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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 semiconductor-
catalyst 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 steady-
state 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 SiOzthin layers were deposited on TiO2-
CdS 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



times respectively compared to bare CdS. Transient absorption results showed slower bleach
and absorption decay due to reduced trap-mediated recombination when ZnS or SiO2was 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 Na2SQO4-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)z2 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, DBL-
electrolyte and Ni(OH)z-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).) 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.



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.! 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.? Today,
approximately 96% of the global hydrogen production is based on steam reforming of fossil
fuels.® Economical methods are the prerequisite for sustainable hydrogen production. Several
possible ways for sustainable hydrogen production are under investigation, including
fermentation of biomass,* thermochemical processes,® photobiological water splitting* and PEC

water splitting.8 Of which, the hydrogen production from a PEC cell gains most attention as the



energy source it uses is inexhaustible solar energy. Solar energy that can be captured and utilized
on Earth is enormous. About 3.9 x10% 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.’

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%.®2 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.® 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.’® 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 o-Fe20s as
photoelectrode and Ni(OH): as catalyst,!! starting the new chapter of hydrogen production from

urea by solar energy.



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.!2*4 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.’® 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 photoelectrode-
electrolyte 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.'® From then on, extensive researches have been focused on the development
and characterization of different dyes for application in DSSCs, such as nature dye materials®®
and synthetic organic dyes.?’ 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.?-32

QDs sensitizers have many advantages compared to dye sensitizers.*> 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,3 while one dye sensitizer

usually has a narrow absorption band.®” Second, dyes absorb on mesoporous substrate by



monolayer, while multilayer QDs can be deposited, which extends light absorption.® Charges
are then transported through the thin film of QDs.***! 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.*? QDs can also transfer “hot” electrons.**-*> “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,*®*’ where more than one pair of electron-hole pairs are
generated upon absorption of a single photon.*® 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.***! 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 TiOz is coated with these QDs using colloidal QD or in situ
fabrication.®>°® 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



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. TiOz2 is one of
the most and earlies semiconductors researched in the form of suspensions,> nanostructured
films®® and dye and semiconductor QDs-sensitized solar cells. *® Figure 1-2 takes QDs-sensitized
TiO: as the example to schematically show the working principles of a PEC cell.>

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 alignment®® as is shown in Figure 1-2 to facilitate the separation of electrons and
holes, such as in TiO2-CdSe QDs-sensitized photoelectrodes.>® 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. Beside