to their earth abundance, aqueous stability, and optical absorption that can be
tuned to the UV-VIS spectrum.
In chapter 3, The effect of different sacrificial regents on hydrogen evolution activity
was systemically investigated by using poly(9,9-dioctylfluorene-alt-benzothiadiazole)
(F8BT) nanoparticles dispersion large and small diameter with Sodium dodecyl sulfate
(SDS) as stabilizer. Ascorbic acid (AA), diethylamine (DEA), triethanolamine (TEOA),
and triethylamine mixed with methanol (TEA/MeOH) were chosen as sacrificial
reagents. The results indicate that the large diameter give improved efficiency with
ascorbic acid, and the small diameter improved activity in the presence of
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diethylamine. The results indicated that the comparison between different sacrificial
reagents is difficult because, the conditions of every experiment is different to

another, depending on (the type of photocatalyst used, solubility, activity..) so to
date, there is no clear concurrence in which sacrificial reagent is better than others.

Photocatalysts formed from a single organic semiconductor typically suffer from
inefficient intrinsic charge generation, which leads to low photocatalytic activities.
In chapter 4, To overcome this limitation, we have used BTR, O-IDTBR, and PC71BM
in binary and tertiary heterojunction nanoparticles between non fullerene donors’ small
molecules

and

fullerene

acceptor.

The

resulting

photocatalyst

display

unprecedentedly a high hydrogen evolution rate over 12000 μmolh-1g-1 under AM 1.5g
illumination.
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Chapter 1
Introduction
1.1 The demand for renewable energy
The primary global resources that we consume is about 86% dependent on nonrenewable energy sources (fossil fuels) like oil, natural gas, coal, and many other
fossil fuels resources1. Notably, this is also rising the concern over affecting the
climate due to increasing greenhouse gas emissions (the emissions of CO2 ) into
the atmosphere. Currently, the worldwide average per capita CO2 emissions is
3.58 t y r-1 (figure1.1)2. As our society increases its energy consumption will
inevitably produce more CO2 annually which worryingly will lead to tremendous
global warming impacts on our planet, and it was estimated that if we continue to
increase greenhouse gas emissions at this continuous rate ,a rise of 1.5C is
expected to be seen in average global temperature per decade3. As regards, oil

Figure 1.1 Average carbon dioxide emissions per capita measured
in tonnes per year for different countries from ref 2
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and natural gas their availability is much more limited and it is predicted to last only
until 2041 and 2071, respectively (table1).

Table 1.1 Total world reserve for non-renewable resources from ref 4
This means we need to reduce the consumption of fossil fuels and start to use
renewable energy resources that is available in the nature to achieve sustainable
development4.

1.2 Solar energy potential
The solar energy is one source from renewable energy resources, and It has the
highest potential to contribute substantially to the future of carbon-free power
needs, and to be an efficient alternative for fossil fuels providing these hurdles to
scalability and cost are overcome. Solar energy is a practically unlimited and
infinite source of energy resources. The sunlight (~1.2 × 10( 𝑇𝑊) that drops on
the earth’s superficial in 1 hour than is used by all human activities in one year
globally5, but it is dilute (1 kW/m noon); about 600 to 1000 TW strikes the earth’s
terrestrial surfaces at practical sites suitable for energy harvesting6,7. Solar energy
is the most abundant renewable carbon-free resource; the sun is earth’s natural
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Figure 1.2 Energy map of the globe, showing where the most solar energy strikes
the surface form ref 6.

energy source compelling the cycle of water evaporation and condensation that
creates rivers and lakes, and the circulation of global wind and ocean currents,
and the biological cycles of photosynthesis and life. It is possible to solve the
energy crises with solar energy because it is possible to generate 20 TW by using
10% efficient solar farms, and they are covering just 0.16% of the globe8, nearly
twice the world’s consumption of fossil fuels and an equivalent of 20,000 1-GWe
nuclear fission plants, that could satisfy the anticipated growth in demand over the
next 40 years9.

Solar energy can be harnessed in many ways9; thus the energy content of the solar
energy radiation can be captured as excited electron-hole pair in a semiconductor,
as chromophore, or as dye or as heat in a thermal storage medium. Solar energy
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is fixed in the plants, which are then available as biomass for combustion as
primary fuels or for conversion to secondary fuels such as ethanol or hydrogen10.
As a leading source for clean and efficient and renewable energy, the solar
industry is worth 140 $ billion/year and with annual growth in excess of 30%9. As
it is evident that solar energy alone has the ability to solve our energy crisis, so, it
is clear that our future prosperity will depend upon the availability of efficient,
robust, and scalable technologies for solar energy conversion.

1.3 Solar to hydrogen
Renewable energy has attracted much attention in the last decade in order to
produce electricity in efficient and sustainable methods without causing harm to
the environment. Recently, Solar Hydrogen energy has attracted tremendous
interest because of it is potential and the availability of solar energy, the
spotlessness, and the high gravimetric energy density of H2 fuel11,12. For efficient
photocatalytic to produce Renewable H2, we need photocatalyst that is rationally
low cost, earth-abundant, tunable bandgap with a ~10% solar to hydrogen (STH)
energy conversion efficiency13. One of the biggest challenges we have to find a
photocatalyst that can function efficiently because practically part of the energy in
the daylight that drops on the earth’s shell comes from the UV-VIS photons region
(400-800 nm)14 as seen in (figure 1.3).

19

Figure 1.3 Solar spectrum and theoretical maximum STH conversion efficiencies
(with 100% solar absorption and 100% quantum efficiency) for the water-splitting
reaction. From ref 14
The most crucial long-term objective is to find efficient, rationally low estimated
semiconductor photocatalyst that can be thermodynamically stable so it can drive
both water oxidation for water and proton reduction for hydrogen while staying
photolytically and chemically stable for long periods15. In recent years many
researchers have conducted an extensive exploration into heterogeneous
inorganic semiconductor photocatalysts mostly -metal oxides- has demonstrated
that tuning their properties is very challenging16. By contrast, polymeric organic
semiconductors photocatalysis their properties can be tuned perfectly, and it has
proven its excellent performance in the field of solar cells17, photoelectrochemical
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devices18, and light-emitting diodes19, making them very attractive and the perfect
replacement for inorganic semiconductors photocatalysis.

1.4 Basic principles of photocatalytic hydrogen evolution
Photocatalytic hydrogen evolution is not a catalytic process because it is an uphill
reaction according to the traditional definition of catalysis. In the early stages, it
was called photoinduced hydrogen evolution by a semiconductor. With the longterm development of this research, the term photocatalytic Hydrogen evolution has
become widely accepted, and it has been recently called artificial photosynthesis
to differentiate from natural photosynthesis. In the pioneering work of Fujishima
and Honda20, shown in figure 1.4, the photoelectrochemical cell they manufactured
for the water-splitting reaction when the TiO2 electrode surface was illuminated
with UV-light; as a result, the water oxidized and the oxygen evolution occurred at
TiO2 electrode. The reduction reaction led to hydrogen evolution at the black
platinum electrode. The concept of emerging the photoelectrochemical cell with
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semiconductor electrodes was later applied to the design of the photocatalytic
systems using semiconductor particles or powders as photocatalyst21-16.

Figure 1.4 Photoelectrochemical cell illustration from
ref 19
A photocatalyst absorbs the illuminated UV and/or Visible light radiation from the
sun or light source. Then, the electrons in the valence band of the photocatalyst
are excited to the conduction band; therefore, a hole will be created in the valence
band. The conduction band and the valence band are often regarded as the lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO), respectively. After the semiconductor absorbs the light, it can be said
that the solar energy is converted into electrical energy. Thus, creates a positive
hole (h+) and the negative electron (e-) pairs. This stage is called the
semiconductor photo-excited state, and the energy difference between the
conduction band and the valence band is known as the bandgap. For the
photocatalyst to be effective and efficient, it has to absorb the wavelength of the
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incident light. After the photoexcitation, the excited electrons in the conduction
band and the holes in the valence band separate and migrate to the surface of the
photocatalyst. Here, in the water-splitting reaction the electrons in the conduction
band act as a reducing agent to produce H2 and the holes in the valence band as

Potential (V vs. vacuum) at PH 7

an oxidizing agent to produce O2 as shown in figure 1.522.

Figure 1.5 Photocatalytic hydrogen production on a semiconductor nanoparticle.
a) light absorption. b) charge transfer. c) redox reactions. d) adsorption,
desorption, and mass diffusion of chemical species. e) charge recombination.
From ref 22
However, to achieve a successful water-splitting reaction into H2 and O2 gas as
shown in reaction (1)
𝐻. 𝑂(𝑙) ⇀

1
𝑂 (𝑔) + 𝐻. (𝑔)
2 .

(1)
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The thermodynamics of the reaction is highly endothermic and endergonic process
:;

:;

with ∆𝐻° = 285.9 <=> 𝑎𝑛𝑑 ∆𝐺° = 237.2 <=> , thus; it can be driven either
electrochemically or thermally by using solar energy. Since reaction (1) is including
2 e- transfer, the standard potential ∆𝐸° for the reaction is:
∆𝐸° =

∆𝐺°
= −1.23 𝑉
2𝐹

(2)

In equation (2), F is faraday constant (96458 C mol-1). The negative sign denotes
that the reaction is thermodynamically non-spontaneous. As regards, to achieve
Successful photocatalytic hydrogen evolution the conduction band and the valence
band edges should straddle the proton reduction potential (-4.03 V vs. vacuum at
pH 7) and water oxidation potential (-5.26 V vs. vacuum) respectively, while
supplying enough overpotential to kinetically drive the HER and OER23. therefore,
the match of the band gap and the potentials of the valence band and the
conduction band is critical to facilitate both reduction and oxidation of H2O the
photoexcited electrons and holes. The reaction of photogenerated H2 and O2 to
form H2O on the surface of the photocatalyst is normally called surface back
reaction (SBR); thus, it will certainly have a negative influence on any
enhancement on the photocatalytic activity. However, there are two main methods
to conquer SBR: (i) the addition of sacrificial regent (electron donors) into the
photocatalytic reaction environment, (ii) generate a separation on the surface of
the photocatalyst. The addition of electron donors and acceptors as sacrificial
reagent, they function as an external driving force for the surface chemical reaction
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and to prevent the formation of H2O from H2 and O2, and the separation of the
photoactive sites is vital for H2 and O2 evolution, which is always accompanied by
the surface separation of the photogenerated electrons and holes, has been shown
to be greatly affected by the surface properties of the photocatalyst16. The role of
the sacrificial reagent is when the photo-reaction is carried in an aqueous solution
containing easily oxidizable reducing reagents, the photogenerated holes
irreversibly oxidize the reducing reagent instead of water24. This makes the
photocatalyst electron-rich and H2 evolution activity increases, as seen in figure
1.6. Under other conditions, the appearance of electron acceptors such as Ag+ and

Figure 1.6 H2 formation in the presence of reducing reagent.
Fe3+, the photogenerated electrons in the conduction band are consumed by them,
and an O2 evolution activity is increased, as seen in figure 1.7. These reactions
using sacrificial reagents are regarded as half-reactions and are often employed
for test reaction of photocatalytic H2 and O2 evolution. The addition of the sacrificial
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regents helps to control the electron-hole recombination process, and the photo
efficiency is improved25–27. The sacrificial regent help in the separation of the
photoexcited electrons and holes. Thus, various compounds such as methanol,
ethanol, EDTA (an ethylenediaminetetraacetic derivative), Formic Acid, Na2CO3,
NaOH, Na2SO3, Na2S or Ions such as I-, IO3-, CN-, and Fe3+ have been used as
sacrificial regents28,29,38,39,30–37.

Figure 1.7 O2 formation in the presence of oxidizing reagent.

1.5 Materials for photocatalytic hydrogen evolution
1.5.1 Inorganic photocatalysis
Since the PEC water splitting reaction was fulfilled on the TiO2 photoanode in 1972
by Fujishima and Honda, there has been wide-ranging research about
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heterogeneous semiconductors photocatalysis20. Photocatalysts are usually solid
semiconductors which, are (i) able to absorb visible and/or UV light, (ii) chemically
and biologically inert and photostable, (iii) inexpensive, and (iv) nontoxic.
Semiconductors such as (TiO2, ZnO, SrTiO3, CeO2, WO3, Fe2O3, GaN, Bi2S3, CdS,
and ZnS), they can all act as semiconductor photocatalysis for redox/charge

transfer due to their electronic structures which are characterized by a filled
valence band and an empty conduction band. Figure 1.8 illustrates the band
positions of several semiconductors relative to redox potential for photocatalytic
hydrogen evolution23,40. Among all of this heterogeneous semiconductor
photocatalysis, TiO2 is the most widely used as photocatalyst because it fulfills the
above requirements as well as its abundance, low cost, and exhibiting adequate
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conversion values41,42. Regardless of its high conversion values, the calculated
quantum yield for all the reactions studied is appreciably low: indeed well below
10% for most degradation and synthesis process43. TiO2 occurs naturally in three
main crystallographic phases: rutile, anatase, and brookite, anatase is the most
highly employed in photocatalytic applications due to its intrinsic superior
photocatalytic properties44–46. SrTiO3 has high operational stability and near-unity
quantum efficiencies at wavelengths < 450 nm have been achieved, despite that
its deep valence band (VB)

this give rise to wide bandgap which limits the

photocatalytic activity almost to absorb UV wavelengths, which constitute to <4%
of the solar spectrum47,48. Fundamentally, this limits its maximum STH below the
target 10% needed for commercial viability13,49. The change in the pH usually shifts
the bandgap levels by (-0.059 V/pH) for oxide materials50. Although CdS51 seems
to have a suitable bandgap with a very good absorbance of visible light but it is not
active for photocatalytic hydrogen evolution because S-2 in CdS rather than H2O is
oxidized by photogenerated holes accompanied with elution of Cd+2 according to
the equation52 (3)
𝐶𝑑𝑆 + 2ℎL → 𝐶𝑑 .L + 𝑆

(3)

ZrO253 and KTaO354, possess a very suitable bandgap structure for hydrogen
evolution and they are active when modified with a suitable co-catalyst. CdSe55
and Ta3N556 are highly active for hydrogen evolution, despite the decades of
research their stability to self-corrosion has so far inhibited their use as a sufficient
material for overall water splitting photocatalyst56,55. On the other hand, a stable,
low-cost photocatalyst for O2 evolution under visible light such as WO3 and BiVO4,

28
with the presence of an electron acceptor such as Ag+ and Fe3+ but it is not active
for H2 evolution because of its low conduction band level57,58. However, to engineer
a stable photocatalyst with absorption in the visible light region that is efficient for
hydrogen evolution thus has promoted the recent interest in developing a
photocatalyst based on organic semiconductors.

1.5.2 Organic photocatalysis
Organic semiconductors compared to inorganic semiconductors; they are
relatively undiscovered as a photocatalyst even though they have some properties
that are highly desirable for photocatalytic applications. Organic semiconductors
possess outstanding flexibility in tuning their bandgaps, which gives an advantage
of reliable, precise absorptions for visible light region 59,60. The flexible structure of
the organic semiconductors allows them to be modified with many properties such
as porosity and hydrophilicity61–63. Moreover, Organic semiconductors are an
excellent replacement for inorganic semiconductors because they have the
advantage of their lightweight, inexpensive, and earth-abundant, easily
synthesized, and of relatively low toxicity materials, therefore; we can create a
photocatalyst that is not preferably accessible in inorganic photocatalysis such as,
bulk heterojunction nanoparticles.

1.5.2.1 Carbon nitrides CNxHy
In 2009, the first polymeric carbon nitrides (CNxHy) shown to evolve hydrogen
under visible light illumination61; this report attracted vast interest in (CNxHy) for
hydrogen production and the development of new polymeric photocatalysis.
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Carbon nitrides are a family of triazine- or heptazine- based polymers containing
carbon (C) and nitrogen (N).Moreover, they are heptazine based layered
crystalline structure64 , and they are often called as graphitic carbon nitrides (gC3N4) ( figure 1.9).

a
d

c
b

Figure 1.9 Building blocks of carbon nitrides, a) melamine. b) melem. c) urea. d)
the structure of graphite-C3N4.

Depending on the synthetic procedure employed, we can get from (CNxHy) a broad
range from graphitic to polymeric structures and often within the same sample65–
67

. (CNxHy) Is a photocatalyst that attractive for large scale hydrogen production

with a bandgap can straddle the water redox potentials because it was synthesized
by cheap and non-toxic materials such as melamine, melem, and urea68 figure 8.
On the other hand, like inorganic photocatalysis, (CNxHy) exhibits wide bandgaps
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(~2.7-2.8) that are difficult to tune and confine their activity mostly to UV
spectrum65–67. Recently, hydrazinecarboxamide hydrochloride (CH6ClN3O) and
aminotetrazole (CH3N5) were reported to produce (CNxHy) with improved
performance69,70. Many different approaches have been proposed to modify in
synthetic procedures, for example, charge separation71 has been used to achieve
higher AQYs (generally for light in the range of ~395-429 nm). Also, many
engineering strategies that have been proposed include increasing the degree of
polymerization72, nanosheet fabrication73, use of templates74, fabrication in molten
salts75, creating p-n homo junctions76, and selective doping77,78. Meanwhile, many
approaches have been advised to lower the bandgap of (CNxHy) to harvest the
light of solar spectrum79–81. While still there are some boundaries to synthetic
control in polymers, for example, regarding, the molecular weight and design to
increase the activity for visible light absorption for hydrogen evolution, spurred the
interest in developing a photocatalyst based on other organic semiconductors
which can be rationally tuned.

1.5.2.2 Polymer networks and frame works
Polymer network photocatalysis can be divided based on their chemical
composition, the degree of conjugation in the polymer, the monomeric building
blocks, whether they are microporous or not, and their degree of crystallinity82.
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Covalent triazine-based frameworks (CTFs) are associated to (CNxHy) structurally
in terms of nitrogen content and chemical fundamentals. They are usually prepared
at high temperatures by using molten salts and additionally frequently undergo
partial carbonization, which could explain their low activity partially on hydrogen
evolution83–85. In contrast, CTF-1 showed a moderate activity for hydrogen
evolution when it was fabricated in lower temperatures by acid-catalyzed
trimerization of 1,4-dibenzonitrile86 with adding Pt co-catalyst and also has
reported a limited activity for water oxidation in the presence of silver ions and
RuO2. Other than CTFs, conjugated porous polymers (CMPs) can display
conjugation across their network87. The first reported example of efficient optical
gap altering in polymers for PEH, was when a series of heteroatom- free CMPs
fabricated

via

Suzuki-Miyaura

coupling88.

Recently,

some

CMPs

with

heteroaromatic monomers showed activity for photocatalytic hydrogen evolution in
the presence of sacrificial reagent89,90. All the above polymers discussed are
significantly amorphous. However, covalent organic frameworks (COFs) is
typically crystalline porous, and it is fabricated through reversible condensation
reaction91. Lately, a hydrazone based COF was showed activity in hydrogen
evolution under illumination in the presence of sacrificial reagent92. The COFs
porosity allows species to dissolve in the electrolyte to penetrate the bulk material,
hence, increasing the semiconductor/electrolyte heterojunction area, and also
enhancing the charge separation. Additionally, it may also improve the contact
between the COFs and the molecular co-catalyst dissolved in the electrolyte, thus,
enhancing electron extraction. Triazine COF has shown a high activity recently for
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hydrogen evolution in the presence of dispersed molecular cobaloxime catalyst
than photo-deposited Pt93. When a wide bandgap benzo-bis (benzothiophene)
containing COF dye-sensitized with a red light-absorbing dye, hence, have
increased the hydrogen evolution rate (HER) under sacrificial reagents and
extended visible light activity from 600-700 nm94.

1.5.2.3 Linear conjugated polymers
In 1985, the first reported polymeric photocatalyst Poly(p-phenylene) for hydrogen
evolution under illumination in the presence of sacrificial regent95. The wide
bandgap of polyphenylenes has restricted the activity to UV light, and ineffective
charge separation resulted in a reasonably low EQE of <0.04 at 290 nm95. Since
that, polyphenylene has facilitated the way for conjugated polymers to be used as
a photocatalyst, thus, attracted attention in research, and focusing on optimizing
the optoelectronic properties for many applications such as organic solar cells96,
organic light-emitting diodes97, and organic field-effect transistor98. The solar cells
research field is particularly applicable to the organic photocatalysis, because both
rely on the same fundamental process of light-harvesting, charge separation, and
charge transport to convert the photons into spatially separated electrical
charges99. In general, Polymer networks have sown more exceptional
performance in photocatalytic hydrogen evolution than linear conjugated polymers
that contain similar structural unit100–102. The difference between the COFs and
linear polymers in performance, because the COFs have higher porosity, which
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increased the semiconductor/electrolyte interfacial area, as well as higher
crystallinity, which may be beneficial for charge transport94. Linear conjugated
polymers can be processed into nanoparticles, which will increase the surface of
the photocatalyst; however, the activity for hydrogen evolution remains low, and
this likely due to ineffective intrinsic charge generation of organic semiconductors,
and a lower surface to volume ratio compared to COFs103–105. In the absence of a
semiconductor donor/acceptor, the essential step toward generating long-lived
electrons capable of driving the HER, it is in the presence of sacrificial electron
donor62,106. The solubility of linear conjugated polymers, which is a feature, has not
yet been explored because it allows the polymer to blend with the electron acceptor
or donating small molecules, to form a type II energy level offset that drives
excitons separation within the photocatalyst bulk107.
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1.6 Objectives and contributions
The objective of this research is to develop novel organic semiconductors
nanoparticles for the evolution of hydrogen from water splitting in the presence of
a hole scavenger (sacrificial reagent). This study aims to understand the
mechanism for a photocatalyst to drive HER, and to improve the efficiency of the
photocatalyst to absorb the visible light.

In chapter 3, first will focus in understanding the conjugated polymer single
nanoparticle mechanism in hydrogen evolution rate specially in different size
ranges and the effect of different sacrificial reagents on HER.

In chapter 4, introducing the effect of new donor/acceptor binary and ternary
nanoparticles and achievements to improve HER.
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Chapter 2
Experimentation
2.1 Materials
All chemicals were purchased from commercial sources and used without any
further purification, unless stated otherwise. benzodithiophene terthiophene
rhodamine (BTR) was purchased from 1-material, [6,6]-Phenyl-C71-butyric acid
methyl ester (PC71BM) was purchased from ossila. (5Z, 5′Z)-5,5′-((7,7′-(4,4,9,9tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b′]dithiophene-2,7diyl)bis(benzo[c][1,2,5]thiadiazole7,4diyl))

bis(methylidene))

bis(3-ethyl-2-

thioxothiazolidin-4-one) (O-IDTBR) was synthesized by weimin zhang in my group.
L-Ascorbic Acid (AA) (99%, Sigma Aldrich), 2-(3-thienyl) ethyloxybutylsulfonate
sodium salt (TEBS) was synthesized by Matthew Bidwell in imperial college.
Poly(9,9-dioctylfluorene-alt-benzothiadiazole) F8BT polymer was synthesized and
purified by Jan kosco, Sodium Dodecyl Sulfate (SDS) (10% in H2O, Sigma Aldrich).

2.2 Nanoparticles characterization
2.2.1 Dynamic light scattering (DLS)
Dynamic light scattering is a technique based on the Brownian motion of the
dispersed particles in a liquid, the collusions causes a certain amount of energy to
be transferred which induces particle movement. The energy transfer is constant
and therefore has effect on smaller particles. As a result, if we know all the
parameters that have influence on particles movement, we can determine the
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particle size accurately. The nanoparticles size was measured by using Zetasizer
instrument (NanoZS, Malvern, UK). 500 µmL from nanoparticles was diluted with
MilliQ water until it reaches 1 mL, and then the diluted sample transferred into
disposable polystyrene cuvette and capped. The measurement has been set up to
run under 25°C and 173° Scattering angle.
2.2.2 UV-VIS spectroscopy
UV-VIS spectrometer is a technique that measures the intensity of light passing
through a sample (I), and compares it to the intensity of light before it passes
through the sample percentage (%T). The absorbance, A, is based on the
transmittance:(Io). The ratio I/Io is called the transmittance, and is usually
expressed as a
𝐴 = −log (

%𝑇
)
100%

A sample of 3400 µL was measured by Cary 5000 UV-VIS-NIR spectrometer
(Agilent). The sample was loaded into 3500 µL quartz glass cuvette. The
measurement has been done in the range between 300-800 nm.
2.2.3. Scanning electron microscopy (SEM)
The sample topography and composition were captured by Scanning Electron
Microscopy (SEM) is a type of electron microscope that produces image of a
sample by scanning the surface with a focused beam of electrons. When the
electrons interact with the atoms in the sample, producing different signals that
contain the surface topography information and the composition of the sample.
The sample was measured by scanning electron microscope from (ZEISS)
company. The images were taken at different magnitudes and different distances.
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2.2.4 Photo-electron emission spectroscopy in air (PESA)
Photo-electron emission spectroscopy in air (PESA) is a technique to measure the
work function of a semiconductor under ambient conditions. The work function (φ)
is the minimum energy required to remove an electron from the semiconductor
HOMO to a point outside the semiconductor. In the operation, a specific intensity
of monochromatic UV light is directed on the semiconductor thin film on glass
substrate, in which the photon energy gradually increases, and when it exceeds
the work function (φ) of the semiconductor it begins to emit photoelectrons. Plotting
the standardized photoelectron yield ratio vs. excitation energy gives rise to a
signal that increases linearly above a certain threshold energy that corresponds to
the (φ) of the semiconductor. Once the work function (φ) has been measured the
HOMO level can be measured using equation 1, and the LUMO level can be
calculated using equation 2 where Eg is the optical band gap measured by UV-VIS
spectrometer.
𝐻𝑂𝑀𝑂 (𝑒𝑉) = − 𝜑

(1)

𝐿𝑈𝑀𝑂 (𝑒𝑉) = 𝐻𝑂𝑀𝑂 + 𝐸X

(2)

2.3 Preparation of nanoparticles
Polymer Nanoparticles were fabricated by mini-emulsion process. In the
procedure, In the procedure, we have prepared our material in chloroform with a
concentration (0.5 mg/ml), and that was the total concentration of the material; This
was left stirring for 1 hour on the hotplate at 80°C. Then meanwhile, the surfactant,
be it 0.5 wt.% of (TEBS or SDS) solution in water (10 mL) is vigorously stirred at

38
1500 rpm at 40°C. The solution is added to the surfactant and allow to stir for 3
min and this helps in creating pre-emulsion phase, and then placed in a water bath
at 40°C and sonicated for 5 min using an ultrasonic gun (Sonics VibraCell
VCX130PB) at 77% amplitude to create nanoparticles dispersion. Afterwards, the
sample is put on the hotplate heated at 85°C and stirred at 200 rpm to evaporate
the chloroform. To speed up the process, the sample is flushed with air; thus,
results in nanoparticle dispersion (80-90 nm) size, containing 2.5 mg of material in
5 mL of water.
Ultrasonic gun

Or (SDS)

Material dissolved in CHCl3

Figure 2.1 Illustration of the preparation of nanoparticles by mini-emulsion
process.

2.4 Hydrogen evolution rate measurements
Hydrogen evolution from nanoparticles was measured using ascorbic acid (AA) as
an electron donor. In the recirculating batch reactor (area = 452 mm2) which has
been previously reported108 for binary and ternary blends, the samples were
loaded in the reactor chamber with 2.5 mg of nanoparticles, 10 ml of AA (0.2 M)
as sacrificial reagent, and Pt 10% wt., and the total volume (20 ml).For F8BT
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polymer with different sacrificial regents were loaded as illustrated in table 2.1. A
starting pressure of 100 Torr was used. The mixed solution was illuminated with a
solar simulator (AM1.5g, 1 sun). Hydrogen evolution was measured and quantified
by GC equipped with a thermal conductivity detector.
Table 2.1 Illustration of the loading ratios of the nanoparticles with the sacrificial reagents for
hydrogen evolution reaction.
Sample
Nanoparticles
Additional
AA in
TEOA
TEA
MeOH
DEA
suspension in
H2O
H2O
H2O
1
33.3% wt.
66.6%
wt.
2
33.3% wt.
33.6% wt.
30% wt.
3
33.3% wt.
33.6% wt.
30%
wt.
4
33.3% wt.
33.3%
33.3%
wt.
wt.

Pressure
gauge
Argon line

Recirculating
pump

Vacuum

GC in
GC out
GC

Reactor 1

Xe lamp

Reactor 2
Sample
chamber

Fiber optic

Magnetic stirrer

Figure 2.2 Photograph of the experimental setup for measuring hydrogen
evolution.
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Chapter 3
The influence of different sacrificial reagents on hydrogen
evolution by using an organic semiconductor
3.1 Introduction
Solar hydrogen production via photocatalysis process postulates a path to produce
hydrogen as a carbon-free energy carrier in a clean and renewable way. The
development of a highly active photocatalyst that can absorb light effectively, and
works as mediator to drive the catalytic reaction is a key requirement to make this
process viable. As an alternative to widely researched inorganic photocatalysis,
polymeric photocatalysis are attracting much attention nowadays due to their high
degree in tuning the band gaps synthetically rather than inorganic materials.
Instead of performing overall water splitting, a system with organic photocatalysts
is typically coupling the hydrogen evolution reaction to an organic oxidation109, in
which case the photocatalyst is suspended in a mixture of water and an organic
substrate which acts as an electron donor. However, the catalytic mechanism of
such organic photocatalysts is still mostly unexplored, and to which extent residual
metal impurities act as co-catalysts in different polymeric materials is a topic of
particularly intense debate. In 2009, carbon nitrides were the first effective
polymeric photocatalyst for hydrogen evolution61, in which have since seen
impressive improvements in activity, with external quantum efficiencies (EQEs)
reaching values up to 60%110. Since last years, conjugated polymers have been
attracted much attention as photocatalysts for solar hydrogen evolution. Currently,

41
the optimized conjugated polymers systems offers a benefits over carbon nitrides
such as, highly tunable orbital levels in which, allows tailoring of optical absorption
and the driving force of charge transfer to target specific reactions, resulting in the
ability to harvest more visible photons, which considered to be essential to achieve
the required hydrogen evolution activity for practical applications111. The versatility
of polymeric photocatalysts has given rise to a variety of different structures such
as conjugated microporous polymers, covalent triazine frameworks, and linear
polymers112. Linear conjugated polymers can be processed into nanoparticles,
which will increase the surface of the photocatalyst; however, the activity for
hydrogen evolution remains low, and this likely due to ineffective intrinsic charge
generation of organic semiconductors, and a lower surface to volume ratio
compared to COFs103–105. In the absence of a semiconductor donor/acceptor, the
essential step toward generating long-lived electrons capable of driving the HER,
it is in the presence of sacrificial electron donor62,106. In this work, the polymer used
in this study is Poly(9,9-dioctylfluorene-alt-benzothiadiazole) F8BT polymer. A
Feature of F8BT has been studied before, that the residual Pd originating from the
synthesis process can play a significant role in facilitating hydrogen evolution
rate105. A previous study has been shown that the Pd catalyst used in the reaction
can decompose via delegation to form metallic Pd0 particles, which are strongly
retained within the polymer structure and are very difficult to remove with traditional
purification techniques113. Similarly, to Pt0, the Pd0 is a high active proton reduction
electrocatalyst114. Hence, the residual Pd nanoparticles is dispersed within the
polymer, thus; removes the need to add a co-catalyst to facilitate hydrogen
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evolution reaction. To enhance the photocatalytic hydrogen evolution efficiency
and suppressed the recombination process a sacrificial reagent must be added as
electron donor, effectively overriding the holes and inhibiting the recombination of
photoinduced electrons and holes on the surface of a semiconductor. In this study,
a different sacrificial reagents have been used as an electron donors for hydrogen
evolution which are ascorbic acid (AA), triethanolamine (TEOA), diethylamine
(DEA), and triethylamine with methanol (TEA/MeOH), and they have been chosen
to compare the influence of each reagent on small diameter and large diameter
nanoparticles size for hydrogen evolution reaction and to specify the foundation
for selecting the ideal sacrificial reagent for linear conjugated polymer.

Figure 3.1 Structure and synthesis route of F8BT polymer from its monomers
via Suzuki polymerization

3.2 Results and discussion
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F8BT nanoparticles were processed via mini-emulsion process with SDS as
stabilizer to prevent polymer nanoparticles from aggregation. Several samples
were prepared to test them with different sacrificial regents. The nanoparticles size
was measured using dynamic light scattering technique (DLS) (figure 3.2, 3.1
table), which shows that the batches prepared were uniform in size between 4595 nm. The size of the nanoparticles is crucial when equating HER between the
different samples, because the nanoparticles size affect the total surface area and
hence; it could contribute to affect the hydrogen evolution rate. When the samples
in the same size; thus, reduces this effect and permits in isolating the effect of
sacrificial regent on HER.

Sample Name

Z-Avg Diameter (nm)

Polydispersity

F8BT (SDS)

45.79

0.183

F8BT (SDS)

74.73

0.202

F8BT (SDS)

50.14

0.208

F8BT (SDS)

45.17

0.203

F8BT (SDS)

81.03

0.146

F8BT (SDS)

82.45

0.139

F8BT (SDS)

95.48

0.118

F8BT (SDS)

93.83

0.143

Table 3.1 DLS parameters of the F8BT nanoparticles with SDS as stabilizer.
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Figure 3.2 F8BT nanoparticles size distribution by intensity measured by DLS.
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a

b

c

d

Figure 3.2 SEM images of F8BT nanoparticles. a) 36.10 KX magnitude, b) 64.84 KX
magnitude, c) 100.48 KX magnitude, d) 150.00 KX magnitude showing the diameter
of the nanoparticles.

Scanning electron microscopy (SEM) images of SDS stabilized nanoparticles
dispersion showed a morphology that agreed well with DLS measurements, which
has revealed that the nanoparticles forms agglomerates of spherical particles with
size ranging from 47 and 50 nm as shown in (figure 3.2, d). F8BT nanoparticles
shows an absorbance curve in UV-VIS region with a λmax=469 nm, which matches
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Normalized absorbance

the requirements for photocatalyst for hydrogen evolution (figure 3.3).

Figure 3.3 Normalized absorbance of F8BT nanoparticles SDS as stabilizing surfactant.

More importantly the energy levels were suitable for proton reduction115.
Interestingly, the hydrogen evolution measurements on the large diameter
nanoparticles AA showed the best performing sacrificial regent with a rate of
186.46 µmol h-1g-1 , followed by TEOA with a rate of 128.37 µmol h-1g-1, and least
performing DEA with a rate of 75.1 µmol h-1g-1, while TEA/MeOH degraded after
11 hours and give a zero activity due to the aggregation that occurred during the
reaction (figure 3.4,a,b). The small diameter showed the opposite results in the
highest activity was with DEA with a rate of 115.78 µmol h-1g-1, AA with a rate of
54.45 µmol h-1g-1, TEA/MeOH with a rate of 49.16 µmol h-1g-1, and lowest activity
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with TEOA with a rate of 19.17 µmol h-1g-1 as shown in (figure 3.4, c,d). Ascorbic
acid is the best performing sacrificial reagent, this is potentially when it is oxidized
form ascorbic acid to dehydroascorbic acid it produces 2 e- as product then can
a

b

c
d

Figure 3.4 a,b) Hydrogen evolution rate vs. time formed from F8BT large diameter (81-95 nm)
nanoparticles. b,c) small diameter (45-50 nm). Conditions: 2.5 mg of nanoparticles, 30% of
sacrificial regents as illustrated in experimental section. Under AM 1.5g illumination, 20 cm 2
reactor.
dissociate to the conduction band and contribute to proton reduction. The main
role of the sacrificial regents acting as an electron donor to consume the
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Name of the sacrificial Permittivity

Oxidation

regent

potential

pH

Ascorbic acid (AA)

𝟏. 𝟖𝟓𝟖𝟓 × 𝟏𝟎]𝟏𝟏 𝑭/𝒎

0.46116 eV

1.5-2.5

Diethylamine (DEA)

𝟑. 𝟐𝟕𝟒𝟓 × 𝟏𝟎]𝟏𝟏 𝑭/𝒎

5.49117 eV

~12

Triethylamine (TEA)

𝟐. 𝟏𝟒𝟏𝟕 × 𝟏𝟎]𝟏𝟏 𝑭/𝒎

0.69118 eV

~12

Triethanolamine

𝟐. 𝟒𝟖𝟕𝟕 × 𝟏𝟎]𝟏𝟎 𝑭/𝒎

0.57119 eV

~10

(TEOA)
Table 3.2 Sacrificial reagents calculated permittivity value and redox potentials vs. SCE

photogenerated holes, so we can consider the oxidation potential of the sacrificial
regents plays critical role in the effect of the sacrificial regent on the hydrogen
evolution reaction rate, the lower the oxidation potential value the easily oxidized
and will trap the holes more efficiently. But it was found that the oxidation potential
of ascorbic acid (table 3.2) is lower than other sacrificial regents which agreed with
results of large diameter nanoparticle in giving the best performance. Diethylamine
was the best sacrificial regent for small diameter nanoparticles and this is maybe
due to improved quenching of long-lived electrons105 of small size nanoparticles,
in which assuming that the exciton separation will proceed effectively when the
distance from the core to the surface of the nanoparticles is between (5-10 nm).
However, in previous study they showed also that not only oxidation potential
influences the reaction rate but also permittivity, so we have calculated
theoretically the value of the permittivity by using equation (1)

49

𝜺𝒎 = 𝜺° × 𝒌

(𝟏)

Were εm is the permittivity of the material, εo is the permittivity of vacuum =
8.85 × 10]g. 𝐹/𝑚, k is the dielectric constant of the material. Unfortunately, the
theoretical results of calculated permittivity do not agree with the resulting
experimental values for HER.

3.3 Conclusion
In conclusion, the F8BT large diameter nanoparticle size behaves differently than
the small diameter nanoparticles size and the reason for that possibly the small
size favors the DEA due to improved quenching of long-lived electrons105 of small
size nanoparticles, in which assuming that the exciton separation will proceed
effectively when the distance from the core to the surface of the nanoparticles is
between (5-10 nm). In conclusion, comparing between different sacrificial regents
is difficult to rationalize, because for instance, some previous studies showed that
TEA is superior sacrificial regent than TEOA for its stability reasons120, while other
study showed improved efficiency and better quenching with TEOA rather than
TEA121. The conditions of every experiment are different to another, depending on
(the type of photocatalyst used, solubility, activity...) so to date, there is no clear
concurrence in which sacrificial reagent is better than others.
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Chapter 4
Non fullerene donor’s small molecules/fullerene acceptor
ternary nanoparticles
4.1 Introduction
It is essential to avert energy consumption using conventional resources such as,
oil, coal, and natural gas which will inevitably produce more CO2 annually which
worryingly will lead to tremendous global warming impacts on our planet, and a
rise of 1.5C is expected to be seen in average global temperature per decade3.
The solar energy is one source from renewable energy resources, and It has the
highest potential to contribute substantially to the future of carbon-free power
needs, and to be an efficient alternative for fossil fuels providing these
impediments to scalability and cost are overcome. Solar energy is a virtually
unlimited and infinite source of energy resources. Recently, Solar Hydrogen
energy has attracted tremendous interest because of it is potential and the
availability of solar energy, the spotlessness, and the high gravimetric energy
density of H2 fuel11,12. For efficient photocatalytic to produce Renewable H2, we
need photocatalyst that is rationally low cost, earth-abundant, tunable bandgap
with a ~10% solar to hydrogen (STH) energy conversion efficiency13. Inorganic
photocatalysis is one of the most highly researched materials for hydrogen
evolution. Among all of this heterogeneous semiconductor photocatalysis, TiO2 is
the most widely used as photocatalyst because of its abundance, low cost, and
exhibiting adequate conversion values41,42. SrTiO3 has high operational stability
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and near-unity quantum efficiencies at wavelengths < 450 nm have been achieved,
despite that its deep valence band (VB) this give rise to wide bandgap which limits
the photocatalytic activity almost to absorb UV wavelengths, which constitute to
<4% of the solar spectrum47,48. Fundamentally, this limits its maximum STH below
the target 10% needed for commercial viability13,49. ZrO253 and KTaO354, possess
a very suitable bandgap structure for hydrogen evolution and they are active when
modified with a suitable co-catalyst. CdSe55 and Ta3N556 are highly active for
hydrogen evolution, despite the decades of research their stability to self-corrosion
has so far inhibited their use as a sufficient material for overall water splitting
photocatalyst56,55. However, to engineer a stable photocatalyst with absorption in
the visible light region that is efficient for hydrogen evolution thus has promoted
the recent interest in developing a photocatalyst based on organic semiconductors.
The flexible structure of the organic semiconductors allows them to be modified
with many properties such as porosity and hydrophilicity61–63. Moreover, Organic
semiconductors are an excellent replacement for inorganic semiconductors
because they have the advantage of their abundance, and they are based on earth
elements. Carbon nitrides were the first effective polymeric photocatalyst for
hydrogen evolution61, in which have since seen impressive improvements in
activity, with external quantum efficiencies (EQEs) reaching values up to 60%110.
Since last years, conjugated polymers have been attracted much attention as
photocatalysts for solar hydrogen evolution. Currently, the optimized conjugated
polymers systems offers a benefits over carbon nitrides such as, highly tunable
orbital levels in which, allows tailoring of optical absorption and the driving force of
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charge transfer to target specific reactions, resulting in the ability to harvest more
visible photons, which considered to be essential to achieve the required hydrogen
evolution activity for practical applications111. The versatility of polymeric
photocatalysts has given rise to a variety of different structures such as conjugated
microporous polymers, covalent triazine frameworks, and linear polymers112.
Linear conjugated polymers can be processed into nanoparticles, which will
increase the surface of the photocatalyst; however, the activity for hydrogen
evolution remains low, and this likely due to ineffective intrinsic charge generation
of organic semiconductors, and a lower surface to volume ratio compared to
COFs103–105. However, the EQEs of these novel non-carbon nitrides photocatalysts
have been limited by the high exciton binding energies and short exciton diffusion
lengths of organic semiconductors which cause high rates of exciton
recombination in the semiconductor bulk and hence inefficient generation of
charges that can drive redox reactions at the photocatalyst surface122. To
overcome this limitation as shown in figure 4.1, most of the research recently has
been focused on improving exciton at the surface of the photocatalyst by
increasing the semiconductor/electrolyte interfacial area via nanoparticles
formation, hydrophilicity enhancements, or by sensitizing the photocatalyst surface
with a suitable dye to create a donor/acceptor semiconductor heterojunction that
is able to dissociate excitons at the external photocatalyst/dye interface94,123. In
this study, introducing the effect of new donor/acceptor binary and ternary
nanoparticles and achievements to improve HER.
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a)

b)

Figure 4.1 Illustration of the limitations and new approach in designing 50 nm semiconductor
nanoparticle for photocatalytic hydrogen evolution. a) Assuming that the exciton length
diffusion is about 5 nm, so only the excitons generated up to 5 nm from the nanoparticle
surface can dissociate at the semiconductor/Pt interface, while the excitons generated in the
core are likely to recombine before reaching the interface. Thus, 50% of the nanoparticle core
is a “dead volume” that can absorb light but does not contribute to the photocatalysis process.
b) The photocatalyst nanoparticle formed from a well-mixed donor/acceptor semiconductor
heterojunction blend, which drives the exciton dissociation and separates charges and extends
charge lifetime; permitting a large proportion of charges to reach the nanoparticle surface and
contribute in the photocatalysis reaction.
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4.2 Results and discussion
The non-fullerene donors small molecules/fullerene acceptor binary and ternary
heterojunction nanoparticles were formed from the blends of benzodithiophene
terthiophene rhodamine (BTR), (5Z, 5′Z)-5,5′-((7,7′-(4,4,9,9-tetraoctyl-4,9-dihydros-indaceno[1,2-b:5,6-b′]dithiophene-2,7diyl)bis(benzo[c][1,2,5]thiadiazole7,4diyl))
bis(methylidene)) bis(3-ethyl-2-thioxothiazolidin-4-one) (O-IDTBR), and [6,6]Phenyl-C71-butyric acid methyl ester (PC71BM). The chemical structure and the
energy levels of all donor/acceptor nanoparticles used in the study are shown in
figure 9. The binary and tertiary blends were processed into nanoparticles using
the mini-emulsion method (detailed in experimental section) employing 2-(3thienyl) ethyloxybutylsulfonate sodium salt (TEBS) as the stabilizing surfactant.
Figure 4.1 shows the structure and the energy levels are well aligned to split the
photogenerated excitons, and to drive the photocatalytic reaction. The energy
levels of PC71BM shows deeper highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital energy levels; which, can serve as an electron
sink to host electrons and form electron transport channels. The nanoparticles size
was measured by dynamic light scattering (DLS) as shown in table 4.1 and figure
4.3. The DLS data shows that all nanoparticles batches are consistent in size
distribution between 45-95 nm. The size of the nanoparticles is important when
comparing hydrogen evolution rate (HER) between different donor/acceptor
blends, because the nanoparticle size affects the total nanoparticles surface area,
which may affect the hydrogen evolution rate (HER). The donor/acceptor tertiary
nanoparticles blend were chosen because the absorption of these materials and
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their blends well complemented to cover all the UV-VIS region between (300-800
nm) as shown in figure 4.4, and 4.5. More importantly, the energy levels of BTR,
O-IDTBR small

a

b
BTR

PC71BM

Figure 4.2 a) chemical structure of BTR, O-IDTBR, and PC71BM. b) the energy
levels of BTR, O-IDTBR, and PC71BM was measured by PESA ,which shows the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) vs. the proton reduction potential (H+/H2), the water oxidation
potential (O2/H2O), and the calculated potential of the hole oxidation of ascorbic
acid to dehydroascorbic acid in solution (A/H2A) at PH 2.
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Sample Name
O-IDTBR
PC71BM
BTR:O-IDTBR (1:1)
BTR:PC71BM (1:1)
BTR:O-IDTBR:PC71BM (1:0.4:1)
BTR:O-IDTBR:PC71BM (1:1:0.4)

Z-Avg
Diameter
(nm)
64.81
79.94
45.28
95.08
78.90
59.89

Polydispersity
0.283
0.126
0.476
0.323
0.147
0.430

Table 4.1 DLS parameters of the nanoparticles formed with a range of O-IDTBR:
PC71BM: BTR binary and ternary blends ratios using TEBS surfactant.

Figure 4.3 Nanoparticles size distribution by intensity measured by
DLS.

Normalized absorbance
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Figure 4.4 Normalized absorbance of the nanoparticles formed with BTR, O-IDTBR, and

Normalized absorbance

PC71BM using TEBS as stabilizing surfactant.

Figure 4.5 Normalized absorbance of the nanoparticles formed with a range of OIDTBR:PC71BM:BTR binary and ternary blends ratios using TEBS as stabilizing
surfactant.
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molecules donors form a type II donor/acceptor heterojunction with the acceptor
PC71BM. Thus; sufficient LUMO-LUMO-LUMO and HOMO-HOMO-HOMO energy
levels offset required for exciton dissociation, which drives the holes into BTR
HOMO and electrons to PC71BM LUMO. The PC71BM LUMO is significantly more
reducing than the proton reduction potential at pH 2 (-4.32 eV) so the electrons
have sufficient potential to drive hydrogen evolution with the aid of the Pt
cocatalyst. The BTR and O-IDTBR HOMOs are less oxidizing than the water
oxidation potential at pH 2 (-5.34 eV, -5.50 eV) respectively, so it is not possible to
drive oxygen evolution with this system. Thus; the Hydrogen evolution experiments
were carried out in the presence of AA which can be oxidized by holes in BTR and
O-IDTBR and acts as a sacrificial hole scavenger.

a)

b)

Figure 4.6 a,b) Hydrogen evolution rate vs. time formed from BTR, O-IDTBR, PC71BM binary
and tertiary blends. Conditions: 2.5 mg of nanoparticles, 0.2 mol/L ascorbic acid (10 mL), pH 2,
10% (0.25 mg) Pt, Under AM 1.5g illumination, 20 cm 2 reactor.
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In figure 4.6 a, and b shows the hydrogen evolution rate for O-IDTBR and PC71BM
neat and binary blends nanoparticles which showed moderate activity in H2 rate.
More importantly, the ternary blend in ratio (1:0.4:1) performs better than the binary
blends and this is due different possibilities, the first one is that the high quantity
of PC71BM allows efficient electron transport to the surface of the photocatalyst, it
means that there is more amount of PC71BM in contact with Pt co-catalyst on the
surface of the photocatalyst rather than low quantity, in which small PCBM
domains may act as electron traps. The second reason is that PCBM acceptor
increases the absorption in the UV spectrum, and thus; improves harvesting of
high energy photons.

4.3 Conclusion
In conclusion, we have successfully demonstrated the fabrication of organic
nanoparticles binary and ternary blends with an internal donor/acceptor
semiconductor heterojunction, which significantly improves charge generation
inside the nanoparticles bulk, and thus greatly enhances photocatalytic activity
compared to the nanoparticles formed from a single organic semiconductor.
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4.4 Summary and future outlook
The overall aim of this research was to improve and develop an organic
semiconductors nanoparticle for the evolution of hydrogen from water splitting in
the presence of a hole scavenger (sacrificial reagent), that can be stable under all
conditions. Organic photocatalysis were chosen due to their well-defined
constituent semiconductors which can be systematically tailored to allow rational
photocatalyst design. However, in chapter 3 the results indicated that there is no
clear concurrence in which sacrificial reagent is better than others, which is mainly
due to the conditions in every experiment is different to another, depending on (the
type of photocatalyst used, solubility, activity...).
In chapter 4, we have successfully demonstrated the fabrication of organic
nanoparticles binary and ternary blends with an internal donor/acceptor
semiconductor heterojunction, which significantly improves charge generation
inside the nanoparticles bulk, and thus greatly enhances photocatalytic activity
compared to the nanoparticles formed from a single organic semiconductor.
However, to demonstrate the viability of binary and ternary systems, and to
investigate more about the mechanism and the morphology the nanoparticles, it is
required to characterize the materials with advanced techniques such as:
1-Transmission electron microscopy (TEM), to confirm the nanoparticles coreshell morphology whether it is amorphous or crystalline structure.
2- Kelvin probe force microscopy (KPFM), to confirm the core-shell morphology
of the nanoparticles.
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3-Photoluminescence spectra measurements, pl quenching measurements will
provide an information about the life time of exciton and wither the material
efficiently mixed or not.
4- External quantum efficiencies (EQE) measurements, to measure our
photocatalyst efficiency and compare it with other benchmark photocatalyst
materials.
Finally, the nanoparticles fabrication and heterojunction optimization process
provide a forum for the infinite library of existing soluble organic semiconductors
to be combined and processed into nanoparticles photocatalysts energetically
tailored to drive a wide range of redox reactions.
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