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Abstract

A solar waste-to-fuels concept was presented to synergistically produce hydrogen fuel
from visible sunlight while remediating urea wastewater. A cascade semiconductor-catalyst
electrode assembly was designed to drive the photoconversion of urea to hydrogen. Proper band
energy alignment facilitates catalyst activation via hole transfer across the semiconductorcatalyst interface. Specifically, CdS-sensitized TiO2 with Ni(OH)2 urea electrocatalyst on
fluorine-doped tin oxide (FTO) coated glass was employed as the photoanode. The steady-state
response of the semiconductor-catalyst electrode was investigated in a photoelectrochemical cell,
and charge transfer and recombination kinetics were elucidated to identify limiting charge
transfer reactions within the electrode architecture. Back electron transfer from semiconductor to
catalyst was found to be competitive with the urea oxidation reaction, which hindered steadystate photoconversion efficiency. Furthermore, the photoanode rapidly decomposed in urea
electrolyte solutions due to the water-mediated photocorrosion of chalcogenide electrodes.
Photocorrosion of photoelectrodes is an issue limiting the application of semiconductors.
Thin dielectric layers ZnS and SiO2 were employed to reduce photocorrosion and improve
performance of photoelectrodes. ZnS and SiO2 were deposited onto CdS to study the
photostability and performance of this system. ZnS and SiO2 thin layers were deposited on TiO2CdS photoelectrodes by successive ionic layer absorption and reaction (SILAR) and sol-gel
methods, respectively. The photocurrent stability of CdS with ZnS and SiO2 improved 4 and 3
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times respectively compared to bare CdS. Transient absorption results showed slower bleach
and absorption decay due to reduced trap-mediated recombination when ZnS or SiO2 was present
on CdS photoelectrodes. Higher charge transfer resistance in the presence of ZnS or SiO2 was
indicated from electrochemical impedance measurements. Tafel plots showed that the
photocorrosion current decreased 55% for ZnS-coated CdS and 63% for SiO2-coated CdS
compared to bare CdS.
Charge kinetics and photoresponses of TiO2-CdS photoelectrodes were dependent on the
CdS nanoparticle size. The non-radiative recombination and electron transfer rate reduced with
increased CdS nanoparticle size. The photocurrent density increased 4 times when SILAR cycles
of CdS increased from 3 to 9, and then decreased with increased SILAR cycles. The stability of
photocurrent improved with increased CdS nanoparticle size.
The effect of solvent on charge kinetics in CdS quantum dots (QDs) were investigated.
Inorganic Na2SO4 aqueous solution and organic DMSO were employed to dissolve urea. The
transient absorption spectroscopy measurements showed that, the lifetime of electrons and holes
in CdS was shortest in vacuum, followed by in inorganic Na2SO4 and longest in organic DMSO.
Fluorescence and transient absorption spectroscopy measurement results indicated that urea
could passivate CdS surface states and donate electrons to CdS. Polarity and viscosity of the
electrolyte affected charge kinetics. Hole transfer rate constant from CdS to urea in Na2SO4-urea
solution was 10 times of that in DMSO-urea solution.
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Chapter 1 Introduction

1.1 Motivations and Objectives
To solve the energy crisis and environment pollution, the overall objective of this project
is to realize simultaneous urea oxidation and hydrogen generation in a hybrid
photoelectrochemical (PEC) reactor by employing visible-light absorbing semiconductors and
urea oxidation catalysts. As urea, a major component of urine, is used as the source to produce
hydrogen by solar-driven method, this project produces clean energy from waste water by
employing inexhaustible solar energy.
One objective of this research is to solve a critical issue in PEC reactors: photocorrosion
of light absorbing semiconductors. Semiconductors with straddled conduction and valence band
positions relative to the water reduction and oxidation potentials have been used for solar-driven
water splitting for decades. However, the photocorrosion is kinetically favorable compared to
water oxidation at the semiconductor-electrolyte interface, which deteriorates the performance of
the PEC reactor. This research focuses on CdS due to its visible-light absorption ability, tunable
optoelectronic properties, facile preparation method and well- known photophysical and
photochemical behaviors. Dielectric barrier layer (DBL) is proposed to be deposited on the
semiconductor surface to prevent the direct contact of semiconductor and electrolyte to suppress
the photocorrosion in semiconductors. CdS is a n-type semiconductor, the photogenerated holes
will diffuse to the semiconductor-electrolyte interface upon photoexcitation. The blocking of
direct contact of CdS and the electrolyte will prevent the water-mediated anodic corrosion. In
1

addition, the dielectric layer is sufficiently thin, which promotes spatial separation of electrons
and holes and reduce the interfacial electron-hole recombination.
Another objective of this research is to probe the charge transfer kinetics as a function of
DBL thickness, CdS QDs size, and pH value of the electrolyte in the semiconductor-catalyst
photoelectrodes to determine the most beneficial material interface parameters for promoting
charge transfer and suppressing recombination. This research incorporates semiconductor TiO2
as the mesoscopic acceptor for photosensitizer CdS, DBL and urea oxidation catalyst Ni(OH)2 to
promote simultaneous urea oxidation and hydrogen generation. Various electron and hole
transfer and recombination rates are measured at interfaces such as TiO2-CdS, CdS-DBL, DBLelectrolyte and Ni(OH)2-electrolyte. The valence and conduction band positions of CdS can be
influenced by the quantum confinement effect, that is, the band positions will change with the
size of CdS nanocrystals when their radii are less than Bohr exciton radius. The band positions of
CdS relative to the acceptor species represent a thermodynamic driving force for charge transfer.
The band offset between donor (i.e. CdS) and acceptor (i.e. Ni(OH)2) will determine the driving
force for charge transfer, and this driving force can be modulated by changing the size of CdS
nanocrystals within the quantum confinement regime. The pH value of the electrolyte can also
affect the band positions of TiO2 nanocrystals and hence change the driving force for charge
transfer from CdS to TiO2. The electron and holes transfer kinetics can also be influenced by the
thickness of DBL. The obtained carrier dynamics can provide information of the competitive
kinetic processes such as charge transfer and/or recombination within the system and hence
provide guidance on the rational selection of suitable materials and structural design for a PEC
system.
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1.2 Background
Energy is a vital key element for the world in last 40 years and has significant effect on
nature, society and economy.1 According to Global Energy Statistical Yearbook 2018, the total
energy consumption of the highest 3 countries exceeded 6000 million tonnes of Oil Equivalent in
2017, and the acceleration in energy consumption in 2017 was +2.3% compared to +1.1% in
2016. The demand for energy is increasing, however, the fossil fuels reserves are decreasing. It
is urgent to find renewable and clean energy as alternatives to fossil fuels.
Hydrogen is a potential candidate for an alternative source of energy. It is clean, efficient,
and can be derived from various resources, containing fossil fuels, nuclear energy and
renewables such as biomass, hydro, wind, solar and geothermal. Hydrogen can be used as a
direct energy source in transport such as automobiles, as power sources in homes and as
feedstock for the industry. Hydrogen is naturally abundant on Earth in both organic and
inorganic compounds such as hydrocarbons and water, therefore, hydrogen can be produced
from these hydrogen-containing substances. For example, currently the most used industrial
process for hydrogen production is water electrolysis. This method employs an electrolyzer unit
to decompose water to produce hydrogen. This method is energy-consuming as it needs
electricity. Hydrogen can also be obtained by thermal decomposition of water, however, the
process is energy-consuming too, as the temperature needs to be higher than 2500 K.2 Today,
approximately 96% of the global hydrogen production is based on steam reforming of fossil
fuels.3 Economical methods are the prerequisite for sustainable hydrogen production. Several
possible ways for sustainable hydrogen production are under investigation, including
fermentation of biomass,4 thermochemical processes,5 photobiological water splitting4 and PEC
water splitting.6 Of which, the hydrogen production from a PEC cell gains most attention as the
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energy source it uses is inexhaustible solar energy. Solar energy that can be captured and utilized
on Earth is enormous. About 3.9 ×1024 MJ incident solar energy is received on Earth’s surface
every year, which is about 10000 times more than current global energy consumption. Thus,
even only 1% of solar energy is absorbed, it is enough to meet all human energy needs.7
Of all sources to produce hydrogen, urea is gaining attention due to its nature of
wastewater. If hydrogen is produced from urea, not only the clean energy is obtained, the
wastewater is degraded. Urea has a gravimetric hydrogen content of 6.71 wt%.8 More
importantly, it is a major component of urine. Urine is the most abundant waste on Earth. About
11 millions of tons of urine are produced every day. Urea available in these urines is about 500
times more than the market need of 0.5 Mt every day. Urine is considered as a wastewater that
bring environmental issues such as nitrate contamination of ground water and soil. It is
economical and environment-friendly to produce hydrogen from urea in urine.
Steam reforming of urea was first reported in 2010.8 Nickel was employed as the catalyst
and simple hydrogen rich synthesis gas was obtained. A method to produce hydrogen from a
urea production plant was also reported in 2010. Nickel-alumina catalyst bed and palladium
membrane was combined, and 4588 tons per year hydrogen was produced and at the same time,
the environmental issue of the urea plant was solved.9 In 2009, a research reported that hydrogen
could also be produced by electrolysis of urea alkaline solution by employing Ni(OH)2 as the
catalyst. In 2010, a direct urea fuel cell was reported.10 Urea is therefore considered for both
indirect hydrogen storage and direct fuel cell supply. In 2012, urea and urine were reported to
produce hydrogen in a PEC cell without external bias by employing TiO2 and α-Fe2O3 as
photoelectrode and Ni(OH)2 as catalyst,11 starting the new chapter of hydrogen production from
urea by solar energy.
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1.3 Photoelectrochemical Cells
1.3.1 Principles
Photoelectrochemical (PEC) cells are liquid-junction solar cells that utilize a
photoelectrode consisting of semiconductors to convert light energy into electricity.12–14 There
are 3 steps in a PEC device needed to convert light energy into electrical current: (1) light
absorption in the photoelectrode, (2) generation, separation and transport of photogenerated
electrons and holes, (3) reduction and oxidation reactions in electrolyte. Upon photoexcitation,
semiconductors generate electrons and holes.15 The minority carriers are transported toward
photoelectrode-electrolyte interface to drive a redox half-reaction, and the majority carriers are
transported toward the counter electrode via external circuit to drive the other redox half-reaction.
For n-type semiconductors, holes are the minority carriers, and they are transferred across the
photoelectrode-electrolyte interface to drive oxidation reactions. For p-type semiconductors,
electrons are the minority carriers, and they drive reduction reactions at the photoelectrodeelectrolyte interface. The simplest PEC device consists of a photoelectrode made of one
semiconductor and an electrolyte. Photoelectrodes consist of multiple semiconductors, catalysts
and conduction layers are more frequently used to maximize the light absorption and overall
PEC performance. A schematic illustration of PEC is shown in Figure 1-1.16,17
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Figure 1-1. Schematic illustration of a photoelectrochemical cell to convert light energy into
electricity. This figure is reprinted from reference 16.
1.3.2 QDs-sensitized Photoelectrodes
Solar cell technologies have evolved into 3 generations. The first generation is based on a
single crystalline semiconductor wafer. The second generation is based on inorganic thin films.
They are cheaper to produce but the efficiency is lower than the first generation. The third
generation is emerged to reach a higher efficiency at a lower cost, such as dye-sensitized solar
cells (DSSCs) and quantum dots-sensitized solar cells (QDSSCs). Low- cost and high-efficiency
solar cells were first introduced as dye-sensitized solar cells with inorganic ruthenium-based
dyes in early 90s.18 From then on, extensive researches have been focused on the development
and characterization of different dyes for application in DSSCs, such as nature dye materials19
and synthetic organic dyes.20 Based on the DSSC’s structure, QDs were first introduced as a
replacement of dye due to its excellent opto-electronic properties and facile QDs fabrication
methods.21–32
QDs sensitizers have many advantages compared to dye sensitizers.33–35 First,
semiconductor QDs can absorb light with energy equal to or larger than their bandgap, which
means one QDs sensitizer can absorb a wide range of solar spectrum,36 while one dye sensitizer
usually has a narrow absorption band.37 Second, dyes absorb on mesoporous substrate by
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monolayer, while multilayer QDs can be deposited, which extends light absorption.38 Charges
are then transported through the thin film of QDs.39–41 Third, the tunable light absorption
properties of QDs are highly desirable for specialty solar cell design. The quantum confinement
effect enables a variety of unique optoelectronic properties and is applicable to very small
nanocrystals with a single spatial dimension less than the Bohr radius/length.
Appropriate sequential size arrangement of QDs can absorb the entire solar spectrum and
obtain higher electron transfer rates.42 QDs can also transfer “hot” electrons.43–45 “Hot” electrons
and holes generate upon photoexcitation of QDs, and electrons transfer to the mesoporous metal
oxide layer before “cooling,” which can generate higher open circuit potentials. Finally, QDs
exhibit multiple exciton generation,46,47 where more than one pair of electron-hole pairs are
generated upon absorption of a single photon.48 Each of these unique characteristics can serve to
enhance the conversion efficiency of

photoelectrodes employed in a multitude of solar

conversion applications.
Nanostructured semiconductor films have been employed in PEC devices to generate
photocurrent.49–51 DSSCs and QDSSCs were developed based on the nanostructure
semiconductor film. A mesoporous wide band gap semiconductor layer on a conducting glass is
used as the photoelectrode to attach QDs. Typically, TiO2 is chosen as the mesoporous
semiconductor. The mesoporous TiO2 is coated with these QDs using colloidal QD or in situ
fabrication.52,53 Upon photoexcitation, semiconductor nanoparticles generate electrons and holes.
Unlike single crystal semiconductor, nanoparticles are usually smaller than 10 nm that there is no
space charge layer in which electrons and holes are separated. Nanostructured semiconductor
assemblies like TiO2-CdS separate charges via kinetics of the interfacial charge transfer reactions
being faster than the recombination kinetics. Photogenerated holes are scavenged by the
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electrolyte to drive the oxidation reaction, and electrons transport through the nanoparticles and
reach the counter electrode via external circuit and drive the reduction reaction. TiO2 is one of
the most and earlies semiconductors researched in the form of suspensions,54 nanostructured
films55 and dye and semiconductor QDs-sensitized solar cells. 56 Figure 1-2 takes QDs-sensitized
TiO2 as the example to schematically show the working principles of a PEC cell.57
To improve the charge separation, composite films with two or more semiconductors
with appropriate band alignment are used to constitute the nanostructured photoelectrode, and
QDs-sensitized photoelectrode is one type of composite films. The composite films have the
staggered band alignment58 as is shown in Figure 1-2 to facilitate the separation of electrons and
holes, such as in TiO2-CdSe QDs-sensitized photoelectrodes.59 In staggered configuration,
electrons will be injected into the lower lying conduction band of the large bandgap
semiconductor, this is, TiO2 in TiO2-CdSe composite film, increasing the separation of electrons
and hole. Besides, the light absorption range is expanded in staggered configuration since it
consists of semiconductors with different bandgap. In addition, the high porosity and surface
area of mesoscopic TiO2 semiconductor films enables the incorporation of QDs such as CdS and
CdSe60–62 as well as increase the contact area of the photoelectrode with the electrolyte, and
hence increase the light absorption. The staggered configuration has been extensively researched
in past decades, containing metal chalcogenide-metal oxide such as CdS-TiO2,63,64 CdSe-TiO2,65–
68

CdS-ZnO,69–72 ZnSe-ZnO,73 ZnO-ZnS,74 CdS-SnO2,75–77 CdSe-SnO2,78–81 metal oxide-metal

oxide such as SnO2-TiO2,82,83 and metal chalcogenide-metal chalcogenide such as CdS-PbS.84
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Figure 1-2. Schematic illustration of a photoelectrochemical cell consisting of QDs-sensitized
photoelectrode. This figure is reprinted from reference 57.

1.3.3 Preparation of QDs-sensitized Photoelectrodes
Different preparation methods yield particles or films with different surface area,
morphology and grain boundary density, which affect the performance of photoelectrodes. For
example, high surface area films consisting of nanoparticles have high density of grain boundary,
which increase electron and hole recombination.85,86 Thus, various film preparation methods
have been developed to achieve various functionalities. Generally, these methods can be divided
into two categories: surface attachment through molecular linkers of ex-situ pre-synthesized
colloidal nanoparticles and in-situ fabrication.
For ex-situ fabrication, QDs are pre-synthesized and adsorbed on the mesoporous
semiconductor surface directly or by employing molecular linkers that have various functional
groups. Before attachment of QDs on the electrode, QDs are first pre-synthesized in solution by
employing capping agents. Capping agents are used to control the nanoparticle size and shape.
The most used capping agents in QDs synthesis such as CdS and CdSe QDs are
trioctylphosphine oxide (TOPO) and mercaptopropionic acid (MPA). QDs are usually washed
several times before attachment after synthesis. The electrode is then immersed in a solution of
9

QDs containing bifunctional molecular linkers, one functional group of the linker attaches onto
the electrode surface and the other attaches to the QDs. The functional linker molecules are
employed for assisting dispersion and stabilization of the QDs.87 The advantage of the ex-situ
fabrication is the controllability of the QDs particle size. The drawback is that it typically takes
anywhere from a few hours to a few days to attach the QDs onto the electrode, greatly
lengthening the fabrication time.
In situ fabrication is the most used method to deposit QDs on mesoporous
semiconductors. This technique is facile and cost-effective and can be used in large scale
production. Chemical bath deposition (CBD) and successive ionic layer adsorption and reaction
(SILAR) are the most used technique for in-situ deposition. CBD deposits QDs in solution and
involves nucleation and particle growth. In a typical process of CBD, cationic and anionic are
separately prepared and then placed together to form the bath deposition solution. The electrode
is then immersed in the bath, slow reactions occur and QDs are deposited on the electrode. The
amount of QDs deposited can be controlled by immersion time, bath temperature, pH of the
solution and concentration of reactants. Various QDs such as CdS and CdSe have been
successfully deposited on semiconductors.88 The main disadvantage of this technique is the
wastage of bath after every deposition.
SILAR is a subclass of CBD. SILAR is fast, reproducible and less expensive. In SILAR
method, QDs are in-situ deposited on mesoporous semiconductor with wide band gap. TiO2 is
the most used mesoporous semiconductor in QDs-sensitized photoelectrode. In a typical
preparation, TiO2-coated photoelectrode is first dipped into the cationic precursor solution for a
certain time, followed by rinsing and drying. The photoelectrode then is dipped into the anionic
precursor solution followed by rinsing and drying. The two-step dipping is regarded as 1 cycle of
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SILAR. The size of the deposited QDs on TiO2 can be controlled by the number of SILAR
cycles. This method has been used to synthesize CdS, CdSe and CdTe onto TiO2 films. CdSsensitized electrodes have been prepared using SILAR for a long time because the precursors
Cd2+ and S2- are simple and stable in air. For example, successively immersing a TiO2 film in
Cd2+ and S2- solutions will get a thin film of CdS nanocrystals. The color changes from light
yellow to orange with increased SILAR cycles, indicating the formation of CdS on TiO2.
Compared to ex-situ preparation method, SILAR gives a larger distribution of particle size.89
SILAR is especially useful to fabricate electrodes with coupled or multicomponent films. Several
layers of semiconductor film with staggered band alignment and co-sensitization can be easily
fabricated by SILAR. This sequential band alignment ensures efficient light absorption, electron
and hole separation and extension of electrons and holes lifetime, which makes high efficiency
of QDSSCs.
1.3.4 Corrosion of Photoelectrodes
The durability, reliability, and robustness of photoelectrodes are key factors for
advancing large-scale production of economical solar cells. However, 3 types of corrosion can
take place at the photoelectrode-electrolyte interface: chemical, electrochemical, and
photoelectrochemical.90 Chemical corrosion of semiconductors is due to chemical interactions
with the surrounding environment and does not involve charge transfer across the
semiconductor-electrolyte interface, and this type of corrosion can occur without irradiation. For
example,

corrosion

of

silicon

occurs

in

alkaline

media.91

Electrochemical

and

photoelectrochemical corrosion both require net charge transfer across the semiconductorelectrolyte interface. For the electrochemical corrosion, majority charge carriers are involved in
corrosion reactions. For the photoelectrochemical corrosion, photoexcited minority charge
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carriers, that is, holes in n-type semiconductor, electrons in p-type semiconductor, are involved
in corrosion reactions. The photoelectrochemical corrosion is one of the biggest issues limiting
the performance of photoelectrochemical cells.
For a n-type compound semiconductor MX (M = Cd, Zn, Ga, Ti, X = S, Se, Te, N, etc.)
used as the photoanode for water splitting, the valence band maximum (VBM) should be lower
than the water oxidation potential. However, the photogenerated holes may oxidize the
semiconductor itself, the so-called photocorrosion, leading to the decomposition of the
semiconductor (Figure 1-3):92
MX + zh+ ⇌ Mz+ + X

Similarly, the photocathode will be reduced by photogenerated electrons:
MX + ze− ⇌ M + Xz−

Figure 1-3. Schematic representation of the band alignment of the p-type and n-type
photoelectrode relative to the water redox potentials. ϕox and ϕre represents the oxidation
potential of the photoanode and reduction potential of the photocathode in aqueous solution,
respectively. This figure is reprinted from reference 92.
For most semiconductors, the photocorrosion products are non-photoactive. The
insoluble products form a thin layer on the photoelectrode surface, which hinders the
photoelectrode light absorption and charge transfer at the photoelectrode-electrolyte interface.
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The thin layer formation leads to deterioration in the performance of the PEC cell.93 Continuous
photocorrosion leads to the accumulation of insoluble products and dissolution of ions, which
destroy the photoelectrode and induce failure of the PEC cell. In order to maintain the stability of
the photoelectrode, the cathodic decomposition potential of the semiconductor should be less
positive than the reduction potential, that is, E(H+/H2) in water splitting, and the anodic
decomposition potential of the semiconductor should be more positive than the oxidative
potential, that is, E(O2/H2O) in water splitting,
Researchers92 have revealed that all commercial non-oxide semiconductors have the
tendency to the anodic corrosion, and only a few can resist the cathodic corrosion. For example,
Young94 showed unmodified GaAs photocathodes were stable for a maximum of 120 h in 3 M
sulfuric acid. Oxide semiconductors are usually stable against cathodic decomposition, but only a
few of them such as TiO2, BiVO4 and Co3O4 are stable against anodic decomposition.92 Some
semiconductors can maintain good stability regardless of photocorrosion. For example, Zhou95
showed Cu2V2O7 photoanode was stable in alkaline electrolyte. Even though the photocorrosion
occurred, a passivation film was generated on the surface, which protected the photoanode.
There is a critical thickness of the passivation film where the charge transfer resistance at the
electrode-electrolyte interface reaches a point where the performance of the electrode is impacted.
When the passivation layer is thinner than a critical thickness, the impact of the passivation layer
on performance of the photoanode is not significant. However, if the passivation layer is thicker
than a critical thickness, charge transport is prohibited, and recombination of electrons and holes
increases because of vacancy defects, leading to the significant reduction of performance.
Various kinetic factors need to be studied to reveal the dissolve rate of photoelectrodes. For
example, addition of co-catalysts is one way to limit the rate and selectivity of the
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photodecomposition.96 However, it is noted that the degradation of the co-catalyst may accelerate
the corrosion of photoelectrodes. Some researchers studied the passivation rate of
photoelectrodes. For example, Lai et al97 employed the scanning electron microscope (SEM) to
study the kinetics of photodecomposition of the n-type GaAs photoelectrode-electrolyte
Fe2(SO4)3/H2SO4 interface. The results showed that the rate constant was 0.5-order dependent on
the concentration of Fe3+. They found that at low irradiation intensity, passivation formation was
limited by the electrons and holes generated and transportation of charges to the photoelectrodeelectrolyte interface, while at high irradiation intensity, it was limited by the mass transfer rate in
the electrolyte. The research on the passivation formation rate can predict the lifetime of a PEC
cell and help to improve the design of device.
1.3.5 Protection of Photoelectrodes
1.3.5.1 Hole or Electron Scavengers
Researches have shown that in semiconductors, different electron and hole transfer rates
into the electrolyte will lead to the accumulation of one carrier within the film.98,99 For instant,
for n-type photoelectrodes, electrons accumulate in the semiconductor film in the presence of a
hole scavenger, and accumulated electrons subsequently transport through grain boundaries to
the conductive glass, and then transfer to counter electrode via external circuit. As the hole
scavenger takes the holes, photooxidation by photogenerated holes will be significantly reduced
or eliminated. Sacrificial redox scavengers such as halides,100 EDTA,101 Fe (CN)64−,102 S2−and
SO32−,103 were employed to capture photogenerated holes and prohibit the photocorrosion.
Besides, the recombination of electrons and holes is greatly reduced, and the efficiency of
photocurrent is enhanced. Similarly, for those p-type photoelectrodes, the addition of electron
scavenger will prevent the reduction of the semiconductor by photogenerated electrons.
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1.3.5.2 Protective Layers
Techniques to Deposit Protective Layers
The deposition method will affect the uniformity, structural and electronic properties and
hence influence the stability and performance of photoelectrodes.104 Different thin film
deposition techniques such as physical vapor deposition (PVD), chemical vapor deposition
(CVD), atomic layer deposition (ALD), electrophoretic deposition (ED) and sol-gel have been
employed to deposit protective films with high quality.105,106
PVD techniques, such as magnetron sputtering, thermal evaporation, electron-beam
evaporation can control the thickness and composition of the protective film. The main
disadvantage of this technique is that it may result in inhomogeneous deposition on structured
semiconductor surfaces. Conditions such as chamber pressure can be altered to solve this
problem. Magnetic sputtering is the most used PVD methods, however, it has drawbacks too.
For example, it may cause damage to the semiconductor surface because of its high-energy
ions.107
CVD techniques have also been employed to deposit protective layers on photoelectrodes.
In a typical CVD, the semiconductor is exposed to one or more volatile precursors, which react
with each other or decompose to deposit a thin layer on photoelectrodes. During the reaction
process, volatile by-products are also generated, which can be removed by gas flow through the
deposition chamber. CVD has its limitations, for example, the precursor volatility, stability and
reactions between precursors will affect the stoichiometry and composition of deposited film.
CVD is usually used to deposit conformal films on surfaces where other surface modification
methods are not effective.
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ALD is a subclass of CVD. It employs sequential and self-limiting reactions on the
semiconductor surface, and it is suitable to deposit conformal and uniform thin layers on high
aspect-ratio or porous semiconductors.108 Compared to PVD and CVD, ALD can precisely
control the thickness of deposited film. Due to these merits, it is extensively employed to deposit
protective thin layers on mesoporous photoelectrodes, leading to enhancement in stability and
efficiency of PEC cells.105
ED is a well-known method that utilizes an electric current to deposit thin layers on a
material. It can deposit films on high aspect-ratio materials. The limitation of this technique is its
deposition conditions such as the liquid environment, and this technique can’t be employed to
deposit compact and pinhole-free coatings. It is extensively studied on catalyst formation such as
electrodeposition of Co and Ni oxides,109 as this technique is frequently used to deposit porous
films, which can maximize the number of sites for catalysis. However, the porosity of the
deposited film limits its application on protection of photoelectrodes.
Sol-gel involves conversion of monomers into a colloidal solution (sol), and this sol is the
precursor to further form integrated network (gel) of particles. This technique attracts interest
due to its low cost and easy implementation. It has been applied to deposit thin protective films
on semiconductors, such as ultrathin films of ZnS, Mn-doped ZnS, ZnO, and SiO2 on silicon
substrates.110 However, thin films obtained by sol-gel are usually porous, limiting its use in
protective films.111,112
Materials of Protective Layers
Metals. Metal films such as Pt, Pd, Ni, Au and Ru need to meet two requirements to be
used as the protective layer: thermodynamic stability and transparency to incident illumination.
Anodic corrosions occur on some metal films, resulting in a porous structure in the film.91 The
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protective films should be thicker than the anodization depth, which can be measured by
employing X-ray photoelectron spectroscopy (XPS).113 However, the protective film should be
thin enough to be transparent to ensure the light absorption. That is, there is a thickness balance
between optical transparency and protection. Besides, these metals are excellent catalysts for
reactions such as the hydrogen evolution reaction and oxygen evolution reaction, and therefore,
they can be the protective layer as well as co-catalyst for reactions. In the late 1970s, metal thin
layers of Au, Pd, and Ag were deposited by electron-beam evaporation or sputtering on GaP and
Si photoanodes to prevent photocorrosion.114 A thin layer of nickel with a thickness of 2 nm was
deposited by electron beam evaporation to protect Si photoanodes in 1 M KOH for 12 h and in a
borate buffer for 80 h.115 The nickel film deposited functioned as the surface protection layer and
electrocatalyst for the oxygen evolution reaction. An Ir thin film with a thickness of 4 nm was
also used to protect Si photoanodes in 1.0 M H2SO4 for 18 h.116
Metal oxide protective layers. Metal oxides are the most used thin layers to protect
photoelectrodes due to their chemical stability and optical transparency. There are three
subcategories of metal oxides: (1) transparent conductive oxides (TCO), (2) catalytically active
metal oxides, and (3) catalytically inactive metal oxides.104 TCOs such as indium-doped tin
oxide (ITO) and fluorine-doped tin oxide (FTO) can protect semiconductors in near-neutral pH
aqueous electrolytes. ITO in combination with electrocatalysts such as RuO2 and Fe2O3 have
been employed as the protective layer on both n-type and p-type Si photoelectrodes,117,118
showing stability of more than 3 h in 1.0 M potassium borate buffer. n-GaAs and GaP119 were
also protected by ITO. ITO was also combined with Au and NiOx thin films to protect the Si p−n
junction, showing stability longer than 2.5 h in 1.0 M NaOH.120
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Catalytically active metal oxides have also been widely studied as protective coatings.
The metal oxide films have two functions: protection and catalysis. Researchers have employed
techniques such as ALD and PVD to deposit transition-metal oxide thin layers such as cobalt
oxide,121 nickel oxide,122 iron oxide123 and manganese oxide123 on Si photoanodes. A nickel
oxide layer was sputtered onto Si photoanodes to be the protective layer and electrocatalyst for
the oxygen evolution reaction in aqueous alkaline solutions. The nickel oxide-coated Si
photoanodes showed an excellent stability of 1200 h against corrosion with almost constant
efficiency.124 Oxygen-evolution catalyst IrOx·nH2O was prepared by hydrolysis and applied on a
CdSe/CdS QDs co-sensitized ZnO nanowire photoanode in a PEC hydrogen generation system.
The deposition of IrOx·nH2O on photoelectrode surface significantly enhanced photoelectrode
stability. The photocurrent was about 95% of the initial value after 3 h illumination.125 Nb2O5
nanoparticles with diameter around 3, 6 and 9 nm were synthesized and linked to CdS films via
thioglycerol as an organic linker. The nano-Nb2O5-modified photoanode showed a 23-fold
higher power conversion efficiency compared to that of bare CdS. Nanoparticles on the CdS
surface protected CdS, and the CdS photoanode was stable for more than 4 h, while the bare CdS
decomposed completely in tens of minutes.126
Catalytically inactive metal oxides with wide band gap such as TiO2, ZnO, and Al2O3
have been studied as barrier layers to protect photoanodes. The thin layer of metal oxides is used
as a barrier to photogenerated holes transport due to the valence band offset between the
protective metal oxides and photoelectrode semiconductors.127 Chen et al128 employed ALD
technique to deposit a uniform layer of TiO2 with a thickness of 2 nm on Si. Optically
transmitting layer of 3 nm iridium was used as the catalyst for water oxidation. The TiO2 and
iridium coated electrode was stable in many hours in harsh pH environments, while the one
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without protective layer quickly failed. Hu et al129 deposited TiO2 coatings with a thickness of
4 to 143 nm by ALD on Si, and a thin layer of NiOx was used as electrocatalysts for water
oxidation. The protective Si photoelectrode showed stability of more than 100 h in oxidation of
1.0 M aqueous KOH. Similarly, combination of Pt or other electrocatalysts and TiO2 films
deposited by ALD have been used to stabilize Cu2O130 and InP131 photocathodes in aqueous
acidic solutions. II–VI semiconductors such as CdS, CdTe, CdSe, ZnTe are the most used
semiconductors due to excellent photocatalytic properties. However, they all have
photocorrosion in aqueous electrolytes and need protection layers if employed as photoanodes.
TiO2 is the most used metal oxide to passivate surface to reduce charge recombination at surface
states, increase the reaction kinetics and protect the semiconductor from corrosion. Yu
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employed ALD to deposit a TiO2 thin film with a thickness of 2 nm on the CdS QDs-sensitized
photoelectrode. TiO2 protective layer was thin enough that it didn’t affect the charge transfer, and at
the same time, it reduced the charge recombination, enhanced the efficiency and prevented the
photocorrosion of CdS QDs in the I−/I3− electrolyte. The photoelectrode was completely stable for at
least 20 min under irradiation and reduced to about 70% of its original value after 1 h of irradiation.
Lewis et al.101 deposited an amorphous TiO2 layer with a thickness of about 140 nm on CdTe by
employing ALD and incorporated a thin layer of NiO as the oxygen-evolution electrocatalyst.
The photoelectrode was stable for 4 days under the protection of the double layers.
1.4 Solar-driven Hydrogen Production from Urea
1.4.1 Hydrogen Production by PEC Water Splitting
Hydrogen is considered a promising alternative energy source and can be produced from
different renewable energy sources. It can also be stored and efficiently converted into electrical
and thermal power.133 Solar energy is the largest renewable energy source, providing energy
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greater by an order of magnitude than current energy needed by human being.134 During the last
few decades, the PEC research has focused on the development of earth abundant materials for
the PEC hydrogen production.135–138 Of which, photoelectrochemical water splitting is an
attractive and clean method for the hydrogen production.15
The thermodynamic requirement for solar-driven hydrogen production via water splitting
is that the semiconductor conduction and valence band positions straddle the water reduction and
oxidation potentials, respectively. This translates to the necessity for the semiconductor
conduction band to be more negative on the electrochemical energy scale than the water
reduction potential, i.e. 0 V vs. NHE. A number of n-type semiconductors demonstrate the ability
for hydrogen evolution from reduction of water.139 Under irradiation, the semiconductor will
absorb light and undergo an electronic transition that promotes an energetically excited electron
into the conduction band, which generates electron-hole pairs to carry out the interfacial
chemical redox reactions. If we introduce the semiconductor into a photoelectrode and assemble
a photoelectrochemical reactor, electrons will then transfer to the cathode through the connecting
wire to reduce water while holes diffuse to the semiconductor-electrolyte interface and oxidize
water.140 The photogenerated electrons and holes can also recombine, however, if the electron
and hole transfer rate is higher than the recombine rate, the reduction and oxidation reactions are
kinetically favored and chemical products can be obtained.
The wide band gap semiconductor TiO2 has been researched extensively in unbiased
water splitting since the pioneer work of Fujishima and Honda in 1972141 because of its stability
and environmentally benign nature. However, its wide band gap of ~3.2 eV (anatase) limits its
visible-light absorption and therefore the overall rate of water splitting. Photosensitizers that can
absorb visible light were then proposed to improve the efficiency of TiO2. CdS has a band gap of
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~2.4 eV and straddled conduction and valence band positions relative to the water reduction and
oxidation potentials, hence it has been investigated as the water splitting hydrogen production
photocatalyst for decades.142 Photosensitization of mesoscopic TiO2 by semiconductor
nanocrystals with narrow band gap such as CdS (~2.4 eV, bulk) and CdSe (~1.8 eV, bulk)
extends the photoresponse of TiO2 through the formation of a donor-acceptor heterostructure.
This configuration allows photoexcited electrons to transfer from the photosensitizer conduction
band to the acceptor (i.e. TiO2) conduction band, which is at a more positive position. The
mesoscopic TiO2 network also significantly increases the total surface area of the
photosensitizer-TiO2 interface and reduces the diffusion length a charge carrier must travel to
reach the interface.
CdS-sensitized TiO2 has been investigated extensively and shown improved incident
photo-to-current efficiency.158 The transfer rate from CdS can be accelerated by increasing the
thermodynamic driving force by increasing the band position offset between CdS and TiO2. The
band positions can be tuned through quantum confinement effects of CdS and pH value of the
electrolyte. CdS has the self-oxidation by photogenerated holes. This occurs on the surface of
CdS in an aqueous environment because the CdS corrosion potential lies above the valence band
on the electrochemical energy level,159 which provides the thermodynamic driving force for hole
transfer to the corrosion states. Also, the oxygen evolution reaction is inherently slow,160 causing
difficulty kinetically competing with the water-mediated surface corrosion.
1.4.2 Hydrogen Production from Urea
Urea [CO(NH2)2], a major component of human urine, has been proposed as a source of
hydrogen as it has a gravimetric hydrogen content of 6.71%.8 Also, it is stable, non-toxic and is
environmentally benign. Direct conversion of urine and urea to hydrogen via electrochemical
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oxidation by employing an inexpensive nickel catalyst was reported in 2009.161 In an alkaline
urea electrolytic cell, urea is oxidized at the anode. During the hydrogen production process, Nicontaining catalysts are needed to decompose the urea. Results reveal that urea dissociates at the
nickel and hydroxide group and NiOOH can catalyze urea in electrochemical research. The
catalyst Ni(OH)2 was oxidized to NiOOH at the anode at 0.49 V vs. standard hydrogen electrode
(SHE), and then NiOOH oxidized urea and was reduced to Ni(OH)2. On the cathode, alkaline
reduction of water occurred at -0.83 V vs. SHE. The overall electrolytic cell potential of 0.37 V
is thermodynamically required to electrolyze urea at standard conditions. Compared to the
potential needed to electrolyze water 1.23 V, hydrogen production from urea is theoretically 70%
cheaper. The electrochemical method to produce hydrogen from urea requires external power
and hence is energy-consuming.
Solar-driven hydrogen production from urea as a renewable and energy-saving way was
proposed in 2012.11 Hydrogen directly released from urea and human urine in a PEC cell, with
the assistance of Ni(OH)2 modified photoanodes TiO2 and α-Fe2O3. Upon photoexcitation, TiO2
and α-Fe2O3 generated electrons and holes. Photoexcited holes were captured by urea and
oxidized urea, while photoexcited electrons transferred to the counter electrode via external
circuit to reduce water to produce hydrogen. Continuous and stable hydrogen was observed at
the counter electrode in both urea and urine electrolyte under irradiation of 100 mW/ cm2.
Hydrogen production from urea driven by solar energy is a sustainable, safe, energy-saving and
environmental-friendly technique.
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Chapter 2 Ni(OH)2 as Hole Mediator for Visible Light-Induced Urea Splitting

2.1 Introduction
Increasing depletion of fossil fuels and concerns about the environment drive the demand
for clean and renewable energy. Hydrogen is a potential substitute for fossil energy due to its
ubiquity and environmentally friendly properties.1-2 Solar-driven methods for the production of
hydrogen from water present an ideal path forward since solar energy flux is more than 6,000
times greater than current global energy demand.3-4 However, direct solar water splitting
employing photoelectrochemical reactors suffer predominately from photocorrosion as a result of
the slow oxygen evolution reaction (OER) kinetics, which facilitates the more rapid
photocorrosion reaction in nearly all visible absorbing semiconductors with appropriate band
energies to carry out the necessary redox half reactions. In fact there exists a theoretical
relationship between the potential for a semiconductor to undergo photocorrosion and the
magnitude of its band gap. Hence, wide band gap semiconductors such as TiO2 offer stability
against photocorrosion in water splitting reactions but are significantly constrained by their
inability to capture and convert visible sunlight.
Urea [CO(NH2)2] is a major component of human urine with a gravimetric hydrogen
content of 6.71% and has been proposed as a renewable source of hydrogen.5 Urea is chemically
stable, widely available in global excess, non-toxic, non-flammable, and is the predominant
component of human and animal urine, which is produced at rates of millions of tons per day. An
economical means to produce hydrogen from urea has been a topic of increasing interest as the
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world looks to renewable sources of energy. Decomposition of urea to ammonia with subsequent
high temperature cracking is not cost effective for hydrogen extraction, however electrolysis of
urea solutions to produce hydrogen has garnered significant research focus.6-9 Ni-based oxides
have been shown to exhibit catalytic behavior toward urea decomposition, which is inspired from
the Ni-containing urease metalloenzyme responsible for the hydrolysis of urea in nature. For
example, Ni(OH)2 can be employed at the anode while water is reduced at the cathode of a urea
electrolysis reactor. Urea has a theoretical oxidation potential (based on Gibb’s free energy) of 0.46 V vs. SHE, which brings the thermodynamic operating potential for such an electrolyzer
down from 1.23 V to 0.37 V. Mechanisms of biocatalytic10-12 and electrochemical decomposition
of urea over nickel-based catalysts7 have been investigated experimentally and theoretically and
is thought to proceed through NiOOH catalytic intermediate.6, 9, 11, 13 A photoelectrochemical
reactor provides an opportunity to directly convert urea to hydrogen gas, which translates into
simultaneous conversion and storage of solar energy. This concept was previously demonstrated
using a TiO2-Ni(OH)2 coupled semiconductor-catalyst architecture.14 The reactor demonstrated
stable photocurrent in 3-electrode configuration over the course of several days, but stability is
not an issue for the robust TiO2 system in aqueous solutions. The limitation presented by TiO2 in
practical solar conversion is its lack of visible light absorption due to wide band gap at 3.5 eV.
In this chapter, we extend the light absorption of the TiO2-Ni(OH)2 photoelectrode
through photosensitization with CdS nanocrystals. CdS-sensitized TiO2 has been researched
extensively as photoanode in quantum dot sensitized solar cells.15-31 CdS was also an early
candidate for solar water splitting, given its straddled conduction and valence band positions
relative to the water reduction and oxidation potentials.32-44 However, OER cannot compete with
the water-mediated photocorrosion reaction at the electrode-electrolyte interface, leading to
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electrode disintegration and failure.45-59 The current approach represents a maiden effort in
developing a mid-band gap semiconductor-catalyst architecture (CdS-Ni(OH)2) that can harness
urea as sacrificial electron donor for the sustainable production of hydrogen by side-stepping
OER. We have probed the charge carrier transfer and recombination kinetics to provide insight
into the photoelectrochemical performance of the semiconductor-catalyst architecture.
2.2 Experimental
2.2.1 Materials and Methods
Quantum dot-sensitized photoanodes were constructed using a fluorine-doped tin oxide
(FTO) as substrate. FTO was cut to 6 cm × 0.8 cm (length × width) and subjected to
ultrasonication in detergent solution, deionized water (DI) and ethanol for 30 mins, respectively.
Cleaned FTO substrates were immersed in TiCl4 solution (40 mM) and heated to 70 °C for 30
min to deposit a blocking layer, followed by DI and ethanol rinse and then annealed at 500 °C
for 30 min. DSL 18NR-T TiO2 paste was bladed onto a 0.8 cm2 active area and dried at ambient
temperature for 1 h and 80 °C for 1 h, then annealed at 500 °C for 1 h. Finally, a post-TiCl4
solution treatment was conducted to increase the roughness of surface following the same
procedure as to deposit the blocking layer. CdS-sensitized TiO2 photoanodes were prepared via
the successive ionic layer absorption and reaction (SILAR) by using cadmium sulfate (0.1 M)
solution and sodium sulfide (0.1 M) solution for ten cycles (1 min immersion and 30 s rinse with
DI water). Ni(OH)2 was prepared via SILAR by using nickel chloride (0.1 M) solution and
sodium hydroxide (0.1 M) solution for 1 cycle (1 min immersion and 30 s rinse with DI water).
2.2.2 Materials Characterization
X-ray diffraction (XRD) analysis was performed using a Bruker D8 diffractometer with
Cu Kα as the source. Morphology and composition analysis were carried out by employing a
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JEOS JSM-7000F scanning electron microscope (SEM) equipped with energy dispersive X-ray
spectroscopy (EDS).
2.2.3 Electrochemical and PEC Measurements
Electrochemical and photoelectrochemical measurements were carried out using a
Gamry Interface 1000 potentiostat in a three-electrode configuration. The active area of the
photoanode for electrochemical and photoelectrochemical measurement is 0.8 cm2 and 0.2 cm2,
respectively. A 150 W Xe lamp with an AM 1.5G filter was used to irradiate cells at 100
mW/cm2. Cyclic voltammetry and linear sweep voltammetry measurements were recorded by
sweeping potential at 10 mV/s and 50 mV/s, respectively.
2.2.4 Optical Measurements
An Agilent Cary 60 spectrophotometer was used to record UV - visible absorption
spectra of CdS-sensitized TiO2 electrode (with and without Ni(OH)2). Transient absorption (TA)
measurements were recorded using a Clark MXR CPA-2010 (fundamental wavelength 775 nm,
pulse duration 150 fs, pulse energy 1 mJ, repetition rate 1 kHz) incorporating Helios software
provided by Ultrafast Systems. The fundamental laser output was split into a pump light and a
probe light, which account for 95% and 5%, respectively. The probe light beam passed through
an optical delay stage and then was focused on a Ti: sapphire crystal to provide a white light
continuum. The pump light beam was directed through a second harmonic frequency doubler to
produce the 387 nm pump light beam. All samples investigated were placed in a quartz cell.
Based on the designed experiment, the quartz cell was pumped vacuum or filled with degassed
solution.
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2.3 Results and Discussions
2.3.1 Photoanode Fabrication and Characterization
Photoanodes were prepared by employing the successive ionic layer adsorption and
reaction (SILAR) procedure for CdS deposition onto mesoscopic TiO2 architecture to form FTOTiO2-CdS electrode. The Ni(OH)2 catalyst layer was subsequently deposited using SILAR with
successive immersion into Ni2+ (NiCl2) and OH- (NaOH) baths (CdS-Ni hereafter referring to
FTO-TiO2-CdS-Ni(OH)2 electrode). XRD results presented in Figure 2-1A show peaks
associated with crystalline phases on the CdS-Ni electrode, and we observe the successful
deposition of β-Ni(OH)2 on cubic CdS film. UV-Visible absorption spectroscopy (UV-Vis) was
carried out to evaluate the light absorption of the photoelectrode with and without Ni(OH)2
catalyst layer. Ideally, non-photoactive components of the electrode are transparent to the
photons in the region of the semiconductor band gap; otherwise, parasitic light absorption by the
catalyst layer reduces the maximum obtainable photoconversion by the semiconductor. A
comparison of the UV-Vis spectra for CdS and CdS-Ni electrodes presented in Figure 2-1B show
the Ni(OH)2 layer is transparent at all relevant wavelengths, and the CdS absorption onset is
~525 nm. Further characterization using scanning electron microscopy shows the CdS film
consists of a highly porous architecture with aggregates of CdS-Ni(OH)2 decorating the surface
as observed in Figures 2-1C and 2-1D. EDS analysis further confirms the presence of Ni on the
CdS-Ni electrode (Figure 2-1E and table 2-1). The Ni content is minimal (~0.3 atomic %) since
Ni(OH)2 was prepared in this sample by 1 immersion cycle using SILAR.
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Figure 2-1. Characterization of CdS-Ni photoanode prepared on TiO2 mesoscopic support.
(A) XRD results with characteristic peaks identified for CdS and β-Ni(OH)2, (B) UV-visible
absorption spectra comparison between (a) CdS and (b) CdS-Ni, (C-D) scanning electron
micrographs of the CdS electrode following Ni(OH)2 deposition. (E) EDS results
corresponding to TiO2/CdS/Ni(OH)2 photoanode. Nickel is detected at very low
concentrations as a result of the minimal thickness of the catalyst after only 1 immersion cycle
following the SILAR deposition method.

Table 2-1. Composition of TiO2/CdS/Ni(OH)2
Element

Weight %

Atomic %

OK

34.20

64.26

SK

3.33

3.12

Ti K

43.78

27.48

Ni K

0.56

0.29

Cd L

18.14

4.85

Totals

100.00
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We employed the SILAR deposition procedure to maximize surface coverage of the TiO2
architecture and eliminate the insulating surface ligands that accompany pre-synthesized CdS
nanocrystals in hot injection methods. SILAR deposition also enables one to build cascade
architectures with relative ease. In the present study Ni(OH)2 was subsequently deposited onto
CdS nanocrystals based on electrostatic associations between Ni2+ and terminal sulfur atoms at
the CdS interface to form a cascade energy structure that promotes hole transfer across the
semiconductor-catalyst interface. While passivation effects of surface ligands considerably
improve photoluminescence yield, provide ideal size control, and enable facile solution handling
with regard to the nanocrystals, direct precipitation at the photoanode surface via SILAR
provides maximum interfacial conformity in the highly tortuous TiO2 mesoporous support.
2.3.2 Electrochemical and PEC Urea Oxidation
We first subjected a TiO2-Ni(OH)2 electrode (TiO2-Ni) prepared without CdS to evaluate
the electrochemical response of the catalyst in 1 M NaOH and 1 M NaOH/0.33 M urea
electrolyte solutions using cyclic voltammetry (CV). Figure 2-2A depicts the CV scan for the
TiO2-Ni electrode in NaOH electrolyte within the voltage range from 0 to 0.7 V vs. Ag/AgCl at a
scan rate of 10 mV/s. The anodic scan shows the evolution of oxidation and reduction peaks at
c.a. 0.45V and 0.35V vs. Ag/AgCl respectively, which correspond to the Ni2+/Ni3+ transition in
the Ni(OH)2 catalyst.14 A TiO2-Ni electrode was then subjected to CV scan in 1 M NaOH/0.33 M
urea electrolyte solution, and the results presented in Figure 2-2B indicate oxidation of urea
occurs at the onset potential for the Ni2+ catalyst oxidation of 0.45V as observed in the
significant increase in current in presence of urea. The observed increase in current density upon
introduction of the urea to the electrolyte corresponds to the electrocatalytic activation of Ni2+ to
Ni3+, which leads to NiOOH formation in presence of OH-. This finding supports past studies
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that have identified NiOOH as the catalytic intermediate driving urea oxidation according to the
reaction scheme below.
Anode

Cathode

Overall

Figure 2-2. Evaluation of Ni(OH)2 electrocatalytic response in 3-electrode cell (A) without
urea and (B) in presence of urea. Urea oxidation is catalyzed by the redox activity of
Ni(OH)2 in OH- solution as evident by the strong oxidation peaks at the Ni2+/Ni3+ redox
potential. Inset of (A) shows the muted redox activity at the Ni2+/Ni3+ redox potential when
urea is not present.
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One interesting observation in the electrochemical testing was the higher current response
in the return cathodic scan at the Ni2+ oxidation potential. This phenomenon suggests weakly
bound adsorbed intermediate species undergo oxidation with faster kinetics at these potentials
than the initial urea oxidation step. In fact Ni(OH)2 has been shown to strongly adsorb many
intermediate species arising from the complex 6-electron urea oxidation reaction that involves
multiple proton transfer steps.6
Next, we fabricated CdS-Ni photoanodes and employed them in a 3-electrode
photoelectrochemical cell to evaluate the steady state photoresponse of the semiconductorcatalyst architecture in 1M NaOH/0.33 M urea electrolyte under simulated sunlight at 100
mW/cm2 using AM 1.5 filter. I-V characteristics of the electrode were measured using Pt wire as
counter electrode and Ag/AgCl as reference electrode. A linear scan (i.e. LSV) beginning at open
circuit voltage and vs. Ag/AgCl was carried out to gauge the photoelectrochemical response at
various potentials, including the Ni2+/Ni3+ activation potential of ~0.45 V. The results of the LSV
scans are presented in Figure 2-3A and show several interesting features. First, CdS-Ni
electrodes exhibited anodic photocurrent onset just beyond Voc at c.a. -1.0 V with anodic
activation of Ni(OH)2 evident around 0.45 V vs. Ag/AgCl. As the number of SILAR deposition
cycles increases, the photocurrent density increases with a slight lowering of the Ni(OH)2
activation potential. We attribute this finding to improved grain structure and lower electron-hole
recombination as the CdS layer is increased. This result suggests the CdS photoanode is capable
of hole transfer to Ni(OH)2 and subsequently to urea within the electrolyte solution. We also
prepared fresh electrodes to evaluate the stability of the electrodes under constant illumination
with on-off cycling. CdS-Ni electrodes were found to be unstable during chronoamperometric
testing under continuous illumination as depicted in Figure 2-3B.

54

A

B

55

C

D

Figure 2-3. LSV and I-t curves of CdS-Ni (A, B) and CdS-ZnS-Ni (C, D) photoanodes in 3electrode tests using 1 M NaOH + 0.33 M urea electrolyte solutions under illumination using
AM 1.5 simulated sunlight. ZnS-coated CdS electrodes demonstrate significant improvement
in photostability.
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In an attempt to improve the photostability, CdS-Ni electrodes were coated with ZnS
passivation layer to minimize electron-hole recombination at surface trap sites while also
providing additional protection to the CdS layer from water-mediated photocorrosion reactions.
ZnS was deposited onto the photoanode via SILAR between the CdS and Ni(OH)2 since its
effects are well established on the passivation of chalcogenide surfaces.24,
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Figure 2-3C

shows the beneficial effect of the ZnS passivation by increasing the photocurrent in the LSV
scans relative to Figure 2-3A. The photocurrent density slightly decreased with increasing cycles
of ZnS (Figure 2-3C), which is expected considering the higher series resistance imparted to the
photoanode. Importantly, the photostability depicted in Figure 2-3D shows a drastic
improvement relative to the stability of the unpassivated CdS-Ni electrodes shown in Figure 23B. Improved coating techniques for conformal ZnS layers coupled with rapid hole transfer
kinetics may lead to stable photoanodes in the urea system without any further treatments.
The present challenge in extracting electrons from urea for water reduction is to activate
the Ni(OH)2 electrocatalyst via interfacial hole transfer from the semiconductor and have the Nicatalyst serve as a steady-state hole sink for CdS. This eliminates the oxidizing potential from the
CdS surface where photocorrosion reactions dominate the fate of the hole. Since the CdS valence
band energy lies below the Ni2+ oxidation potential on the electrochemical energy scale, the
photogenerated hole is thermodynamically favored for transfer across the CdS-Ni(OH)2
interface. Activation of Ni(OH)2 via photoinduced hole transfer across the CdS-Ni(OH)2
interface can drive the urea oxidation directly via visible light activation of the semiconductorcatalyst assembly. More importantly, during ideal steady-state operation, kinetics of the hole
transfer must be of sufficient magnitude relative to parasitic recombination reactions to maintain
the CdS-Ni interfacial potential at or beyond the activation potential for the Ni(OH)2. In this case
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the Ni-based catalyst will perform similarly as when the potential is driven beyond 0.45 V vs.
Ag/AgCl by the external bias.
2.3.3 Hole Transfer Kinetics
We employed ultrafast transient absorption spectroscopy (TAS) to probe the evolution
and decay of the excited state of the CdS and CdS-Ni photoanodes. TAS is a pump-probe
technique whereby the semiconductor is excited by a short pulse (~130 fs) of 387 nm photons,
after which a broadband probe is directed at the sample to measure its visible absorption. A
second pulse is then directed at the sample without pumping to measure the visible absorption in
the ground state. The difference in absorption between the excited and ground states of the
semiconductor arises as a result of the difference in the probability of the electronic transitions
and/or from the creation of a new light-absorbing species in the excited state. Several pathways
exist for electrons and holes to transfer and recombine in the CdS-Ni photoanode when
immersed in urea-based electrolytes. Scheme 2-1 depicts a simplified reaction schematic for
electrons and holes following photoexcitation with photons equal to or greater than the CdS band
gap. Green arrows denote the desirable charge transfer reactions, whereas red arrows indicate
parasitic recombination reactions. The current experimental setup employed in this work to
measure the charge transfer and recombination rates does not effectively permit evaluation of
rate constants for processes 2, 5, and 7. We focused our efforts primarily on those processes that
are expected to contribute significantly to the steady state photoconversion efficiency.
In the present work we employed CdS and CdS-Ni photoelectrodes in various
experimental regimes to deconvolve the relevant kinetic parameters within the system. Band
edge bleaching resulting from population of the conduction band with photoexcited electrons
provides a transient signal used to ascertain the rate of depopulation of electrons from the
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conduction band. We also observe transient absorption signal in several of the experiments as a
result of the formation of a new light absorbing species, which will be discussed in detail in later
sections. The decay kinetics of the transient bleach and/or absorption can be fit using linear
combination of multiexponential components according to equation 2-1:

(2-1)

where Ai and τi are the relative amplitude and time constant for the ith component, respectively.
The average time constant and corresponding rate constant for the excited state decay process
can then be calculated using equations (2-2) and (2-3).

(2-2)

(2-3)

It is instructive to first note the key spectral features corresponding to the ultrafast
timescale for the CdS and CdS-Ni photoanodes after undergoing photoexcitation. Spectra
corresponding to CdS and CdS-Ni are presented in Figure 2-4 with time delay from 0 – 1 ns.
CdS electrode under vacuum exhibits both transient bleaching at 465 nm and transient absorption
from 500-700 nm as seen in Figure 2-4A. The transient bleach corresponds to the state filling by
excited electrons in the CdS conduction band after excitation by the pump, while the transient
absorption is characteristic of the photoinduced formation of S─● resulting from surface-trapped
holes at terminal anion sites.32–36 When the CdS electrode is immersed in the (O2-free) urea
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solution, the transient absorption is shifted and much narrower from 650-750 nm with peak
centered around 730 nm as observed in Figure 2-4B. A delay in the rise of the transient
absorption was observed relative to the transient bleach in the CdS-vacuum and CdS-urea
electrodes, which is indicative of the hole trapping process.33,37,38 Hole transfer to an adsorbed
urea molecule would be expected to initiate the oxidation reaction, which could lead to a radical
transition state. We suspect this new peak at 730 nm is associated with a charge transfer or
radical cation state arising via hole transfer to adsorbed urea. No evidence of this peak was
observed in the control experiments with NaOH electrolyte. If we assume the rise of the peak at
730 nm is indicative of the hole transfer reaction to adsorbed urea molecules, the rate constant
can be calculated from the rise time of the peak and is reported to be 2.4×1012 s-1. Radical
transition states of various functionalized urea molecules have been studied in the past using
ionizing radiation, and their visible transient absorption spectra are related to the identity of the
functional groups and the nature of the radical species.39 Furthermore, we suspect elimination of
S─● transient absorption when CdS is immersed in urea solution arises from surface passivation
of unoccupied sulfide bonds by the urea amine group, similar to other amines.40–43
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Scheme 2-1. Schematic representation of the dynamical processes initiated upon photon
absorption in a chalcogenide-sensitized electrode architecture with Ni(OH)2 catalyst. The
table outlines the photophysical or photochemical process associated with each reaction.

Transient spectra for CdS-Ni electrodes in vacuum and urea electrolyte solution are
depicted in Figures 2-4C and 2-4D. CdS-Ni electrode under vacuum shows similar elimination of
the S─● transient absorption in favor of a new peak centered at 750 nm. We attribute this peak to
Ni3+ transient absorption,44,45 which confirms the photoinduced hole transfer from CdS to Nicenters within Ni(OH)2 on essentially an identical timescale as hole trapping under vacuum in
CdS. Elimination of the hole trapping signal at sulfur terminal sites implies the Ni2+ strongly
associates with terminal sulfur atoms during SILAR deposition sequence. In the presence of
urea, evolution of a broad transient absorption is observed with the CdS-Ni electrode, and we
used spectroelectrochemistry to confirm its identity as NiOOH. The broad absorption in Figure
4E with increasing electrolysis time of a FTO-Ni(OH)2 electrode immersed in 1 M NaOH while
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applying bias of 0.8 V vs. Ag/AgCl matches the transient absorption profile in Figure 2-4D. The
electrochemical oxidation of Ni(OH)2 in the presence of OH- generates NiOOH, which is thought
to be the catalytic species in the urea oxidation reaction.6,46,47 The rise of the broad absorption
feature was used to evaluate the hole transfer rate from CdS to Ni(OH)2 as shown in Figure 4F
and is calculated to be 7.3×1011 s-1, which is slower than the hole transfer rate to urea in the CdS
photoanode.
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Figure 2-4. Transient absorption spectra for (A) CdS in vacuum, (B) CdS in 1 M NaOH+0.33
M urea, (C) CdS-Ni in vacuum, and (D) CdS-Ni in 1 M NaOH+0.33 M urea.
Spectroelectrochemistry was employed to identify the broad transient absorption in (D) from
550 nm – 750 nm as NiOOH as observed in (E), the electrochemical reaction product of
Ni(OH)2 oxidation in basic pH electrolytes. Hole transfer rates are extracted by fitting signal
rise time to exponential rise in (F).
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2.3.4 Hole Transfer Rate from NiOOH to Urea
To study the hole transfer from NiOOH to urea, we monitored the decay rates of the
transient absorption related to NiOOH by immersion of CdS-Ni in NaOH and NaOH/urea. When
CdS-Ni is immersed only in NaOH, the transient absorption decay is related to the recombination
of CdS conduction band electrons with NiOOH, and the decay rate constant is given as
. When CdS-Ni is immersed in NaOH/urea, the hole transfer from NiOOH to
urea, represented as kht-2 in Scheme 1, also contributes to the transient absorption decay. The
decay rate can be represented as

. The transient absorption decay

for each of the experimental conditions was fit to the minimum number of components using
equation 2-1 (Figure 2-5), and the average decay times are 162.73 ps and 97.09 ps for CdS-Ni in
NaOH and in NaOH/urea, respectively. The hole transfer rate from NiOOH to urea can be
obtained by calculating the difference in absorption decay rate between CdS-Ni electrode
immersed in NaOH and in NaOH/urea,

, which is calculated to be

4.2×109 s-1.
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Figure 2-5. Transient absorption decay of TiO2-CdS-Ni(OH)2 in 1M NaOH and 1M NaOH
+ 0.33 M urea.

2.3.5 Recombination in CdS-Ni Photoanodes
The CdS-Ni electrode introduces an additional interface (CdS-Ni(OH)2) that can serve as
a charge carrier recombination center. Electrons residing in the CdS conduction band are favored
thermodynamically to recombine with holes transferred to Ni(OH)2 and reduce the oxidized Ni3+
state. This pathway competes directly with the hole transfer reaction to urea at the Ni(OH)2electrolyte interface, which we suspect reduces the yield of photooxidized urea through
competition kinetics. In order to measure the back electron transfer rate from the CdS conduction
band to NiOOH, we monitored the CdS transient bleach decay on insulating SiO2 support with
and without Ni(OH)2 catalyst layer. Since the bleach recovery is related to the depopulation of
the conduction band in CdS, we compared the relative rates for the SiO2-CdS and SiO2-CdS-Ni
photoanodes to estimate the back electron transfer rate, kbt-2, represented as reaction 6 in Scheme
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2-1. The bleach recovery rate in the SiO2-CdS electrode is related to the non-radiative
recombination rate and is calculated as

. For the SiO2-CdS-Ni electrode the bleach

recovery is related to the linear combination of non-radiative recombination and back electron
transfer from CdS to Ni(OH)2 and can be expressed as

. The

difference in the rate of bleaching recovery in these electrodes can be used to estimate the back
electron transfer rate accordingly

. Figure 2-6 shows the

exponential bleaching recovery for each of the electrodes, which was fit to the minimum number
of components using equation 2-1. The obtained average bleach recovery times for SiO2-CdS in
vacuum and SiO2-CdS-Ni in NaOH/urea are 214.42 ps and 160.66 ps, respectively. The back
electron transfer rate from CdS to Ni(OH)2 is then calculated to be 1.56×109 s-1. This rate is
comparable to the hole transfer rate from NiOOH to urea, which facilitates recombination and
lower efficiency. We note here the necessity of the difference in experimental conditions
(vacuum vs. electrolyte) since carrying out photoexcitation of CdS in electrolyte leads to
photocorrosion reactions. Further, to gauge the back electron transfer from CdS to NiOOH,
stable electrolyte solution with NaOH and urea must be provided for conversion of Ni(OH)2 to
NiOOH.
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Figure 2-6. Transient bleaching recovery at band edge for (a) CdS in vacuum and (b) CdS-Ni
in 1 M NaOH+0.33 M urea solution. The schematic below shows the recombination pathways
that are involved in the processes, which allows us to deconvolve the back electron transfer
rate from CdS conduction band to NiOOH (oxidized form of Ni(OH)2, which implies hole
transfer from CdS to Ni(OH)2 must occur before kbt-2).
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2.3.6 Electron Transfer from CdS and Back Transfer
In order to provide a clear and complete picture for the charge carrier transfer and
recombination rates, we investigated the electron transfer rate from CdS to TiO2 (pathway 1 in
Scheme 1) and the back electron transfer rate from CdS valence band holes (pathway 3 in
Scheme 2-1). Transient absorption spectroscopy was carried out for SiO2-CdS-Ni and TiO2-CdSNi in 1M NaOH/0.33M urea solution. Photoexcited electrons from CdS will transfer to TiO2 due
to the offset in CdS and TiO2 conduction bands. When CdS is deposited on an insulator support
such as SiO2, pathway 1 corresponding to electron transfer from CdS to SiO2 is blocked. The
bleach recovery rate in SiO2-CdS-Ni is attributed to non-radiative recombination of electrons and
holes in addition to back electron transfer from CdS to NiOOH. For TiO2-CdS-Ni, the bleach
recovery rate is further influenced by deactivation pathway 1, electron transfer from TiO2 to
CdS. We observe a faster bleach recovery rate in TiO2-CdS-Ni compared to that in SiO2-CdS-Ni
(Figure 2-7). The bleach recovery rates in TiO2-CdS-Ni and SiO2-CdS-Ni can be expressed as
and
transfer rate,
given as

, respectively. The electron

, can be obtained from the difference in the rates for each of the electrodes,
. The average time constants for bleach recovery in TiO2-

CdS-Ni and SiO2-CdS-Ni electrode are 126.6 ps and 160.7 ps, respectively. Then according to
equation (3), the electron transfer rate from CdS to TiO2 is calculated as 1.68×109 s-1, which is
comparable with previously reported rates for electron transfer at the TiO2-CdS interface.48
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Figure 2-7. Electron decay kinetics of TiO2-CdS-Ni(OH)2 and SiO2-CdS-Ni(OH)2 in 1M
NaOH+0.33 M urea.
The back electron transfer from CdS also contributes to the decay of the NiOOH transient
absorption. We confirmed the back electron transfer rate in similar fashion by calculating the
difference in the transient absorption decay rate (corresponding to NiOOH) in the two electrodes.
The absorption decay was fit with the minimum number of components using equation 2-1, and
the average decay times for TiO2-CdS-Ni and SiO2-CdS-Ni in NaOH/urea are 97 ps and 113 ps,
respectively. The back electron transfer rate, kbt-1, from is calculated at 1.47×109 s-1, which
essentially the same rate obtained in the prior experiments using SiO2-CdS in vacuum and SiO2CdS-Ni in urea electrolyte.
Moreover, the introduction of ZnS passivation layer decreases the bleach recovery rate by
~43% (<τZnS> = 222.9 ps; <τno-ZnS> = 126.6 ps) (Figure 2-8). These findings highlight the
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passivating effect of ZnS between the CdS and Ni(OH)2 interface as well as the overall challenge
in mitigating the photoanode recombination reactions in the cascade electrode assemblies.

Figure 2-8. Bleach decay of TiO2-CdS- Ni(OH)2 and TiO2-CdS-ZnS-Ni(OH)2 in 1M
NaOH +0.33 M urea.

A summary of the charge transfer and recombination rates corresponding to the most
relevant and accessible pathways in Scheme 1 and 95% confidence interval are summarized
below in table 2-2.
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Table 2-2. Charge transfer and recombination rates associated with each reaction
Rate constant (s-1)
Rate

Physical process
95% confidence interval

ket

Electron transfer from CdS to TiO2

(1.7 ± 0.25) × 109

kbt-1

Back electron transfer from TiO2

(1.5 ± 0.089) ×109

knr

Non-radiative recombination

(4.7 ± 0.17) × 109

kbt-2

Back electron transfer from CdS

(1.6 ± 0.067) × 109

kht-1

Hole transfer from CdS to Ni(OH)2

(7.3 ± 0.28) × 1011

kht-2

Hole transfer from Ni(OH)2 to urea

(4.2 ± 0.11) × 109

kht-3

Hole transfer from CdS to urea

(2.4 ± 0.55) × 1012

2.4 Summary
CdS/Ni(OH)2 architecture demonstrates proper energy alignment and rapid hole transfer
from CdS to Ni(OH)2 for catalyst activation (kht~1011 s-1). NiOOH mediates urea oxidation
through redox-facilitated charge transfer reaction, and back electron transfer from CdS to
NiOOH is highly competitive (kht-2 ~ kbt-2 ~ 109 s-1). This back electron transfer leads to lower
photocurrent when Ni(OH)2 is deposited directly onto CdS. Introduction of ZnS reduces the
interfacial recombination rate and improves the photocurrent density and photostability. Back
electron transfer from CdS to NiOOH was found to be highly competitive with the hole transfer
from NiOOH to urea, which is expected to result in lower steady state photocurrent. The reported
results demonstrate for the first time a mid-gap semiconductor-catalyst architecture with proper
band alignment for hole transfer that can be used to produce hydrogen gas from urine waste in a
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photoelectrochemical reactor. Further work must be carried out to understand how to better
insulate the photoanodes against photocorrosion reactions and minimize parasitic back electron
transfer reactions in CdS-Ni photoanodes.
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Chapter 3 Effect of ZnS and SiO2 Thin Layer on Stability of CdS and Charge
Kinetics

3.1 Introduction
Due to relatively narrow band gap (~ 2.4 eV) and straddled conduction and valence band
positions relative to water reduction and oxidation potentials, CdS has been used for solar water
splitting extensively in past decades.1–9 However, CdS will be oxidized by its photogenerated
holes under illumination, and this H2O-mediated photocorrosion will significantly deteriorate the
photocatalytic performance of CdS.10–22 One approach to improve anti-photocorrosion
performance is to deposit thin layers over CdS to reduce the physical contact of CdS and
electrolyte. Thin layers with thickness of few nanometers such as ZnS,23–30 SiO2,31–34 Al2O3,35
and graphene36,37 etc. have been successfully applied on CdS surface, and these layers have been
proved to be effective in enhancing stability as well as charge separation in CdS. However, most
of the endeavors are focused on CdS quantum dots or nanoparticles, studies of impact of thin
layers on CdS photoelectrodes are relatively few and systematical research on correlation of
steady-state photoresponse and transient charge kinetics of CdS photoelectrode has not been
published yet.
In this chapter, we report a facile strategy to improve stability and performance of CdS
photocatalyst in urea-based solution by depositing a thin layer of ZnS or SiO2 over CdS. ZnS
will be prepared by successive ionic layer adsorption and reaction (SILAR) method. Sol-gel
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method will be employed to prepare SiO2 film on CdS. SiO2 has been researched as the
protective layer for Si-based photoelectrodes for water splitting reactions.38 However, these
electrodes have Si dense substrate so the conformal SiO2 layer can easily be fabricated by atomic
layer deposition (ALD) or thermal oxidation method on Si. The major challenge presented in this
research lies in the deposition of non-porous and uniform SiO2 thin layer with precise thickness
control on the porous mesoscopic electrode. ALD and hydrolysis of tetraethyl orthosilicate
(TEOS) (sol-gel method) are two common methods to deposit SiO2 thin film. ALD can produce
SiO2 with precise thickness, and it has been used to fabricate mesoscopic photoelectrodes with
DBL to stabilize metal oxides and produce photonic crystals. This method is based on sequential
and self-limiting gas-solid reactions of precursors on the surface. Films with desired thickness
can be obtained by repeating ALD reaction cycles. Compared to ALD, hydrolysis of TEOS is
more cost-effective to perform. It is generally accepted that silica particles form from 3 reactions
expressed as follows:39

(Reaction 3-1)

(Reaction 3-2)

(Reaction 3-3)

The hydrolysis process occurs in three stages: first, hydrolysis of TEOS after mixing
with water causes the formation of silanols (Reaction 3-1); second, condensation between two
silanols or a silanol and an ethoxy group to from a siloxane (Si-O-Si) network (Reaction 3-2);
third, formation of gel through cross-linking (Reaction 3-3). The thickness and particle size of
SiO2 can be changed by adjusting the reaction parameters such as deposition time, concentration
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of precursors and reaction temperature. The sol-gel method is the preferred method to prepare
the SiO2 thin layer in this research.
CdS has been reported as a photocatalyst in urea oxidation.40 However, the
photocorrosion of the CdS photoelectrode is an issue limiting the application of CdS. In this
chapter, steady-state photoresponse of CdS-ZnS and CdS-SiO2 photoelectrode are compared
with the as-prepared CdS photoelectrode, and transient charge kinetics are also studied to
correlate and explain the steady-state photoresponse results. Electrochemical impedance
spectroscopy and photocorrosion Tafel measurement are employed to measure the charge
transfer resistance and corrosion current, respectively. All results mutually prove to unravel the
impact of ZnS and SiO2 thin layer on CdS photoelectrode steady-state photoresponse and
transient charge kinetics.
3.2 Experimental
3.2.1 Materials
Titanium tetrachloride (99.9%, ACROS), titanium oxide paste (Solaronix), cadmium
sulfate (≥ 99.0%, Alfa Aesar), sodium sulfide (≥ 98.0%, Avantor), zinc acetate (USP grade,
Amresco), tetraethyl orthosilicate (TEOS, ≥ 99.0%, EMD Millipore Corporation), ethanol
(100%, Pharmco-AAPER), urea (99.0%, Avantor), sodium sulfate (ACS grade, Ameresco). All
chemicals were used as purchased.
3.2.2 Preparation of Photoelectrodes
The method to prepare TiO2-CdS is same as the one descried in the reference40. Briefly,
fluorine-doped tin oxide (FTO) was cut into pieces with dimension of 6 cm × 0.8 cm (length ×
width) and subjected to ultrasonication in detergent solution, deionized water (DI) and ethanol
for 30mins, respectively. Cleaned FTO pieces were immersed in 40 mM TiCl4 solution, heated to
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70 °C for 30 min and followed by annealing at 500 °C for 30 min to deposit a blocking layer.
DSL 18NR-T TiO2 paste was bladed onto a 0.8 cm2 active area, dried at 80 °C for 1 h and then
annealed at 500 °C for 1 h. A post-TiCl4 solution treatment (same as to deposit blocking layer)
was introduced to increase the roughness of surface. CdS deposition on TiO2 were realized via
SILAR by dipping TiO2 electrodes alternatively in CdSO4 (0.1 M) and Na2S (0.1 M) aqueous
solution for ten cycles (1 min dipping and 30 s rinsing with DI water). ZnS film was prepared via
SILAR by dipping TiO2-CdS alternatively in Zn(Ac)2 (0.1 M) and Na2S (0.1 M) aqueous
solution for 6 and 12 cycles (1 min dipping and 30 s rinsing with DI water), respectively. CdSSiO2 was prepared by dipping TiO2-CdS electrode in 10 mM tetraethyl orthosilicate (TEOS)
ethanol solution containing 100 mM NH4OH for 24h, then the electrode was rinsed with water
and dried at 70 °C in air. The second layer of SiO2 was deposited by drop-casting at 70 °C on
hotplate.
3.2.3 Materials Characterization
Morphology and composition analysis were carried out by employing a JEOS JSM7000F scanning electron microscope (SEM) equipped with energy dispersive X-ray spectroscopy
(EDS).
3.2.4 Electrochemical and PEC Measurements
Electrochemical and photoelectrochemical measurements were carried out using a Gamry
Interface 1000 potentiostat in a three-electrode configuration. The active area of the photoanode
for electrochemical and photoelectrochemical measurement is 0.8 cm2 and 0.2 cm2, respectively.
A 150 W Xe lamp with an AM 1.5G filter was used to irradiate cells at 100 mW/cm2. Linear
sweep voltammetry measurements were recorded by sweeping potential at 50 mV/s.
Electrochemical impedance spectroscopy was conducted in frequency range of 0.1Hz to 100 kHz
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at bias of 2 V vs. Ag/AgCl under illumination. Tafel scan was carried out from – 0.25 V vs. EOC
to 0.25 V vs. EOC under illumination. All electrochemical and photoelectrochemical
measurements were conducted in de-aired electrolyte.
3.2.5 Optical Measurements
UV - visible absorption spectra of photoelectrodes were recorded by an Agilent Cary 60
spectrophotometer. Transient absorption (TA) measurements were recorded using a Clark MXR
CPA-2010 (fundamental wavelength 775 nm, pulse duration 150 fs, pulse energy 1 mJ, repetition
rate 1 kHz) incorporating Helios software provided by Ultrafast Systems. The fundamental laser
output was split into a pump light and a probe light, which account for 95% and 5%,
respectively. The probe light beam passed through an optical delay stage and then was focused
on a Ti: sapphire crystal to provide a white light continuum. The pump light beam was directed
through a second harmonic frequency doubler to produce the 387 nm pump light beam. All
samples investigated were placed in a quartz cell. Based on the designed experiment, the quartz
cell was pumped vacuum or filled with degassed solution.
3.3 Results and Discussions
3.3.1 EDS results
Energy dispersive spectroscopy (EDS) analysis confirms the presence of ZnS and SiO2
on CdS photoelectrode (Figure 3-1A and Figure 3-1B). The content of elements is listed in table
3-1 and table 3-2.
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B

Figure 3-1. EDS results of (A) CdS-ZnS-12 and (B) CdS-SiO2-2.
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Table 3-1 Content of elements in CdS-SiO2-2
Element

Weight%

Atomic%

OK

51.89

75.67

Si K

10.11

8.40

SK

1.98

1.44

Ti K

25.08

12.22

Cd L

10.93

2.27

Totals

100.00

Table 3-2 Content of elements in CdS-ZnS-12
Element

Weight%

Atomic%

OK

27.30

56.15

SK

7.59

7.79

Ti K

37.17

25.54

Zn K

11.12

5.60

Cd L

16.82

4.93

Totals

100.00
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3.3.2 ZnS and SiO2 Mapping
Element mapping images show that CdS films are not completely covered by ZnS
(Figure 3-2A and 3-2B) and SiO2 (Figure 3-2C and Figure 3-2D) due to porous structure of
substrate, which means that ZnS and SiO2 can’t completely prevent physical contact of CdS and
electrolyte and hence they can only partially reduce the photocorrosion of CdS.
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Figure 3-2. Element mapping images of (A) Zn, (B) S, (C) Si and (D) O on electrodes.
3.3.3 Optical Properties
A comparison of the UV-vis spectra of CdS, CdS-ZnS and CdS-SiO2 electrodes are
shown in Figure 3-3A and Figure 3-3B, respectively. The Figures show that ZnS or SiO2 layer
doesn’t change the CdS absorption onset, which is at about 525 nm, indicating that ZnS and SiO2
are non-photoactive in experiment. For CdS-ZnS, absorbance changes slightly with increased
thickness of ZnS, and electrodes with 6 and 12 cycles of ZnS almost have the same absorbance.
For CdS-SiO2, absorbance changes slightly when wavelength is shorter than 525 nm, and the
relatively larger difference in absorbance in range of 525 nm - 800 nm can be attributed to light
scattering of SiO2.
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B

Figure 3-3. UV-Vis spectra of (A) CdS-ZnS and (B) CdS-SiO2 electrode in vacuum.
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3.3.4 Steady-state Photoresponse
I-V characteristics of the electrodes were measured using Pt wire as the counter electrode
and Ag/AgCl as the reference electrode. Linear sweep voltammetry scans were conducted to
reveal the state-state photoelectrochemical response at various potentials. As is shown, the open
circuit potential moves negatively compared with the as-prepared CdS when ZnS is deposited on
CdS (Figure 3-4A), indicating reduced recombination of photogenerated electrons and holes. As
the open circuit potential is the potential difference between quasi-fermi level of electrode and
redox potential of electrolyte, when the recombination of electrons and holes are reduced, more
electrons will elevate to conduction band, moving quasi-fermi level toward direction of higher
electron energy and hence increase the open circuit potential.

The suppressed trap state-

mediated non-radiative recombination is due to reduced trap states on CdS surface by surface
passivation of ZnS to CdS.23 As is shown in Figure 3-3A, more ZnS (12 cycles) yields more
negative open circuit potential as more surface stated are passivated, and open circuit potential
moves 300 mV negatively compared with bare CdS. I-t curves show consistent results with I-V
characteristics. Enhancement of photocurrent with ZnS is due to surface passivation (Figure 34B). The stability of photoelectrodes also is enhanced with increased amount of ZnS deposited
on CdS. As 12 cycles of ZnS cover more surface area of CdS and reduce the physical contact of
CdS and electrolyte, the photocurrent is more stable due to reduced photocorrosion. Figure 3-4C
shows the photocurrent stability of photoelectrodes, the photocurrent stability index Φ of CdS is
0.3 and 0.2 after illumination for 500 s and 600 s, respectively, while the numbers of CdS-ZnS12 are 0.84 and 0.8. With a slower decay rate, photocurrent stability of ZnS-12 also decreases
with time due to incomplete surface coverage of CdS by ZnS. SiO2 can also passivate CdS
surface as is shown in Figure 3-4D, the open circuit potential moves 80 mV negatively when
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passivated by 2 layers of SiO2. The stability of electrodes is enhanced with the increased amount
of SiO2 (Figure 3-4E), and the photocurrent stability index Φ for CdS is 0.24 and 0.19 after
illumination for 500 s and 600 s, respectively, while the numbers for CdS-SiO2-2 are 0.87 and
0.62 (Figure 3-4F). The decreased photocurrent stability with illumination time for CdS-SiO2 is
due to partially coverage of SiO2 on CdS and departure of SiO2, exposing CdS to electrolyte
gradually.

A

92

B

C

93

D

E

94

F

Figure 3-4. Linear sweep voltammetry, chronoamperometry and photocurrent decay of CdSZnS (A, B, C) and CdS-SiO2 (D, E, F) photoanodes. In Figure C and F, Φ is obtained by
dividing photocurrent by the highest photocurrent of each electrode. Φ =1 implies completely
stable electrode, that is, the higher value the Φ, the better the stability of electrode.
Experiments are conducted in a 3-electrode configuration with 1 M Na2SO4 + 0.33 M urea as
electrolyte solutions under illumination using AM 1.5 simulated sunlight at 100 mW/cm2.

3.3.5 Transient Charge Kinetics
Ultrafast transient absorption spectroscopy (TAS) was employed to probe the evolution
and decay of the excited state of the CdS, CdS-ZnS and CdS-SiO2 photoanodes. Several
pathways exist for electrons and holes to transfer and recombine in the CdS-ZnS and CdS-SiO2
photoelectrodes when immersed in urea-based electrolytes. Scheme 3-1 depicts physical
processes of electrons and holes after photoexcitation of CdS upon illumination. Green arrows
denote the desirable charge transfer processes, whereas red arrows indicate undesired processes.
Efforts are focused on pathways 3 and 4, which reveal the impact of ZnS or SiO2 thin layer on
passivation of surface states. The decay kinetics of the transient bleach and/or absorption can be
fitted using linear combination of multiexponential components according to equation 3-1:
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(3-1)

where Ai and τi are amplitude and time constant of the ith component, respectively. The average
time constant and corresponding rate constant for bleach and absorption decay related to electron
and hole transfer and recombination can then be obtained using equations (3-2) and (3-3).

(3-2)
(3-3)
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Scheme 3-1. Schematic representation of the dynamical processes upon photon absorption of
CdS electrode architecture with ZnS or SiO2. The table outlines the physical processes after
photoexcitation upon illumination.

3.3.6 Surface Passivation
To study the impact of ZnS and SiO2 on passivation of surface states of CdS, the decay
rates of the transient bleach of CdS, CdS-ZnS and CdS-SiO2 are probed in vacuum. As the
bleach decay relates to depopulation of electrons from the conduction band of CdS, which in
vacuum is due to the electron transfer from CdS to TiO2 (pathway 1 in scheme 3-1) and electron
trapping by surface trap states of CdS (pathway 4 in scheme 3-1), comparison of beach decay
kinetics of CdS, CdS-ZnS and CdS-SiO2 can obtain the electron trapping information and hence
the surface passivation effect of ZnS and SiO2 on CdS since electron transfer from CdS to TiO2
is supposed to be the same for all electrodes. As is shown in Figure 3-5, the bleaches decay (tri-
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exponentially fitted by using equation 3-1) slower when there exists ZnS or SiO2 thin layer on
CdS compared to bare CdS, indicating less electron trapping due to reduced surface trap states by
passivation of ZnS or SiO2, which is consistent with the results obtained in linear sweep
voltammetry.

Table 3-3 gives beach decay time and rate constant for different electrodes

calculated by using equations (3-2) and (3-3). Compared to 6 cycles of ZnS, the bleach decays
slower for 12 cycles of ZnS due to less surface trap states, which decreases the trap-mediated
recombination. However, the difference in decay time is not significant, revealing that 6 cycles
of ZnS passivate most surface trap states on CdS. SiO2-passivated CdS also shows that there is
almost no difference in decay time for electrodes with 1 layer and 2 layers of SiO2, and the
abnormal shorter decay time of electrode with 2 layers SiO2 compared to 1 layer SiO2 could be
attributed to the unavoidable experiment error, considering the time difference is only around 13
s.

Table 3-3. Bleach decay time and rate constant related electron trapping in surface trap
states
Bleach decay rate
Bleach decay time (ps)

System
-1

constant (s )
417.5

2.40 x 109

CdS

491.8

2.03 x 109

CdS-ZnS-6

519.9

1.92 x 109

CdS-ZnS-12

561.4

1.78 x 109

CdS-SiO2-1

548.2

1.82 x 109

CdS-SiO2-2
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B

Figure 3-5. Transient bleach decay kinetics of (A) CdS and CdS-ZnS with different cycles of CdS
and (B) CdS and CdS-SiO2 with different cycles of SiO2 in vacuum.
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3.3.7 Hole Kinetics
To measure the effect of thin film ZnS or SiO2 on hole kinetics, 6 layers of ZnS or 1 layer
of SiO2 are deposited on CdS. The transient absorption decay of CdS, CdS-ZnS and CdS-SiO2 is
shown in Figure 3-6. As is shown, the absorption decay related to holes shows the same decay
tendency as transient bleach decay, that is, the absorption decays slower when there is ZnS or
SiO2 on CdS. The decay of transient absorption is due to the recombination of holes and
electrons, and as less holes are trapped in surface trap states when ZnS or SiO2 present on CdS,
the trap-mediated recombination is reduced, showing the slower transient absorption decay.

A
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B

Figure 3-6. Absorption decay kinetics of CdS, CdS-ZnS-6 and CdS-SiO2-1 in vacuum.

3.3.8 Charge Transfer Resistance
Electrochemical impedance spectroscopy (EIS) was employed to study the interfacial
charge transfer impedance in CdS, CdS-ZnS and CdS-SiO2 in electrolyte under illumination. As
the diameter of semicircle represents the charge transfer impedance,41–43 the impedance for CdS,
CdS-ZnS with 12 cycles of ZnS and CdS-SiO2 with 2 cycles of SiO2 is 200 Ω, 250 Ω and 275 Ω,
respectively (Figure 3-7). The results show that ZnS or SiO2 exists as potential barrier to
suppress charge transfer, which is consistent with the result obtained in transient absorption
spectroscopy.
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Figure 3-7. Electrochemical impedance spectra of CdS, CdS-ZnS-12 and CdS-SiO2-2 in 1M
Na2SO4 + 0.33 M urea. Scans were conducted in range from 0.1Hz to 100 kHz under
external potential of 2V vs. Ag/AgCl at potentiostatic mode under illumination.

3.3.9 Tafel Measurement
Tafel scan is used to study the corrosion of electrodes.44 It is performed by extrapolating
the linear portions of a logarithmic current versus potential plot back to their intersection. The
value of either the anodic or the cathodic current at the intersection is corrosion current. The
plots of E vs. log I of different electrodes in Na2SO4 and Na2SO4-urea solution are shown in
Figure 3-8. Photocorrosion current is listed in table 3-4, as is shown, the photocorrosion current
density for CdS, CdS-ZnS and CdS-SiO2 in Na2SO4 is 204 μA/cm2, 92 μA/cm2 and 76 μA/cm2,
respectively. The photocorrosion current decreased 55% for ZnS-coated CdS and 63% for SiO2coated CdS, indicating that the ZnS or SiO2 reduced the physical contact of CdS and electrolyte,
decreased H2O-mediated photocorrosion and increased stability of photoelectrodes, which is
consistent with the results obtained in Figure 3-3. The photocorrosion was also measured in
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Na2SO4-urea solution. As is shown in table 3-4, the photocorrosion current is lower than those in
Na2SO4. The photocorrosion current decreased 25%, 28% and 33% for CdS, CdS-ZnS and CdSSiO2 in urea-containing electrolyte, respectively, showing that urea can accept holes and
passivate the surface dangling bands, reduce the holes trapped by S2- and decrease the
photocorrosion.
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Figure 3-8. Photocorrosion current of (A) CdS (B) CdS-ZnS-12 (C) CdS-SiO2-2 in 1 M
Na2SO4 and (D) CdS (E) CdS-ZnS-12 (F) CdS-SiO2-2 in 1 M Na2SO4 + 0.33 M urea.

Table 3-4. Photocorrosion current of electrodes in Na2SO4 and Na2SO4-urea
Na2SO4 (μA/cm2)

Na2SO4-urea (μA/cm2)

System

204

153

CdS

92

66

CdS-ZnS

76

51

CdS-SiO2

3.4 Summary
Photocorrsion of semiconductor-based photoelectrodes is an issue limiting the application
of some semiconductors, while important, studies on enhancement of stability of semiconductor
photoelectrodes are relatively few. Thin dielectric layers have been proposed to reduce
photocorrosion and improve performance of photoelectrodes, yet systematical research on
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correlation of steady-state photoresponse and transient charge kinetics of photoelectrodes has not
been published. This chapter took CdS as an example semiconductor to study the impact of thin
dielectric layer ZnS and SiO2 on its photostability and performance. Transient absorption
technique was also employed to exposit the mechanism behind steady-state photoresponse. ZnS
and SiO2 were deposited on TiO2-CdS photoelectrode by successive ionic layer absorption and
reaction (SILAR) and sol-gel method, respectively. Stead-state photoresponse results showed
that the open circuit potential moved 300 mV and 80 mV negatively when electrodes were
passivated by 12 cycles of ZnS and 2 layers of SiO2, respectively, illustrating both ZnS and SiO2
passivated CdS surface states. Stability test results revealled that after illumination for 10 min,
photocurrent stability improved 4 and 3 times compared to bare CdS for 12 cycles of ZnS and 2
layers of SiO2, respectively. Transient absorption results showed slower bleach and absorption
decay due to reduced trap-mediated recombination when ZnS or SiO2 presents on CdS
photoelectrode. Electrochemical impedance results showed a higher charge transfer resistance
when there existed ZnS or SiO2, which is consistent with the transient absorption results. Tafel
plots showed that the photocorrosion current decreased 55% for ZnS-coated CdS and 63% for
SiO2-coated CdS compared to bare CdS, revealing the reduction of photocorrosion when ZnS or
SiO2 was present as the blocking layer.

107

References
(1) Tongying, P.; Vietmeyer, F.; Aleksiuk, D.; Ferraudi, G. J.; Krylova, G.; Kuno, M. Double
Heterojunction Nanowire Photocatalysts for Hydrogen Generation. Nanoscale 2014, 6 (8),
4117–4124.
(2) Wang, G.; Yang, X.; Qian, F.; Zhang, J. Z.; Li, Y. Double-Sided CdS and CdSe Quantum
Dot Co-Sensitized ZnO Nanowire Arrays for Photoelectrochemical Hydrogen Generation.
Nano Lett. 2010, 10 (3), 1088–1092.
(3) Zhukovskyi, M.; Tongying, P.; Yashan, H.; Wang, Y.; Kuno, M. Efficient Photocatalytic
Hydrogen Generation from Ni Nanoparticle Decorated CdS Nanosheets. ACS Catal. 2015,
5 (11), 6615–6623.
(4) Jia, L.; Wang, D. H.; Huang, Y. X.; Xu, A. W.; Yu, H. Q. Highly Durable N-Doped
Graphene/CdS Nanocomposites with Enhanced Photocatalytic Hydrogen Evolution from
Water under Visible Light Irradiation. J. Phys. Chem. C 2011, 115 (23), 11466–11473.
(5) Li, Q.; Guo, B.; Yu, J.; Ran, J.; Zhang, B.; Yan, H.; Gong, J. R. Highly Efficient VisibleLight-Driven Photocatalytic Hydrogen Production of CdS-Cluster-Decorated Graphene
Nanosheets. J. Am. Chem. Soc. 2011, 133 (28), 10878–10884.
(6) Kakuta, N.; Park, K. H.; Finlayson, M. F.; Ueno, A.; Bard, A. J.; Campion, A.; Fox, M. A.;
Webber, S. E.; White, J. M. Photoassisted Hydrogen Production Using Visible Light and
Coprecipitated ZnS-CdS without a Noble Metal. J. Phys. Chem. 1985, 89 (5), 732–734.
(7) Qiu, F.; Han, Z.; Peterson, J. J.; Odoi, M. Y.; Sowers, K. L.; Krauss, T. D. Photocatalytic
Hydrogen Generation by CdSe/CdS Nanoparticles. Nano Lett. 2016, 16 (9), 5347–5352.

108

(8) Thewissen, H.; Timmer, K.; A. van der Zouwen-Assink, E.; H. A. Tinnemans, A.; Mackor,
A. Preparation of Active CdS/RuO X Particles for the Photogeneration of H2. J. Chem. Soc.
Chem. Commun. 1985.
(9) Kamat, P. V. Quantum Dot Solar Cells. The Next Big Thing in Photovoltaics. J. Phys.
Chem. Lett. 2013, 4 (6), 908–918.
(10) Awatani, T.; McQuillan, A. J. Adsorbed Thiosulfate Intermediate of Cadmium Sulfide
Aqueous Photocorrosion Detected and Characterized by in Situ Infrared Spectroscopy. J.
Phys. Chem. B 1998, 102 (21), 4110–4113.
(11) Manassen, J.; Cahen, D.; Hodes, G.; Sofer, A. Electrochemical, Solid State, Photochemical
and Technological Aspects of Photoelectrochemical Energy Converters. Nature 1976, 263
(5573), 97–100.
(12) Ferrer, I. J.; Salvador, P.; Velasco, J. G. On the Photoelectrochemical Etching of
Polycrystalline CdS Thin Film Electrodes in SO32- Electrolytes. J. Electroanal. Chem.
Interfacial Electrochem. 1985, 189 (2), 363–369.
(13) Gerischer, H. On the Stability of Semiconductor Electrodes against Photodecomposition. J.
Electroanal. Chem. Interfacial Electrochem. 1977, 82 (1), 133–143.
(14) Ellis, A. B.; Kaiser, S. W.; Wrighton, M. S. Optical to Electrical Energy Conversion.
Characterization of Cadmium Sulfide and Cadmium Selenide Based Photoelectrochemical
Cells. J. Am. Chem. Soc. 1976, 98 (22), 6855–6866.
(15) Meissner, D.; Memming, R.; Kastening, B. Photoelectrochemistry of Cadmium Sulfide. 1.
Reanalysis of Photocorrosion and Flat-Band Potential. J. Phys. Chem. 1988, 92 (12), 3476–
3483.

109

(16) Meissner, D.; Lauermann, I.; Memming, R.; Kastening, B. Photoelectrochemistry of
Cadmium Sulfide. 2. Influence of Surface-State Charging. J. Phys. Chem. 1988, 92 (12),
3484–3488.
(17) Dewitt, R.; Kirsch‐De Mesmaeker, A. Polycrystalline CdS Photocorrosion Studied by
Capacitance and Action Spectra Measurements. Appl. Phys. Lett. 1984, 45 (2), 146–147.
(18) Matsumoto, H.; Sakata, T.; Mori, H.; Yoneyama, H. Preparation of Monodisperse CdS
Nanocrystals by Size Selective Photocorrosion. J. Phys. Chem. 1996, 100 (32), 13781–
13785.
(19) Rubin, H. D.; Humphrey, B. D.; Bocarsly, A. B. Role of Surface Reactions in the
Stabilization of N-CdS-Based Photoelectrochemical Cells. Nature 1984, 308 (5957), 339–
341.
(20) Bard, A. J.; Wrighton, M. S. Thermodynamic Potential for the Anodic Dissolution of
n‐Type Semiconductors A Crucial Factor Controlling Durability and Efficiency in
Photoelectrochemical Cells and an Important Criterion in the Selection of New
Electrode/Electrolyte Systems. J. Electrochem. Soc. 1977, 124 (11), 1706–1710.
(21) Park, S. M.; Barber, M. E. Thermodynamic Stabilities of Semiconductor Electrodes. J.
Electroanal. Chem. Interfacial Electrochem. 1979, 99 (1), 67–75.
(22) Ellis, A. B.; Kaiser, S. W.; Wrighton, M. S. Visible Light to Electrical Energy Conversion.
Stable Cadmium Sulfide and Cadmium Selenide Photoelectrodes in Aqueous Electrolytes.
J. Am. Chem. Soc. 1976, 98 (6), 1635–1637.
(23) Zhao, K.; Pan, Z.; Mora-Seró, I.; Cánovas, E.; Wang, H.; Song, Y.; Gong, X.; Wang, J.;
Bonn, M.; Bisquert, J.; et al. Boosting Power Conversion Efficiencies of Quantum-Dot-

110

Sensitized Solar Cells Beyond 8% by Recombination Control. J. Am. Chem. Soc. 2015, 137
(16), 5602–5609.
(24) Boldt, K.; Ramanan, C.; Chanaewa, A.; Werheid, M.; Eychmüller, A. Controlling Charge
Carrier Overlap in Type-II ZnSe/ZnS/CdS Core–Barrier–Shell Quantum Dots. J. Phys.
Chem. Lett. 2015, 6 (13), 2590–2597.
(25) Chen, H. Y.; Maiti, S.; Son, D. H. Doping Location-Dependent Energy Transfer Dynamics
in Mn-Doped CdS/ZnS Nanocrystals. ACS Nano 2012, 6 (1), 583–591.
(26) Mollavali, M.; Falamaki, C.; Rohani, S. Efficient Light Harvesting by NiS/CdS/ZnS NPs
Incorporated in C, N-Co-Doped-TiO2 Nanotube Arrays as Visible-Light Sensitive
Multilayer Photoanode for Solar Applications. Int. J. Hydrog. Energy 2018, 43.
(27) Wang, Y. F.; Wang, H. Y.; Li, Z. S.; Zhao, J.; Wang, L.; Chen, Q. D.; Wang, W. Q.; Sun,
H. B. Electron Extraction Dynamics in CdSe and CdSe/CdS/ZnS Quantum Dots Adsorbed
with Methyl Viologen. J. Phys. Chem. C 2014, 118 (31), 17240–17246.
(28) Takayama, K.; Fujiwara, K.; Kume, T.; Naya, S.; Tada, H. Electron Filtering by an
Intervening ZnS Thin Film in the Gold Nanoparticle-Loaded CdS Plasmonic Photocatalyst.
J. Phys. Chem. Lett. 2017, 8 (1), 86–90.
(29) Chen, H. Y.; Chen, T. Y.; Son, D. H. Measurement of Energy Transfer Time in Colloidal
Mn-Doped Semiconductor Nanocrystals. J. Phys. Chem. C 2010, 114 (10), 4418–4423.
(30) Kumar, P.; Ray, R.; Adel, P.; Luebkemann, F.; Dorfs, D.; Pal, S. K. Role of ZnS Segment
on Charge Carrier Dynamics and Photoluminescence Property of CdSe@CdS/ZnS
Quantum Rods. J. Phys. Chem. C 2018, 122 (11), 6379–6387.
(31) Mao, L. H.; Zhang, Q. H.; Zhang, Y.; Wang, C. F.; Chen, S. Construction of Highly
Luminescent CdTe/CdS@ZnS–SiO2 Quantum Dots as Conversion Materials toward

111

Excellent Color-Rendering White-Light-Emitting Diodes. Ind. Eng. Chem. Res. 2014, 53
(43), 16763–16770.
(32) Gupta, N.; Pal, B. Core–shell Structure of Metal Loaded CdS–SiO2 Hybrid
Nanocomposites for Complete Photomineralization of Methyl Orange by Visible Light. J.
Mol. Catal. Chem. 2014, 391, 158–167.
(33) Liu, Z.; Miyauchi, M.; Uemura, Y.; Cui, Y.; Hara, K.; Zhao, Z.; Sunahara, K.; Furube, A.
Enhancing the Performance of Quantum Dots Sensitized Solar Cell by SiO2 Surface
Coating. Appl. Phys. Lett. 2010, 96 (23), 233107.
(34) Anderson, B. D.; Wu, W.-C.; Tracy, J. B. Silica Overcoating of CdSe/CdS Core/Shell
Quantum Dot Nanorods with Controlled Morphologies. Chem. Mater. 2016, 28 (14), 4945–
4952.
(35) Roelofs, K. E.; Brennan, T. P.; Dominguez, J. C.; Bailie, C. D.; Margulis, G. Y.; Hoke, E.
T.; McGehee, M. D.; Bent, S. F. Effect of Al2O3 Recombination Barrier Layers Deposited
by Atomic Layer Deposition in Solid-State CdS Quantum Dot-Sensitized Solar Cells. J.
Phys. Chem. C 2013, 117 (11), 5584–5592.
(36) Cho, K. M.; Kim, K. H.; Park, K.; Kim, C.; Kim, S.; Al-Saggaf, A.; Gereige, I.; Jung, H.-T.
Amine-Functionalized Graphene/CdS Composite for Photocatalytic Reduction of CO2. ACS
Catal. 2017, 7 (10), 7064–7069.
(37) Wang, M.; Cai, L.; Wang, Y.; Zhou, F.; Xu, K.; Tao, X.; Chai, Y. Graphene-Draped
Semiconductors for Enhanced Photocorrosion Resistance and Photocatalytic Properties. J.
Am. Chem. Soc. 2017, 139 (11), 4144–4151.

112

(38) Esposito, D. V.; Levin, I.; Moffat, T. P.; Talin, A. A. H2 Evolution at Si-Based Metal–
insulator–semiconductor Photoelectrodes Enhanced by Inversion Channel Charge
Collection and H Spillover. Nat. Mater. 2013, 12, 562.
(39) Buckley, A. M.; Greenblatt, M. The Sol-Gel Preparation of Silica Gels. J. Chem. Educ.
1994, 71 (7), 599.
(40) Zhao, R.; Schumacher, G.; Leahy, S.; Radich, J. G. Ni(OH)2 as Hole Mediator for Visible
Light-Induced Urea Splitting. J. Phys. Chem. C 2018, 122 (25), 13995−14003.
(41) Hu, W.; Liu, T.; Guo, Y.; Luo, S.; Shen, H.; He, H.; Wang, N.; Lin, H. Highly Efficient
Solid-State Solar Cells Based on Composite CdS-ZnS Quantum Dots. J. Electrochem. Soc.
2015, 162 (10), H747–H752.
(42) Leng, W. H.; Zhang, Z.; Zhang, J. Q.; Cao, C. N. Investigation of the Kinetics of a TiO2
Photoelectrocatalytic Reaction Involving Charge Transfer and Recombination through
Surface States by Electrochemical Impedance Spectroscopy. J. Phys. Chem. B 2005, 109
(31), 15008–15023.
(43) Jun, H. K.; Careem, M. A.; Arof, A. K. Performances of Some Low-Cost Counter Electrode
Materials in CdS and CdSe Quantum Dot-Sensitized Solar Cells. Nanoscale Res. Lett.
2014, 9 (1), 69.
(44) Allongue, P.; Blonkowski, S. Corrosion of III-V Compounds; a Comparative Study of
GaAs and InP: Part I. Electrochemical Characterization Based on Tafel Plot Measurements.
J. Electroanal. Chem. Interfacial Electrochem. 1991, 316 (1), 57–77.

113

Chapter 4 Size-Dependent Carrier Kinetics and Photoelectrochemical Studies
in CdS

4.1 Introduction
CdS quantum dots-sensitized TiO2 has been studied for decades for photovoltaic
applications.1 As a semiconductor, one advantage of CdS is the tuning of the potential energy
levels of conduction and valence bands by changing the quantum dots (QD) size, the so-called
quantum size effect.2 The most probable distance between the electron and hole in an exciton is
called the exciton Bohr radius a0. The exciton Bohr radius gives a length scale to describe the
spatial extension of excitons in semiconductors, and ranges from about 2-50 nm depending on
the semiconductor. As the semiconductor nanocrystal size approaches a0, confinement starts to
influence the exciton wave function, inducing changes in the density of electronic states and in
the energy level separation, which leads to an increase of the bandgap Eg with decreasing size
(Eg is proportional to 1/r2, r is the radius of the nanocrystals) and the appearance of discrete
energy levels near the band edges.3 This spatial confinement of excitons in semiconductor
nanostructures is known as quantum confinement. Influence of quantum confinement is usually
not observed for sizes larger than 2-3 times the exciton Bohr radius. It is worth noting that a0 and
Eg are correlated, the narrower the Eg, the larger the a0. For example, the exciton Bohr radius for
CdS ( Eg ~ 2.4 eV ) and CdSe ( Eg ~ 1.8 eV ) is 3.1 nm and 6.1 nm, respectively.4 As a result, the
optoelectronic properties of semiconductor nanocrystals are strongly size-dependent, making it
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possible to tune the bandgap energy of semiconductor nanocrystals by changing the size of the
nanocrystals. Accordingly, carrier kinetics such as electron transfer rate from CdS to TiO2 will
change as the varied conduction band position difference between CdS and TiO2 when TiO2 is
sensitized with difference size of CdS QDs. Also, the electron-hole recombination rate changes
due to altered band gap energy and surface states with different QDs size.5 As band gap affects
light absorption wavelength range and photoresponse corresponding to light absorption, the
steady-state photoresponse of electrode can also be tuned by size quantization effects, that is,
appropriate size can be tuned to optimize steady-state photoperformance. Successive ionic layer
absorption and reaction (SILAR) method has been used to deposit CdS QDs onto mesoporous
TiO2 due to facile synthesis, controllable size and high photovoltaic performance.5–9 Carrier
kinetics such as interfacial electron transfer processes10–13 and charge recombination7,14 between
CdS QDs and TiO2, and steady-state photoresponses15–17 have been investigated. While
important, the research on the size-dependent charge transfer kinetics and steady-state
photoresponse of CdS prepared by SILAR on TiO2 is few. To our knowledge, the correlation of
size-dependent carrier kinetics and photoresponse, containing photocurrent, photovoltage and
photostability of CdS-TiO2 photoelectrodes has not been published yet.
This chapter aims to study the effect of CdS QDs size on carrier kinetics and steady-state
photoresponse and their intrinsic correlation in the CdS-sensitized TiO2 photoelectrode.
Femtosecond transient absorption spectroscopy (TAS) are employed to elucidate size-dependent
carrier kinetics such as charge transfer kinetics and non-radiative recombination rate. Traditional
photoelectrochemical (PEC) test methods are used to study PEC properties such as open circuit
potential (EOC), photocurrent intensity and stability. Employing time-resolved technique as well
as PEC measurements, a correlation between size-dependent carrier kinetics and photoelectrode

115

performance is demonstrated. In a more general perspective, this paper can contribute to the
relevance of fundamental studies in rational development of PEC electrodes.
4.2 Experimental
4.2.1 Materials
Titanium tetrachloride (99.9%, ACROS), titanium oxide paste (Solaronix), zirconium
dioxide paste (Solaronix), cadmium sulfate (≥ 99.0%, Alfa Aesar), sodium sulfide (≥ 98.0%,
Avantor), urea (99.0%, Avantor), sodium sulfate (ACS grade, Ameresco). All chemicals were
used as purchased.
4.2.2 Preparation of Photoelectrodes
The method to prepare TiO2-CdS is same as descried in reference.18 Briefly, fluorinedoped tin oxide (FTO) was cut into pieces with dimension of 6 cm × 0.8 cm (length × width) and
subjected to ultrasonication in detergent solution, deionized water (DI) and ethanol for 30mins,
respectively. Cleaned FTO pieces were immersed in 40 mM TiCl4 solution, heated to 70 °C for
30 min and followed by annealing at 500 °C for 30 min to deposit a blocking layer. DSL 18NRT TiO2 paste was bladed onto a 0.8 cm2 active area, dried at 80 °C for 1 h and then annealed at
500 °C for 1 h. A post-TiCl4 solution treatment (same as to deposit blocking layer) was
introduced to increase the roughness of surface. CdS was deposited on TiO2 via SILAR by
dipping TiO2 electrodes alternatively in CdSO4 (0.1 M) and Na2S (0.1 M) aqueous solution for
different cycles (1 min dipping and 30 s rinsing with DI water). TiO2-CdS and ZrO2-CdS used
for transient absorption measurements are prepared on microslides.
4.2.3 Electrochemical and PEC Measurements
Photoelectrochemical measurements were carried out using a Gamry Interface 1000
potentiostat in a three-electrode configuration. The active area of the photoanode is 0.2 cm2. A
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150 W Xe lamp with an AM 1.5G filter was used to irradiate cells at 100 mW/cm2. Linear sweep
voltammetry measurements were recorded by sweeping potential at 50 mV/s. All
photoelectrochemical measurements were conducted in de-aired electrolyte.
4.2.4 Optical Measurements
UV - visible absorption spectra of photoelectrodes were recorded by an Agilent Cary 60
spectrophotometer. Transient absorption measurements were recorded using a Clark MXR CPA2010 (fundamental wavelength 775 nm, pulse duration 150 fs, pulse energy 1 mJ, repetition rate
1 kHz) incorporating Helios software provided by Ultrafast Systems. All samples investigated
were placed in a quartz cell. Based on the designed experiment, the quartz cell was pumped
vacuum or filled with degassed solution.
4.3 Results and Discussions
4.3.1 Optical Properties
Figure 4-1A shows the pictures of CdS-sensitized TiO2 electrodes with different SILAR
cycles of CdS. The color changes from light yellow to orange with increasing amount of CdS
deposited on TiO2. This color change is due to the quantum confinement effect. As the radius of
a CdS nanoparticle changes, the photon energy of the first absorbance peak changes accordingly.
Quantum effect is seen when CdS particle radius is lower than its Bohr radius ( ~ 3 nm).19 Uv-vis
spectra (Figure 4-1B) show a peak near the onset of absorption, which is ascribed to the first
excitonic transition (1s to 1s). The onset of absorption is red-shifted with increasing radius as a
consequence of size quantization effect. Figure 4-1C shows the normalized transient absorption
spectra of TiO2-CdS sensitized by different SILAR cycles of CdS quantum dots recorded 1 ps
following 387 nm pulse excitation in vacuum. The bleach maximum of electrodes (Figure 4-1D)
with different cycles of CdS coincides with the first exciton transition shown in uv-vis spectra
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(Figure 4-1B). As is shown in Figure 4-1D, the maxium wavelength is red-shifted with increased
cycles of CdS, which is in agreement of the onset of absorption in uv-vis spectra. The band gap
is estimated by the first exciton peak maximum wavelength, which is shown in Figure 4-1E. As
is shown, the band gap decreases with the inreased numbers of SILAR cycles of CdS. Based on
the band gap, the particle size reaches about 5.1 nm at 15 SILAR cycles calculated from Brus
equation.20–23
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Figure 4-1. (A) Pictures show the color change of electrodes with different cycles of CdS.
Numbers on pictures denote the SILAR cycles, (B) Uv-vis spectra, (C) normalized transient
absorption spectra recorded 1 ps following 387 nm pulse excitation in vacuum, (D) first
excitonic peak maximum wavelength, (E) band gap calculated based on first exciton peak
maximum of TiO2-CdS with different cycles of CdS prepared by SILAR.
4.3.2 Trap-mediated Non-radiative Recombination
Femtosecond transient absorption spectroscopy is employed to study the transient charge
kinetics. To study the change of non-radiative recombination rate with different cycles of CdS,
we deposited CdS by SILAR on mesoporous ZrO2 on microslides. As bleach recovery is due to
electron depopulation in conduction band of CdS. As ZrO2 will not accept electrons transfer
from CdS, the bleach recovers via charge recombination and trapping processes in CdS quantum
dots. The decay kinetics of the transient bleach can be fitted using linear combination of
multiexponential components according to equation 4-1:

(4-1)
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where Ai and τi is the relative amplitude and time constant for the ith component, respectively.
The bleach decay of ZrO2-CdS with different cycles of CdS is tri-exponentially fitted and is
shown in Figure 4-2A. As is shown, the bleach decay rate is decreasing with the increased
SILAR cycles of CdS, and since the bleach decay is due to trap-mediated non-radiative
recombination of electrons and holes in this scenario, the non-radiative recombination rate is
reduced with increased cycles of CdS. The average time constant and corresponding rate
constant for the excited state decay process can then be calculated using equations (4-2) and (43).

(4-2)

(4-3)
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Figure 4-2. (A) Transient bleach decay and (B) lifetime in vacuum of ZrO2-CdS with different
SILAR cycles of CdS.
The calculated average time constant at different CdS cycles is shown in Figure 2B and
corresponding rate constant is shown in table 4-1. The lifetime increases and accordingly bleach
decay rate constant decreases with the increased cycles of CdS. This can be attributed to the
reduced grain boundaries and interfaces as well as surface states in larger size particles, which
suppress charge trapping and hence reduce the trap-mediated recombination rate at the particle
interfaces.24
Table 4-1. Bleach decay rate constant in vacuum of ZrO2-CdS
Cycles

3

6

9

12

15

Rate constant (s-1)

1.8 ×109

1.7×109

1.6×109

1.4×109

6.7×108
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4.3.3 Electron Transfer from CdS to TiO2
As the potential energy level of conduction band edge of CdS is more negative than that
of TiO2, photoexcited electrons will transfer from CdS to TiO2 following CdS excitation. Figure
4-3A to E show the bleach decay rate of TiO2-CdS and ZrO2-CdS with different SILAR cycles of
CdS. The bleach decay rate of TiO2-CdS is faster than that of ZrO2- CdS, this is because in
addition to non-radiative recombination in TiO2-CdS, the electrons can also transfer from CdS to
TiO2 as mentioned above, which also contributes to the bleach decay. As in ZrO2, the bleach
decay is attributed to the non-radiative recombination, the difference in bleach decay rate
between TiO2-CdS and ZrO2-CdS is the electron transfer rate from CdS to TiO2, that is,
(4-4)
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Figure 4-3. (A) (B) (C) (D) (E) Comparison of transient absorption bleach decay of TiO2-CdS
and ZrO2-CdS with different cycles of CdS in vacuum, (F) bleach decay lifetime of TiO2-CdS
with difference cycles of CdS in vacuum, (G) dependence of electron transfer rate constant on
band gap, solid line is quadratically fitted. Schematic representation of electron transfer (H)
pathways and (I) driving force in TiO2-CdS with different particle size of CdS.
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As is shown in Figure 4-3F, the lifetime of electrons increases with increased SILAR
cycles of CdS on TiO2-CdS, which is attributed to firstly, the suppressed charge trapping and
trap-mediated recombination rate at particle interfaces due to reduced surface area and interfaces
as well as surface states in larger size particles, which is the same reason as that in ZrO2-CdS.
Secondly, CdS loading amount increases with increasing SILAR cycles. Therefore, for a low
number of cycles, all the CdS QDs contact directly with the TiO2 porous substrate, favoring
electron transfer from CdS to TiO2. However, for a large number of cycles, a fraction of QDs are
not in direct contact with TiO2, hence electrons can only transfer through another CdS QDs
before reaching TiO2, which retards electrons transfer (Figure 4-3H). Thirdly, the average CdS
QDs size increases with an increase in the number of CdS cycles, which means, an increase in
the average distance of the CdS QDs to TiO2 substrate. This would lead to an increase in the
average time needed to transfer electrons from CdS QDs to TiO26,23 (Figure 4-3H). Last but not
least, the potential difference between conduction band edge of CdS and TiO2 becomes smaller
with increasing CdS cycles due to quantum confinement effect. That means, electron transfer
from CdS to TiO2 becomes slower as the size of the CdS QDs gets larger, due to a decreased
driving force -∆G for electron transfer as the CdS conduction band edge shifts toward higher
energies (less negative), as is shown in Figure 4-3I. The electron transfer rate for TiO2-CdS with
different SILAR cycles of CdS is calculated by using equations (4-1) - (4-4), and the results are
listed in table 4-2. The logarithm of electron transfer rate is quadratically increasing with respect
to the band gap (Figure 4-1G). As the effective mass of holes is about 4 times that of electrons in
CdS, the band gap change is mainly the position change of conduction band edge, leading to the
variation of driving force.25 That means, the logarithm of electron transfer rate is quadratically
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changing with driving force -∆G, the higher the driving force, the faster the electron transfer rate,
which is in agreement with Marcus theory.26

Table 4-2. Electron transfer rate constant from CdS to TiO2 in vacuum
Cycles

3

6

9

12

15

Rate constant (s-1)

1.3 ×1010

1.0×1010

7.8×109

6.1×109

5.5×109

4.3.4 Steady-state Photoresponse
Figure 4-4A shows the photocurrent density change with SILAR cycles of CdS and
illumination time. The photocurrent comes from the photooxidation of CdS and oxidation of urea
by photogenerated holes in CdS photoanode in three-electrode system,18 hence the photocurrent
variation reveals the utilization of changed available holes. Figure 4-4B shows the dependence of
the photocurrent density on the SILAR cycles. The photocurrent density first increases and
reaches its maximum at 9 cycles. This is because with the increase of CdS cycles, the band gap
energy decreases and the amount of CdS increases. The reduced band gap and increment of QDs
loading amount ensure enhanced absorption of light (Figure 4-1A) and hence more photoexcited
carriers as expected, which contribute to photocurrent density. For further increase in CdS cycles
to 12 and 15, the photocurrent density decreases. This behavior can be attributed to four reasons.
First, with the increase in loading amount of CdS QDs, the possibility of blocking of the TiO2
mesopores increases, which leads to reduced contact area of electrolyte and CdS QDs and hence
unfavorable hole transport at QDs /electrolyte interface (Figure 4-4F). Second, as mentioned in
section electron transfer from CdS to TiO2, multilayer of CdS QDs induces increased diffusion
distance and transfer time of electrons, which lead to increased chance of recombination of holes
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and electrons. The recombination could occur in the same QDs or in nearby ones or in electrolyte
through electron back transfer and recombine with holes captured by electrolyte. Third, the
surface trap states decrease with increased QDs size (as shown in section trap-mediated nonradiative recombination), which means less holes are trapped by surface states or sulfur dangling
bonds on QDs surface. As sulfur dangling bonds S2- capture holes and are oxidized at
photoelectrode / aqueous electrolyte interface, the so-called photocorrosion,18 which also
contributes to photocurrent density. In addition, the valence band edge of CdS moves towards
lower energy potentials (more negative) with decreased band gap when QDs size is increasing.
The driving force for hole transfer, potential difference between valence band edge of CdS and
S2- oxidation becomes smaller, leading to reduced photocorrosion and photocurrent density. This
can be proved by Figure 4C, photocurrent stability improves with increased cycles of CdS. After
200 s illumination, photocurrent obtained by electrode with 3 cycles of CdS is about 47% of its
initial value, while the number for 15 cycles is 99%. After 600 s illumination, there is no CdS on
TiO2 surface as is shown in Figure 4-4A for electrode with 3 cycles of CdS, the stable
photocurrent comes from light absorption of TiO2 but not CdS. While for electrode with 15
cycles of CdS, the photocurrent density is 80% of its initial value. Figure 4-4D and 4-4E shows
the open circuit potential change with varied cycles of CdS. As is shown, it first moves toward
higher potential levels (more negative) for the first 9 cycles of CdS, and then moves toward
lower potential levels (less negative) for 12 and 15 cycles. As open circuit potential is the
potential difference between quasi-fermi level of TiO2-CdS and redox potential in electrolyte,27 a
negative shift of potential suggests more electron accumulation in the photoelectrode. The first
negative shift is due to more electrons generated caused by enhanced light absorption as
discussed above, and the positive shift can be attributed to the decreasing band gap and hence
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positively shifted fermi level. The similarities in the trends observed for photocurrent density and
open circuit potential, that is, the higher the photocurrent intensity, the higher the open circuit
potential, reveal that the steady state photoresponses are related.

A

B
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Figure 4-4. (A) Chronoamperometry results of TiO2-CdS with different cycles of CdS, (B)
initial values (highest values) of photocurrent density upon illumination, (C) photocurrent
stability change after a period time of illumination for different cycles of CdS. The parameter
Φ is defined as the photocurrent density divided by the initial value (the highest value) of
photocurrent density, (D) linear sweep voltammetry scan of TiO2-CdS with different cycles of
CdS, (E) open circuit potential change with different cycles of CdS, (F) schematic
representation of hole capture in mesopores in TiO2 at low numbers of CdS cycles and
blocking of mesopores at larger numbers of CdS cycles. All photoelectrochemical test are
conducted under illumination light intensity of 100 mW/cm2 in deaired 1 M Na2SO4 + 0.33 M
urea solution.
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4.4 Summary
CdS QDs were successfully loaded on mesoporous TiO2 by SILAR method. Uv-vis
showed the red shift of absorption peak, showing the narrowing of band gap with increasing CdS
particle size due to quantum confinement effect. Transient absorption spectroscopy results
showed that the trap-mediated non-radiative recombination rate was reduced with increased
cycles of CdS. Electron transfer rate from CdS to TiO2 with different cycles of CdS were probed
and calculated, and the logarithm of electron transfer rate obtained was a quadratic function with
respect to band gap. Photoelectrochemical tests results indicated that the photocurrent density
first increased and then decreased. Stability of photoelectrode enhanced with increased cycles of
CdS. Open circuit potential showed the similar trends as photocurrent density, revealing the
interconnection of photocurrent and open circuit potential.
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Chapter 5 Effect of Solvent on Charge Kinetics and Hole Transfer from CdS
to Urea

5.1 Introduction
Quantum dots (QDs) of II-VI semiconductors have been extensively researched during
the past two decades.1 QDs have a large ratio of surface to volume, therefore, the surface of QDs
plays a crucial role in their electronic and optical properties. One important application of QDs is
their fluorescence. The first and most desirable mode for fluorescent applications is the direct
band edge emission, and the second stems from trapping of holes in a midgap state that results in
the non-band-edge recombination referred to as trap emission. Attachment of functional groups
on surface of QDs is the most commonly used way to passivate the surface detects and trap
states. Ligand functional groups that bind to the QD surface can induce or remediate trapping
effects based on the electron donating or withdrawing properties of the groups.2 For example,
thiols are the most widely used ligands to stabilize semiconductors.3,4 Surface coating with thiol
molecules can obtain excellent fluorescence properties by efficiently quench surface traps. In
addition to the use of thiols to passivate the surfaces of QDs, researchers employed various
amines to modify the electronic and optical properties of QDs.5–8 The electron donating amine
group interact with QDs surface and fill surface traps.9 The magnitude of the interaction between
amine ligands and QDs are found to be correlated with the intrinsic basicity of the amines.
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In Cd-containing semiconductors such as CdS, CdSe and CdTe, amines can coordinate
with Cd atoms10 or dissolve Cd atoms into the solvent and passivate the Cd dangling bonds on
the surface.11 The nonbonding lone pair of electrons from N atoms in amine is donated to a
vacant orbital at surface Cd sites to provide the bonding interaction,12 changing electrical or
optical properties and influencing the rate of surface recombination through interactions with
surface states.2 The methylene protons on primary amine can passivate the dangling S, Se and Te
trap sites and curtail nonradiative decay, leading to enhanced band edge emission and absent
deep trap emission. Besides, amides were observed to form N-H dissociation structures with
interdimer interactions and kinetically favored oxygen dative-bonded structures,13 which make
them possible the ligand for surface passivation. However, the related research about the
passivation of amides on QDs surface is rare. Urea is a kind of amides, so it can passivate QDs
surface theoretically. It has been proven that urea can accept holes mediated by electrochemical
catalyst Ni(OH)2 from CdS.14 No research has been done on directly hole transfer from CdS to
urea yet. This chapter will elucidate the surface passivation of urea on CdS QDs and hole
transfer from CdS to urea.
5.2 Experimental
5.2.1Materials
Zirconium dioxide paste (Solaronix), cadmium sulfate (≥ 99.0%, Alfa Aesar), sodium
sulfide (≥ 98.0%, Avantor), urea (99.0%, Avantor), sodium sulfate (ACS grade, Ameresco),
cadmium oxide (≥ 99.998%, Alfa Aesar), sulfur powder (99.8%, Alfa Aesar), toluene (99.5%,
Macron), dimethyl sulfoxide (99.9%, BDH), acetone (≥ 99.5%, BDH), oleic acid (99%, Alfa
Aesar), octadecene (99%, Alfa Aesar), methanol (≥ 99.8%, EMD), All chemicals were used as
purchased.
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5.2.2 Preparation of CdS Quantum Dots
51mg of CdO, 1.8ml of oleic acid and 18.1ml of octadecene were loaded into a 3-neck
flask and heated to 295°C under nitrogen with stirring. 6.4mg of sulfur powder were dissolved in
10ml of octadecene and injected into flask. After 3mins of growth at 250°C, the solution was
cooled to room temperature and precipitated with acetone. After that, CdS QDs were then
dissolved in toluene and precipitated with methanol.
5.2.3 Preparation of CdS on Microslides
DSL 18NR-T TiO2 paste was bladed on microslides, dried at 80 °C for 1 h and then
annealed at 500 °C for 1 h. CdS was deposited on TiO2 via SILAR by dipping TiO2 microslides
alternatively in CdSO4 (0.1 M) and Na2S (0.1 M) aqueous solution for different cycles (1 min
dipping and 30 s rinsing with DI water).
5.2.4 Optical Measurements
UV - visible absorption spectra of photoelectrodes were recorded by an Agilent Cary 60
spectrophotometer. Fluorescence spectra were obtained by an PTI QuantaMaster 4 under
excitation with wavelength of 480nm. Transient absorption measurements were recorded using a
Clark MXR CPA-2010 (fundamental wavelength 775 nm, pulse duration 150 fs, pulse energy 1
mJ, repetition rate 1 kHz) incorporating Helios software provided by Ultrafast Systems. All
samples investigated were placed in a quartz cell. Based on the designed experiment, the quartz
cell was pumped vacuum or filled with degassed solution.
5.3 Results and Discussions
5.3.1 Optical Properties of CdS QDs
Figure 5-1 (A) shows the UV-vis spectrum of CdS QDs in toluene, and the first excitonic
peak is around 480nm, revealing that the band gap of the QDs prepared is about 2.58 eV. Figure
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5-1 (B) is the normalized fluorescence spectra of CdS QDs in DMSO and DMSO-urea solution.
There are two peaks in fluorescence spectra centered at 725nm and 800nm, corresponding to
band-to-band emission and trap emission, respectively. On the CdS nanocrystals surface,
unoccupied valence orbitals of Cd and nonbonding valence electrons of S act as electron and
hole traps, respectively15. The trap emission is attributed to hole trapping to the dangling S bonds
on the nanocrystal surface and recombine radiatively with the electron,16 and it is an indication of
the poor surface passivation of the as-prepared CdS QDs.17 The deep trap emission is not
separated to the band-to-band emission, and this is attributed to size distribution and trap energy
levels lie close to the valence band in energy.18 The radiative emission decreases more when
there is urea in the DMSO, and this can be attributed to the photogenerated holes transfer from
CdS to urea, which decreases the radiative recombination of electrons and holes. The trap
emission also decreases with the addition of urea due to passivation of trap states. In urea,
negative charges are mainly accumulated on oxygen-containing groups carbonyl (–C=O).19 The
oxygen atoms have a much stronger electronegativity than the nitrogen atom, they can attract
more charges of –NH2 and reduce the charge density of –NH2, So the –NH2 can be easily
absorbed on the surface of the QDs20 to passivate the surface and to accept holes from QDs. The
surface passivation and hole transfer from CdS to urea will lead to increased and decreased
radiative emission, respectively. The radiative emission obtained in this research decreases,
showing that the hole transfer from CdS to urea is more significant than urea passivation on CdS
QDs surface. The fluorescence quench can be explained theoretically. As discussed above, due
to different electronegatively, electrons on the nitrogen is delocalized into the carbonyl, thus
forming a partial double bond between N and the carbonyl carbon. The electron density near O is
larger than that near N, then the binding interaction may occur between O atoms of the ligand
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and Cd atoms and H atoms on S atoms on the QD surface,21,22 indicating that electron transfer
occurs from urea to CdS. The residual charges on S and Cd of CdS QDs are the main source of
the radiative recombination surface state centers; therefore, the residual charges on S and Cd of
CdS clusters decrease, the radiative recombination decreases accordingly.22
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Figure 5-1. (A) Uv-vis spectrum of CdS QDs in toluene, (B) normalized fluorescence
spectra of CdS QDs in DMSO and DMSO-urea. For fluorescence measurement, the initial
volume of CdS QDs in DMSO solution for both DMSO addition and DMSO-urea addition
is 4mL, and the addition volumes of DMSO and DMSO-urea solution are both 100 uL. The
normalized fluorescence is obtained by dividing the fluorescence intensity of CdS QDs in
DMSO and DMSO-urea solution by the highest fluorescence intensity of initial CdS QDs
solution. The urea is dissolved in DMSO with a concentration of 2 M. The excitation
wavelength is 480 nm.

5.3.2 Effect of Solvent on Electron and Hole Kinetics
Ultrafast transient spectroscopy was employed to study the effect of solvent on electrons
and holes lifetime. CdS nanoparticles were deposited on TiO2 by successive ionic layer
absorption and reaction (SILAR) method on microslides. Inorganic Na2SO4 aqueous solution and
organic DMSO were chosen as test solutions. Na2SO4 aqueous solution was used to dissolve urea
to do the photoelectrochemical performance test in our previous research,14 and to keep
consistent, we chose solution with the same concentration of Na2SO4 as we used in
photoelectrochemical performance test. DMSO was chosen as it is an organic solvent and can
dissolve urea and is miscible with toluene, as is used in fluorescence test.
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Figure 5-2 shows the transient bleach and absorption decay of CdS prepared with
different SILAR cycles in different solutions. The decay kinetics of the transient bleach and
absorption are fitted using linear combination of multiexponential components formula
, where Ai and τi is amplitude and time constant of the ith component,
respectively. The average time constant and corresponding rate constant for bleach and
absorption decay related to electron and hole transfer and recombination can then be obtained
using equation

and

, respectively. Figure 5-2(A) shows the

bleach decay difference of 3 SILAR cycles of CdS in vacuum, in Na2SO4 and in DMSO. As is
shown, the bleach decays fastest in vacuum, followed by in Na2SO4 and decays slowest in
DMSO, with a lifetime of 645.6 ps, 906.7ps and 1153.7ps, respectively. The increased lifetime
of electrons in solutions can be attributed to the surface modification of solution molecules to
CdS QDs. Some trap and surface states are eliminated by the solvent23 and retard the trapmediated recombination of electrons and holes. This result is consistent with the fluorescence in
Figure 5-1 (B). The lifetime difference of electrons in Na2SO4 aqueous solution and in DMSO
can be attributed to the different polarity, viscosity and surface passivation effect of these two
solutions.24–26 One interesting tendency noted is that in Figure 5-2(A), (B) and (C), the lifetime
of electrons in vacuum increases with increased SILAR cycles of CdS, while the lifetime in
Na2SO4 and DMSO decreases, which is shown in table 5-1. The increased lifetime in vacuum is
due to the reduced grain boundaries and interfaces as well as surface states in larger size
particles, which suppresses charge trapping and hence reduces the trap-mediated recombination
at the particle interfaces. The decreased lifetime in solutions is attributed to different passivation
effect of solutions to energy levels in CdS QDs with different size.
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Figure 5-2 (D) (E) (F) show the transient absorption decay, corresponding to the
deactivation of trapped holes. The transient absorption decay shows the same tendency as
transient bleach decay, that is, the lifetime of holes increases with increased SILAR cycles of
CdS in vacuum while decreases in Na2SO4 solution and DMSO, and the lifetime in solution is
longer than that in vacuum for all 3, 9 and 15 cycles of CdS (table 5-1). The same lifetime
change tendency of electrons and holes is because they both deactivate due to their
recombination, and hence one increases or decreases the other changes accordingly.
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Figure 5-2. Transient bleach decay of (A) 3 cycles (B) 9 cycles and (C) 15 cycles of CdS
and transient absorption decay of (D) 3 cycles (E) 9 cycles and (F) 15 cycles of CdS on
microslides in vacuum, Na2SO4 solution and DMSO.

Table 5-1. Electrons and holes lifetime of ZrO2-CdS in vacuum and in solutions

System
Electrons
Lifetime
(ps)
Holes
Lifetime
(ps)

3-CdS
in
vac

3-CdS
in
Na2SO4

3-CdS
in
DMSO

9-CdS
in
vac

9-CdS
in
Na2SO4

9-CdS
in
DMSO

15CdS in
vac

15-CdS
in
Na2SO4

15-CdS
In
DMSO

645.6

906.7

1153.7

743.5

657.0

1059.8

895.1

584.8

939.2

108.8

1136.9

1951.7

661.0

731.6

989.6

769.6

703.9

832.5
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5.3.3 Hole Transfer from CdS to Urea
Figure 5-3 (A), (B) and (C) show the transient absorption decay of different SILAR
cycles of CdS in Na2SO4 and in Na2SO4-urea, corresponding to the hole deactivation. As is
shown, the transient absorption decays faster in Na2SO4-urea than in Na2SO4 for all 3, 9 and 15
cycles of CdS. The decay due to deactivation of holes in Na2SO4 is attributed to the
recombination of electrons and holes, while the decay in urea-containing solution is attributed to
the recombination as well as the hole transfer from CdS to urea. This result that hole transfer
occurs from CdS to urea is consistent with the fluorescence result in Figure 5-1B. The hole
transfer rate from CdS to urea can be obtained by calculating the difference in decay rate
between in Na2SO4 and in Na2SO4-urea, that is,

, and the results

are listed in table 5-3. Figure 5-3 (D), (E) and (F) show the transient absorption decay of
different SILAR cycles of CdS in DMSO and in DMSO-urea. Similarly, the hole transfer from
CdS to urea in DMSO-urea can be calculated by

, and the results are

shown in table 5-3. From table 5-3, it is shown that hole transfer rate is faster in Na2SO4-urea
than in DMSO-urea, which is consistent to the results obtained in table 5-3. This is because
different polarities of Na2SO4 aqueous solution and DMSO will affect the charge distribution of
the solvent molecules and urea molecules and influence the charge transfer by the redistribution
of electron populations.27
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Figure 5-3. Transient absorption decay of different SILAR cycles of CdS on microslides
(A) 3 cycles (B) 9 cycles and (C) 15 cycles in Na2SO4 and Na2SO4-urea and (D) 3 cycles
(E) 9 cycles and (F) 15 cycles in DMSO and DMSO-urea.
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Table 5-3. Hole transfer rate from CdS to urea in Na2SO4-urea and DMSO-urea
System

3-CdS

9-CdS

15-CdS

Rate constant (1/s) in Na2SO4-urea

5.4×108

5.6×108

1.2×109

Rate constant (1/s) in DMSO-urea

2.7×108

2.4×108

1.2×108

5.4 Summary
Na2SO4 aqueous solution and DMSO have been used as the solvent of urea to study the
effect of solvents on CdS QDs charge kinetics, surface passivation of urea on CdS QDs and hole
transfer properties from CdS to urea. Solvents with different polarity and viscosity affect the
charge dynamics due to the surface modification of solution molecules to CdS QDs. Urea can
passivate CdS QDs surface and take holes from CdS, due to the binding interaction between O
atoms in urea and Cd atoms and H atoms in urea and S atoms on the CdS QD surface, as
indicated in results of fluorescence and transient absorption measurement.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions
CdS was an early candidate for solar water splitting, given its straddled conduction and
valence band positions relative to the water reduction and oxidation potentials. However, the
oxygen evolution reaction cannot compete with the water-mediated photocorrosion reaction of
CdS at the electrode-electrolyte interface, leading to electrode disintegration and failure.
Semiconductor-catalyst architecture CdS-Ni(OH)2 can harness urea as sacrificial electron donor
for the sustainable production of hydrogen by side-stepping the oxygen evolution reaction. CdSNi(OH)2 architecture demonstrates proper energy alignment and rapid hole transfer from CdS to
Ni(OH)2 for catalyst activation.
Thin dielectric layers ZnS and SiO2 have also been successfully deposited on CdS to
reduce photocorrosion and improve performance of photoelectrodes. ZnS and SiO2 thin layers
were deposited on TiO2-CdS photoelectrode by SILAR and sol-gel methods, respectively. The
thin protective layers decreased the physical contact of CdS and the electrolyte, and hence
reduced the water-mediated photocorrosion of CdS. The photocurrent stability of CdS with ZnS
and SiO2 improved 4 and 3 times respectively compared to bare CdS.
Carrier kinetics and steady-state photoelectrochemical responses of TiO2-CdS
photoelectrodes in urea are dependent on particle size of CdS. The non-radiative recombination
and electron transfer rate reduced with increased size of CdS nanoparticles. The photocurrent
density increased 4 times when SILAR cycles of CdS increased from 3 to 9, and then decreased
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with increased size of CdS. The stability of photocurrent enhanced with increased particle size of
CdS.
Solvents of urea with different polarity and viscosity affect charge kinetics of CdS. The
lifetime of electrons and holes in CdS was shortest in vacuum, followed by in inorganic Na2SO4
and longest in organic DMSO. Hole transfer rate constant of CdS in Na2SO4-urea electrolyte was
10 times of that in DMSO-urea electrolyte.
6.2 Future Work
6.2.1 Quantum Confinement Effect on Hole Transfer from CdS to Ni(OH)2
As the optoelectronic properties of CdS nanocrystals are strongly size-dependent, making
it possible to tune the bandgap energy of CdS nanocrystals by changing the size of CdS
nanocrystals. The degree of quantum confinement will affect the conduction and valence band
edge positions of CdS nanocrystals. As the band position edges represent the thermodynamic
driving force for electron and hole transfer, the interfacial charge transfer kinetics of CdSNi(OH)2 will change. The valence band edges can be tuned by changing the SILAR cycles when
prepare the CdS by SILAR method. The hole transfer rate of CdS of different size to Ni(OH)2
can be probed by employing transient absorption spectroscopy.
6.2.2 Steady-state Photoelectrochemical Conversion of Urea to Hydrogen
The energy conversion efficiency is one of the critical performance indicators of the
photoelectrochemical cell. Suppose that all the photogenerated electrons and holes are used
for urea oxidation and water reduction, the overall solar-to-hydrogen efficiency is obtained by
multiplying photocurrent density jphoto (mA/cm2) and redox potential Vredox (V), and divided by
incident light power Plight (mW/cm2)1, that is

. The incident-photon-

to-carrier efficiency (IPCE), also called external quantum efficiency (EQE), is determined by
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measuring the photocurrent at various excitation wavelengths

,

where E is the incident light energy in eV, jphoto is photocurrent density, Plight is the incident
light power and λ is the excitation wavelength in nm.2
After the optimization of photoelectrodes fabrication, the steady-state conversion of urea
to hydrogen will be conducted in a photoelectrochemical reactor to measure the IPCE and STH
efficiencies. This reactor contains 3 parts: the photoanode, where the urea oxidation occurs; the
cathode electrode Pt metal, where the water reduction occurs; and an ion exchange membrane to
facilitate H+ transfer. It will be first measured in a 3-electrode cell using Ag/AgCl as the
reference electrode and Pt wire as the counter electrode to gain the photoelectrochemical
performance of the working electrode. Then 2-electrode configuration will be employed to
provide the most realistic photoelectrochemical reactor performance as the photocurrent under
short circuit conditions relates to the charge separation in the photoanode and the overpotential
of the counter electrode. The current-time, current-potential response of the electrodes, charge
transfer and recombination resistances at the electrode-electrolyte interface will be measured.
The H2 generated will be gathered and measured using the gas chromatograph. The STH and
IPCE of the overall process in the 2-electrode reactor will be obtained by using Equation 6-1 and
6-2.
(Equation 6-1)
STH: Solar to hydrogen efficiency
: H2 evolution rate, mol/m2/s
: Gibbs free energy of formation of H2, J/mol
: Light power, W/m2
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(Equation 6-2)
IPCE: Incident photon to current efficiency
: Incident light energy, eV
: Photocurrent density, A/m2
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