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Abstract

The conversion and storage of solar energy is already a strategic pillar of global strategy to

reduce emissions and fight climate change. Despite showing major promise in application to

solar water splitting and photovoltaic cells, hybrid metal oxide nanostructures have not been

widely adopted as commercial energy materials. This is largely due to their infancy, requiring

extensive research for further optimisation and performance enhancement. The aim of this

thesis is to explore the beneficial properties of these materials such as high n-type doping and

stability in water, and improve them using various strategies. Ultimately, to test their validity

by first measuring water splitting photocurrent, and second incorporating the materials into

inorganic perovskite solar cells and measuring power conversion efficiency.

The first strategy implemented in this thesis was the novel synthesis of vertically aligned

zinc oxide nanorods. By utilising microwave heating, growth duration of the high surface area

material was cut down from the conventional method’s 16 hours to under three hours. The

resistive heating of the conductive glass substrate led to defect rich structures with higher n-

type doping as measured by electrical impedance spectroscopy. The quantity of these defects

was then reduced in order to restrict surface recombination by thermal annealing in air. The

second strategy went a step further, adding extrinsic yttrium atom dopants to the nanorods. This

finely tuned defect population with greater control, resulting in increased electron mobility due

to the neutralisation of transport restrictive traps. These strategies led to a fourfold and 23%

enhancement in solar water splitting photocurrent for microwave synthesis and yttrium doping

respectively. Furthermore, such dopants led to resistance to photo-corrosion, a critical problem

for zinc oxide photoanodes.

Despite these improvements, the critical issue of large band gap energy renders zinc oxide

unable to generate photoelectrons when exposed to most visible light. In order to overcome this
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problem, α-Fe2O3 (hematite) was applied as a surface coating on the nanorods. This material

has a low band gap of 2.1 eV, capable of absorbing visible light. Electrochemical deposi-

tion was chosen for this application due to high control of layer thickness along with various

electrolytes compatible with ZnO. Initially cathodic deposition was applied, wherein Fe3+ ions

were reduced at the nanorod surface from a low concentration solution. Following annealing,

the presence of both α-Fe2O3 phase and ZnFe2O4 interphase layers were confirmed. External

quantum efficiency measurement indicated the success of the photoanode; achieving 8.96% at

400 nm irradiation, in comparison to zero activity for uncoated ZnO. The critical limitation of

α-Fe2O3, sluggish charge transportation, is overcome using the novel three dimensional struc-

ture, forming nanoparticles on the surface of conductive yttrium doped ZnO. Utilising the cores

as electron highways in conjunction with visible light sensitisation led to the highest water split-

ting photocurrent achieved in this thesis, 1.59 mA cm−2 at 1.23 VRHE. Furthermore, an anodic

current deposition led to the growth of hematite nanosheets on the surface of the wires. This too,

led to greater water splitting performance with added surface area for increased charge transfer.

Photolysis of water may have the advantage of storing solar energy in chemical bonds, but

thus far has achieved limited commercialisation and wide application. This is due to the com-

plex material requirements resulting in either low power conversion efficiency or expensive

device construction. Therefore the previously employed strategies were applied to photovoltaic

devices for high efficiency solar energy generation. Inorganic CsPbBr3 perovskite allows ambi-

ent synthesis and long term stability, it was selected as light absorber due to remarkable opto-

electronic properties and visible light sensitive band gap of 2.4 eV. Devices were constructed

by applying a layer of the material upon ZnO nanorod arrays, followed by drop casting of liquid

phase exfoliated graphite ink produced by sonication. The suitable work function of the final

material formed a Schottky junction yielding a hole selective contact, completing the photo-

voltaic device. Optimisation and enhancement was achieved by applying yttrium doping, NR
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length control and finally TiO2 coating for surface passivation and recombination reduction.

The success of the enhanced device yielded quantum efficiency of 77.8% at 400 nm illumina-

tion, and a champion power conversion efficiency of 5.8%. In nearly all cases the performance

of said cells improved as time passed under dark ambient storage conditions. Therefore this

thesis is concluded with a final investigation into the potential causes after storage in various

conditions.
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Chapter 1

Introduction

1.1 Solar Energy

Dramatic increases in the frequency of extreme weather events and an increase in human dis-

ease linked to climate fluctuations have made anthropogenic climate change impossible to ig-

nore as the most important challenge facing our time.1 With 150,000 lives lost annually as a

direct result,2 the urgency to reduce emissions and turn to renewable energy sources is high and

solar energy harnessed by photovoltaic cells and photoelectrochemical hydrogen generation is

emerging as a vital solution. As a resource solar energy is nearly inexhaustible, with quanti-

ties of energy arriving in one hour the same order of magnitude as the entire Earth’s annual

energy demand (4.3×1020 J), there has been much progress in harvesting this energy.3 Pho-

tovoltaic (PV) panels save the carbon dioxide emitted in their construction within one to two

years, providing an alternative to fossil fuels, paving the way to a future built upon sustainable

energy.4

Throughout the world this crisis has received urgent attention, with 185 countries out of 197

having ratified the historic Paris climate agreement.5 The commitment to limit global warming

to well below 2◦C demands a reduction in CO2 levels, involving the inevitable switch to re-

newable energy, change in human behaviour, electrification and investment in carbon capture
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technology.1 Photovoltaics have occupied a growing portion of the energy market, predicted

to grow substantially in the USA, Brazil and India.6–8 In the United Kingdom, renewable en-

ergy use grew 230% from 2009 to 2017, 33.1% of electricity generated in 2018 was from such

sources.9 Over 6% of all power used was from PV, an increase from 20 GWh in 2009 to 4,500

GWh last year due to subsidies and the falling price of modules.10 This growing market has

fuelled a wide range of research, with the aim of driving the price of solar cells down, whilst

increasing their performance.11–13

Other than PV technology, more methods of capturing solar energy are in commercial use

today, including solar water heating and concentrating solar power. The former tackles the

excessive energy required to heat water, necessary for maintaining modern hygiene standards.

Methods such as the flat plate and the evacuated tube collectors are capable of heating water

using light from the sun up to 80 and 100◦C respectively.14 Concentrating solar power allows

even higher temperatures to be generated, reflecting light from a larger area to a focal point

or line using planar or parabolic mirrors. Commercial solar towers reaching temperatures as

high as 850◦C resist the intermittency of cloud coverage for a 50 MW power output using a gas

turbine,15 with future application to molten salt reactors a possibility.16 Despite much progress

the problem of 24 hour energy demand persists.

A possible solution is the hydrogen economy, replacing fossil fuels with H2 gas allows far

easier storage than electricity, at high energy densities.17 Currently, the most common source of

the gas is steam reforming of natural gas, using high temperatures and a catalyst in a process that

emits CO2.18 Despite the low cost of this method, a renewable alternative is strongly desired,

particularly as countries such as Japan begin to invest heavily in the hydrogen economy.19 The

commercialisation of production by electrolysis of water is already under way with several

sources available, but the direct conversion of solar energy to chemical hydrogen bonds from

water would be preferable. The photolysis of water was already widely achieved by nature
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in the form of photosynthesis, inspiring research into solar water splitting.20 This is achieved

predominantly using photo-electrochemistry to overcome the redox potentials associated with

the reaction.

2 H2O
sunlight−−−−→ 2 H2(g, 1 atm) + O2(g, 1 atm) Eo = 1.23V (1.1)

This process occurs within the leaf itself, then stored through the production of carbohydrates.21

Photoelectrochemical water splitting is the application of focus in this thesis, with increased

efficiency achieved by various strategies in the first four experimental chapters. An alternate

method is to use solar thermal energy to perform splitting, 800◦C concentrated heat is sufficient

to split H2O to form H2 in a thermochemical reaction.22 Relatively new, this technology requires

a high set up cost but with promising results, including efficiencies exceeding 25%.23

1.2 Photoelectrochemical Water Splitting

The genesis of research into photodegradation and artificial photosynthesis occurred in 1972

where Fujishima and Honda used the wide band gap semiconductor TiO2 to perform photoelec-

trochemical water splitting.24 The photoactivity of metal oxides such as TiO2 can be attributed

to the nature of their semiconductor properties; their band gaps and the positions of their con-

duction and valence bands. The electronic band structure was first theorised to exist using two

different models. The nearly free electron model,25 where a weak positive lattice is imposed

upon a gas of free electrons, is solved using degenerate perturbation theory. Unimpeded free

electron gas with no atomic lattice consideration is modelled by the simple Drude model. The

tight binding model of electronic structure confines the electrons to each atom with their wave

functions perturbed by neighbouring nuclei,26 closely linked to Linear Combination of Atomic

Orbitals (LCAO).

Both theories use the Bloch Theorem for electrons in a repeating lattice; which applies the
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following eigenstate

ψαk (r) = eik·ruαk (r) (1.2)

where eik·r corresponds to the free electron wavefunction which leads to the familiar energy

eigenvalues.

E =
~2k2

2m
(1.3)

Where energy E is proportional to momentum k squared; ~ is plank’s constant and m is the

electron mass. uαk (r) corresponds to the periodic potential of the eigenstates in each unit cell,

where α is the discrete band index.

uαk (r) = uαk (r + a) (1.4)

the repeating potential of the positive atomic lattice is indistinguishable from one unit cell to

the next. This allows aliasing to occur where electrons with high enough momentum can leave

a unit cell in momentum space only to find themselves in effectively the same cell, transferring

momentum to the crystal lattice. This renders the wavefunctions indistinguishable from unit

cell to neighbouring cell. Where a is the lattice constant of the unit cell.

Remarkably the dispersion relations of bound states, where the energy of electrons is plotted

against momentum in k space, predict the same features using either model. Forbidden regions

open up where certain energy states become impossible to attain for electrons, the electronic

band gap.27 The introduction of the Fermi level, the highest electron energy level occupied

at absolute zero, allows the electronic properties of a material to be predicted. If the Fermi

level lies in the forbidden zone between bands the material will be either a semiconductor

or insulator; this depends on either a comparatively narrow zone (or band gap) or wide zone

respectively. The Fermi level intersecting one of the bands will produce a conductor, where

electric fields can easily affect the net momentum of electrons in a particular direction.28 This

model is summarised in Figure 1.1.
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Figure 1.1: A) The Drude model dispersion relation of free electrons, kx corresponds to the
momentum in the x direction; B) displays the result of the Nearly Free Electron Model and
Tight Binding Model, where the light grey arrows transform the curve into the familiar band
gap diagram found in C) due to the process of aliasing. In C) the position of the Fermi Level
indicates an intrinsic semiconductor, the green arrow indicates the transition of an electron from
the valence band into the conduction band due to the absorption of a photon. D) Displays an
indirect band gap with transitions assisted by phonons.
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The bands below and above the forbidden zone in semiconductors are referred to as the

valence and conduction band respectively; in order to produce a net flow of electrons, sufficient

energy and momentum must be provided to the valence electrons to reach the conduction band.

Both TiO2 and ZnO are referred to as direct band gap semiconductors as the minima of their

conduction bands and maxima of their valence bands lie at the same point in momentum space.29

This is a useful property for the absorption of photons, as the photon momentum p transferred

is insignificant compared to the energy supplied. This produces a near vertical transition in the

dispersion relation. The simple equation E = pc describes photon dispersion where c is the

speed of light. For indirect band gap semiconductors additional momentum is required in the

form of phonons, slowing the rate of transitions and therefore photon absorption.30

The energy from light absorbed can be stored in the process of water splitting provided two

conditions are met. The conduction band of the semiconductor must lie above the reduction

potential of hydrogen; and the valence band must lie below the oxidation potential of oxygen

in water. Naturally this requires a band gap of greater than 1.23 eV as displayed in Figure 1.2.

Upon excitation of electrons to the conduction band, the fermions move to the counter electrode

to reduce hydrogen and the valence band holes in turn, oxidise the water.31

The most effective method of measuring photoelectrochemical water splitting ability is

through solar-to-hydrogen efficiency, ηSTH , calculated using the following equation.

ηSTH =
JopErxnfFE

Pin
(1.5)

Where Jop is defined as the operating current, Erxn is the redox potential equal to 1.23 eV, fFE

is the Faradaic efficiency and Pin is the illumination power density.32 Thus far, the highest per-

formance PEC water splitting devices have incorporated several layers including a photovoltaic

cell providing potential bias and various catalysts. An early example of such a system used a

GaAs photovoltaic cell linked to a GaInP2 photocathode, achieving a 12.4% value of ηSTH at 11
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Figure 1.2: Diagram showing the band gap of ZnO in relation to the redox potential of water,
transitions occur when photons of visible light are absorbed, allowing the photolysis of water.
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sun illumination in 2002.33 In 2012 Nocera produced a free standing artificial leaf combining

cobalt and NiMoZn as oxygen and hydrogen evolution catalysts respectively, with a triple junc-

tion amorphous silicon photovoltaic for 6.7% efficiency.21 Further records were broken by driv-

ing photolysis with methylammonium lead halide perovskite photovoltaics, achieving 12.3%

efficiency with 1 sun illumination.34 In more recent examples further enhancement has been

achieved by optimising the tandem photovoltaics driving the reaction, May et al. achieved 14%

efficiency and Young et al. produced a device capable of 16% solar to hydrogen conversion.35,36

The highest performance photovoltaic PEC water splitting device utilised ruthenium oxide and

rhodium as evolution catalysts, yielding 19.3% efficiency.37

Despite these impressive performances, these devices suffer from complex fabrication meth-

ods along with expensive catalysts. Therefore, the investigation of novel materials and simple

junctions that can be directly submerged in water without degradation, to act as photoanode or

photocathode, has been continuous since the first use of TiO2.24 This forms the majority of PEC

water splitting literature, with metal oxides such as ZnO and Fe2O3 commonly applied due to

suitable band edge positions and good stability, using an external potentiostat for testing.38–40

Typically performance and efficiency are measured using generated photocurrents from a three

electrode set up. In this way, selected anodes or cathodes can be built and tested at a fraction of

the cost, with potential to be linked in tandem with PVs in future for higher performance. Many

of these materials feature more prominently in the construction of PVs themselves, particularly

in modern perovskite solar cells, the second application in this thesis.

1.3 Photovoltaic Cells

Despite the discovery of the photovoltaic effect by Edmond Becquerel in 1839,41 it was 38

years before this principle was applied to the solid state by Adams and Day during their in-

vestigation of the photoconductivity of selenium.42 This material remarkably formed the base
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of the first thin-film solar cell completed with gold foil on top.43 This led to the investigation

of other materials such as CuO2 and Tl2S, selected for the ability to grow ∼ 10 nm thick bar-

rier layers by oxidation and sulphurization on metal supports.44,45 The foundational silicon p-n

junction, the most familiar photovoltaic technology today, was discovered as a naturally occur-

ring phenomenon in commercial ingots of high purity recrystallized silicon in 1941,46 due to

the segregation of impurities during melting. This was several years before the invention of the

transistor, where each end of the material cut from the ingot were labelled ’N’ and ’P’ based

on the positive or negative potential observed when illuminated. Subsequent advancements in

efficiency and production of such cells occurred through using purer silicon, an intrinsic semi-

conductor, followed by controlled extrinsic doping through ion beam bombardment.47,48

The inclusion of small populations of impurities have a profound effect on the electronic

properties of semiconductors, as only a small proportion of electrons have sufficient energy at

thermal levels to reach the conduction band. Therefore even low band gap materials such as

silicon, are highly resistive to electron transport, due to low numbers of delocalised charge car-

riers. Doping with either donor or acceptor impurities gives rise to the previously mentioned n

or p type material respectively, forming the junction in Figure 1.3. These extrinsic dopant atoms

reduce the resistivity by introducing new electronic states into the band gap, typically within

thermal energies of the conduction or valence bands that donate electrons or holes respectively.

This will not only affect the charge carrier density, but also the position of the Fermi-level, EF,

shifting it towards the conduction band in the case of n-type doping and valence band for p-type.

When the junction is formed, as the EF reaches equilibrium donated electrons flow to fill into

the p-type conductor to fill the holes at the interface and vice versa, driven by concentration

gradient. This results in a depletion region, with a built in a diodic electric field which allows

the separation of charge neutral electron hole pairs, excitons, generated by the absorption of

photons. This is how photocurrent is generated; conversely when excitons recombine without
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charge separation the absorbed photon is re-emitted, and the energy lost. However, the major-

ity of recombination occurs at the junction due to the proximity of photogenerated electrons to

holes.

Figure 1.3: The function of the pn junction: a) Bound charge neutral electron hole pairs, ex-
citons, are generated through the absorption of a photon. b) Exciton diffuses to the junction
between p and n doped semiconductors where charge separation occurs. c) Example of energy
loss through exciton recombination, the photon is re-emitted as the electron drops down from
the conduction band to the valence.

Dye Sensitised Solar Cells, (DSSCs) rely on a different form of band structure engineering

and hold a considerable share of the frontier research into solar energy.49 Using a variety of light

sensitive compounds, wide band gap metal oxide semiconductors can be manipulated to absorb

photons with energy far lower than their band gaps.50 The first DSSCs used organic dyes which

donate electrons to the conduction band of the metal oxide upon photoexcitation leading to re-

search into developing new dyes.11,51–53 These devices effectively divide the processes occurring

in traditional p n junction solar cells, drawing upon inspiration from the natural world.

Rather than exciton generation as previously described; where charge separation and charge
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transport all occur within the semiconductor bulk; photoelectrons are generated in the dye,

charge separation occurs at the dye/semiconductor interface and the semiconductor is used

for charge transport.54 This is a bio-memetic approach to harvesting solar power, a concept

which was first reported in 1971, when a small photocurrent density was observed, sensitis-

ing ZnO with chlorophyll extracted from bacteria and dissolved in electrolyte.55 This invention

has evolved since its conception to include Semiconductor Sensitised Solar Cells (SSSCs) in

order to both overcome the photoinstability of organic dyes and provide more accurate optical

band structure tuning.12,56,57 The demand for even higher precision electronic structuring led

to QDSSCs, the quantum dot equivalent, utilising quantum confinement and multiple exciton

generation.58–61 This effect arises in semiconductor crystals with dimensions less than 10 nm as

the size of the crystal becomes comparable to the wavelength of the exciton, causing a splitting

of energy levels and the ability to tune the band gaps.62 These cells show strong efficiency due

to nanoscale engineering.63–65 The different generations of this branch of solar technology are

displayed in Figure 1.4.

Representing a modern leap forward in photovoltaic technology, perovskite solar cells (PSCs)

are the newest evolution of the DSSC. Named after its crystal structure, perovskite is cheap to

synthesise and solution processable, which will lead to commercialisation in the near future.66

Most commonly referring to methyl-ammonium lead iodide, MAPI, the term represents a wide

range of materials following the same chemical formula of ABX3, A and B referring to a singu-

larly and doubly charged cation respectively, alongside a halide anion X. Swapping component

atoms, and introducing mixtures of cations and halides have a great influence on the stability

and band gap energy of the material. Most commonly the A cation is comprised of methyl-

ammonium, formamidinium or cesium, the B cation is tin or lead and finally X can be iodide,

bromide or chloride. Currently they are constructed as n-i-p (intrinsic semiconductor layer)

junction cells where the tunable band gap material performs the actions of photon absorption
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Figure 1.4: The DSSC and subsequent generations of cell: Black arrows to the load indicate the
path of electrons, grey boxes indicate electrodes. Top right, the dye is replaced with an optical
semiconductor, gradient shading indicates continuous levels of electronic bands. Bottom left
displays the quantisation of bands due to quantum confinement and the size dependant band
gap found in QDs. Bottom right, electrolyte replaced with solid phase hole transport material.
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as well as charge separation due to the low exciton binding energy.67–70 Typically the n-type

layer, or electron transport material, is made of mesoporous TiO2 or ZnO with a compact layer

for hole blocking on a transparent conducting oxide. After perovskite layer deposition the cell

is capped off with a state of the art solid state hole transport layer, which is usually doped

2,2’,7,7’-tetrakis [N,N-di(4-methoxyphenyl)amino]- 9,9’-spirobifluorene, spiro-MeOTAD, fol-

lowed by thermally evaporated gold. Needless to say, these final two layers add the greatest

cost, spurring interest in the reverse p-i-n structures, along with hole transport free perovskite

solar cells.

These cells no longer resemble their parent DSSCs, however organic-inorganic hybrid lead

halide perovskite began as just another semiconductor used to sensitise mesoporous TiO2.71

From this point in time several key discoveries ensured the materials meteoric rise in efficiency

over the last 10 years. Improvement to the device performance was first enabled by using the

aforementioned solid state hole transport material, cutting out the liquid phase.72 Great enhance-

ment was next achieved through improved film deposition, which began with the sequential

method developed by Burschka et al., increasing efficiency up to 13%.68 Further improvement

to perovskite film quality using anti-solvent methods and compositional changes have led to

efficiencies greater than 20%,73,74 with the current highest efficiency single junction cell giving

23.7%.75 A limitation of the typical MAPI cells is poor long term stability in humid air, and

sensitivity to moisture during the synthetic process. Several methods have been used to negate

this effect, including encapsulation and using mixed halides. By cutting out the organic cation

altogether far higher stability can be achieved, leading to the growing field of inorganic PSCs

typically made using CsPbBr3. Furthermore, these devices often utilise a hole transport free

conductive carbon back contact for so-called ’all-inorganic’ cells. High purity and lanthanide

doped CsPbBr3 PSCs recently achieved 9.72 and 10.14% efficiency respectively,76,77 nearly

doubling performance after just a few years of development.78 For this reason, all-inorganic
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architecture formed the base of the PSCs reported in this thesis.

1.4 Metal Oxide Nanomaterials

Both photoelectrochemical water splitting and photovoltaics benefit from wide ranging ad-

vancement in nanotechnology, which is also responsible for Moore’s law; whereby the number

of components on an integrated circuit doubles every 18 months largely due to the miniaturi-

sation of transistor size.79 Now transistors have reached sizes below 5 nm,80 it is no surprise

that engineering at the nanoscale has become a vibrant field of research. Nanomaterials have

subsequently been used to build negative electrodes for lithium ion batteries; to form antibacte-

rial layers using silver nanoparticles and to even enhance the colour display of televisions using

quantum dots.81–83 Furthermore, photocatalytic nanoparticles of TiO2 have been incorporated

into glass and building materials to act as self cleaning layers.84,85 This uses radical genera-

tion from UV absorption in the wide band gap material, the radicals break apart the molecular

bonds binding grime to the surface, to be washed away by the rain. Finally, nanotechnology has

received great attention in medicine, where biocompatible magnetic nanoparticles have been

applied for controlled drug delivery and cancer diagnosis and treatment.86

Inorganic nanomaterials have been widely applied to solar energy due to their exotic optical

and electronic properties. Utilising quanta of energy excited through the physical oscillating

displacement of charge clouds, plasmonic nobel metal nanoparticles have been widely applied

to both PEC water splitting and photovoltaic cells. This energy is transferred to the light absorb-

ing medium by either near field optical coupling, far field scattering or hot electron injection into

the conduction band.87,88 Significant enhancement was achieved by coupling ZnO nanowires to

gold nanoparticles (NPs) for oxygen evolution,89 meanwhile Au-Ag alloyed NPs were incor-

porated into PSCs for significantly increased efficiency.90 This is one example of light trapping

methods used to elongate the optical path length through thin film solar cells,91 others include
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lambertian back scattering,92 inverse opal photonic crystals and silicon nanowires (NWs) acting

as optical waveguides.93,94 Noble metal NWs have also been applied as transparent conductors

in PVs, replacing typical fluorine doped tin oxide (FTO) or indium tin oxide (ITO).95

By far the most common use of nanomaterials in solar energy technology is the use of

nanostructured metal oxides as electron transport materials or photoelectrodes in PVs or PEC

water splitting respectively. The most common structures applied are nanowires, nanotubes and

nanoparticle films forming mesoporous contacts,96–100 each are advantageous due to increased

surface area.32 Vital when applied to PEC and DSSC devices, larger surface area boosts the

efficiency due to greater contact area with water, electrolyte or solid perovskite photoabsorbing

layer, allowing a faster rate of charge transfer.101 However too high a surface area can be detri-

mental to power conversion efficiency (PCE) due to surface recombination, accelerated by the

presence of surface electronic states.102 For this reason good charge transportation properties

are favourable, allowing the photogenerated charge to be transferred away from the interface.

Fortunately, water stable metal oxides such as TiO2, ZnO and Fe2O3 are relatively simple to

grow into nanostructures for the photolysis of H2O.

These nanoscale structures also exhibit beneficial electronic properties for the collection of

charge in solid state cells. In PV cells excitons must meet an interface or p-n junction in order

to separate the charges within the lifetime of the exciton to avoid recombination.103 The charge

is then free to flow around the circuit producing a photocurrent. This is vital to the 2D nano

geometry of the thin film solar cell and the nanoscale domain widths of the interpenetrating net-

work involved in bulk heterojunction polymer solar cells.104 Generally lead halide perovskites

have a longer charge carrier path length, and exciton separation occurs at room temperature

energies. Therefore, the vast majority of devices capture photoelectrons using high surface area

mesoporous TiO2 for charge extraction. The disadvantage of this is slow transportation due to

the relatively poor connectivity of the NPs, limiting the thickness of the solar cell. Conversely
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NWs and NTs have lower surface area, but more favourable transportation properties. Their ap-

plication has yielded good performance PSCs, but thus far fall short of the benchmark mp-TiO2.

ZnO represents a suitable alternative and thus is the material focus of this thesis. The three most

important crystal structures used are found in Figure 1.5.

.

Figure 1.5: A) Shows the crystal structure of wurtzite ZnO, B) anatase TiO2 and finally C)
α-Fe2O3

1.5 Zinc Oxide

1.5.1 Properties

Interest in zinc oxide grew steadily from the 1950s onwards, but only in the last two decades

have the materials remarkable properties led to an explosion in publications. The wide direct

band gap of 3.37 eV lends itself to UV optical applications which along with high exciton bind-
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ing energy of 60 meV gives photoluminescence of greater quantum yield.105 Not only useful

for optical purposes, the semiconductor also boasts favourable electronic properties with sin-

gle crystals displaying electron mobility, µe, of 200 cm2 V−1 in Hall effect measurements.106

Furthermore it typically displays high n-type doping upon synthesis for high conductivity, σ,

defined by σ = neµe, where n is electron concentration increased by doping.107 This can be

further enhanced through extrinsic dopants. The material has also shown ferromagnetic proper-

ties when doped with Mn for spintronic applications, alongside strong ability to tune the band

gap with divalent atoms. A key drawback of ZnO is the difficulty in controlling the naturally

occurring donor defects and impurities, a problem confronted in this work by annealing in air

and novel synthesis. Common crystal defects are displayed in Figure 1.6.

Figure 1.6: A) shows the ZnO wurtzite lattice with a Schottky defect, B) a Frenkel defect, C)
the complete lattice, and D) through F) various native point defects found in ZnO.

The origin of n-type doping in the lattice has been the centrepiece of much discussion, in the

past it has been attributed solely to oxygen vacancies and zinc interstitials (VO and Zni respec-

tively). Photoluminescence (PL) and dielectric spectroscopies in conjunction with theoretical

models have shed light on the defect state positions in relation to the band gap. It is clear that

the most likely candidates for n-type doping are Zni and hydrogen impurities, which both in-

troduce states close enough to the conduction band for electron injection. From such analysis

the presence of VZn likely behaves as an accepter defect, arising with VO during the formation
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of Schottky defects, defined by charge cancelling vacancy pairs. The presence of Zni and VZn

confirms the genesis of Frenkel defects, occurring from displaced interstitial atoms paired with

vacancies,108 while hydrogen impurities are likely present due to the precursors used to synthe-

sise ZnO in basic media. High quantities of defects are beneficial for high doping, but have a

negative effect on charge mobility acting as traps and scattering points. They also act as recom-

bination centres, particularly at the surface of the ZnO, and therefore their population must be

controlled.

Defect population can be greatly affected by methods of synthesis, typically rapid crystal

growth forms greater concentration, compared with slower techniques which yield high quality

structures. The characteristic crystal structure of ZnO is hexagonal wurtzite, with lattice pa-

rameters of 3.25 and 5.20 Å for a and c respectively.105 The highly ionic lattice has O atoms

tetrahedrally coordinated to four Zn, alternating the local charge when stacked and leading to

polarised surfaces responsible for the plethora of ZnO nanostructures. This typically favours

growth in the c axis direction by the attraction of anions due to the partial positive charge of

the Zn2+ terminated 001 plane. The adsorbed anions will reverse the polarity, accelerating the

growth process leading to vertically aligned nanorod arrays (NRs) orientated along the specified

axis.109 This mechanism is exploited through various synthetic methods, such as chemical bath,

hydrothermal and electrochemical depositions.

Electrochemical deposition uses the reduction of O2 to OH– in an oxygen saturated bath,

which subsequently reacts with Zn2+ to form Zn(OH)2.110 At elevated temperatures this species

forms ZnO at the surface of a substrate.111 The advantages of this method are rapid growth (10

to 60 minutes) and morphological control, but the set up requires three electrodes and the use

of gas saturation, leading many to favour more simple synthesis. Rather than the local raising

in pH achieved by the previous method, chemical bath deposition uses the slow decomposition

of hexamethylenetetramine (HMT) at 85 ◦C to provide OH– for Zn(OH)2 generation leading
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to ZnO precipitation.112 The slow pace is required for nucleation and growth on the substrate,

rather than the formation of ZnO powder in the solution. Typically requiring 16 hours or more,

this process yields high quality NRs with low quantities of defects due to the slow reaction rate.

hydrothermal growth offers a compromise, by using a high pH (∼10) adjusted with ammonia,

leading to the formation of a sol-gel, cloudy with Zn(OH)2, which is left at a higher temperature

of 95 ◦C at high pressure in an autoclave. Such methods form highly favourable morphology

after two to six hours, but with one critical disadvantage. High quantities of Zn(OH)2 form

surface OH groups which cause rapid recombination in solar applications, such impurities must

be removed by vacuum annealing at 700 ◦C.113 Novel synthesis of ZnO NRs using microwave

heating gave rapid growth while increasing solar water splitting performance, is outlined in

chapter 3.114

Using these various methods and more, nanostructures other than NRs have been produced,

such as nano platelets,115 nano flowers and nano trees.116,117 ZnO nanoparticles can also be

synthesised and used to make mesoporous films,118 with great surface areas suitable for so-

lar application. Post treatment of NRs leads to exotic structures such as nanopencils carved

out using L-ascorbic acid,119 and nanotubes etched with KCl,120 increasing surface area whilst

maintaining good transport properties. Some common structures are shown in Figure 1.7. Sub-

sequently, using various templates, ZnO can be grown into porous layers,121 and inverse opal

structures acting as photonic crystals for light trapping.122 Finally, the use of zinc oxide thin

films is rife,123 for use in a rich field of applications to be outlined in the next section.

1.5.2 Application

The favourable optoelectronic properties of ZnO have led to its use in several emerging fields,

such as utilising its rapid electron mobility and UV/blue emission for ultra-fast photonics.124 In

this field it has been used to make lasers and LEDs,125 Figure 1.8. Doping with aluminium
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Figure 1.7: A) Shows cartoons of zinc oxide nanotrees, B) nanotubes and C) mesoporous
nanoparticle films.
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and yttrium can significantly increase the conductivity of thin films, leading to experimen-

tal trial as a transparent conducting oxide to replace fluoride doped tin oxide or indium tin

oxide.126,127 Electrical energy storage represents another serious challenge, which has led to the

use of nanostructured ZnO as anode material in lithium ion batteries,128 along with incorpo-

ration into supercapacitors.129 Furthermore the material has found use in both biosensors,130

able to detect molecules such as urea,131 as well as gas sensors.132 The latter rely on significant

changes in conductivity in the presence of various gases, reduced breakdown voltages can be

achieved using yttrium doping.133 Finally, highly sensitive pressure sensors were built using

ZnO using its piezoelectric properties for biological applications.134

Due to similar band edge alignment to TiO2, zinc oxide has been proposed as an alter-

native to the effective gold standard of photocatalysis. A process mimicking the breakdown

of organic pollutants in water, the photodegradation of methylene blue has been achieved by

modified ZnO on several occasions. Faster reaction rate was observed using microwave crys-

tallisation of NRs;135 decorating nanopowders with silver;136 and finally yttrium doping of ZnO

nanoflowers.116 Encasing ZnO micro-ferns with ZnS led to increased photo degradation of fur-

ther species, including Rhodamine B and 4-nitrophenol,137 meanwhile boron doping assisted

in the decomposition of aqueous cyanide.138 Not only useful in degradation, when combined

with Cu nano particles, ZnO was able to perform CO2 reduction under solar illumination and

atmospheric pressure.139 This technology, when combined with solar generated H2 can produce

a completely photosynthesised liquid fuel, methanol.140 Finally, hydrophobic porous layers of

ZnO have been applied to self-cleaning glass showing a strong UV response.121

Solar energy application represents one of the most prevalent uses of the wide band gap

semiconductor, particularly in the field of photoelectrochemical water splitting. ZnO is stable

in neutral and caustic conditions with suitable band edge positions for water oxidation, acting as

a photoanode. Comparing pristine ZnO for this application shows that structure, synthesis and
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Figure 1.8: The various applications of zinc oxide.

post treatment play a vital role in anode performance. hydrothermal NRs grown by Vuong et al.,

using repeated four hour reactions along with 2 hours calcining, achieved the highest pristine

ZnO performance as measured by current density at 1.23 VRHE, valued to be 0.9 mA cm−2.141

The aforementioned nanopencils also performed efficiently at >0.6 mA cm−2, due to their op-

timised morphology.119 These performances greatly fall short of solar water splitting achieved

by lower band gap materials sensitive to visible light.142

This material shortcoming is defeated by two major strategies, extrinsic doping and by sen-

sitising with other light absorbing materials. Significant band gap reduction occurs when doping

with particular atoms, such as sodium or nitrogen, leading to a photocurrent of 1.4 mA cm−2

at 1.23 VRHE.100,143,144 Other effects of doping are greater conductivity from hydrogen atoms

achieving ∼ 1.3 mA cm−2;141 more favourable morphology increasing surface contact from yt-

trium doping and finally ferroelectric polarisation at the interface with lithium inclusion yielding

optimised band bending.133,145 Even greater enhancement is achieved through sensitisation with

other materials, such as low band gap CdS and CdTe, boasting performances of 6.0 and 1.6
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mA cm−2 respectively.141,146 Other impressive results utilise both plasmonic and semiconductor

absorption effects, such as silver/silver phosphate core/shell nano particle decoration of ZnO

NRs.147 As well as decorating ZnO nanotubes with low band gap ZnFe2O4 nanosheets and Au

nanoparticles for an initial photocurrent value of ∼ 4.0 mA cm−2.148 Recently ZnO NRs have

even been coated with mixed metal organic frameworks for enhanced watersplitting, cement-

ing sensitisation as a powerful tool for solar energy generation with zinc oxide. Doping with

yttrium as described in chapter four of this thesis, and then coating with hematite as described

in chapters five and six, all displayed substantial improvement in water splitting.

Zinc oxide has been applied in a variety of photovoltaic technologies, including bulk het-

erojunction polymer solar cells. Generally used as electron transport layers, aluminium doped

ZnO formed the base of PTB7-Th:PC71BM* cells which achieved 10.42% PCE.149 NRs func-

tionalised by 2-(2-Methoxyethoxy) acetic acid and small molecule coating reduced aggregation

to form transparent electron selective layers, capable of 7.38% efficiency.150 In another example,

extremely thin absorber cells were constructed upon TiO2 coated ZnO NRs, utilising Sb2S3 and

P3HT† light absorbing layers for reasonable performance.151 Most commonly ZnO is applied

to DSSC type cells, with great success in utilising low temperature carved nanotubes for 2.87%

efficiency.120 Other material nanostructures such as mesoporous ZnO and long whiskers have

been incorporated into this architecture with great success.152,153 Furthermore, ZnO has been

applied with TiO2 to QDSSCs, performing well with PCE values up to 5.92%.154,155

Far higher performance can be found in application to emerging perovskite solar cells, where

ZnO has became a serious contender to rival the most commonly used mesoporous-TiO2. Early

examples of ZnO incorporation both used NR arrays with typical processing techniques achiev-

ing reasonable efficiency in MAPI cells as high as 8.9%.156,157 Once again through doping and

*PTB7-Th: poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2- b;4,5- b’]dithiophene-2,6-diyl- alt-(4-(2-
ethylhexyl)-3-fluorothieno[3,4- b]thiophene-)-2-carboxylate-2-6-diyl]
PC71BM: [6,6]-Phenyl C71 butyric acid methyl ester

†P3HT: Poly(3-hexylthiophene-2,5-diyl)
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coating great enhancement was observed, a thin layer of TiO2 enabled the cells to reach 13.49%

efficiency,158 whilst N doping achieved 16.1% with conductivity and surface passivation the

key aims.159 The highest performance ZnO based cell was constructed by Cao et al., using a

mesoporous layer with MgO coating in a mixed perovskite cell yielding a summit performance

of 21.1% efficiency. The material has been incorporated in other architectures, including a bulk

heterojunction of ZnO and MAPI(Cl) and as low temperature processed counter electrodes for

flexible solar cells.160,161 As for inorganic PSCs the semiconductor has only been applied twice

to mixed halide cells, achieving 4.8% and 13.3%.162,163 A description of how ZnO was applied

to CsPbBr3 PSCs for the first time is in chapter seven of this thesis.

1.6 Hematite

1.6.1 Properties

Though found in many forms, the most thermodynamically stable mineral of iron oxide is

hematite (α-Fe2O3). Synthesised at a low cost, this particular "rust" has been extensively stud-

ied for application to solar energy due to its low band gap energy (1.9-2.2 eV) betrayed by its

vibrant red-orange pigment. Although not quite the ideal value for photoelectrochemical water

splitting, an average band gap of 2.1eV yields a theoretical solar to hydrogen conversion effi-

ciency of 15%.164 Despite the ability to absorb a great proportion of the visible light spectrum,

it has an indirect band gap and therefore a low absorption coefficient. Therefore, thicker layers

of the material must be employed in order to achieve significant absorption, especially at near

band gap energies.

The crystal structure consists of trivalent iron atoms in a trigonal-hexagonal arrangement

with oxygen, characterised by space group R3c. It exhibits weak ferromagnetism at room

temperature.165 This structure protects the material in a wide range of pH, including strongly

basic conditions. One of the key disadvantages of α-Fe2O3 is associated with electronic trans-
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portation, affecting water oxidation kinetics and charge carrier collection. Transport occurs

within the crystal following a small polaron model, whereby moving charge distorts neighbour-

ing atoms as it hops from site to site.166 This means low electron mobility of ∼ 10−2 cm2 V−1 s

and poor charge separation efficiency, due to short excitation lifetime (3-10 ps), which leads

to a minority carrier mean free path length of 2-4 nm. This critically high recombination rate

fuels the need for large overpotentials to drive the oxygen evolution reaction in order to generate

sufficient holes. Furthermore, the mechanism is complicated by the extensive charging of preva-

lent surface states with holes under illumination, which aids the solar water splitting process.167

The fundamental obstacle to surmount in the utilisation of hematite is how to increase light

absorption limited by indirect band gap, whilst maintaining short crystalline domains for hole

transfer.

A natural solution is presented by nanostructuring, where chemical methods have been

widely used to synthesise a variety of morphologies. For example ultra-thin films of the material

have been grown on conductive substrates, allowing rapid injection of holes into the solution.168

However, this does not combat the problem of poor light absorption achieving only ∼ 0.3

mA cm−2 at 1.23 VRHE, unlike three dimensional designs. Architecture such as nanorods,169

nanotubes,170 nanodendrites and mesoporous layers offer far higher surface area films while in-

creasing layer thickness.164,171 The development of such designs led to far higher performance,

with the final two mentioned achieving photocurrents of 2.2 and 1.4 mA cm−2 respectively.

Higher performance anodes nearly universely rely upon surface modification with catalytic ma-

terials such as cobalt for reducing harsh overpotentials.171,172 Despite these gains, electrical

connectivity is still a limiting factor insulating electron flow to the counter electrode.

In order to surmount said issue, various dopants have been incorporated into the hematite

structure in order to achieve improved transportation. Most commonly this is achieved by n-type

doping with ions such as Si4+ and Ti4+, widely reported previously.171,173,174 This achieved some
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of the highest water splitting rates in literature, with Ti doped Fe2O3 yielding 4.1 mA cm−2

at 1.23 VRHE with the help of surface catalytic Ti – FeOOH.175 Forming hybrid structures with

other materials is an another fertile route to enhancement, several aiming to boost conductivity.

Utilising conductive mesoporous scaffolds of antimony doped tin oxide gave a performance of

0.9 mA cm−2.176 Analogously, coating indium tin oxide or zinc oxide nanowires with hematite,

forming core-shell structures gave higher performance, still.177,178 Other hybrid material hybrids

aim to overcome the low light absorption, such as coating iron oxide on silicon nanowires.179,180

Finally, plasmonic enhancement using the decoration of noble metal nanostructures can also

lead to greater light absorption by exploiting surface plasmon resonance.181 However, Fe2O3

has seen a variety of different applications other than just photoelectrochemical water splitting.

1.6.2 Application

The use of hematite by human kind dates back far earlier than modern science, the earliest

example of which is attributed to the pinnacle point man who lived 164,000 years ago.182 He

used the vibrant red chalk to paint and remarkably it is still used in art today, as its hydrated

form is responsible for yellow ochre and unhydrated for the red counterpart. The catalytic

properties observed have led to application in environmental protection, first to remove carbon

monoxide via oxidation reactions and second to clean pentachlorophenol contamination from

waste water.183,184 Not only suitable for the degradation of poisons, the material has been used

to synthesis useful products, such as the conversion of ethylbenzene to styrene.185 Aside from

catalysis, highly controllable morphology at the goethite growth stage allows effective incorpo-

ration into gas sensors within a porous capsule.186 Such devices are capable of high sensitivity

to the detection of ethanol, formaldehyde and acetic acid.187 Electrical properties such as n-

type doping and high stability, demanded testing as an anode in lithium ion batteries, a key

technology critical to solving the problem of energy storage.188 Hematite nanocones boasted an
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excellent capacity alongside 86% retention after 1000 cycles.189

Although the material was not applied to photovoltaic cells in this thesis, a wide number of

examples show suitability for the task.190–193 Firstly, Fe2O3 was applied to dye sensitised solar

cells as a nanostructured counter electrode achieving efficiency of 4.6%.192 Other examples

incorporate into perovskite solar cells as an electron selective layer as a replacement to TiO2,

resulting in reduced current voltage hysteresis.193 This device yielded an efficiency of 10.8%

in MAPI cells and superior stability over 30 days. Once again though, high recombination rate

was a limiting factor which was alleviated by mixing with the fullerene phenyl-C61-butyric acid

methyl ester (PCBM).190 The composite electron transport layer was able to reach 14.2%, still

falling short of the sky-rocketing efficiencies achieved by the persistent bench mark, titanium

dioxide.

1.7 Titanium Dioxide

1.7.1 Properties

The champion material of photocatalysis, titanium dioxide has been explored as a green alter-

native for chemical processes and energy generation since its photoabsorbing properties were

first discovered in the 1950s.194 Active under UV illumination, the two most common crystal

phases of TiO2, anatase and rutile are tetragonal structures with electronic band gaps of 3.2 and

3.0 eV respectively.40 Due to the defect states introduced by oxygen vacancies VO the semi-

conductor is n-type, with suitable band edge positions to become the first recorded solar water

splitting photoanode.24 Reasonable electron mobility values measured by the Hall effect of 0.4

cm2 V−1 s (greater than hematite, 10−2, less than zinc oxide, 102 cm2 V−1 s), allow transporta-

tion to the platinum counter electrode, while holes remain at the surface to oxidise adsorbed

species.195 While charge mobility is an order of magnitude higher than hematite, the material

is still resistive, particularly in nanoparticle films where electrons must frequently cross crys-
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tal grain boundaries.196 Finally, TiO2 is once again chemically stable and therefore ideal as an

anode in photoelectrochemical cells with long lasting performance.197

Limited charge transportation and the surface catalytic mechanism require TiO2 with high

surface area, leading to a large number of different structures. The semiconductor has been

grown, templated and chemically etched into many forms, including nanorods which achieved

a power conversion efficiency, PCE, of 6.4%,198 or higher surface area still, oriented nanotubes

incorporated into DSSCs.199 Despite poorer connectivity, high surface area remains the most

important factor when building photovoltaics withTiO2, allowing greater quantities of dye to be

anchored to the surface for oxidation.196 Therefore, mesoporous (mp) films have commanded

the highest performance and greatest attention, beginning in 1991 with O’Regan and Grätzel.200

It was this high surface area, high band gap semiconductor that was first sensitised to visible

light with an organic dye inventing the DSSC. The staple consists of networks of nanoparticles

forming a film and more recently achieved a PCE of 12.3% using a porphyrin sensisiter and

cobalt electrolyte.201 Further improvements to the metal oxides structure itself include making

porous single crystal TiO2 using an SiO2 template, improving charge transport whilst main-

taining high surface area.202 Finally, forming various layers of larger nanoparticles (∼ 200 nm)

alongside typical anatase films (∼ 20 nm), with additional nanorods improves light scattering

effects for greater efficiency.203

The large band gap of 3.2 eV has not only been overcome by the adsorption of organic dyes,

but also the conjunction with lower band gap semiconductors for visible light absorption. Mp-

TiO2 has been combined with low band gap CdS,204 CdSe and PbS for quantum dot sensitised

solar cells,205,206 as well as carbon QDs and long persistance phosphors for all weather cells.207

However the most successful combination has been with hybrid organic-inorganic perovskites,

the mesoscopic oxide forms the vast majority of electron transport layers for PSCs.39,68,208–210

This is due to the well aligned TiO2 conduction band with the MAPI perovskite, along with the

28



deeply positive valence band position blocking holes from recombination.211 This hole blocking

function is vital due to the material properties of the perovskite, allowing rapid charge separa-

tion and mobility within its bulk,212 therefore a compact layer (c-TiO2) is added to stop holes

recombining at the FTO interface.68 This effectively passivates the electrical contact, acting as

an insulating layer, which is the purpose of the TiO2 surface treatment used in this thesis. This

strategy has been previously employed to improve the performance of QDSSCs and ZnO used

in PSCs.158,213 The success of mp and c-TiO2 has led to all the highest landmark efficiencies

in solar cells, with the 3D scaffold adding light absorption unavailable to planar cells topping

21.3% PCE.75,214

1.7.2 Application

Other than use in solar cells and solar water splitting TiO2 is once again widely used as a

pigment, titanium white, and is the active ingredient in sunscreen.215,216 The materials photo-

catalytic properties garner much attention and wide ranging commercialisation in forms such as

the anatase/rutile mixed nanopowder, P25.217 Alongside environmental protection such as the

degradation of methylene blue,218 the semiconductor is used to make self cleaning glass and

buildings. In this case, oxidised radical species generated when the immobilised powder is ex-

posed to sunlight attack the chemical bonds binding dirt to surfaces, subsequently washed away

in the rain.219 Finally titanium dioxide has a key role in lithium ion battery technology, em-

ployed as a high surface area anode for swift lithium ion intercalation.220 In this case, nanorods

prove to be an effective structure for high capacity, especially when doped with niobium.221

In fact, niobium titanate is currently at the frontier of high voltage, high capacity, long life

materials, already incorporated into electric vehicle batteries.222
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1.8 Junction Properties

In order to best increase the performance of ZnO in both PEC water splitting and photovoltaic

cells, the electronic nature of the junctions involved must be understood. These fall into two

different categories, the solid/liquid junction that occurs between the electrolyte and ZnO, and

the solid/solid junction existing between ZnO and any other semiconductor material. In the

former upon contact with liquid the Fermi level, EF, in the ZnO will equilibrate with the effective

redox EF of the solution, forming a space charge region in the solid as electrons are injected into

the solution. In the liquid a double layer will form, typically a localised negative Helmholtz

single layer of ions will counteract the ZnO positive depletion region, followed by a diffuse

layer attracted to the first, screening out the Coulombic charge. Without external bias ZnO will

not spontaneously split water due to slight misalignment of band edges, increasing the bias up

to the flat band potential removes the depletion zone.223 Increasing the bias further begins the

net flow of holes into the solution at the interface as electrons are free to reduce at the counter

electrode. Doping with donor type defects raises the position of the Fermi-level with respect

to the conduction band, causing more negative flat band potential and advantageously, lower

voltage onset, Figure 1.9.32

When selecting secondary solid materials to functionalise ZnO, electronic band position is

of utmost importance. Architectures that either trap holes before their injection to the elec-

trolyte, or prevent electrons access to the counter electrode stifle device performance. The ideal

junction is known as type II introducing a material with a small increase in valence and con-

duction band energies between the ZnO and solution, will cause net flow of electrons into the

former and holes into the latter.224 Of course the initial position of EF in the new material will

also affect the junction, with electron flow causing band bending and new depletion zones as

the materials form equilibrium.225 Any surface states will cause further complication which
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Figure 1.9: Electronic junction physics at A) the depletion zone of n doped ZnO, space charge
condition and B) at flat band potential condition. Φsc is defined as the space charge potential
and ΦH the Helmholtz potential.

can lead to Fermi level pinning, preventing free charge flow.226 other solid/solid junction type

utilised in this thesis is the Schottky barrier, where a semiconductor is paired to a metal contact

with drastically different work-function.227 Such a barrier is utilised to produce hole-transport-

layer free perovskite solar cells applying carbon or gold directly to the light absorbing layer.228

Here, so great an injection of electrons into the metal occurs that band bending becomes severe

producing a high potential barrier for electrons to cross.229 This bending is beneficial for the

valence band which can transfer holes without friction, enabling charge selectivity. In chapters

seven and eight there is a description of how graphite forms this interface with CsPbBr3. These

solid / solid junctions along with Fermi-level pinning effect are shown in Figure 1.10.
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Figure 1.10: A) The junction physics of a type II heterojunction junction suitable for photo-
charge generation and separation; B) Fermi-level pinning where EF is fixed to surface states
within the band gap of Material X; and finally C) the Schottky junction showing severe band
bending resulting in a hole selective conductive layer.
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1.8.1 Iron Oxide Hybrids

The type II heterojunctions formed in this thesis used hematite, α-Fe2O3, as a coating on ZnO.

This form of rust has many useful properties, a low indirect band gap of 1.9-2.2 eV allows the

absorption of visible light, also its highly stable in alkali media.230 For this reason it has been

applied to great effect in solar water splitting using structures such as nanoparticles, nanorods

and nanotubes to achieve high performance.231
α-Fe2O3 can be synthesised using a variety of

techniques, such as hydrothermal,164 electrochemical and microwave assisted depositions.232,233

The major drawbacks of the material, are summed up by poor charge transportation, and non-

ideal band positioning.171 The former is due to the slow polaron exchange, whereby electron

charge is screened by the collective motion of the atomic lattice decreasing mobility, leading

to extremely short minority carrier path lengths causing critical recombination rates.180 The

conduction band and Fermi-level positions are typically far more positive than ZnO, requiring

higher onset potentials in some cases even greater than 1.23 VRHE. These shortcomings have

been tackled in the past using very fine nanostructures with high penetration of electrolyte to

shorten the path the hole travels before reaching the interface.234 Secondly, doping has been

widely employed to raise EF in order to lower the onset potential.235

Upon first glance the conduction and valence band positions appear unsuitable for hybridi-

sation with ZnO, however the junction has been used with great success in photocatalysis and

PEC water splitting. The explanation is controversial in literature, firstly because the absolute

band positions don’t shift at all, leading to a favourable environment for both electron and hole

flow into α-Fe2O3.236 This explanation is unlikely as it would cause the photo generated elec-

trons to be trapped in the outer layer at photon energies lower than the ZnO band gap. This

is countered by evidence of IPCE showing increased photocurrent generated at wavelengths

greater than the iron oxide band edge. The second explanation involves dramatic EF shift, while

retaining the difference between conduction band and EF forming a type II heterojunction as
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Figure 1.11: Various band gap positions and energies of the semiconductors that form the
ZnO/α-Fe2O3 junctions in this thesis. (i) Displays the Fermi-level pinned junction, halting the
flow of electrons for hydrogen evolution, (ii) displays Fermi level equilibrium whereby elec-
trons and holes are free to perform both reduction and oxidation reactions, respectively.

34



ZnO is far more n-doped, and so the difference will be smaller.178 This explanation confirms

the incident photon to current conversion efficiency, IPCE, however in reality great shifts in EF

occur due to the filling of available band states by the net electron flow. This will reduce the

conduction band / EF energy difference in the hematite.237 This model explains the full picture

confirmed in this thesis, shown in Figure 1.11, alongside new observations of flat band shifts in

the heterojunction iron oxide.

1.8.2 Titanium Dioxide Hybrids

A much larger share of literature is devoted to the construction of ZnO / TiO2 hybrids.238–240

Previously mentioned as the gold standard for perovskite electron transport and general photo-

catalysis,196,241 nano structured TiO2 is synthesised using a variety of methods. Hydrothermal

synthesis is typical for high surface area nanoparticles,54 anodisation of a titanium plate yields

nanotube structures and successive ionic layer adsorption and reaction enable the growth of thin

films at an atomic scale.39,242 Nearly indestructible in chemical solution, TiO2 has a wide band

gap with reasonable n-doping,243 with charge transportation qualities finding the middle ground

between ZnO and α-Fe2O3.236 Its high density of conduction band states allows a high electron

selectivity and hole blocking,244 ideal as a compact layer in many PSC devices.245–247 Although

incurring a similar disadvantage as ZnO in low visible light absorption, this can be improved

by the optimised inclusion of lower band gap rutile crystal phases amongst the usual anatase.248

EF level is similar but more negative than ZnO, and less donor dopants mean a conduction band

even more negative still.249

This electronic similarity has led to the abundance of research, with ZnO / TiO2 interchange-

ably used as the electrolyte facing material.240 For example growing ZnO NRs on hollow hemi-

spheres of TiO2 allowed electrons to flow from the former into the latter yielding high PEC

performance.250 More commonly however it is the other way around, where ZnO acts like a
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Figure 1.12: A) Naked ZnO suffering electron hole recombination via surface trap states, B)
the function of the passivating TiO2 layer. The less conductive annealed TiO2, is less likely to
allow surface states to act as charge traps.
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conductive core to an immobilised highly active TiO2 photocatalyst.154,239,251 The benefits of

this junction are only slightly due to increased visible light absorption. Passivation plays a far

more significant role, by coating with a more insulating material, the recombination at the ZnO

surface is reduced.151 In PSCs without this coating, current can easily flow backward as conduc-

tion band electrons recombine with holes in the perovskite, Figure 1.12.252 Therefore chapters

seven and eight describe how the ZnO was coated with TiO2 as an additional hole blocking

layer.

1.9 Thesis Overview

This thesis aims to further realise the potential of zinc oxide nanostructures in their applica-

tion to solar energy generation, through novel synthesis, doping and hybridisation with other

metal oxides. Therefore chapter one presents a literature review of the current state of solar

energy research, focussing on photoelectrochemical water splitting and photovoltaic cells. Sub-

sequently the properties of ZnO and its suitability to both these applications is presented, along

with a review of several methods used to enhance its light harvesting abilities. Of these strate-

gies extrinsic doping is explored in great detail alongside synthetic methods used to increase

populations of native point defects acting as dopants. Finally, a review of other metal oxides,

specifically iron oxide and titanium dioxide, was undertaken in order to assess their suitability

for hybridisation with ZnO. Chapter two details the various characterisation techniques used to

analyse the materials in this thesis.

Chapter three describes how the novel synthetic method was developed to rapidly grow ZnO

NWs using microwave heating. Evidence showed that both dielectric and resistive heating oc-

curred during the process leading to highly defected material in comparison to the NWs grown

by conventional CBD. The native point defects generated acted as n-type dopants, increasing the

conductivity of the NRs through the bulk whilst detrimentally causing surface recombination.
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The population of the defects and therefore donor density was reduced by thermal annealing

in air at various temperatures allowing for optimisation at 500◦C. Overall the PEC water split-

ting efficiency MW NWs vastly outperformed the CBD sample, and were further enhanced by

annealing.

Figure 1.13: Thermal image of resistive heating of FTO glass during microwave irradiation
(left), scheme of ZnO nanorods (centre) alongside increased aspect ratio yttrium doped samples
(right).

The MW NRs were further investigated in chapter four through the use of extrinsic doping.

Yttrium doping was performed during the growth process of the NRs, having been previously

confirmed as an n-type dopant. The concentration of yttrium nitrate in the growth solution was

varied to 0.5, 1 and 2% and compared with pristine ZnO, real Y concentrations determined

by ICP-MS were 0.04, 0.1 and 0.15% respectively. The dopant ions had a positive effect on

morphology, increasing the aspect ratio of the NWs and therefore surface area. They also had

a strong effect on the conductivity of the NRs, increasing both donor density and electron mo-

bility as measured by Mott-Schottky and transmission line analysis of impedance spectroscopy

respectively. The increase in mobility was likely due to trap mediated charge mechanisms and

the reduction of other defect populations. The optimised dopant content was found to be 0.1%
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Y, which gave a significant improvement in water photolysis (from 0.71 to 0.84mA cm−2 at

1.23 VRHE). Chapters three and four are summarised in Figure 1.13.

Taking a different approach, ZnO NRs were then sensitised to visible light using a cathodic

electrochemical deposition of hematite, α-Fe2O3, as described in chapter five. The new coating

layer had a lower direct band gap of 2.11 eV and allowed the ZnO NRs to absorb light as low

energy as 575 nm, as measured by IPCE. The morphology of the hybrid showed nanoparticle

decoration on the surface of the wires, agglomerating into mesoporous layers that grew thicker

with deposition current, likely the α-Fe2O3 as confirmed by pXRD. The wires also showed a

thin 8 nm layer coating which is likely ZnFe2O4 formed by contact with FeCl3, present on

the sample. The combination of three n-type layers formed an efficient junction for charge

generation, separation and transportation, the latter improved further by Y doping. The result

after optimisation of thickness and thermal annealing duration yielded a far higher rate of water

cleavage (1.59 mA cm−2 at 1.23 VRHE).

Figure 1.14: Coating with iron oxide using electrochemical deposition, yielding nanoparticle
decoration with cathodic potential and nanosheets with anodic.

More exotic structures of α-Fe2O3 were used to decorate ZnO as described in chapter six,

where hematite nanosheets were grown in situ. The NSs were grown using an anodic elec-

trochemical deposition, using a potential specific to the oxidation reaction of Fe2+ to form
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α-FeOOH, goethite. This material was then annealed to form hematite with a much greater

surface area due to novel morphology. The deposition process was simply controlled using

varied duration, yielding NSs of regular thickness and width that grew linearly with time. The

geometry of the samples were optimised for the PEC water splitting process, showing a reason-

able photocurrent density of 0.91 mA cm−2 at 1.23 VRHE. This accompanied a great reduction

in charge transfer resistance as determined by EIS, indicating favourable delivery of photogen-

erated charge to ZnO electron highways. Chapters five and six are summarised in Figure 1.14.

In chapter seven the previously explored NWs were applied to inorganic perovskite so-

lar cells, utilising a novel architecture of CsPbBr3 as light absorber and sonication exfoliated

graphite as the back contact for hole transfer. The light absorbing layer was not only effective

as in the visible range with a band gap of 2.30 eV, but also had impressive charge separation and

delivery to the ZnO. This material was well embedded between the NWs giving a thick absorb-

ing layer, the low cost and ease with which to synthesise graphite gave effective hole extraction

in this hole transport material free device. Photocurrents generated by the solar cells were an

order of magnitude greater than those achieved by water splitting, enhanced by the dual strategy

of yttrium doping and TiO2 coating. This coating acted as a passivation layer, showing strongly

reduced electron hole recombination at the interface. The devices were highly reproducible and

showed competitive power conversion efficiencies with other inorganic perovskite devices.

Finally, chapter eight explains the anomalous maturing effect that was observed in the op-

timised solar cells. After storage on a two week time scale the performance of the cells repro-

ducibly increased, and the causes were explored using various characterisation techniques. The

devices were stored in several different environments, including methanol, water, chloroben-

zene, air and N2 to determine the cause of maturation, the latter two had devices stored in

both illumination and darkness. It was proposed that three different mechanisms were at work,

the crystal phase ratio of CsPbBr3 : CsPb2Br5 was strongly varied by residual solvents. Per-
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Figure 1.15: 3D image of ZnO NR based perovskite solar cell and the effects of maturation
altering the phase ratio of crystal structures.

ovskite crystal grains were seen to shrink as they fit between NWs increasing electrical contact.

The final explanation was that ionic diffusion rates cause more rapid degradation or more ef-

fective charge separation depending on the storage conditions. Chapters seven and eight are

summarised in Figure 1.15.
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Chapter 2

Materials Characterisation

2.1 Abstract

This chapter provides a relatively brief summary of the characterisation techniques used in this

thesis. The information obtained by these methods was critical to understand the qualities of

the synthesised nanostructured hybrids, both their structures and photoresponse. This provided

the basis for comparison with other materials, to the wide array of examples in literature and

those found within this work. The three techniques that provided structural and morphological

information were scanning and transmission electron microscopy as well as x-ray diffraction.

The optical excitation of samples using ultra violet, visible and x-ray photons yielded cru-

cial data and elucidated the materials’ electronic structure via UV-Vis, photoluminescence and

x-ray photoelectron spectroscopy. In order to understand the fundamental processes at work

in the application of materials to photoelectrochemical water splitting and photovoltaic cells,

electrical characterisation was required, using potentiostatic curves and electrical impedance

spectroscopy.
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2.2 Structure and Morphology

2.2.1 Scanning Electron Microscopy

SEM provides a visual image of the morphology of the sample prepared upon the substrate at

a higher resolution than that possible using an optical microscope. Electrons are accelerated to

high energies (around 20 keV), giving them a far shorter wavelength than visible light; there-

fore a far higher resolution limit is achievable following the Rayleigh criterion for a circular

aperture.253

θR = 1.22
λ

D
(2.1)

θR refers to the angular resolution limit between two points, λ the wavelength of the imaging

wave and D the diameter of the lens. However, even the highest specification SEM will not

reach this resolution; due to the scanning nature of this method.102

Rather than using the primary electrons to image; the core function of an SEM uses sec-

ondary electrons emitted through the inelastic collision of the beam with k shell electrons in

the atoms, displayed in Figure 2.1A. These low energy electrons are emitted in all directions

from within nanometres of the surface of the sample, they are captured by a detector situated

above the sample. By focusing the emitted electron beam onto a small diameter probe which is

scanned across the sample, the surface morphology of thick samples can be imaged. Scanning

in two perpendicular directions simultaneously covers a small rectangular area of the sample,

collecting the secondary electrons from each point forms the image.254

Many SEM instruments have the ability to measure other useful signals such as Back Scat-

tered Electrons (BSE) or Energy Dispersive X-ray (EDX) spectroscopy. BSE are generated by

the elastic interaction of the beam with the atomic nuclei of the sample, Figure 2.1B, resulting

in high energy deflected electrons at high angles.255 For this reason BSE detectors are situ-

ated near to the incident beam. The advantages include generating images sensitive to nuclear
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Figure 2.1: The various processes leading to imaging and mapping within electron microscopy,
A) is the inelastic release of secondary electrons, the primary detector used in SEM. B) Shows
the process of back scattered electron generation; C) displays characteristic x-rays used for
elemental analysis with EDX, and finally D) displays transmitted electrons used in TEM.
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mass, able to differentiate structures rich in particular elements controlled by contrast. Also,

morphology below the surface can be imaged as the electrons are highly penetrative. The key

disadvantage is that back scattering is a rarer event, leading to lower resolution than secondary

electron imaging.

EDX spectroscopy utilises the characteristic x-rays released from the sample, when outer

shell electrons relax into inner vacancies left by the excitation, which emits photons of the fixed

transition energy, Figure 2.1C. This allows qualitative elemental analysis of the sample, as well

as mapping of elemental concentrations.256

2.2.2 Transmission Electron Microscopy

Higher resolution can be obtained using Transmission Electron Microscopy (TEM) which cap-

tures primary electrons after they are attenuated and scattered whilst travelling through the

sample, Figure 2.1D. The incident electron beam is treated as a forward scattered wave. These

effects are so strong that it is unsuitable to image samples thicker than 100 nm. Due to the

comparative low loss of signal and high acceleration voltage, the resolution is an order of mag-

nitude higher than SEM. Voltages of 120 kV can be used to image coatings and particles on

the order of single nanometres, whilst 200 kV (High Resolution Transmission Electron Mi-

croscopy, HRTEM) allows the resolving of crystal lattice spacing and individual atoms. The

final resolution however, is mainly determined by the objective lens.

By measuring these distances, likely crystal structures can be determined, and fast fourier

transforms (FFT) can be used as an image processing technique to view such structures in

reciprocal space. This leads to bright spots corresponding to Fraunhofer diffraction patterns

further confirming the crystal structure on a particular zone axis. Once again, EDX is often

available, as well as selected area electron diffraction (SAED), for even greater confidence in

phase identification.257
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2.2.3 X-ray Diffraction

X-ray diffraction occurs upon incidence with solid crystals due to the similar wavelength of the

electromagnetic radiation to the distance between lattice planes in the crystal. The atoms in

the crystal will act like a diffraction grating as the x-rays couple to the electrons, resulting in

spherical wavefronts which positively interfere, provided the Bragg condition is satisfied.258

nλ = 2d sin θ (2.2)

The equation describes how the wavelength of the x-rays λ relates to the spacing of the lattice

d and the incident angle θ is equal to half the angle of reflection (n is a positive integer due to

the periodicity of the wave).

Figure 2.2: The geometric description of Bragg’s law of diffraction.

Powder XRD scans through θ in one dimension of rotation, relying on the random orien-

tation of a ground-up crystal powder. The peaks are then cross referenced with a catalogue of

known crystal spectra using the software X’pert Highscore Plus.

Crystallinity can also be measured by looking into the full width half maximum of diffrac-

tion peaks. Peak broadening occurs when the sample is less crystalline, either due to a higher

quantity of crystal defects, or the crystal domain size of nanometre dimensions. The latter value
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can be quantified using the Scherrer equation, 2.3, though broadening can occur due to either

reason, limiting the accuracy.259

Dhkl =
Kλ

Bhklcosθ
(2.3)

Briefly, Dhkl refers to the crystal domain size which is perpendicular to the specific lattice

plane selected using Miller indices. The shape factor K, is typically valued at 0.9, Bhkl is the

full width half maximum of the selected peak.259 The diffractometer used in this thesis used a

reflected angle, flat plate set up and a copper source, with Kα wavelength of 1.5406 Å. The

flat plate set up allowed the determination regarding preferential orientation, as nanostructures

grown on a solid glass substrate did not need to be removed and ground up. The opposite is the

case for transmission foil mode XRD.

2.3 Optical Characterisation

2.3.1 UV-Visible Spectroscopy

UV-Vis absorption spectroscopy has been used to measure the light absorbing ability of the

ZnO NRs synthesised. In this technique, the path of a visible UV pulse of light to a detector

is interrupted by the translucent sample, Figure 2.3A. After passage through the sample, unab-

sorbed light is split into constituent wavelengths by a diffraction grating. This spread beam is

then incident upon a photodiode array which can measure the intensity against the wavelength.

The relation between the intensity of light emitted through a blank reference sample I0, and the

light detected Is, will give the resulting absorbance A, of the sample using the following simple

relation.

A = − log
Is
I0

(2.4)

.

Precise values of the energy of the band gap can be calculated firstly by using the path length
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Figure 2.3: The two different UV-Vis spectrometers used in this thesis, A) shows UV-Vis ab-
sorption spectroscopy with photodiode array detector. Diffuse reflectance measurements of
UV-Vis using an integrating sphere are shown in B), and the physical semiconductor response
to this excitation is shown in C) alongside photoluminescent emission.
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of light through the array, film thickness b, and the absorbance of the material A to calculate the

molar absorptivity α.260

α =
A

b
ln 10 (2.5)

This value is then used in the Tauc function in order to find the absorption edge and therefore

band gap energy of the sample.261

(αhν)
1
n = A0(hν − Eg) (2.6)

From this relation it is clear that plotting (αhν)
1
n against hν and extrapolating any linear rela-

tionships to the x intercept will provide band gap energy Eg. hν refers to photon energy; A0 is

a constant based on the electron hole mobility of the material and finally n describes the nature

of the transition; equal to 1
2

for direct, and 2 for indirect.262,263

In some cases samples can be too thick for UV-Vis absorption spectroscopy, this leads to

saturated values of A, requiring the use of reflection spectroscopy, Figure 2.3B. In these cases

the sample is once again illuminated from by a suitable light source, and an integrating sphere

is used to determine the resulting diffuse reflectance. This is a near perfect sphere with a matt

white surface, to conserve optical power whilst losing spatial information. In this way the spec-

tral reflectance is removed, and the light source is blocked from directly entering the detector

through the use of a baffle. In order to calculate spectra in terms of the fraction of reflected

light, a white reference material must be used as an assumed 100% reflection. In this thesis

MgO powder was used to normalise the spectra.

In the same way light with sufficient energy to excite valence electrons to the conduction

band is absorbed, lower energy light is reflected. The most commonly used model to calculate

an analogous Tauc plot from said spectra is the Kubelka Munk function, F (R).262

F (R) =
(1−R)2

2R
∝ (αhν) (S6)
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Where R is the value of the fractional reflectance at any specific wavelength, and calculated

plots can yield the band gaps of materials with the appropriate exponent of (αhν) as described

previously.

2.3.2 Photoluminescence Spectroscopy

Using a similar light source as UV-Vis spectroscopy, this method of characterisation introduces

a 90° angle between light source and detector. The light source is monochromated and held at a

constant wavelength, above the band gap energy of the ZnO allowing the excitation of electrons

into the conduction band. The excited electrons will then dissipate this energy by vibrational

means to the conduction band minimum, followed by radiative transitions either directly to the

valence band (near band edge emission) or via any defect states, Figure 2.3C. The detector then

scans through wavelengths measuring the emission of the sample placed on the stage; as 90°

geometry minimizes the detection of scattered light from the excitation source, intending for

only the photoluminescence of the sample to be measured.264

Although usually samples are suspended in solution and measured, solid substrates can be

characterised by placing them in the stage at a 45° angle. There is a danger of some reflected

light entering the detector. Therefore, a high energy excitation was chosen at 320 nm, with

a detection range that was significantly lower (350-600 nm). The intensity of the fluorescent

peaks show the general rate of electron hole recombination as an undesired property in the

semiconductor. The intermediate peaks falling within the forbidden zone show impurity states,

which indicates the presence of crystal defects such as oxygen and zinc vacancies.265,266 Peaks

can be tested to be real emissions by altering the energy of the excitation, if some intensity

is lost or gained they are likely genuine electronic states. If the peak begins to shift with the

excitation, it is likely to be a ghost generated by nodes of reflected wavelength. These spectra

were normalised in this thesis to the absorbance value at the excitation wavelength.
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2.3.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy, XPS, is a powerful technique of surface analysis to determine

the elemental composition, ionisation states and electronic structure of a material. This uses

Einstein’s photoelectric effect to release bound electrons from the sample using monochromatic

x-ray illumination. The energy with which these electrons are bound can be determined by

measuring the kinetic energy of the released electrons.

EB = hν − EK − φ (2.7)

The Einstein equation describes this, 2.7, EB is the binding energy, hν is the photon energy,

EK is the kinetic energy and finally φ is the work function of the material. Rapid electron ab-

sorption means that this instrumentation yields information within 10 nm of the surface, unless

the sample is sputter etched using an Ar+ beam for depth profile analysis.267

This process yields spectra which map the electronic structure of the material, where single

peaks reveal orbitals, unique to specific elements. Peaks are assigned according to principle

quantum number as the first integer, followed by the angular momentum quantum number ac-

cording to their orbital labels. These typical photoelectrons are described in Figure 2.4A; a

different labelling convention is used for two electron events described as Auger electrons. Fol-

lowing photoelectron release from the inner shell, electrons from less bound states are free

to transition into the space releasing a photon, Figure 2.4B. This energy can be subsequently

absorbed by another electron, now unbound and emitted to the vacuum Figure 2.4C. These sig-

nals are unique to each element and are described using x-ray notation, where principle quantum

number is replaced by letter K, L, M; and angular momentum quantum number is defined by

integer.268

The relative abundances of elements can be determined by integrating the signal peaks, and

dividing by relative sensitivity factor. Finally, valence band position can be determined using
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Figure 2.4: The processes involved in XPS, the release of a photoelectron is shown in A) from
X-ray excitation. B) Displays the release of a typical Auger electron in a two electron process.
The energy diagram of XPS is shown in C), including its relation to the valence band maximum
and the occurrence of an LMM Auger electron.
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this technique, exploring the low end of the binding energy spectrum (0-10 eV). The onset of

electron excitation can be extrapolated from the linear region to the baseline, this value can be

transformed to vacuum energy by adding an additional +4.44 eV.237

2.4 Electrical Characterisation

2.4.1 Potentiostatic Curves

The majority of electrical characterisation performed in this thesis required the use of a poten-

tiostat, for varied input potential bias whilst measuring output current. A simplified diagram

of how the potentiostat works is shown in Figure 2.5A, alongside its connection to the work-

ing, counter and reference electrode. Briefly, the voltage signal is generated based on software

input, examples shown are linear sweep voltammetry (LSV, top); chronoamperometry (CA,

middle) and cyclic voltammetry (CV, bottom). This voltage Vsig leads to a current through the

left resistor and a potential difference with opamp i, as its positive terminal is grounded and

so Vin,i,− = 0. As opamp i has nearly 0 current, it flows to opamp ii set up as a voltage fol-

lower; therefore Vout,ii = −Vsig = VRE at the reference electrode. At the same time working

electrode voltage is grounded and held at zero, therefore the potential across the system will be

VWE − VRE = Vsig. Output current can be read at the resistor closest to the computer. Finally

the connection of Vsig to the negative terminal of opamp i, means that Vout,i will always have

the reverse sign to the working electrode vs reference electrode.269

When performing photoelectrochemical water splitting, a standard three electrode cell was

set up with the potentiostat, Figure 2.5B (top). The synthesised sample was the working elec-

trode, plantinum foil was the counter electrode and a KCl saturated Ag/AgCl was the reference

electrode. The light source was a solar simulator with an AM1.5 G filter calibrated to produce

100 mW/cm2 flux at a distance of 25 cm; imitating solar light post atmospheric absorption. The

light source had to be calibrated using a reference solar cell with a known short circuit current.
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Figure 2.5: A simplified circuit diagram of a potentiostat is shown in A), displaying the logic
used for three electrode analysis. Typical signals used in the thesis are shown on the left in-
cluding linear sweep voltammetry (top); chronoamperometry (middle) and cyclic voltammetry
(bottom). The physical connection for the measurement of photoelectrochemical water splitting
(top) and photovoltaic IV curve (bottom) is shown in B).
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The electrodes were immersed in both 0.5 M Na2SO4 and 1 mol dm−3 KOH electrolytes

depending on the chapter, giving pH values of 6.8 and 13.6 respectively. This meant the hydro-

gen and oxygen evolution potentials were transformed from their places according to the Nernst

equation.270

ERHE = EAg/AgCl + 0.059pH + Eo
Ag/AgCl (2.8)

ERHE refers to the potential versus RHE; EAg/AgCl was the measured potential versus the ref-

erence electrode and Eo
Ag/AgCl was the oxidation potential versus the reference electrode (equal

to 0.1976 at 25°C). Measured photocurrents via the 3 electrode system could then be converted

to power conversion efficiency, PCE, though this is controversial in literature.32

η(%) =
Jp(E

o
rev − Eapp)
I0

× 100 (2.9)

PCE is referred to as η, Jp is the photocurrent density (mA cm−2) and Eo
rev is the oxygen

evolution potential (1.23 V). The applied voltage Eapp is calculated by transforming the three

electrode potential to its two electrode equivalent; Eapp is the approximated potential vs the

platinum counter electrode.

Eapp = Emeas − Eoc (2.10)

Where Emeas is the measured working electrode potential vs reference electrode and Eoc is the

open circuit potential under the condition, Jp is equal to 0 mA cm−2. I0 is the incident power

density from the lamp and the PCE (%) is numerically equivalent to the power output due to

I0 holding the value of 100 mW cm−2.263 It was also useful to use a shadow mask to confine

a more accurate illumination area of the photoanode, especially when comparing currents to

those achieved by incident photon to current conversion efficiency tests (IPCE).

Photovoltaic cells were tested in an analogous way using a two electrode set up, by con-

necting counter and reference electrodes together, Figure 2.5B bottom. The working electrode

was connected to the electron transport layer side of the cell, where all layers had been removed
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Figure 2.6: A) shows a typical photovoltaic IV curve under dark and illuminated conditions.
The isolated material work functions and band positions of separated materials are found in B).
Illumination under the short circuit condition is shown in C) leading to maximum photocur-
rent. The effect of forward Bias is shown in D) leading to electron injection from YZnO CB
to CsPbBr3 VB. D) shows the illuminated Voc condition where electron injection is equal to
photogeneration, netting zero current.
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exposing the FTO. The counter electrode was connected to the graphite layer on top of the cell,

below which the FTO had been etched away prior to cell construction. The overlapping area

of FTO and graphite defined the solar cell area, approximating ’lateral’ motion of electrons to

be negligible. Three cells were printed on each device, defined by the three strips of drop cast

graphite.

A cartoon of the output IV curve of a typical solar cell is shown in Figure 2.6A, as well as

the corresponding power output curve. Within, key solar cell parameters are determined when

illuminated, the point of the y intercept is the short circuit current, Jsc and the x intercept is the

Voc. The current and voltage values at maximum power point (MPP) are defined by Jmpp, and

Vmpp; allowing the calculation of fill factor, FF.193

FF =
JmppVmpp
JscVoc

(2.11)

A useful value for determining the quality of the cell versus its theoretical performance, usually

hindered by recombination rate. This leads to two simple equations of calculating the solar cell

power conversion efficiency.

η =
Pmpp
I0

=
FFJscVoc

I0
(2.12)

The value Pmpp is the MPP power. Typical band energy positions along with Fermi levels are

shown in Figure 2.6B of the materials used in all the devices in this thesis. When brought to-

gether in junction with a potential bias of 0 V and illumination by solar simulator, the resulting

Jsc condition is shown in Figure 2.6C. Illumination leads to Fermi-level splitting to two quasi

levels due to dynamic populations of photo-generated electrons and holes.271 Meanwhile the

Fermi levels of the YZnO and graphite are equal; driving electrons into the the conduction band

of the former, and holes into the latter. Figure 2.6D shows the dark junction under a forward

bias, which leads to electron injection from the YZnO conduction band, into the perovskite

valence band according to typical diodic behaviour. This is reflected in the dark scan of Fig-
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ure 2.6A; where given sufficient bias injection takes over leading to positive current.272

Figure 2.6E displays finally the Voc condition, where forward bias and illumination are

applied. When the bias matches the difference in quasi Fermi levels determined by ETM and

HTM, the forward current, due to electron injection, matches the reverse current generated

by photocharge. This results in a net charge of zero.273 This model explains the shape of the

photovoltaic IV curve, though it is a simplified picture; quasi Fermi levels are also formed

in the YZnO. However, due to the position of the YZnO p-level it is unfavourable for any

photogenerated holes to be transferred. It also worth noting that for perovskite cells, it is worth

performing a CV rather than LSV, in order to measure the current voltage hysteresis common

to such devices.274

Fermi level splitting in the YZnO is, on the other hand, crucial to understanding the process

of solar water splitting utilised in this work. A typical LSV cartoon is shown in Figure 2.7A,

with explanations of the processes involved in B - F. This data varies fundamentally from the

PV system due to the three electrode nature of the potential bias, along with the role of oxygen

and hydrogen evolution potentials (VOE and VHE) in the electrolyte. Once again, the wide band

gap semiconductor, YZnO is represented on the left. At negative bias position the reaction is

unable to occur, Figure 2.7B, as the potential is uphill for hydrogen reduction at the platinum

electrode. Also, holes are unable to oxidise oxygen due to the downward band bending in the

semiconductor. At less negative potential, the flat band condition (VFB) is satisfied, Figure 2.7C,

where the depletion zone in the material is removed as the Fermi level is equilibrated to the

VHE.275 This allows the determination of this level against the reference electrode using Mott-

Schottky plots.276

Forward bias results in upward band bending in the semiconductor in the dark, Figure 2.7D,

and light, Figure 2.7E, splitting the Fermi level once more. Illumination results in the raising

of both semiconductor and platinum EF with respect to the solution level, as it is transparent. If
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Figure 2.7: A typical water splitting LSV is displayed in A), with points on the curve describing
different potentials B-F. In B), the potential vs counter electrode is negative, downwards band
bending prevents charge transfer to the solution. In C) the flat band condition is achieved at a
slightly less negative potential. In D) the potential is equal to zero with in the dark, whereas
E) shares the same voltage with illumination. Finally F) shows a positive potential where its
favourable for electron injection at the counter electrode, and oxidation at the photoanode.
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the raising of this level is sufficient by illumination to favour electron injection at the cathode,

or if the solution redox potentials are lowered by base, the reaction can begin unbiased. In

this example, this is not the case, and further bias is required to begin the reaction yielding

photocurrent Figure 2.7F. Photo generated holes are injected at the photoanode according to

their quasi EF, evolving oxygen; electrons are injected at the cathode reducing hydrogen.275

Other potentiostatic measurements include chronoamperometry and IPCE. In both cases the

potential is fixed at 1.23 VRHE for watersplitting anodes and 0 V short circuit condition for PV

cells. In chronoamperometry the output current is measured over time, measuring the degrada-

tion of the material. IPCE allows the measurement of the external quantum efficiency (EQE) of

the anode or device.119 Differing in set up from usual IV measurement, a monochromatic beam

of photons is required, as well as a more powerful 300 W xenon lamp. This is due to the optical

losses incurred through the monochromator, whilst still integrating to the calibrated total power

of 100 mW cm−1 over all wavelengths. The optical power at each wavelength is measured with

a silicon diode photodiode detector; allowing the calculation of photon number. The output

current measures the flux of photogenerated electrons.277

EQE =
Φe

Φγ

=
J/e

Iγ/hν
(2.13)

Where Φe and Φγ are the electron and photon flux respectively; J is the generated photocurrent;

e is electron charge; Iγ is the optical power and hν is the photon energy at that wavelength. Due

to the presence of dark current in the PEC setup, each measured photocurrent at particular

wavelength is subtracted by the current when the light source is blocked.

2.4.2 Electrical Impedance Spectroscopy

Electrical Impedance Spectroscopy (EIS) is a powerful tool used to probe the interface between

electrolytes and semiconductors. This technique utilises the properties of RC circuits by in-
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troducing a sinusoidal AC potential perturbation imposed on a DC bias. Depending on the

required information, this can involve varying the angular frequency of the sine wave ω, yield-

ing impedance information plotted as Nyquist. Alternately, fixing the frequency whilst altering

the DC bias gives rise to Mott-Schottky plots of capacitance vs potential. These spectra rely on

the capacitive and resistive nature of the junction interfaces. Such as the space / charge region

in a semiconductor, the Helmholtz layer or the diffuse layer in electrolytes. These regions act as

leaky capacitors: Storing charge on parallel plates, while Faradaic processes transfer electrons

through the gap.278

Ohm’s law applied to periodically varying potential gives rise to complex impedance; de-

scribed either by magnitude and phase angle, or real and imaginary components. The relation

between capacitance C and the magnitude of Impedance |Z| is given by the equation

|Z| = 1

jωC
(2.14)

where ω denotes the angular frequency of the oscillating circuit. Mapping the capacitance of

the space charge region Csc vs DC potential yields Mott-Schottky plots which give information

such as flat band potential, number density of donors and charge layer width.223

1

C2
sc

=
2

eεε0A2(Nd −Na)
∆φsc (2.15)

Where balanced number of holes and electrons would lead to a vertical undefined gradient

indicating an undoped, intrinsic semiconductor. The inverse of the gradient can be used to

quantitatively measure the extent or type of doping. This can be converted to the common

summary value ND = Nd −Na where ND is described as dopant density. Positive or negative

gradients in the linear region indicate n or p type doping respectively. Note that the factor of A2

in the denominator corresponds to the electrode surface area.223,279
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The value of ∆φsc, the potential across the charge layer is defined by the following equation

∆φsc = VE − VFB −
kT

e
(2.16)

Where kT/e is in the order of thermal energies (∼ 0.025 V) and it is therefore neglected. The

VFB is the flat band potential; the potential at which there is no band bending due to charge

depletion. VE is the potential bias cycled through in order to produce the Mott-Schottky plot

and move the conduction and valence bands with respect to the counter electrode.223

Even more useful information is obtained by varying frequency at a fixed potential and plot-

ting real vs imaginary resistance in a Nyquist plot. By fitting the plot with a lumped equivalent

circuit, such as Randle’s circuit Figure 2.8A, key physical values such as chemical capacitance,

Cµ, charge transfer resistanceRct and series resistanceRs can be determined.280 Features of this

model are identified by their shape and the frequency at which they occur in the plot, right. The

typical arc most commonly seen is due to Cµ in parallel with Rct, defining the frequency range

and the arc radius respectively. Rs Simply transforms the spectrum along the real axis. Linear

regions are either assigned as constant phase elements, or diffusion regions when the angle is

similar to 45°. Such a feature in the low frequency end is assigned to the Waburg impedance

ZW , due to ionic diffusion in the electrolyte.

This feature in the high frequency zone can be assigned to solid state diffusion of electrons

moving through a nanocrystalline solid.281 Such a feature would lend itself to description using

the transmission line model, Figure 2.8B. This allows the determination of key material param-

eters by decoupling transport and charge transfer properties. The model works by assuming a

semi-infinite series of small transport resistances, rT , representing the trap limited diffusion of

electrons through a nanocrystal matrix. This is mirrored by parallel recombination elements

occuring at the solid / liquid interface, rR reaction resistance, and chemical capacitance cµ, re-

sponsible for the typical arc in the Nyquist plot. When incorporating the geometric properties
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Figure 2.8: A) shows a typical Randle’s equivalent circuit left, alongside the expected Nyquist
plot right. B) shows the transmission line model alongside its expected spectrum. C) shows the
surface polarisation model applied to perovskite solar cells.
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of the structures determined by SEM, This series of elements follow the following equation.282

Z =

[
RTRR

1 + (iω/ωR)β

]1/2
coth((ωR/ωT )β/2[1 + (iω/ωR)β]1/2) (2.17)

The impedance Z depends on the AC frequency ω, constant phase element exponent β and two

more characteristic frequencies, transport ωT and reaction ωR.

ωT =
1

(RTCµ)1/β
(2.18)

Eq. 2.18 defines the former, and Eq. 2.19 the latter.

ωR =
1

(RRCµ)1/β
(2.19)

The values RT = L× rT where L is the nanorod length; Cµ = L× cµ and RR = rR/L define

the two different regions of the Nyquist plot as labelled.

The connotations vary greatly whether the system is biased or illuminated. For example a

forward biased dark solar cell would give a recombination resistance instead of a charge transfer

resistance as the system is geared toward diodic electron injection. Such solid state perovskite

systems can even give rise to exotic features such as negative capacitance and inductors.283 The

surface polarisation model effectively describes the unusual features, Figure 2.8C. These effects

occur due to the migration of halide ions through the soft perovskite bulk, to the counter elec-

trode as well as grain boundaries. Meanwhile immobile cation vacancies sit at their absences,

also explaining the common current voltage hysteresis observed in the cells.284 The inductance

resistance series feature defined by L and RL allow the calculation of a kinetic relaxation con-

stant for the mobile ions; while recombination resistance Rrec provides the recombination cur-

rent. Such versatility and breadth of application is encountered through the course of this work.
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Chapter 3

Defect-Rich ZnO Nanorod Arrays for
Efficient Solar Water Splitting

3.1 Abstract

A novel ultra rapid synthetic method for the production of vertically aligned ZnO nanorod (NR)

arrays has been demonstrated, using a microwave assisted chemical bath deposition method.

High quality NR arrays with controllable film thickness were achieved with fine control of

the growth conditions. A fast growth rate averaging 0.9 µm h−1 was achieved in comparison

to 0.1 µm h−1 from the conventional chemical bath deposition. The MW synthesised NRs

have a high level of n-type doping, which confers excellent photoelectrochemical performance.

In comparison with the typical chemical bath deposition synthesised NRs, the ultra-fast MW

synthesised NRs offer 3 times more efficient PEC water splitting. The population densities

and electronic states of these defects were monitored using photoluminescence spectroscopy

and electrical impedance spectroscopy. The dopant level was further controlled by thermal

annealing in air and an optimised density of 1.68 × 1019 cm−3 was achieved after annealing at

500°C. This in turn led to a twofold increase in PEC efficiency to 0.31% with a photocurrent

density of 0.705 mA cm−1 at 1.23 V vs RHE, which is one of the best performances from

similar ZnO NR structures.
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3.2 Introduction

The ambitious targets set in the landmark Paris Agreement in 2015 call for an increased push

for renewable alternatives to fossil fuels in order to limit global warming to 2°C.285 Recently,

the 48th session of the Intergovernmental Panel on Climate Change (IPCC-48) recognised that

it is still possible to achieve this target, although it requires unprecedented technology transi-

tions within the next decade.1 Photoelectrochemical (PEC) water splitting has been researched

extensively for efficient harvesting of solar energy in H2 gas.24,32,241 A number of nanostructured

metal oxide semiconductors, such as TiO2 and ZnO, are suitable for this application, due to their

wide band gap and stability in water.286,287 A higher electron mobility of 205 cm2 V−1 s and

longer minority carrier diffusion length give ZnO the advantage over TiO2.124 Much literature

has been published employing a number of different strategies to enhance the photoconversion

efficiency through doping,100,145,288 sensitising,141,289,290 and plasmonic enhancement.291,292 For

examples, Cu, V and N doped ZnO nanorods have shown significant enhancement in either UV

or visible light sensitivity.288,293,294 One of the most promising ZnO structures, vertically aligned

nanorod arrays (NRs), offer large surface area and effective charge transport. However, ZnO NR

arrays are synthesised slowly, at a typical growth rate of 0.1-0.5 µm h−1, through either chem-

ical bath deposition CBD, hydrothermal method or chemical vapour deposition.295–297 Both the

CBD method used by Meng Wang et al.294 and the hydrothermal synthesis by Chenglong Zhang

et al.293 and Li Cai et al.288 take as long as 24 hours.

Metal oxide nanowires are highly effective materials for solar water splitting.37 ZnO nanowires

provide the basis for highly efficient photoanodes, especially those sensitised with visible light

absorbing materials such as CdS and ZnFe2O4.298 Therefore improving the pure ZnO properties,

as achieved in this work, has the potential to impact a wide field of junction applications.

Here we report for the first time an Ultra Rapid Microwave Assisted Deposition (URMAD)

66



of vertically aligned ZnO NR arrays applied as a photoanode for the photolysis of water. This

method uses the synergy of efficient microwave (MW) dipole heating and conductive heating

of the system. Not only were NRs grown in a fraction of the time compared to conventional

methods, the synthesis led to high density of surface defects with increased n-type doping.

Consequently, the MW NRs showed a great increase in photoconversion efficiency for water

splitting compared to the CBD sample.

Producing nanostructures using microwave (MW) heating has drawn recent attention in

the literature due to rapid, efficient and uniform dipole heating in aqueous solution.299–301

The challenge of this rapid method is to control the morphology and the uniformity of the

NR crystals. Microwave assisted synthetic methods have been applied to a number of ZnO

nanostructures.302–306 Vertically aligned ZnO NR arrays have appeared recently in the literature

with limited control of morphology. They were used as a photocatalyst or in a gas ionization

sensor.135,307 In both cases enhanced electronic properties were observed and this was attributed

to increased oxygen vacancies from rapid crystallisation.

Oxygen vacancies (VO) and zinc interstitials (Zni) are often suggested to be responsible

for n-type doping in ZnO and its photocatalytic activity.135,308 However, acceptor defects, such

as zinc vacancies (VZn ) contribute to p-type doping.309,310 An appropriate n-type doping with

very little p-type doping gives higher water splitting ability due to faster charge transfer to the

electrolyte.311 On the other hand, the p-type defects can have a significant negative impact due

to a shift of the flat-band potential towards the valence band. In this work, the abundance of in-

dividual crystal defects are quantitatively analysed using photoluminescence (PL) spectroscopy

and electrical impedance spectroscopy (EIS) measurements. This allowed greater control of the

doping through annealing at a range of temperatures in air, yielding a significantly higher PEC

efficiency at 500°C.

In this paper, a novel ultra rapid MW assisted chemical bath deposition method for the
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growth of ZnO NR arrays is presented and their solar water splitting ability is compared to

a conventional CBD method. The NR arrays show high density of native defects, which is

responsible for the increase in PCE conversion efficiency over the conventional CBD NRs by a

factor of 3. The populations of these defects were then controlled using thermal annealing in air

at various temperatures to double the efficiency achieved. This yielded a photocurrent density

of 0.893 mA cm−2 at 1 V potential bias vs KCl saturated Ag/AgCl reference electrode.

3.3 Experimental Method

3.3.1 Synthesis of Nanorods

All chemicals used were purchased from Sigma Aldrich with no further purification. Transpar-

ent conductive Fluorine-doped Tin Oxide (FTO) sheet glass was used as the substrate, cut into

sample sizes of 1 × 3 cm2. The substrate was cleaned by sonication successively in acetone,

isopropanol then deionised (DI) water, for 20 minutes each, followed by drying in air. The

seeding solution was prepared by dissolving 0.219 g zinc acetate and 0.6 g polyvinyl alcohol

(PVA) for increased viscosity in 10 ml of DI water. The seeding solution was spin coated on

the FTO glass for 3 minutes at 500 RPM. After this, the substrate was annealed in air for 20

minutes at 500°C to convert the zinc acetate into zinc oxide nano seeds.99

In the URMAD method, the seeded substrate was placed in a 35 ml microwave vessel with

20 ml growth solution, 1:1 hexamethylnetetramine (HMT) and zinc nitrate Zn(NO3)2 at a con-

centration of 40 mM. The microwave (Discover SP, CEM) was set to 100°C for 30 minutes at a

power of 100 W, no stirring was used to avoid disturbing the crystal growth. The process was

repeated four times (total 2 hours) for film thickness of around 2 µm. Following growth, all

samples were rinsed with DI water. Annealing in air was performed using a tube furnace for

30 minutes at 300°C, 400°C, 500°C and 550°C to optimise crystal defect concentration. For

comparison, a previously developed CBD technique was also used.99 To achieve similar 2 µm
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NRs in CBD, the seeded substrate was placed in a beaker with 100 ml growth solution at 90°C

for 16 hours.

3.3.2 Structural and Physical Characterization

The cross sectional and surface morphologies were observed using scanning electron microscopy

(SEM, JSM820M, Jeol). The nanorod length and diameters were measured from SEM images

using Image J software (National Institutes of Health, USA). The crystallinity and structural ori-

entation of the nanostructures were analysed by powder x-ray diffractometer (XRD, Siemens

D500). The reaction temperatures were recorded by FLIR ONE thermal camera and processed

via the corresponding Android application; an attenuator was fixed to the microwave allowing

the direct imaging inside.

3.3.3 Water Splitting and Optoelectronic Measurement

PEC water splitting performances were measured using a standard 3 electrode set up. A KCl

saturated Ag/AgCl electrode was used as the reference and platinum foil was used as the counter

electrode. ZnO NR arrays grown on FTO-glass substrate were used as the photoanode. A po-

tentiostat (EA163, eDAQ) was used to control the voltage bias and to measure the photocurrent.

The voltage was scanned from -0.6 to 1.2 V and the electrolyte used in the PEC cell was 0.5

M Na2SO4. No additional scavenging chemical was added to the electrolyte. A calibrated 100

mW cm−2 solar simulator (Oriel LCS-100, Newport) with built-in AM 1.5 G filter used as the

light source. The photoabsorption spectra used to calculate the band gap with Tauc plots were

examined using a UV-Vis spectrophotometer (Thermospectronic UV 300) and the crystal de-

fects were characterised using PL spectra recorded with a fluorescence spectrometer (Perkin

Elmer LS 45). Finally EIS measurements were performed using an electrochemical controller

(Palm Sens 3, PalmSens BV). Nyquist (illuminated) and Mott-Schottky (dark) plots were pro-
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cessed using PSTrace 4.5 (PalmSens BV).

Figure 3.1: Thermal images of the solutions in A) the MW and B) the CBD processes with an
FTO-glass inside. C) A schematic diagram shows both the CBD and URMAD methods.
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3.4 Results and Discussion

3.4.1 Morphology and Crystal Structure of URMAD Synthesised Nanorods

A clear benefit from the novel MW synthetic method is the efficient delivery of heat into the

growth solution. The thermal image in the MW heating process, Figure 3.1A, indicates the peak

temperature is located in the aqueous solution near the FTO substrate. This suggests that the

MW energy is delivered directly to the aqueous solution via dielectric heating, and the pres-

ence of conductive FTO glass also contributes by resistive heating, from physical movement

of charge polarised by the MW. In contrast, with the conventionally heated CBD method, Fig-

ure 3.1B, heat was transferred through the glass vessel resulting in less effective heating of the

reaction solution. If the difference between conventional CBD and our URMAD is only limited

to the heat transfer rate, one would not expect significant difference in the growth kinetics as

we observed here. This confirms that the FTO layer behaves as an antenna which focuses the

MW energy, resulting in the rapid growth using the microwave.

A high surface area photoanode is important for highly efficient PEC water splitting, which

allows faster Faradaic charge transfer from semiconductor to electrolyte. Figure 3.2 shows

the uniform hexagonal wurtzite crystal morphology of the NRs synthesised from the URMAD

method. The average diameter of the NRs was determined to be 138± 22 nm comparable to the

NRs synthesised using conventional CBD method (Figure S3.1). A small fraction of the rods

appears irregular in shape, occurring from the coalescing of rods due to their rapid growth rate.

The vertical growth of the rods can be seen in the cross-section SEM image in Figure 3.2B with

a thickness of 1.85 µm after total of 2 hours growth. The average growth rate is 0.93 µm h−1,

which is about 9 times faster than the conventional CBD method.

The ability to grow long ZnO NRs in a fraction of the time while maintaining the good

quality morphology of conventional growth is important to their future use in solar energy. The

71



Figure 3.2: The top down and cross-sectional SEM images of the MW NRs can be seen in A)
and B) respectively. The inset in A) shows the zoomed top view image. C) shows the XRD of
the MW rods.
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vertically aligned growth of the wurtzite crystal structure is also evidenced with XRD, shown

in Figure 3.2C. The pattern was indexed according to the standard database crystal patterns for

wurtzite ZnO (JCPDS 36-1451). The dominant (002) peak confirms that the majority of these

crystal planes are parallel to the substrate with a strong vertical alignment in the c axis.

3.4.2 PEC water splitting performance

The rapid growth rate in the URMAD process leads to high density of defects in the ZnO NRs

and appropriate concentration of defects could enhance the PEC performance. Evidence for the

high density defects of the MW NRs can be analysed from the full width half maxima (FWHM)

of the main (002) X-ray diffraction peaks, which is inversely proportional to the crystal domain

size following the Scherrer equation.312

The high resolution (002) XRD peaks are displayed in Figure S3.2. The measured peak

widths from the CBD and URMAD NRs, as well as the samples annealed at different temper-

atures are presented in Figure 3.3A. The CBD sample has the smallest diffraction peak width

of 0.18° and the synthesized MW sample has the largest peak width of 0.22° inferring either

smallest crystal domain size or highest density of crystal defects. Thus, one could expect that

the URMAD samples will have a relatively high density of defects in the form of oxygen vacan-

cies (VO) and zinc interstitials (Zni). Annealing the MW sample in air at different temperatures

will affect the defect density of the NRs. A systematic reduction of peak width can be observed

when the sample is thermally annealed at temperatures above 400°C. Under such conditions,

both the densities of VO and Zni at the NR surfaces were significantly reduced by the reaction

with hot air.

Alongside peak width reduction there was also a systematic shift in peak position (Fig-

ure S3.2) corresponding to a decrease in crystal lattice spacing. The calculated c-axis lattice

constants for different samples are also shown in Figure 3.3A. High density of defects can lead
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to increased spacing as interstitial atoms and charged vacancies deform the lattice. The MW

sample displays the largest c axis spacing at 5.206 Å, compared with 5.200 Å in the CBD sam-

ple likely due to this effect. This spacing is reduced with the temperature of annealing following

a similar trend to FWHM, confirming the effect of defect population.

The direct electronic band gap energies, Eg, of the ZnO NR arrays are also correlated to

the density of defects. Native defects acting as dopants introduce new states into the electronic

band structure of materials, if these states lie within the band gap of semiconductors it can

lead to an effective reduction in band gap energy.313 The values of Eg displayed in Figure 3.3B,

were determined using UV-Vis absorption spectroscopy and Tauc plots (Figure S3.3).261 For the

MW sample, the band gap energy was 3.19 eV, which is a significant red shift from the 3.28

eV for the CBD sample in association with the high defect density. Such a decrease would

allow the ZnO to absorb the leading edge of the visible spectrum which enhances its photocat-

alytic activity.100 The effect of thermal annealing on the MW NRs is as expected, increasing the

band gap energy approaching the Eg of the CBD sample as VO and Zni are reduced during the

annealing process.30

The photocatalytic activity of the URMAD ZnO NRs with a high density of defects was

investigated in PEC water splitting. In comparison with low defect density CBD NRs, a much

higher PEC water splitting activity was observed from the URMAD NRs, shown in Figure 3.3C

and D. At a potential bias of 1.23 VRHE, the photocurrent of 0.420 mA cm−1 was achieved

from the MW samples with respect to the 0.140 mA cm−1 from the CBD sample, although both

have almost identical nanostructures. This was then further improved to 0.705 mA cm−1 by

thermal annealing at 500°C. Careful analysis of the effects of annealing temperature reveals a

monotonic increasing in the photocurrent from 300 to 500°C, at which the maximum photocur-

rent was achieved. Further increasing the annealing temperature to 550°C, the photocurrent

decreased to 0.601 mA cm−1. This is likely due to the optimisation of conductivity from higher
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Figure 3.3: A) Displays the FWHM of (002) ZnO wurtzite peak of the samples against an-
nealing temperature, along with lattice parameter c. B) Shows the evolution of band gap energy
with annealing temperature. Water splitting data showing C) photocurrent densities and D) pho-
toconversion efficiency curves. E) Shows the time dependent photocurrent for CBD and MW
samples measured at 1.23 VRHE. 75



dopant density, versus the negative effect of high electron hole recombination, after annealing

at 500°C transportation properties are still improved while recombination is possibly reduced

in comparison to the unannealed sample. The achieved photocurrent from the MW NRs is also

greater than the reported Na doped ZnO NRs of 0.480 mA cm−1 at 1.23 VRHE.100 Similar but

lower photocurrent (0.600 mA cm−1 at 1.23 VRHE) was achieved from the hydrothermal syn-

thesised ZnO NRs by Baek et al.113 Their synthetic process took 12 hours and their sample

was annealed at 700°C under vacuum which could increase the defect density of the ZnO NRs

significantly. To prove the current is contributed from the photoexcitation process, the light

chopped I-V curves for the as synthesised MW sample, the annealed MW sample and the CBD

sample are demonstrated in Figure S3.4.

The corresponding photoconversion efficiencies were plotted in Figure 3.3D. A similar trend

can be found as the photocurrent and best photoconversion performance was achieved from the

MW sample annealed at 500°C with maximum photoconversion efficiency of 0.31%, which is

5 times higher, with respect to the value from the CBD NRs (0.06%). Annealing at 550°C leads

to a decrease as too many of the n-type impurities have been lost, which reduces the electron

conductivity.132

The chemical stability and the lifetime of the photoanode are crucial in practical application.

Shown in Figure 3.3E, time dependent photocurrent was recorded for the duration of 300 sec-

onds at a fixed positive bias of 1.23 VRHE. For clarity, the illumination light was chopped during

measurement. For both CBD and MW samples, there is no observed photocurrent decrease.

This confirms the stability of the MW photoanode.

In a wider review of pristine ZnO nanostructures found in Figure S3.5, photoanode per-

formance, measured by photocurrent density at 1.23 VRHE, was compared to the literature.

This work was found to be one of the fastest processing times compared with the prior art,

only slower than one hydrothermal method46 and glancing angle electron beam deposition thin
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films.286,314 However, the water splitting photocurrents of these samples were an order of mag-

nitude lower than ours. In fact, the PEC performance of our optimised MW ZnO NRs is among

the best reported in literature.113,119,141 Vuong et al. achieved a slightly higher photocurrent of

∼0.9 mA cm−1 from their hydrothermal synthesised ZnO NRs, with a special rapid scan rate of

50 mV s−1 (relative to 10 mV s−1 commonly used).141 Nevertheless, their synthetic method is

much slower than our URMAD method.

3.4.3 Density of Defects and their Effects on PEC Performance

A high density of defects could affect the PEC efficiency in two opposite ways, depending

on their concentration, location and function. Defects in semiconductors generate additional

electronic states between the band gap which can increase the dopant density of the material.

The surface defects form recombination centres which trap excited charges. High density of

such defects could decrease the PEC performance. Secondly, the bulk defects help to improve

the electron conductivity without significant increase in charge recombination, thus enhancing

the PEC performance. With a high density of recombination centres, the excited electrons and

holes recombine and emit photoluminence (PL) signal. Therefore, one can use the PL signal

to study the samples’ relative defect density. Figure 3.3A shows the thin film PL signals from

different samples, excited at 320 nm. There are 5 major PL peaks located at the wavelengths of

397, 421, 446, 486 and 528 nm. The first peak found at 397 nm corresponds to the Near Band

Edge (NBE) emission,315 defined by the band gap energy of 3.18 eV. The intensity of this peak

is proportional to the natural pathway of recombination of electron hole pairs. The peak at 421

nm can be attributed to the donor level associated with Zni,316,317 while the two peaks centred at

446 and 486 nm arise from two different electronic states of VO.124,318 Finally, the 528 nm peak

is reported to originate from VZn, an acceptor defect.316,319,320

Defect density of ZnO has been controlled by changing the reactant concentration or post

77



annealing. Cui et al. controlled the defects density by altering the concentration of HMT in

the growth solution.321 Post annealing was also used to reduce surface defects in the form of

hydroxyl groups which achieved great enhancement in water splitting efficiency.113

Furthermore, Zeng et al. controlled the blue defect emission attributed to Zni defects by an-

nealing in both air and N2 environments, reducing and increasing its abundance respectively.322

Annealing in air was therefore selected to reduce the defect density in the defect rich microwave

samples in this study.

The difference in the PL emission from URMAD to CBD sample confirms the rapidly grown

samples contain a high density of defects, since the CBD sample has much lower PL intensity.

The coexistence of Zni, VO and VZn defects, suggests that both Frenkel and Schottky defects

were formed during the URMAD process. The rapid decomposition of HMT in MW will cause

the fast increase of the solution pH. This results in the fast conversion of Zn(NO3)2 into Zn(OH)2

and the formation of ZnO with less time to remove the crystal defects. The PL intensity was

gradually reduced with thermal annealing in air up to 500°C. This suggests that the defect den-

sities of all types, including Zni, VO and VZn, are significantly reduced through the diffusion

and reactions starting from NR surface.316 In particular, the population of the Frenkel defects

was decreased through the annihilation of Zni and VZn, while the Schottky defects were reduced

by the reaction between VO and VZn. However, with annealing temperature reaching 550°C, the

PL signal at 528 nm, assigned to the VZn species increases. This can be explained in that the

corresponding thermal energy at 550°C exceeds the energy barrier for dissociating the Zn-O

bonding within the ZnO lattice, allowing the displacement of Zn2+, creating VZn.319 The slight

increase in the 486 nm peak suggests that paired VO also formed under these conditions. There-

fore, additional Schottky defects were formed at high temperature. TEM images of the CBD

and URMAD synthesised ZnO nanorods are shown in Figure S3.6, where some morphological

abnormalities are observed from the URMAD sample while the CBD sample shows relatively
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Figure 3.4: A) displays Forbidden zone band structure with electronic transitions indicated (top)
and PL spectra of different samples (bottom) with peak positions in nm and C-F) diagrams of
crystal defects. Transition energies have been applied as follows: 397 nm to Near Band Edge
Emission;315 421 to Zni;316,317 446 and 486 to VO;124,318 and 528 to VZn.316,319,320
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fewer.

EIS was recorded with a sinusoidal AC modulated (1 kHz, 10 mV) DC potential scanning

from -0.6 to 0.6 V vs Ag/AgCl. The measured capacitance was used to produce Mott-Schottky

(MS) plots in order to probe the flat band potential, and vitally, the density of dopants in the NR

crystals. By plotting against DC bias, the key values of ND, the dopant density, is determined

from the inverse of the gradient of the linear section of the plot and VFB, the flat band potential

can be obtained from its intercept.223,278 ND measures the excess concentration of n-type or p-

type dopants in the sample. Greater populations of charge carriers lead to faster charge transfer

and greater conductivity.

Figure 3.5: Donor density is shown on a logarithmic scale in A) with the flat band potential
against annealing temperature. Charge transfer resistance, RCT, vs annealing temperature is
shown in B), inset shows Randles circuit with constant phase element (CPE), RCT and series
resistance (RS) elements.

The measured MS plots are shown in Fig. S7 and the obtained ND and VFB are plotted in

Figure 3.5A. An increase of two orders of magnitude in n-type dopant density to 3.12 × 1020

cm−3 is observed in the MW sample compared to 7.61 × 1018 cm−3 for a CBD sample. This

is directly related to the rapid synthesis of the URMAD. The associated defects are likely to be
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VO and Zni, as identified in our PL measurements in Figure 3.5.

By annealing the sample from 300°C to 550°C, the dopant density of the URMAD sample

is reduced monotonically, reflecting a significant reduction in n-type doping (VO and Zni) with

temperature, as annealing with increased temperature in air would lead to the healing of crystal

structure, also observed by PL spectroscopy. In the annealing process, the surface defects will

be significantly reduced initially, since they are in direct contact with air. The reduction in

the surface Frenkel defect density leads to a reduction in recombination rate, which results

in improved water splitting performance up to 500°C. Annealing at 550°C led to a further

reduction of net dopant density which is lower than the CBD sample; though this comparison is

limited as this sample was unannealed. This could be the result of either the reduction of n-type

dopant (VO and Zni), or the increase of p-type dopant (VZn). The PL observation confirms the

later is the dominant effects for the sample annealed at 550°C. The increase in the p-type dopant

(VZn) will trap the holes and create extra energy barriers for the transportation of surface holes

to facilitate the oxidation of H2O and thus the decrease of the PEC performance.

The flat band potentials from the MS analysis are also plotted in Figure 3.5. The measured

VFB are typical for ZnO materials, with values varying from -0.59 V to 0.03 V vs Ag/AgCl

in identical electrolyte.288,295,323 A dramatic increase in VFB is observed due to the reduction

of n-type dopants in the ZnO NRs during the annealing process. With a reduction in n-type

doping, the flat band potential descends towards the valence band.223,237 Similar effects have

been explained by the Moss-Burstein relation.38,324,325 The significant shift of the VFB for the

550°C annealed sample is due to the population increase in VZn, an acceptor impurity, increasing

the p-type doping in the sample. Such upper shift of the VFB will significantly reduce the

reduction power of the photoexcited electrons in the conduction band, resulting in the limitation

of the PEC performance.

The URMAD synthesised samples have a high density of donor defects, which are respon-
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sible for charge trapping and electron-hole recombination. Annealing the samples at mild tem-

perature reduces the donor concentration and improves the PEC performance. However, by

annealing the sample at high temperature, the concentration of acceptor starts to increase. Such

acceptors, in the form of VZn, can trap holes in the valence band and reduce the reduction

potential of the excited electrons in the conduction band due to the increase in the VFB. Our

experiment shows that the optimum condition is to anneal the URMAD sample at 500°C yield-

ing optimum dopant density of 1.68 × 1019 cm3, retaining over double the value of the CBD

sample. Furthermore, as the annealing was performed in a tube furnace at temperature with no

sample ramping, followed by rapid cooling, there is an inherent surface bias to the healing of

defects. This could protect defects in the bulk, retaining enhanced transport, while reducing

electron hole recombination at the sample surface. It is clear, that any existence of accepters in

the ZnO will significantly reduce the PEC performance.

Varying the AC frequency from 10 kHz to 0.1 Hz at a constant voltage bias of 0 V vs

Ag/AgCl under illuminated conditions allowed the interface resistance and charge recombina-

tion rate of the samples to be analysed. The result is displayed in a Nyquist plot of imaginary

vs real impedance Figure S3.8. In order to determine the critical value of charge transfer resis-

tance, RCT, the Nyquist plot is fitted with a standard Randles circuit model.167 As there are no

distinct frequency regions in the Nyquist plot, the values of RCT represent resistance at the liq-

uid/solid interface as the resistance in the bulk semiconductor is far lower in comparison.282 A

lower RCT indicates less resistance for charge moving via faradaic charge transfer through this

junction resulting a rapid charge transfer or lower recombination resistance at the junction.326 In

Figure 3.5B, RCT is plotted against annealing temperature with a stark difference from 37.3 kΩ

for the CBD sample to 8.2 kΩ for the MW sample. This explains the PEC performance increase

in the MW sample as charges are more efficiently transferred at the electrolyte-ZnO interface.

The RCT values decrease monotonically with annealing temperature. This is likely due to the
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healing of surface defects, evidenced by PL measurement and MS analysis, despite a potential

coincidence as the techniques requiring very different conditions. This would systematically

reduce the recombination resistance at this junction as less charge is lost and more is transferred,

further explaining the increase in solar water splitting efficiency. Despite the loss of VO and Zni

at the surface, many of the bulk defects remain providing good conductivity. At 550°C, despite

the lowest RCT, the addition of p-type Schottky doping becomes the dominant factor for the

decreasing in PEC performance, as the flat band potential shifts towards the valence band.

3.5 Conclusion

We demonstrate a novel ultra rapid microwave assisted synthetic method for the production of

ZnO NR arrays. For the first time MW ZnO NR arrays are applied to PEC water splitting with

significantly high efficiency. The inclusion of a high population of crystal defects has led to

an increase in n-type doping and a significant enhancement in water splitting. The most likely

defects responsible are Zni and VO determined by the PL measurements. The populations of

defects were successfully controlled using thermal annealing in air. EIS measurements showed

a dramatic reduction in the surface Frenkel defects of n-type dopant, with increasing annealing

temperature. The dopant density was optimised from thermal annealing in air at 500°C. This led

to a fivefold increase in photoconversion efficiency from the CBD sample. Further increasing

the annealing temperature to 550°C led to a higher concentration of VZn, a p-type dopant, which

behaves as a hole trap and shifts the flat band potential towards the valence band. This in turn

led to a reduction in the PEC performance.
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3.6 Supporting Information: Defect-Rich ZnO Nanorod Ar-
rays for Efficient Solar Water Splitting

Figure S3.1: SEM images of CBD sample, A) top down view, B) cross sectional view.

Figure S3.2: XRD 002 peaks of the different samples with various annealing temperatures.
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Figure S3.3: UV-Vis absorption spectra A) and Tauc plots B).
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Figure S3.4: To prove the current is contributed from the photoexcitation process, the light
chopped I-V curves for the as synthesised MW sample, the annealled MW sample and the CBD
sample are demonstrated in Fig. S4.
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Figure S3.5: Review of Performance vs Processing Time

3.6.1 Literature Review

Literature search of pristine ZnO nanostructures, works were screened from any with extrinsic

dopants or coatings. Process time excludes any seeding processes, and was the sum of growth

time and post annealing time. Photocurrents were taken at 1.23 VRHE calculated from reference

electrode and pH via the Nernst equation.327 Only works using a solar simulator calibrated to

one sun, or Xenon lamps calibrated to 100 mW cm−2 with AM 1.5 G filter were used in this

study. A number guide to the references can be found below.
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Table S3.1: Chart number with references.

No. Reference No. Reference

1 Vuong et al.141 0 Li et al.314

2 Ly et al.119 12 Li et al.290

3 Baek et al.113 13 Ahn et al.328

4 Wang et al.329 14 Yang et al.143

5 Hu et al.98 15 Jin et al.330

6 Ren et al.117 16 Shen et al.331

7 Xie et al.332 17 Lee et al.100

8 Majumder et al.333 18 Wang et al.334

9 Qiu et al.335 19 Cai et al.288

10 Wolcott et al.286

Figure S3.6: TEM images of A) CBD and B) URMAD synthesised ZnO nanorods.
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Figure S3.7: Mott Schottky Plots of the various samples, measured at 1 kHz 10 mV sinusoidal
AC at various DC potentials.

3.6.2 Mott Schottky Relation

The MS relation is as follows:

1

C2
sc

=
2

eεε0A2(Nd −Na)
∆φsc (S1)

The values ε and ε0 correspond to the relative permittivity of the material (taken as 10 for ZnO)

and permittivity of free space respectively. The surface area contact with the electrolyte is given

by A. The key values that can be determined from the gradient of the linear section of the plot

are the Nd, donor density and Na the acceptor density. Often simplified as ND = Nd − Na

where ND is the dopant density, a majority p-type semiconductor will give a negative gradient

and n-type, positive. The extent of doping is given by ND.278

The value of ∆φsc, the potential across the space charge layer is defined by eq. (S2).

∆φsc = E − EFB −
kT

e
(S2)

Yielding more useful physical values, E is the measured DC potential and the final thermal

term is often neglected. The flat band potential EFB is the required voltage to remove the
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charge depletion layer at the interface and prevent band bending.

Figure S3.8: Nyquist Plots, varying 10 mV AC voltage frequency from 10 kHz to 0.1 Hz at 0 V
vs Ag/AgCl DC bias in 0.5 M NaSO4 under illumination.
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Chapter 4

Yttrium Doped ZnO Nanorod Arrays for
Increased Charge Mobility and Carrier
Density for Enhanced Solar Water
Splitting

4.1 Abstract

An innovative procedure is presented, when for the first time, yttrium doped ZnO vertically

aligned nanorods have been synthesized using a unique rapid microwave assisted method. In

comparison with pristine ZnO NRs, the Y-doped samples present more favourable morphology

along with reduced crystallinity due to substitutional defects, YZn. The Y acted as a shallow

donor type defect, leading to an 80% increase in dopant density, to 1.36 × 1018 cm−3 in the

0.15% Y sample. The transmission line model was used to analyse the transport properties.

It was found that a 1000-fold increase in conductivity and electron mobility was achieved by

doping 0.15% Y, resulting in a high density of donors which fill charge traps. Meanwhile, a sig-

nificant improvement in conductivity was accompanied by greater electron hole recombination

and band gap reduction. Analysis of photoluminescence spectra reveals the effect of Y doping

on native point defects, initially reducing Zn2+ vacancies by filling with YZn, followed by the

reduction of O2 – vacancies with interstitial doping at higher Y concentration. With a fine bal-
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ance of superior conductivity and charge recombination rate, the photocatalytic water splitting

performance was optimised achieving photocurrent of 0.84 mA cm−2 at 1.23 VRHE with 0.1%

Y doping. This corresponded to a 47% enhancement in photoconversion efficiency compared

to the pristine sample.

4.2 Introduction

In order to meet the challenge of the energy crisis, the ’hydrogen economy’ has the potential to

play a significant role in the storage and renewable generation of energy.17 Photoelectrochemi-

cal (PEC) water splitting is an emerging method of hydrogen production that has seen great ad-

vancement since its first demonstration by Fujishima and Honda.24,32,241 In this rapidly advanc-

ing field various materials have been applied, such as highly oriented rutile TiO2 nanorods,336

along with flexible polymeric carbon nitride films.337 Stability in water, wide electronic band

gap and appropriate band edge position afford ZnO suitable properties for this process,338 fur-

thermore, high electron mobility and high charge carrier density give this material an edge over

TiO2.339 Nanostructured photoanodes provide increased photoconversion efficiency (PCE) in

systems reliant on Faradaic charge transfer,340 leading to a plethora of ZnO morphologies such

as nanoparticles,136 nanotubes,341 nanoflowers323 and nanorods.89,323 The electronic and optical

properties of ZnO can be improved by extrinsic doping, allowing further light absorption in

the visible spectrum through band gap narrowing,100 or increased conductivity. By introduc-

ing shallow donors electron concentration can be raised, resulting in the reduction of transport

resistance and increasing rate of photolysis.342

In this work, yttrium doped ZnO nanorods (NRs) have been applied to PEC water splitting

for the first time, for a significant enhancement in PCE. Vertically aligned ZnO NRs were grown

via rapid microwave assisted synthesis, with Y addition in the growth solution leading to re-

duced crystallinity and more favourable geometry. This also resulted in greater n-doping along
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with dramatically increased electron mobility, improving the charge dynamics in the semicon-

ductor bulk. This led to a significant increase in photocurrent density and therefore water split-

ting ability, when compared to the pristine sample, with potential application to photovoltaic

technology in future.

Yttrium doped ZnO is well known for its conductivity in the strongly n-type semiconductor,315,343–346

leading to applications as a transparent conducting oxide,127,347 gas ionization and humidity

sensor.133,348 Favourable optical properties of Y doped ZnO have led to applications as pho-

toanode in organic light emitting diodes,349 displaying enhanced UV emission.350 These attrac-

tive prospects have led to the exploration of Y doped ZnO powder as a photocatalyst for dye

degradation,116,351 and for hydrogen generation in the water-lactic acid system.352 Y doped ZnO

NRs were applied to solar water splitting coated with carbon nitride achieving a photocurrent

of 0.4 mA cm−2 at 1.23 VRHE.337 In all cases, the Y doping led to a remarkable improvement in

catalytic rates.

This study aimed to better understand and quantify the effects of Y doping on the charge

transport and interfacial transfer in the ZnO NR / electrolyte system. Therefore, electrochem-

ical impedance spectroscopy (EIS) was performed and analyzed with the transmission line

model, determining electron mobility, conductivity, recombination resistance and chemical ca-

pacitance. This method has been applied to many nanocrystalline systems including meso-

porous TiO2,282 mesoporous Fe2O3, and organic heterojunction films.353,354 Furthermore, it has

become a common characterisation technique in dye sensitised and perovskite solar cells,355–358

as well as ZnO nanotube and nanorod arrays.120,341 Here, we used the transmission line model

to analyse the effects of Y doping on ZnO, revealing dramatically improved electron mobility.

In this paper yttrium doping is presented to be an effective method of increasing the effi-

ciency of ZnO NR water splitting photoanodes. Incorporation of Y into the ZnO lattice led to

reduced crystallinity and improved morphology by reducing NR diameter from 111 to 92 nm

93



at 0.15% Y doping. The extrinsic atomic addition was confirmed as a shallow donor, increas-

ing n-type doping by 80%, which also led to a significant enhancement in trap limited electron

mobility reflected by several orders of magnitude gain in conductivity. Such an improvement

would not be possible without the effect of Y on the native point defects of ZnO, where PL spec-

troscopy displayed a reduction in VO and VZn densities, lowering electron scattering through the

bulk. Furthermore, UV-Vis spectroscopy revealed the reduction in band gap of the doped ZnO,

allowing greater visible light absorption. However, further increasing the doping level also led

to faster electron hole recombination and therefore energy loss. Ultimately yttrium content was

optimised at 0.1% leading to a 47% enhancement in photoconversion efficiency.

4.3 Experimental Method

4.3.1 Synthesis of Nanorods

All chemicals used were purchased from Sigma Aldrich with no further purification. Trans-

parent conducting glass substrates (flourine-doped tin oxide FTO) were cleaned by sonication

in acetone, isopropanol and DI water for 15 minutes in each solvent. Each 12 × 20 mm FTO

glass was seeded using a 0.1 M zinc acetate solution in DI water with added 0.6 wt% polyvinyl

alcohol for added viscosity. The solution was spin coated using a two stage program, 800 RPM

for 90 seconds followed by 30 seconds at 2000 RPM in order to remove beads of solution from

the edge. This was followed by annealing in air at 500 ◦C for 20 minutes in order to form the

zinc oxide seeding layer.263

The vertically aligned NRs were synthesised using a microwave chemical bath deposition.

The details were published separately.114 Each cycle was heated at 100 W to 100°C for a 30

minute holding time. A total of 4 cycles were used for each ZnO sample, substrates were

placed face down in 20 ml aqueous solution of 40 mM zinc nitrate and hexamethylenetetramine

(HMT) in 1:1 molar ratio. Cycles took 3 minutes to reach temperature and 5 minutes to cool,
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the microwave reactor used was the CEM Discover.

Samples were subsequently annealed in air at 500°C for 30 minutes. Yttrium doped samples

were produced by 0.5, 1, and 2% molar addition of yttrium nitrate (with respect to zinc nitrate)

to the growth solution.

4.3.2 Materials Characterisation

The real concentration of yttrium dopants was measured by inductively coupled plasma mass

spectrometry (ICP-MS, Agilent 7500ce). Samples were prepared for ICP-MS by dissolving in

2 ml, 1.5 wt% nitric acid, followed by dilution to 50 ml volume by DI water addition. Scanning

electron microscopy (SEM, JSM820 M, Jeol) was used to analyse the morphology of the sam-

ples. The crystallinity and structure orientation of the nanostructures were analysed by powder

x-ray diffractometer (XRD, Siemens D500). The dimensions of the nanorods were measured

from SEM images using Image J software (National Institutes of Health, USA). A standard

3-electrode set up, with Ag/AgCl reference and platinum counter electrodes was used for both

water splitting photocurrent and electrical impedance spectroscopy (EIS). ZnO NR arrays were

grown on FTO-glass substrate (Sigma-Aldrich UK) forming the photoanode. Using a 0.5 M

Na2SO4 electrolyte and a linear potential scan from 0.2 to 1.6 VRHE photocurrents were de-

termined. A solar simulator (Oriel LCS-100, Newport) with an AM 1.5 G filter at a distance

calibrated to 100 mW cm−2 was used as the light source. PL spectra were characterised using

a fluorescence spectrometer (Perkin Elmer LS 45) and UV-Vis diffuse reflectance spectra used

to determine optical band gap were acquired using Ocean Optics ISP-REF integrating sphere

equipped with an inbuilt tungsten-halogen illumination source 300 nm ≤ λ ≤ 1000 nm, with

MgO reference. EIS was performed in the dark using a Palm Sens 3 (PalmSens BV) electro-

chemical sensor, processed using PS Trace 4.8 (PalmSens BV) and Elchemea Analytical (DTU

Energy, Technical University of Denmark).
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4.4 Results and Discussion

4.4.1 Morphology and Crystallinity

High surface area, fast charge transport and efficient photo-absorption are beneficial to the rate

of water photolysis.359,360 The presence of dopant ions in the growth solution often affects the

morphology and crystallinity of zinc oxide NRs, due to the surface charging of the wurtzite

structure in a basic solution..100 Y3+ ions have been previously reported to form a negatively

charged complex, stifling the lateral growth of ZnO due to the partial positive charge of the

NR walls.133 The effect of Y doping on the morphology was observed by SEM, shown in Fig-

ure 4.1. Cross sectional SEM used to measure NR length and diameter distributions can be

found in Figure S4.1. The averaged ZnO NRs diameters and lengths are plotted in as shown in

Figure S4.2. With increase in Y concentration, the diameter of ZnO NRs decreases from 111

to 92 nm. This effect is also conversely seen in the length of the nanowires, from 1650 to

2000 nm. This is likely due to the opposed charging of the top 002 face, leading to increased

growth in the c axis.133 This could be beneficial to PEC performance as larger aspect ratios lead

to greater interfacial area for charge transfer.

ICP-MS was used to give accurate concentrations of Y. To assess the averaged dopant con-

centration, the ZnO NRs were dissolved in acid first. with growth solutions containing 0, 0.5, 1

and 2% molar addition of yttrium nitrate, dopant concentrations of 0, 0.04, 0.10 and 0.15% Y

were achieved in the ZnO NRs.

Powder XRD was used to analyse the crystal properties of the samples, shown in Fig-

ure 4.2A. Both the wurtzite ZnO (JCPDS 36-1451) and FTO (JCPDS 71-0652) structures were

identified. No new peaks were observed from the presence of yttrium oxide due to low abun-

dance and homogenous incorporation into the zinc oxide. This is consistent with literature.133,361

The feature dominating the pattern is the c-axis ZnO (002) peak at 34.5°. This is typical of NR
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Figure 4.1: SEM images A), B), C) and D) corresponding to Y molar doping of 0, 0.04%,
0.10% and 0.15% respectively. The scale bars correspond to 2 µm.
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arrays due to the strong vertical alignment of the structures, which has the (002) plane parallel

to the substrate. The other ZnO signals were dwarfed in comparison due to this unique crystal

alignment.

Values of peak position and full width half maximum (FWHM) provide information about

the lattice spacing and crystal domain size respectively. The most significant trend from in-

creased doping is seen in the FWHM increase for the (002) peak, seen in Figure 4.22B with the

expanded (002) peak shown in Figure S4.3. This corresponds to a reduction in crystallinity due

to the Y ions incorporated into the ZnO lattice, giving a decrease in grain size D given by the

Scherrer formula.312

D =
0.9λ

β cos θhkl
(4.1)

Where λ is the x-ray wavelength, β and θ are the FWHM and the angle of diffraction, respec-

tively. The crystal grain size decreases from 42.8 nm (0% Y) to 41.6 nm (0.15% Y) due to the

lattice addition. This trend closely follows the aspect ratio change with yttrium doping, confirm-

ing the linked morphological and crystallographic effects. This change in FWHM could have

also been caused by increased crystal defect population. A reduction in diffraction angle is seen

for 0.15% doping due to the larger ionic radius of Y3+, 0.92 Å, compared to Zn2+, 0.74 Å.362

This stretches the crystal wurtzite structure leading to a larger lattice constant, from 5.201 Å

to 5.204 Å for pristine and 0.15% Y respectively.133 As the dopant concentration increases, the

diffraction peak width increases as well as the peak height, Figure 4.2A. Hence, the overall

diffraction intensity from the (002) increases. Such increase can be explained by the longer

NWs in the c axis, leading to greater abundance of (002) crystal planes.

4.4.2 Optical and Electronic Properties

Electrical Impedance Spectroscopy (EIS) is a powerful tool for understanding charge transfer in

the semiconductor-electrolyte system. The Mott-Schottky plot of 1/C2 vs potential bias yields
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Figure 4.2: A) a segment of wide scan XRD of the different samples. B) the normalised FWHM
compared to the normalised NW aspect ratio as a function of dopant concentrations.
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the valuable parameters of dopant density ND, and flatband potential VFB. Both values are

generally determined by the gradient and extrapolated intercept of the linear region. However,

Mora-Seró et al. developed a more accurate model reflecting ZnO NR cylindrical geometry.363

The depletion region in an array of vertically aligned NRs was calculated by solving the Poisson

equation using cylindrical polar coordinates. With this geometry correction, the potential bias,

V, is related to the capacitance per unit area, Cs , following 4.2.

V − VFB = −NDe

2ε

[
R2 − CsR

3

2ε+ CsR
+R2 ln

CsR

2ε+ CsR

]
(4.2)

Where e is the electron charge, ε is the product of the permittivity of free space and dielectric

constant of ZnO, valued at 10. R is the NR radius in cm as measured by SEM. The derivation

of 4.2 along with the calculation of Cs from raw values of C can be found in the supplementary

information (section S2.1). 4.2 is significantly different from the planar Mott-Schottky model

in which the 1/C2 is linearly proportional to V − VFB, and inversely proportional to the donor

density. The experimental data (points) and model fits (lines) are shown in Figure 4.3A. Despite

some divergence seen at higher potentials, the fit is accurate over a far greater potential window

than the typical linear model. This implies the cylindrical morphology has significant effects on

the impedance properties of the NR material and the non-planar model could improve the accu-

racy of ND and VFB in comparison to the typical Mott-Schottky analysis for planar electrodes.

As expected, increased doping leads to a higher dopant density in the NR samples, due to

Y3+ ions acting as shallow n-type donors to the conduction band.344 This leads to lower transport

resistance and higher conductivity, suitable for rapid charge collection.364 Figure 4.3B shows the

obtained ND and VFB values as a function of doping level. The value of ND monotonically

increases from 7.53 × 1017 cm−3 for pristine, to 1.36 × 1018 cm−3 of 0.15% doping. At low

level doping, the modest increase in ND is possibly due to reduction in oxygen vacancies, VO

and Fermi level pinning within the conduction band.365 However, high level doping fills more
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Figure 4.3: A) shows the sample capacitance, 1/C2
s vs potential bias, dots denote experimentally

measured data and lines show model fits. B) shows ND and VFB against doping.

states in the band, leading to a higher energy Fermi level which in turn, increases the formation

energy of n-type native defects such as VO.319 This is confirmed by the negative shift in flat band

potential with increasing Y doping. This effect was also observed by Kelley et al., using low

levels of yttrium doping in CdO films.366

In order to investigate the fundamental material parameters of conductivity and electron

mobility along with recombination resistance at the solid liquid interface, the transmission line

model with reflecting boundary condition, Figure 4.4B) inset, was applied to impedance data

across a range of potentials.281 Originally used to decouple transport and transfer properties of

TiO2 by Fabregat-Santiago et al., this model has been applied widely to mesoporous TiO2
282,358

and ZnO NRs,367,368 in electrolyte and dye sensitised solar cells.

Raw Nyquist plots along with their model fits can be found for sample 0.4% Y in Figure 4.4.

In the potential region < 0.2 VRHE, the ZnO is conductive and can be fit by a simple RQ circuit

shown in Figure 4.4A (inset) as it displayed a single arc, yielding the chemical capacitance,

Cµ, and recombination resistance, RR. However, from 0.3 to 0.8 V, shown in Figure 4.4B, the
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Nyquist plots displayed a visible upward bend which is clearly visible in the magnified plots

in Figure 4.4C. This is a typical transmission line behaviour. The bend separates two distinct

regions. The high frequency region is dominated by the electron transport resistance, RT , while

the low frequency region determined by the recombination resistance at the interface, RR at

the interface. To fit the data that includes both the transport resistance and the recombination

resistance, the transmission line model was used as an equivalent circuit, displayed in the inset

of Figure 4.4B. Each resistance is constituted of equally incremented smaller resistive compo-

nents, RT is the product of NR length L and rT , whereas RR is defined as rR/L.

Often, when analysing this high frequency region it is challenging to obtain reliable values

of transport resistance RT with highly doped conductive ZnO,368 although, in this study a no-

ticeable high frequency feature can be distinguished in all the samples. However, in the high

frequency region, the constant phase angles of all samples are significantly larger than 45°. Sim-

ilar behaviour was reported and is likely due to the added capacitance from the FTO.120,282,369

The experimental data and simulated fits for the remaining samples are shown in Figure S4.4-

Figure S4.6.

Once transport resistanceRT is determined, electron conductivity σn can be calculated from

a cylindrical model for the vertically aligned hexagonal nanorods.281

σn =
L

ART

=
L

RTπr2ρ
(4.3)

Where L is the nanowire length, r the radius and ρ the number of NRs per unit area, all deter-

mined by SEM. σn is a bulk material parameter which describes the emergent electron transport

properties regardless of geometry. Typically this value depends on the product of electron mo-

bility, µn, and free carrier concentration related to ND. Electron mobility describes the ease

of electron drift in the presence of an electric field. It can be calculated via transmission line
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Figure 4.4: A) and B) raw experimental Nyquist data (points) and simulated model fits (lines)
from 0.04% Y sample. The models used are shown in the insets for the potential ranges 0.3
to 0.8 and -0.2 to 0.2 VRHE respectively. C) expanded view of the plot indicating the high
frequency diffusion region below the ‘knee’.

103



parameters RT , Cµ and constant phase element exponent γ with 4.4.282

µn =
eL2

kT (RTCµ)1/γ
(4.4)

The mobilities calculated by this technique often display different character to those determined

by Hall conductivity measurements due to the nature of trap limited diffusion.370

The transport properties of the NRs, including conductivity, charge mobility and charge

recombination resistance, determined by transmission line model as a function of potential

for samples at different dopant concentrations are shown in Figure 4.5A-C. The conductivi-

ties for all samples decreases as the potential increases, due to the positive potential pushing

the Fermi level below the conduction band minimum, causing a significant drop in electron

concentration.341

A clear increase in conductivity is observed in the doped samples, at 0.3 and 0.8 V, 0.15%

Y sample showed 1000 and 10,000 fold increase in conductivity over the pristine sample, re-

spectively. This is too large to be explained by an 80% gain in dopant density (Fig. 3B), but an

accompanying enhancement in electron mobility.

The electron mobility of the samples has been calculated using 4.4 and shown in Fig-

ure 4.5B. The variation of electron mobility as a function of dopant concentration, suggests trap-

limited diffusion, where electrons from defect states are injected into the conduction band.370

Higher electron concentration associated with defect states leads to increased mobility in ZnO

NRs by neutralising charge traps.339 The highest values of mobility from the 0.15% samples

are the same order of magnitude as the value determined by Hall effect measurement (200

cm2 V−1 s−1).124 The rest of the values fall far short of this quantity due to the nanocrystalline,

trap mediated transport in the films, rather than in-plane transport across solid thin films. The

transmission line model gives a more practical window into the electron motion of the nanos-

tructures, more useful for understanding charge dynamics in the water splitting system.
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Figure 4.5: A) shows the conductivity of the samples. B) electron mobility through the trans-
mission line potential region, and C) area normalised recombination resistance, RAR. The
potential range is wider as it could be determined using both equivalent circuits over the entire
voltage window. D) normalised recombination resistance of the samples measured at -0.2 VRHE.
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The recombination resistanceRR, inversely proportional to recombination current flux,206 is

normalised by multiplication by the sample surface area,RAR,371 and displayed in Figure 4.5D.

A similar trend can be observed for all the samples, beginning low, negative of VFB and rising

rapidly up to 0.7 VRHE. At -0.2 VRHE when the ZnO yields a metallic response, a monotonic

decrease in RR is observed with doping, Figure 4.5D. Higher doping of yttrium causes greater

recombination of electron hole pairs due to the dopant ions acting as recombination centres

in the bulk and at the surface.372 As expected the pristine sample shows a dramatic rise in RR

towards higher potentials past the onset, and 0.15% retains the fastest recombination. Somewhat

unexpected is the reversal of recombination rates of 0.10% and 0.04% samples at 0.7 VRHE. This

is perhaps due to the more negative position of VFB for the 0.10% samples, promoting charge

transfer across the junction and restricting recombination current.

The effect of yttrium doping on light absorption was measured using UV-Vis reflectance

spectroscopy. Band gaps were calculated using the Kubelka-Munk function F (R), detailed

in section S2.2 in the appendix.262 This was followed by the use of Tauc plots for the n-type

semiconductors, shown in Figure 4.6A, with B presenting a decreased band gap with yttrium

doping.261

The band gap behaviour is in good agreement with our previous measurements made on

hydrothermal bath deposited Y doped ZnO NRs.133 The decrease in the band gap energy as the

dopant concentration increases is due to additional donor states formed close to the conduction

band minimum within the band gap of ZnO.373 This requires lower energy photons to promote

valence band electrons to these states resulting in greater visible light absorption. Though small,

this band gap reduction is advantageous to the photoelectrochemical water splitting performance

of the samples, accessing a greater portion of the visible light in the solar spectrum.

PL spectroscopy was performed to confirm recombination rates and the electronic defect

structure of the samples. An excitation of 320 nm was used, and the spectra were normalised
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Figure 4.6: A) Tauc plot of the samples along with extrapolated linear regions for determination
of band gap. B) band gap energy against doping, determined by Tauc plot.

using the absorbance of each sample at this wavelength. Greater intensity across the entire

spectra was observed with higher yttrium concentration, confirming the trend in recombination

resistance RR determined by EIS. Faster electron hole recombination yields more intense near-

band-edge (NBE) emission as a result of the interaction of excitons with substitutional yttrium,

YZn, provided that recombination is radiative. No new distinct peaks can be seen from YZn dop-

ing, confirming that it is a shallow donor. However, interstitial yttrium Yi may be responsible

for larger peaks across the spectra due to its interaction with native point defects. The integrated

spectra, Figure 4.7, reveals the increase in PL intensities as doping levels increases, negatively

impacting water splitting rate.

Six distinct peaks are observed forming the PL spectra, centred at 398, 419, 441, 462, 485

and 528 nm, labelled a-f) in Figure 4.7A. The spectra were analysed with non-linear least square

fitting to resolve the PL emission intensity of each peak which is related to the corresponding

defect concentration. The assignment of the emission peaks is shown in Figure 4.7B. The

leading emission peak at 398 nm, peak a, is assigned to the NBE. Peak b is associated with
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Figure 4.7: A) expanded view of PL spectra, allowing the changes in peaks a-f to be observed.
B) transitions assigned to each peak, and finally C) integrated peak intensity for each of the
transitions at different Y concentrations.
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donor level introduced by Zni.316,318 Peaks c and e occur from the two charge state transitions of

VO.318,319 Peak d is due to an inter-defect transition from Zni to the VZn
–/0 state, 0.18 eV above

the valence band,319 and finally f originates from the Zn2+ vacancies VZn.316,319,320

The intensity of NBE peak is seen to increase from pristine to 0.15% sample, following the

trend seen in the total PL integrals due to faster exciton recombination rate.370 A subtle rise in

intensity for peak b is also observed, however it is unlikely due to a higher concentration of

Zni with increased Y doping in the NRs. Rather, this defect is probably being fed by a more

populous conduction band. More prominent effects are seen in peaks c-f. An initial drop in

peak f is observed, followed by substantial increase in intensity due to increasing population of

VZn as a result of Y doping. The initial decrease in VZn concentration at low level doping (from

pristine to 0.04% Y) is due to the filling of VZn with YZn substituting a deep acceptor state with

a shallow donor. Further increase in the Y doping will lead to the increase of interstitial Y3+

which decreases the RR with enhanced electron mobility (Figure 4.5D).366 Consequently, this

effect increases the formation energy of VO, leading to a decline in peak c and e for Y doping

of 0.1%.319 It is important to note in the interpretation of the PL spectra that the penetration

depth of the absorbed and emitted photons is low, giving the results a strong surface bias.305

Furthermore, the peaks observed only yield data on deep electronic states causing radiative

transitions. Shallow states with energies close to or inside the conduction band, such as those

likely caused by yttrium dopants, introduce vibrational states, with energies too small to be

detected by this technique.374

4.4.3 Water Splitting Performance

The measured photocurrent densities of the pristine and yttrium doped samples display their

photoelectrochemical water splitting abilities, found in Figure 4.8A. Photocurrent density uni-

formly increased across all samples with positive bias to a maximum of 0.84 mA cm−2 for
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the optimised 0.1% Y sample at 1.23 VRHE. This represents a 23% enhancement from the un-

doped sample, due to improved charge transportation from higher conductivity. This value is

greater than those achieved by doping ZnO NRs with N,143 Na and Al,100,342 which achieved

photocurrent of 0.3, 0.5 and 0.3 mA cm−2, respectively, at the same bias. Furthermore the rapid

microwave synthesis used in this work,114 displays over double the photocurrent achieved by

carbon nitride coated YZnO (0.4 mA cm−2 at 1.23 VRHE).375 Although, the photolysis in this

work falls short of doped and coated core-shell structured photoanodes, which have much im-

proved visible light absorption. With hydrogen doping or hematite coating,141,178 photocurrents

of 1.00 or 1.27 mA cm−2 were achieved, respectively. In order to utilise ZnO in higher perform-

ing photolysis, its major shortcoming of low visible light absorption must be overcome. One

solution is the decoration with noble metal plasmonic nanoparticles, such as the gold tipped

match-like structures produced by Wu et al.89 Alternately low band gap, CdS and CdSe quan-

tum dots have been used in conjunction with ZnO for enhanced solar performance.154,155 Hence,

visible light sensitisation offers potential for further enhancing the YZnO as a photoanode in

future.

Figure 4.8: A) shows the photocurrent density curves against potential bias V vs RHE, and B)
the photoconversion efficiency.
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Calculated photoconversion efficiency, η, curves are displayed in Figure 4.8B, The equation

used is the ratio of output electrochemical power to input solar power densities, P , in 4.5.376

η =
J(1.23− V )

P
(4.5)

Where J is the photocurrent density and V is the applied bias vs the platinum electrode. As

expected the 0.1% Y sample achieved the highest efficiency of 0.4%, giving a 47% enhancement

over the pristine NRs. Further increases to the doping level leads to a high density of defects

on the NR surface which effectively forms recombination centres. Hence, it is important to

optimise the appropriate defects level while maintaining the electron transportation benefits.

The stability of the photoanode is shown in Figure S4.6. The photocurrent was monitored at

constant potential of 1.23 VRHE. There is no degradation after 5 minutes of stepped illumination.

The microwave synthesis also performs favourably in comparison to yttrium doped zinc

oxide nanorods synthesised by conventional hydrothermal method. Solar water splitting data

of hydrothermal NRs can be seen in Figure S4.7, where yttrium doping once again leads to

more favourable performance. The results are comparable to the microwave synthesis as both

contained the same atomic concentration of yttrium, as seen in Table S3.1, which varied little

between the methods. The microwave samples had the advantage of more rapid growth time,

2.5 hours compared with 4 hours hydrothermal for similar NR lengths. This difference is am-

plified as microwave heating typically requires lower power consumption, in this experiment

microwave power was set to 300 W, whereas low temperature oven heating is usually > 1000

W.377

Yttrium doping led to a 33% increase in photocurrent at 1.23 VRHE, from ∼0.15 to ∼0.20

mA cm−2. The MW samples significantly outperform these values due to native point defect

states that contribute to both light absorption and dopant density as outlined in our previous

work.114 Furthermore, hydrothermal ZnO NRs are crippled by surface hydroxide groups acting
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as recombination centres due to the high pH synthesis. To overcome this Baek et al. vacuum

annealed samples produced by this method in a vacuum at 700°C for restored performance.113

Not only did the improved conductivity lead to higher photocurrent from the 0.1% Y sam-

ple, but greater resistance to photocorrosion. Beyond the 5 minute on-off cycles shown in

Figure S4.6, the NRs were subjected to continuous illumination for 40 minutes held at 1.23

VRHE, shown in Figure S4.7. The pristine sample decayed to half performance after 12 minutes

where as this took 3 times longer for the 0.1%Y sample. The mechanism for this is unclear and

beyond the scope of this study, perhaps a thin layer of Y2O3 formed on the surface of the NRs,

slowing the light induced corrosive reaction. This further advantage cements yttrium as a stand

out dopant for ZnO in solar applications going forward.

The mechanism for the high efficiency of Y doped ZnO are explained in terms of morpho-

logical and electronic effects in Y doping. Firstly, the Y doping results in the reduction of NR

diameter with increased NR length. Hence, the effective surface area is increased, Figure 4.9A.

Longer NRs also provide greater optical depth for light absorption. Secondly, the great in-

crease in electron mobility provides improved electron transport. This is especially important

for nanomaterials with vertically aligned morphology. As the optical depth increases with the

increased NR length, photoexcited electrons also need to travel a significantly longer distance.

The improved electron transportation reduces the energy cost for electrons travelling from the

NR surface to the FTO conductive layer. Although increasing Y doping leads to significantly

improved σn, reduced RR is the cost as the ZnO NR crystals become too defective. This has

been confirmed with both EIS and PL measurements. The highest doped sample, 0.15% Y,

presents a reduction in efficiency from 0.1% Y as the anode is stifled by the high rate of recom-

bination. Hence, the doping level must be controlled in order to balance increased σn against

increased recombination rate.

Thirdly, a reduction in electronic band gap caused by Y doping would allow the ZnO to ab-
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Figure 4.9: A) morphological benefits of Y doping allowing greater NR number density and
therefore increased surface area, B) schematic explaining increased electron mobility from trap
filling, and C) measured band edge and EF positions typical of ZnO,378 with redox potentials at
standard hydrogen potential, equivalent to pH 0.
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sorb more visible light. The reduction of band gap energy was identified by UV-Vis reflection

spectroscopy as a result of trap filling, illustrated in Figure 4.9B. This is particularly impor-

tant when utilising solar energy with ZnO, since solar irradiance becomes much more intense

with shifting wavelength from UV to blue visible. Fourthly, the negative shift in flat band po-

tential provides an earlier onset potential for solar water splitting. This was observed from a

morphology-corrected Mott-Schottky analysis, shown in Figure 4.3. The effects of doping on

the band alignment for water splitting is shown in Figure 4.3C.379 The 0.04% Y sample shows

the lowest performance. This is possibly due to its greater recombination rate without signifi-

cant enhancement of electron transport.

4.5 Conclusion

In conclusion, bare yttrium doped zinc oxide NRs have been synthesised for application to solar

water splitting. Samples were prepared with 0, 0.04, 0.1 and 0.15% yttrium incorporation into

the structures. The microwave synthesised NRs displayed more favourable morphology with a

reduction in radius, along with enlarged crystal domain size implying the penetration of yttrium

into the lattice. The Y acted as a shallow n-type donor, increasing the donor density in the ZnO

NRs leading to increased conductivity determined by transmission line model. There was also

a significant gain in electron mobility due to the filling of trap states, leading to a 1000 fold

improvement from pristine ZnO. The electronic effects of higher Y concentration were con-

firmed by UV-Vis reflectance spectroscopy, reducing the band gap due to new states at the edge

of the conduction band. PL spectroscopy displayed accompanying recombination rate increase

along with the reduction in some crystal defects by deconvoluting the transition peaks. Yttrium

addition, overall, led to higher concentrations of VZn and less VO by altering their respective

formation energies, further impacting mobility and increasing hole concentration. The superior

transport properties of YZnO resulted in a 47% enhancement of photoconversion efficiency,
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indicating their promise as electron transport materials in solar cells and coated photoanodes.

4.6 Supporting Information: Yttrium Doped ZnO Nanorod
Arrays for Increased Charge Mobility and Carrier Den-
sity for Enhanced Solar Water Splitting

Figure S4.1: Shows the Y doping effect on nanorod length and diameter.
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Figure S4.2: A-D) show Cross sectional SEM to determine the film thicknesses of the samples,
E) shows diameter histograms.
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Figure S4.3: Displays a close up of 002 XRD peak of different doped samples.

4.6.1 Derivation of Equation (2)

The starting point of the equation used to derive the relation between potential V and Cs can be

found in the work by Mora-Seró et al. Using their final relations determined as follows.

Vsc = −NDe

2ε

[
1

2
(R2 − x2) +R2 ln

x

R

]
(S1)

Where Vsc is the voltage drop across the space charge region and e is electron charge. The

permittivity constant is defined by ε = εrε0 where εr is the dielectric constant of ZnO equal to

10,114 and ε0 is the permittivity of free space; R is the NR radius and x is a central neutral region

where n = ND. Along with the capacitance per unit area, Cs given by S2.363

Cs =
2εx2

R(R2 − x2)
(S2)

Which was rearranged to obtain x2 for substitution.

x2 =
CsR

3

2ε+ CsR
(S3)
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Leading to the final equation along with incorporating the definition Vsc = V − VFB − kT
e

and

neglecting the thermal term as follows,278 picking up a factor of 1
2

outside the square brackets.

V − VFB = −NDe

4ε

[
R2 − CsR

3

2ε+ CsR
+R2 ln

CsR

2ε+ CsR

]
(S4)

Where V is the raw value of the potential. Furthermore in order to use the raw capacitance, C

determined by PS Trace 4.8, the total geometric area of the rods was taken into account using

the area calculation.

Cs =
C

(2πRL+ πR2)D
(S5)

The term L is the length of the rods in cm and D is the total number of vertical nanowires,

determined by measuring number density from SEM and extrapolating over the 1 cm2 exposed

area.
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Figure S4.4: Displays the raw Nyquist plots of the pristine sample with experimental data (dots)
and fitted models (lines) for the pristine sample. Expanded axes of spectra taken from -0.3 to 0
V can be found in C)
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Figure S4.5: Raw Nyquist plots of the 0.1% Y sample with experimental data (dots) and fitted
models (lines). Expanded axes of spectra taken from -0.3 to 0 V can be found in C)
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Figure S4.6: Raw Nyquist plots of the 0.15% sample with experimental data (dots) and fitted
models (lines). Expanded axes of spectra taken from -0.3 to 0 V can be found in C).
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Figure S4.7: Displays raw model parameters of the transmission line determined from exper-
imental Nyquist plots, A) shows transport resistance for the samples vs potential VRHE, B)
shows recombination resistance and C) the chemical capacitance.

4.6.2 Kubelka-Munk Function

Proportional to optical extinction coefficient, F (R), of the samples was calculated using the

Kubelka-Munk function.262

F (R) =
(1−R)2

2R
(S6)

Where R is the diffuse reflectance of the sample as a fraction.
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Figure S4.8: A) shows chronoamperometry data showing the stability of the anode performance.
B) shows the normalised current decays from the chronoamperometry data.

Figure S4.9: Hydrothermally synthesised nanowire photoelectrochemical water splitting re-
sults, performed in pH 13.6, 1 M KOH, with identical illumination to the microwave samples.
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Table S4.1: A comparison of synthetic methods and quantities of yttrium atoms incorporated
into the nanorods as measured by ICP-MS, as a % of zinc atoms. MeOHthermal data taken
from Lee et al.133

Solution Atomic Microwave Synthesised Hydrothermal

Concentration / % ZnO / % Synthesised ZnO / %

0 0 0

0.5 0.04 0.05

1 0.10 0.10

2 0.15 0.13

Figure S4.10: Photocorrosion data was measured after chronoamperometry of the same sam-
ples, with constant potential of 1.23 VRHE with constant illumination.
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Chapter 5

Designing 3D Hematite Nanostructures for
High Efficiency Solar Water Splitting

5.1 Abstract

Hematite (α-Fe2O3) crystals were electrochemically deposited over vertically aligned conduc-

tive zinc oxide nanorods (NR) to form a specially designed 3D heterostructure with a unique

triple layer structure. The structure formed with a thin layer of ZnFe2O4 sandwiched between

the hematite and the ZnO, which forms a barrier to reduce the back migration of holes. Hence,

the charge separation is significantly improved. The small unequal band gaps of α-Fe2O3 and

ZnFe2O4 help to enhance and broaden visible light absorption. The electron transportation was

further improved by yttrium doping in the ZnO (YZnO) NRs, resulting in increased conduc-

tivity. This allowed the vertically aligned NRs to perform as electron highways, which also

behave as effective optical waveguides for improved light trapping and absorption, since ZnO

absorbs little visible light. All these benefits made the unique structures suitable for high per-

formance photoelectrochemical (PEC) water splitting. Optimisation of α-Fe2O3 thickness led to

a photocurrent density improvement from 0.66 to 0.95 mA cm−2 at 1.23 VRHE. This was further

improved to 1.59 mA cm−2 by annealing at 550◦C for 3 hours, representing a record-breaking

photocurrent for α-Fe2O3/ZnO systems. Finally IPCE confirmed the successful generation and

125



transfer of photoelectrons under visible light excitation in the specifically designed heterostruc-

ture photoanode, with 5% efficiency for blue light, and 15% for violet light.

5.2 Introduction

Great innovation and radical new solutions are required to meet the threat posed by climate

change.380 Although great progress has been achieved in renewable energy generation, one

of the key factors restricting electrification is energy storage.285 PEC water splitting provides

an elegant solution, harvesting and storing solar energy in chemical H2 bonds.21,24,32 Requir-

ing aqueous insolubility and band edge positions suitable to surmount the over potentials for

water redox, metal oxides such as TiO2 and ZnO have been the focus of much literature for

this application.294,381 Boasting superior electronic properties and the simple solution growth

of nanostructures, ZnO has yet to reach its full potential for solar water splitting.124 The main

restriction is its large band gap, 3.2 eV, rendering this material unable to absorb most sunlight,

although this factor can be negated through the use of doping and coating.141

This has led to the investigation of many small band gap semiconductors for visible light

sensitisation, including CdS,382 MoS2,383 WO3,384 Ta3N5,385 BiVO4,386 g-C3N415 and α-Fe2O3.171

Hematite α-Fe2O3 is an excellent candidate to facilitate the photocatalytic water splitting reac-

tion. It absorbs a greater portion of the solar spectrum with a narrow band gap of 2.1 eV.

However, it suffers from poor charge transportation. The room temperature charge mobility for

hematite is of the order of 10−2 cm V−1 s,387,388 compared to 166 cm V−1 s for ZnO NRs.389

Hence, its diffusion length of minor charge carriers (holes) is extremely short (2-4 nm) and so

is the lifetime of charge carriers (6 ps, ∼1000 times shorter than TiO2), resulting in the high

probability of electron-hole recombination.173,390,391 Meanwhile, hematite also has a relatively

low optical absorption coefficient, due to its indirect band gap.392 A minimum film thickness of

400 nm is needed to absorb 95% of the light at 550 nm.230
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In fact, limited charge mobility and high recombination rate are the common problems for

many semiconductors due to partial hybridisation of electronic structures. For hematite, several

approaches have been taken to overcome the mobility problem. Firstly, dopants were introduced

to modify various aspects of hematite properties selectively.392 Adding tetravalent cations, such

as Si4+ and Ti4+, has helped achieve the highest photocatalytic water splitting performances

so far.171,392 Alternatively, innovations in the design of morphologies also show promise. For

example nanostructured hematite, like NRs,393 nanowires,180 cauliflowers,234 or highly porous

films could also address poor minority carrier diffusion.175 With specific anisotropic nanoscale

morphologies, charge recombination can be effectively reduced, resulting in significantly im-

proved photocatalytic performance.164 However, such unsupported nanostructures with mate-

rial thickness of 4-5 nm could significantly weaken the mechanical and chemical stability of

hematite. Hence, a new composite nanostructure design has been developed to achieve both

improved charge mobility as well as short charge diffusion pathways, without sacrificing the

stability of the hematite materials. For example, hematite nanocrystals were deposited on con-

ductive nanowires made of Au and Si,179,394 obtaining structures with conductive cores and

hematite shells. However, due to the opaque nature of Au and Si, the light scattering within the

nanostructures and light absorption by hematite is highly restricted. This in turn, could limit the

photocatalytic performance.179

Although doping tetravalent cations can improve the overall photocatalytic performance,

the approach is specifically effective for hematite.171,395 Hence, it is important to develop a uni-

versal design that can be applied to any photocatalyst suffering from limited charge mobility

and weak light absorption. In this paper, we present a 3D electrode platform based on ver-

tically aligned transparent conductive oxide (TCO) nanorods. The TCO structure is formed

with YZnO nanorods (NR) synthesised by rapid microwave assisted chemical deposition.114

Hematite nanocrystals were deposited on the TCO NRs to test the enhancement of photocat-
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alytic water splitting performance. In our previous work, Y doping has shown favourable ef-

fects due to high conductivity and increased NR aspect ratio.396 The high conductance of the

NRs minimises the energy cost with rapid photoelectron transport. ZnO is transparent in the

visible light region, hence the vertically aligned NRs behave as optical waveguides for visible

light. The photonic advantages are made clear in Figure S5.1, where simple Fresnel calculations

show total internal reflectance above 40° of incident angle from ZnO to aqueous electrolyte.

Conversely, light trapped within the ZnO has a finite probability of transmitting into the iron

oxide at all incident angles, implying effective light trapping and delivery. With side-emitted

light scattered between α-Fe2O3 thin films, light illumination and absorption can be significantly

improved. As such, only a very thin layer of hematite (8-16 nm) was required to coat the YZnO

NRs, allowing a short diffusion distance for minority charge carriers to the electrolyte. By com-

bining α-Fe2O3 with TCO, YZnO NRs, the weaknesses of α-Fe2O3, including: Limited charge

mobility; short hole diffusion length; poor light absorption and the mechanical stability of the

nanostructured hematite can be effectively overcome. More importantly, this novel design can

be generally applied to any semiconductor materials with similar weaknesses.

Furthermore, upon annealing of the sample at 550◦C, a ZnFe2O4 layer was formed at the in-

terface between YZnO and α-Fe2O3. This material has a favourable band structure with smaller

band gap energy relative to YZnO and α-Fe2O3. Therefore, a wider range of solar spectrum can

be harvested.

In this work we demonstrate the benefits of doping ZnO with yttrium, and the electrochem-

ical deposition and formation of Fe2O3 nanoparticles, which increase effective surface area to

facilitate rapid evolution of oxygen under visible light excitation. Furthermore, the triple junc-

tion of YZnO/ZnFe2O4/Fe2O3 structure allows efficient charge separation evidenced by electri-

cal impedance spectroscopy. The structure of the 3D photoanode design, light scattering and

absorption, short hole diffusion pathways as well as fast charge transportation are summarised
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Figure 5.1: The YZnO/ZnFe2O4/Fe2O3 triple junction architecture of designed 3D photoanode
with key mechanisms affecting the solar water splitting. The mechanisms include A), rapid
electron transportation using conductive Y doped ZnO; B), short hole diffusion pathways to
electrolyte and C), the visible light waveguiding through light scattering and side emission
through ZnO NRs.
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in Figure 5.1. Under optimised conditions, a top performance of 1.59 mA cm−2 at 1.23 VRHE

was achieved, launching the novel nanostructured photoanodes to one of the highest perfor-

mances in literature. The success of the junction is down to the suppression of electron hole

recombination in the iron oxide species, alongside the effective electron transportation and light

illumination through the TCO, YZnO NRs.

5.3 Experimental Methods

5.3.1 Y doped ZnO Synthesis

Transparent conducting glass substrates (fluorine doped tin oxide, FTO) of 12 × 20 mm were

cleaned by sonication in a sequence of acetone, isopropanol and DI water for 20 minutes each.

The substrate was seeded using a 0.1 M zinc acetate solution in DI water with added 0.6 wt%

polyvinyl alcohol for viscosity. The solution was spin coated using a two stage program, 800

RPM for 90 seconds followed by 30 seconds at 2000 RPM. This was followed by annealing in

air at 500◦C for 20 minutes to form the zinc oxide seeding layer.99 The vertically aligned NRs

were synthesised using a rapid microwave assisted deposition described in previous work.114

Briefly, the substrate was placed face down in 20 ml aqueous solution of 40 mM zinc nitrate

and hexamethyltetramine (HMT) in 1:1 molar ratio. The sample was heated at microwave

power of 100 W to 100°C for a 30 minute holding time.114 A total of 4 heating cycles were used

for each sample. Samples were subsequently annealed in air at 500°C for 30 minutes. Yttrium

doped samples were produced using 1% molar addition of yttrium nitrate (with respect to zinc

nitrate) to the growth solution. The achieved dopant concentration was previously measured to

be 0.10 at% by ICP-MS.396
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5.3.2 Electrochemical deposition of Fe2O3

All chemicals were purchased from Sigma Aldrich without further purification. Layers of iron

oxide of various thicknesses were formed on the surface of the YZnO NRs by electrochemical

deposition. Firstly an aqueous solution of 0.1 mM FeCl3 was prepared and transferred to a

100 ml round bottom flask. The YZnO NR on FTO glass sample and a counter electrode of

stainless steel foil were inserted into the FeCl3 solution. The sealed system was then sonicated

under vacuum condition to draw out the air between the NRs, shown in Figure S5.2A. In order to

control the deposition rate and film thickness, constant electrochemical potentials were applied

at -1.08, -1.15, -1.56 and -1.89 V respectively, which offers steady deposition current density

of 20, 40, 80 and 120 µA cm−2. The typical transient current density behaviour is shown in

Figure S5.2C. The deposition time was fixed for 1 hour for all samples. Therefore, the film

quality and thickness is controlled by the deposition rate, which is reflected by the deposition

current.

After deposition, the samples were dipped in DI water in order to remove any excess solu-

tion, followed by annealing at 550◦C for either 30 minutes, 3 hours or 5 hours to convert into

hematite phase.178 The substrate post deposition, followed by annealing shows a visible orange

colour, shown in Figure S5.2B. The range of voltages used was significantly higher than found

in literature due to the low concentration FeCl3 solution required to protect the YZnO.397

5.3.3 Structural and Physical Characterization

Scanning electron microscopy (SEM, Leica Stereoscan 420) was used to characterise the mor-

phology of the ZnO NRs and their various coatings, INCA software (Oxford Instruments) was

used to measure the EDX spectra of the samples. To view the heterojunctions on a nanometre

scale transmission electron microscopy (TEM, JEOL, JEM1400-Plus) was used. Microscopy

images were processed using Image J software (National Institutes of Health, USA). And finally
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available crystal phases on the sample were identified using powder x-ray diffraction (XRD,

Siemens D500).

5.3.4 Photoelectrochemical and Optoelectronic Measurement

For the band gap energy measurement, a UV-Vis absorption spectroscopy was used (Lambda

265, PerkinElmer). Photoluminescence (PL) spectroscopy, used to infer recombination rate,

was performed with a fluorescence spectrometer (PerkinElmer LS 45). Electrical Impedance

Spectroscopy (EIS) was performed using a three electrode setup, with applied bias across the

working photoanode and platinum counter electrode, and a KCl saturated Ag/AgCl reference

electrode in a 1 M KOH aqueous electrolyte (pH 13.6). Nyquist plots were measured under

illumination at a fixed DC potential (1 VRHE) with a 10 mV AC sinusoidal modulation, at fre-

quencies from 0.1 to 10,000 Hz. A calibrated solar simulator (Oriel LCS-100, Newport) includ-

ing a built-in AM 1.5G filter with output power of 100 mW cm−2 was used as the light source.

The electrochemical controller used for EIS measurement was Palm Sens 3 (Palm Sens BV)

and the results were processed in PSTrace 4.5 (Palm Sens BV). The same system under dark

conditions was used to measure Mott-Schottky plots at a fixed AC frequency of 1000 Hz, with

a DC potential varied from 0 to 1.6 VRHE. Surface valence band measurements were performed

using x-ray photoelectron spectroscopy (XPS, Thermo Scientific K-alpha using Al Kαsource).

PEC water splitting was tested using linear sweep voltammetry (LSV). Standard three electrode

set up was used with a potentiostat (EA163, eDAQ) scanning in a range from 0 to 1.8 VRHE.

Incident photon to current conversion efficiency (IPCE) was measured at 1.23 VRHE with a 300

W xenon lamp coupled with a monochromator. The incident light power was calibrated with a

Newport optical power meter and silicon photodiode detector.
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5.4 Results and Discussion

5.4.1 Structural and Physical Properties

When a cathodic current is applied, Fe3+(aq) is reduced and deposited at the surface of the ZnO.

The substrate changes colour from milky YZnO to a slight yellow tint with a dark grey tone,

shown in Figure S5.2B. Once the sample is annealed at 550◦C, the Fe deposition is oxidised

to α-Fe2O3 and the sample colour became more typical light brown. The schematic of the

electrodeposition atop the NRs followed by post annealing is shown in Figure 5.2

Figure 5.2: Schematic diagram of the deposition process, beginning with ZnO NW array (top
left) and followed by the ZnFe2O4 layer build up from the unbiased reaction with FeCl3(aq) (top
right). With an applied bias, the reduction of Fe3+ occurs, depositing Fes on the surface (bottom
right), this is then converted to α-Fe2O3 when thermally annealed in air at 550◦C (bottom left).

The morphology of the hematite coated TCO YZnO array was studied by SEM, with a cross

133



sectional image in Figure 5.3A and top down images in Figure S5.3. The hexagonal wurtzite

ZnO NRs cross section is still visible after deposition at a low current density of 20 µA cm−2,

shown in Figure S5.3A. The light deposition, confirmed to be surface Fe2O3 by EDX (Fig-

ure S5.4), was also observed on the surface. The density of the Fe2O3 coating was increased

with greater deposition current density. At 80 µA cm−2, Figure S5.3C, the nanorod structure is

overwhelmed, and the channels between the YZnO are filled by cross linked Fe2O3, leading to

suppression of surface area. At 120 µA cm−2, Figure S5.3D, the surface is completely covered

by a connected film of hematite. This film will restrict the infiltration of electrolyte within the

NRs and have negative effects on the photocatalytic performance. Thus, it is important to avoid

such films while achieving optimum film thickness of the hematite on the NRs. Under our ex-

perimental conditions, the optimal hematite morphology was observed at 40 µA cm−2, shown

in Figure S5.3B. Nanocrystals of α-Fe2O3 are formed which increase surface roughness, benefi-

cial to Faradic charge transfer to the electrolyte. The coated YZnO NRs show some brightened

edges which can be associated to the formation of ZnFe2O4 at the interface between YZnO and

Fe2O3. The top view SEM image in Figure S5.3A reveals bright rings on the edge of YZnO

NRs. The formation of ZnFe2O4 and its effect on morphology was previously observed by Xu

et al.342 The edge brightening is likely due to the ferrimagnetic properties of ZnFe2O4 affect-

ing the incoming electron beam.398 The depth of the coating the overall surface morphology is

better viewed in the angled cross sectional SEM of the 40 µA cm−2 sample, Figure 5.3A. The

aggregates of α-Fe2O3 nanocrystals are visible toward the tips of the wires. The ZnFe2O4 could

be indicated by the bright sleeves coating the YZnO side walls.

Powder XRD was used to confirm the presence of ZnO, ZnFe2O4 and α-Fe2O3 on the sur-

face, Figure 5.3B. XRD of pure Fe2O3 film without ZnO is also displayed as reference. The

peaks observed confirm the presence of hematite, α-Fe2O3, with dominant peaks occurring at

24.5°, 33.4°, 36.1°, 40.2° and 49.9° corresponding to crystal planes (012), (104), (110), (113)
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and (024) respectively (ICDD 01-075-5065). On the Y doped ZnO samples, the strongest (104)

peak is seen increased intensity with greater deposition current, from just a shoulder at 20

µA cm−2, to an obvious broad peak for 120 µA cm−2. This is the only peak visible from α-Fe2O3

on the coated ZnO NRs due to the relative thin film coating and significant peak overlap with the

ZnO and FTO. Meanwhile, ZnO peaks are clearly visible, dominated by the diffraction from the

(002) plane at 34.8°, typical for vertically aligned ZnO NRs. Finally, only appearing in samples

with both iron and ZnO depositions, a small peak at 43.0° is visible, matching the ZnFe2O4

(400) peak (ICDD 22-1012). The peak is visible in all the coated samples, but is most intense

for 20 µA cm−2, likely due to the majority of deposited Fe reacts with Zn to form ZnFe2O4 with

the least formation of α-Fe2O3.

In order to accurately determine the structure of the triple junction at a nanometre scale,

TEM was used to study the coated samples, shown in Figure 5.3C. A thin layer structure along

with nanoparticles is observed coated on the NRs. The 8 nm thickness film directly attached to

the ZnO NRs is likely to be the ZnFe2O4. Such a thin layer explains the low intensity of the XRD

peak. Connected nanoparticles forming a mesoporous network (right) are likely to associated

with the α-Fe2O3 phase. The particles have an average diameter of 16 nm. This information

sheds light on the advantages of electrochemical deposition, firstly there is a good electrical

contact between the YZnO/ZnFe2O4 and YZnO/α-Fe2O3 interfaces, allowing smooth charge

transfer. Secondly the iron phases with typically small minority carrier path length, have small

enough domains that charge can reach the surface reaction centres before recombination.399

Finally the nanoparticle network of α-Fe2O3 allows increased roughness and therefore surface

area, than the smooth NRs, promoting high hole transfer rate to the electrolyte.

The structure of the triple junction was more clearly visible under HRTEM, as shown in

Figure 5.4. In this case, atomic resolution was obtained for the NRs, nanoparticles and the thin

film coating that encased the NRs. Such distinctive morphological features are clearly identified
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Figure 5.3: A) SEM image shows an angled cross sectional image of the 40 µA cm−2 deposited
sample after annealing. B) powder XRD curves of various Fe2O3 coating thickness, along with
pure ZnO and Fe2O3 samples, with expanded view of the ZnFe2O4 peak occurring at 43°. C)
shows TEM images of hematite coated ZnO NRs deposited at 40 µA cm−2.
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in the zoomed out view of Figure 5.4A, while Figure 5.4B, C and D respectively corresponds

to their higher resolution images reviewing lattice constants of each phase. Unsurprisingly, the

NR was confirmed as wurtzite zinc oxide with an atomic spacing of 2.45 Å, the (101) plane

spacing, as well as displaying a (002) spot in the FFT of the image in Figure 5.4B. Figure 5.4C

shows the atomic spacing of a spherical nanoparticle, showing high crystal orientation with

4.62 Å spacing, assigned as 2× (006) planar spacing of hematite. Though this is a high index

for this structure, its high prevalence has been previously observed in the ZnO / Fe2O3 system

by Zhang et al.400 This could be due to the compatibility of this plane with the atomic spacing of

ZnFe2O4, leading to high abundance near the interphase boundary. Finally, Figure 5.4C shows

wide spacing of 4.88 Å in the lighter region that forms the full coating around the NR. This is

likely to be the 311 plane of ZnFe2O4 matching the dominant phase observed by Xu et al.401

In summary hematite nano crystals were formed together with a thin layer of ZnFe2O4 at the

interface between YZnO and α-Fe2O3. This novel layered structure formed with three materials

utilises the suitability of band edges allowing much improved charge separation and greatly

increased visible sunlight water splitting. While highly conductive Y doped ZnO provides rapid

transport, α-Fe2O3 yields photoexcited electrons and ZnFe2O4 offers an effective electronic

barrier blocking the return of electrons from ZnO to the α-Fe2O3. The hybrid structure in this

work shows a great deal of inhomogeneity as evidenced by the SEM and TEM images, therefore

accurate geometric models cannot reasonably be calculated. This is largely due to the simple

wet chemistry utilised to grow the hybrid structures, rather than alternative methods such as

chemical vapour deposition which yield more uniform NRs and coatings.402 The advantage

of the methods used here are high scalability and low cost,403 with potential for higher water

splitting performance due to the novel hybrid structure.
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Figure 5.4: A) HRTEM micrograph of the sample at low magnification with specific sites la-
belled. B) the magnified image of the NR showing (top) atomic real space and (bottom) the FFT
of the image, C). The nanoparticle magnified image with atomic spacing (top) and FFT (bot-
tom), D). The thin film coating of the NR magnified, atomic spacing (top) and FFT (bottom).
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5.4.2 Band Structure and Water Splitting Performance

With a composite layered semiconductor structure, an internal electrical field can be formed due

to the alignment of their valance and conduction bands. This field could improve the charge

separation and hence improve the photocatalytic charge efficiency. For PEC water splitting,

they must form a junction with suitable band alignment to allow electron transfer away from

the solution, and the converse for holes.21

To determine the band gap energies, Eg, of the junction, UV-Vis absorption measurements

were applied to pure Fe2O3, YZnO and Fe2O3 coated YZnO samples (coated at 40 µA cm−2).

Tauc plots are shown in Figure 5.5A.179 The UV-vis absorption spectra of all coated samples are

displayed in the supplemental information in Figure S5.5A and B. Assuredly, the pure Fe2O3

sample and the YZnO yielded Eg values of 2.11 and 3.18 eV respectively, typical of these metal

oxides. It is worth noting that the Y doped sample displayed a red shift compared to the pristine

ZnO prepared by the same method, due to the doping forming new electronic states, outlined

in greater detail in our previous work.404 These results also show that the iron deposition has

successfully sensitised the YZnO to visible light, allowing the generation of photoexcited elec-

trons using a far greater portion of the solar spectrum. Electronic transitions from both ZnO

and hematite are visible for the α-Fe2O3 coated YZnO NRs, but significantly shifted. The 2.11

eV gap associated with α-Fe2O3 gained a blue shift to 2.34 eV, and the YZnO experienced a red

shift to 3.05 eV. This is likely due to two simultaneous doping effects caused by mobile zinc and

iron ion migration from sustained 550◦C heating. Firstly, Fe3+ introduced into the zinc oxide

lattice has been previously shown to decrease the electronic band gap.399 Secondly, Zn2+ is a

known p-type dopant for hematite,404 this could impart new impurity states below the Fe2O3

valence band causing the blue shift. Finally, no discernible band gap could be determined for

ZnFe2O4 therefore the value was taken from literature as 2.1 eV.405

In order to determine electronic properties, electrochemical impedance spectroscopy was
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used to determine key parameters. The electronic band configuration can be determined us-

ing the Mott-Schottky relation applied to EIS data taken in dark conditions, displayed in Fig-

ure 5.5B. Measurements were taken at a fixed frequency of 1 kHz and a voltage scanned from

-0.4 to 1.6 VRHE at 0.05 V intervals. The capacitance is modelled with a simple Randle’s cir-

cuit, and the results are plotted 1/C2 against potential vs RHE. These plots in Figure 5.5B

provide useful physical information such as dopant density ND, and flat band potential, VFB,

corresponding to the Fermi level of the material. The M-S plot of pristine ZnO can be found in

Figure S5.5C.

The determined M-S values can be found in Table S1 alongside their detailed calculation

in the supporting information. Y doping leads to a significant increase in dopant density and

a 0.2 V negative shift in VFB, confirming the conductivity increase from doping. The carrier

density of ZnO is nearly doubled with Y doping from 7.5 × 1019 cm−3 (ZnO) to 1.35 × 1020

cm−3 (YZnO), in agreement with our previous work.396 This confirms the electron highway

function of the conductive YZnO NRs which can efficiently transport charge to the FTO. The

pure α-Fe2O3, conversely has a more positive value of VFB alongside a lower n-type doping of

5.08× 1019 cm−3.

As no pure ZnFe2O4 sample was synthesised in this work, the precise band positions could

not be determined. However, it was reported to have a VFB of 0.83 VRHE with an accompanying

ND value of 3.63 × 1016 cm−3.406 These values are crucial as they determine the nature of the

n-n junction. At the interface, the higher n-type doped sample will donate electrons forming a

space charge region, equalising EF across the junction.407 Therefore, in this case, YZnO will

donate electrons to the contacting layer of ZnFe2O4 causing a positive potential shift in EF in

the former, and negative in the latter. By extension, the same effect will occur from Fe2O3 to

ZnFe2O4, shifting EF to be more positive within hematite.

XPS was also used to determine valence band (VB) position by scanning for the valence
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Figure 5.5: A) shows the Tauc plots calculated from UV-Vis absorbance data used to calculate
the direct band gaps of the samples. Mott-Schottky plots of the uncoated Y doped sample, the
pure Fe2O3 sample and the optimised 40 µA coated sample are displayed in B). C) shows the
XPS valence band maxima survey of the samples. The calculated Fermi level, conduction band
and valence band positions of the semiconductors found in this study are shown with respect
to the redox potentials of water in D). Valence band positions with respect to the vacuum level
were calculated by summing the binding energy with the vacuum energy (+4.44 eV).237,375 The
right hand portion of D) displays the junction at equilibrium.
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edge from 0 to 10 eV binding energy, followed by extrapolating linear regions to the base

line intercept. Once the VB is determined, the conduction band edge was calculated using the

corresponding Eg. The results for YZnO, Fe2O3 and the composite material can be found in

Figure 5.5C, whereas the VB of undoped ZnO sample is displayed in Figure S5.5D. The VB

of ZnO and YZnO were measured to be 2.182 and 2.562 eV respectively, in good agreement

with literature.375 The value for pristine Fe2O3 was determined to be more positive, at 0.888 eV,

similar to the value of 1.4 eV determined by Li et al.408 Finally the hematite coated YZnO NRs

yielded a value of 1.831 eV. As a technique XPS is only surface sensitive, as the path length

of electrons excited within the bulk is typically around a few nm due to rapid reabsorption.409

Therefore, based on the HRTEM micrographs indicating homogenous coverage of ZnFe2O4, it

can be assumed that the junction valence band maximum is due to this material, bolstered by its

close match with previously reported values.405 Using this information, the full electronic struc-

ture of the triple heterojunction can be mapped out, displayed in Figure 5.5D. By aligning the

Fermi levels, it becomes clear that the triple junction has significant improved charge separation,

which could enhance the efficiency for solar water splitting. Firstly, due to their significantly

difference in Eg values, both UV and visible light will be utilised to generate holes. Secondly,

the VB positions of the triple junction gives suitable alignment for rapid hole transfer from the

core YZnO NRs through the ZnFe2O4 thin film to the surface particulate Fe2O3. Thirdly, the

conduction band positions allow the electrons to cascade into the YZnO cores, which, in turn,

shuttle electrons quickly to the counter electrode with high conductivity. This is essential for re-

moving charge before recombination with holes and consequentially enable high rate evolution

of hydrogen at the platinum surface. This mechanism is confirmed by EF /band shifts predicted

by dopant density values, anticipating high performance solar water splitting.

The impact of the designed novel NR structure can be seen clearly in the dramatic enhance-

ment in PEC water splitting, Figure 5.6. Firstly, the effects of Fe2O3 coating and the Y-doping
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in ZnO on photocurrent density are presented in Figure 5.6A. With the 40 µA cm−2 Fe depo-

sition rate, the photocurrent increased by 44% over the uncoated, undoped ZnO, from 0.66 to

0.83 mA cm−2 at 1.23 VRHE. This is due to the benefits of the n-n triple junction previously

described, alongside the absorption of visible light photons due to the low band gap of Fe2O3

and ZnFe2O4. Using the additional beneficial transport properties of Y doping alongside coat-

ing, the performance increases further to 0.95 mA cm−2. Despite high natural donor defect

density in the microwave synthesised sample,114 the conductivity gains by yttrium doping allow

the same 40 µA cm−2 coating to yield 14% higher photocurrent at 1.23 VRHE.396 This is due to

more efficient transportation of charge carriers from the solid/electrolyte interface by YZnO.

The pure Fe2O3 sample shows critically low water splitting due to the high recombination and

likely higher charge transfer resistance RCT , managing 13 µA cm−2 at 1.23 VRHE.

The performance is highly sensitive to the deposition current density as shown in Fig-

ure 5.6B, with the lightest coating, 20 µA cm−2, only slightly outperforming the uncoated YZnO

NRs. This is due to the lack of extra light absorption with such a thin layer of Fe2O3. Conversely

the 120 µA cm−2 sample sees a large performance drop, achieving a lower photocurrent than the

uncoated sample. The reasons for this are twofold, firstly the unfavourable morphology mea-

sured by SEM indicates a loss in surface area, restricting the access to electrolyte. Secondly,

electron-hole recombination stifles the performance of thick Fe2O3 film, due to the short minor-

ity carrier path length in α-Fe2O3.410 This is evidenced by the largest charge transfer resistance,

RCT , indicated by the greatest arc radius in its Nyquist plot, Figure S5.6A and B. The values

of RCT were calculated using a simple Randle’s circuit and plotted against deposition current

in Figure S5.6C. A large RCT is due to a greater resistive barrier for charge to overcome to en-

ter the electrolyte, caused by the poor charge transportation of Fe2O3. The photoluminescence

spectra in Figure S5.6D, directly measure the outgoing photons when recombination occurs.

Once the photoabsorbing layer becomes sufficiently thick, the photoexcited electrons are un-
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able to reach the YZnO resulting in increased charge recombination. Therefore an increase in

PL intensity is seen with deposition current.

Figure 5.6: A) shows the general comparison of doped vs undoped samples, with and without
coating, the performance optimisation from the various electrodeposition currents is shown in
B). C) Shows the annealing duration optimisation, showing further enhancement, and finally D)
shows the incident photon to current efficiency.

The 40 µA cm−2 samples were further optimised by different durations of annealing. Longer

periods of air annealing can be used to greatly improve the crystal quality of hematite,164 reduc-

ing the electron hole recombination rates. The results are displayed in Figure 5.6C, displaying
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a dramatic further enhancement in photocurrent density for the optimised duration of 3 hours

at 550◦C, up to 1.59 mA cm−2 at 1.23 VRHE. This 67% enhancement over the sample annealed

for 30 minutes represents a significant improvement, and a 2.4 times increase over the uncoated

nanorods. Stepped light/dark LSV was also performed, Figure S5.77A and B, which shows

negligible dark currents. Furthermore, the optimised anode performances were stable in solu-

tion at a fixed potential of 1.23 VRHE, shown in Figure S5.7C. There is no significant decay of

photocurrent over time.

The optimised performance catapults this work to the frontier of solar water splitting, achiev-

ing nearly the highest photocurrent ZnO/iron oxide photoanode in literature. To the authors

knowledge this is the most efficient solar water splitting device utilising a ZnO/Fe2O3 junc-

tion at 1.23 VRHE. Typically these devices achieve negligible photocurrent in this potential

region, requiring larger potential bias to promote water oxidation.400,411,412 The most successful

device constructed by Hsu et al. generated 1.25 mA cm−2 at 1.23 VRHE through spin coating

Fe2O3 on pristine ZnO NRs.178 More success has been achieved by the coating of ZnFe2O4 on

ZnO surfaces, with typical photocurrents ranging from 0.05 to 0.57 mA cm−2.413,414 The great

achievement of 1.72 mA cm−2 by Xu et al. was achieved through coating Al doped ZnO, on

NRs.342 This implies further optimising the ZnO NRs with doping may improve our samples

further.

Finally, incident photon to current conversion efficiency can be found in Figure 5.6D ele-

gantly displaying the visible light sensitisation of the final sample. This data shows a significant

efficiency increase at photon energies higher than 529 nm (2.34 eV) due to the Fe2O3 absorp-

tion onset, increasing to ∼5% from 450 - 500 nm. Optical power density vs wavelength is

displayed in Figure S5.8. Some photocurrent is generated at wavelengths as long as 575 nm,

likely due to the presence of the 8 nm layer of ZnFe2O4 on the rods, injecting electrons at even

lower energies. This is in contrast to the uncoated ZnO sample which remained flat (∼ 0 %)
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at wavelengths longer than 400 nm. At this wavelength the coated sample experiences a stark

increase in efficiency again, due to the effective band gap reduction of ZnO, rising to 10% at

395 nm. All this confirms the success of the triple junction, able to absorb visible light photons

and transfer photoexcited electrons to yttrium doped ZnO NR highways, for greatly improved

solar water splitting.

5.5 Conclusion

In conclusion a novel electrodeposition method was developed and used to build a ZnO / Fe2O3/

ZnFe2O4 triple junction photoanode, based on yttrium doped ZnO NRs. The new coating

method allowed fine control the morphology of hematite grown on the surface of the nanorods,

as evidenced by SEM, XRD and TEM. Meanwhile the presence of ZnFe2O4 was also confirmed,

forming a thin layer coating on the NRs. This had the effect of sensitising the ZnO to visible

light, as evidenced through UV-Vis absorption spectroscopy and IPCE, utilising a favourable

junction cascade for electron transfer to the ZnO and hole transfer to the solution. This effec-

tively reduced the charge recombination effects in α-Fe2O3 as measured by EIS and PL spec-

troscopy, leading to an optimised coating thickness at a current density of 40 µA cm−2. The

yttrium doping of the NRs yielded a 14% enhancement over the pristine ZnO NRs, confirming

the effects of conductive ZnO in addition to its photon trapping and light waveguiding effects.

Optimising hematite crystallinity by control the annealing process led to a champion photocur-

rent of 1.59 mA cm−2 at 1.23 VRHE, representing a 2.4 times enhancement over the uncoated

ZnO NRs. This work represents an important advancement in the application of nanostructured

junctions to PEC water splitting.
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5.6 Supporting Information: Designing 3D Hematite Nanos-
tructures for High Efficiency Solar Water Splitting

Figure S5.1: A) shows a simple calculation of the reflectance at the ZnO/Fe2O3 interface, show-
ing some transmission even at high angle, for S and P polarisations. B) shows the reflectance
from ZnO to aqueous electrolyte, yielding total internal reflection beyond the critical angle of
40°.
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5.6.1 Reflectance Calculation

The reflectance calculations displayed in Figure S5.1 were performed using simple Fresnel

equations for P and S polarisation respectively. The refractive indices of the doped ZnO,

α-Fe2O3 and water were found to be 1.98,415 2.80 and 1.33 respectively for 590 nm wavelength

visible light.416,417 The equation for S polarisation reflectance, RS , is as follows.418

RS =

n1cosθi − n2

√
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(
n1

n2
sinθi

)2
n1cosθi + n2

√
1−

(
n1

n2
sinθi

)2


2
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The corresponding equation for P polarisation reflectance, RP is as follows.

RP =
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Where incident angle is given by θi, n1 is the initial medium refractive index and n2 is the

secondary material refractive index.
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Figure S5.2: Schematic diagram of the deposition process, A), showing the setup including
ultrasonic bath, and electrode positions. B) shows photographs of the sample before and after
deposition, followed by post annealing. C) shows the typical fixed potential current density of
the deposition over time for the 40 µA cm−2 sample.
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Figure S5.3: Top view SEM images of samples deposited at A) 20, B) 40, C) 80 and D)120
µA cm−2.
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Figure S5.4: A) shows EDX maping of the sample area of a typical 40µA, with composite
image of Zn and Fe (left) and component elements (right). B) Shows an EDX line scan of an
Fe2O3 aggregate on the surface.
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5.6.2 Calculation of Band Positions

The following details how Fermi level, dopant density ND and conduction band position were

calculated for this study.
1

C2
sc

=
2

eεε0A2(Nd −Na)
∆φsc (S3)

The values ε and ε0 correspond to the relative permittivity of the material (taken as 10 for ZnO

and 80 for Fe2O3)143,237 and permittivity of free space respectively. The surface area contact

with the electrolyte is given by A. The key values that can be determined from the gradient

of the linear region of the plot is the Nd, donor density and Na the acceptor density. Often

simplified as ND = Nd −Na where ND is the dopant density, a majority p-type semiconductor

will give a negative gradient and n-type, positive. The extent of doping is given by ND.278 The

value of ∆φsc, the potential across the space charge layer is defined by S4.

∆φsc = VE − VFB −
kT

e
(S4)

Yielding more useful physical values, VE is the measured DC potential and the final thermal

term is often neglected. The flat band potential VFB is the required voltage to remove the

charge depletion layer at the interface and prevent band bending, corresponding to the Fermi

level of the material. This can be obtained from the intercept of the extrapolated linear region

with the x axis.223

Table S5.1: Displays values determined from Tauc plots, MS plots and XPS.*405**406

Semiconductor Eg / eV ND / m−3 VFB vs RHE / V VB / eV

ZnO 3.28 7.5× 1025 0.27 2.547

YZnO 3.18 1.35× 1026 0.07 2.562

Fe2O3 2.11 5.08× 1025 0.33 1.151

ZnFe2O4 on YZnO 2.1* 3.63× 1022** 0.83** 1.831

Full Junction n/a n/a 0.43 n/a
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Figure S5.5: A) shows the UV-Vis absorption spectra of the various coating current densities,
and B) shows the spectra for the uncoated YZnO, pure Fe2O3 and the optimised sample. C)
shows the Mott-Schottky plot of the undoped ZnO sample for comparison. D) shows the XPS
valence band determination for undoped ZnO.
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Figure S5.6: A) shows the raw Nyquist plots and fits of the coated samples at different coating
rate. B) shows the Nyquist plots of undoped ZnO, Y doped ZnO and pure Fe2O3, C) shows the
charge transfer resistance RCT against coating thickness as well as for pure ZnO and Fe2O3. D)
shows the PL data for the various sample coatings, along with the pristine ZnO sample.
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Figure S5.7: Shows the light/dark stepped linear sweep voltammetry of the top performing
photoanodes, with 30 minutes of annealing A), and 3 hours annealing B). C) Shows the stability
of the nanostructures at 1.23 VRHE, through photocurrent vs time.
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Figure S5.8: Shows the photon flux vs wavelength of light in nm for the Xenon light source
used for IPCE, calibrated to 100 mW cm−2 using a silicon photodiode detector.
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Chapter 6

In Situ Decoration of Doped ZnO
Nanowires with α-Fe2O3 Nanosheets for
Solar Water Splitting

6.1 Abstract

Hybrid metal oxide nanostructures have drawn much attention recently in their ability to over-

come disadvantages in any specific material to achieve high performance solar water splitting.

Using anodic electrochemical deposition, yttrium doped ZnO nanowires (NWs) were decorated

with α-Fe2O3 nanosheets (NSs) which led to more favourable morphology as measured by SEM.

The high surface area hybrid was optimised by well controlled geometry, altered by varying the

duration of deposition. The materials synthesised were confirmed to be ZnO, α-FeOOH and

α-Fe2O3 via powder xrd and their elemental confinement to particular structures confirmed by

EDX. The samples showed much improved visible light absorption as measured by UV-Vis

spectroscopy, along with greatly reduced charge transfer resistance as measured by EIS. This

was due to suitable band alignment as evidenced by improved photocurrent density and IPCE

showing good visible light sensitisation. This resulted in a two times increase in water split-

ting ability as measured by photocurrent at 1.23 VRHE from pristine to Y doped NWs to 0.57

mA cm−2, followed by a 60% further enhancement with the new heterojunction yielding 0.92
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mA cm−2. This represents a highly competitive strategy to improving the ability of ZnO for

water splitting. Furthermore, this work presents anodic deposition atop ZnO NRs as a strong

route for making these junctions as the highest performance anodic Fe2O3 deposited sample so

far.

6.2 Introduction

Photoelectrochemical (PEC) water splitting proposes the ability to directly capture sunlight in

the simple-to-contain form of H2, establishing a key technology for tackling the energy crisis.24

The specific material requirements for this purpose include rapid charge transport, suitable band

edge alignment and stability in water. Several metal oxides present promising candidates.32

A noteworthy example is hematite (α-Fe2O3) which has a comparitively low band gap of 2.1

eV and outstanding chemical stability.172,231 For this reason a plethora of research into this

semiconductor over the last two decades has been published, particularly for the application

of water photolysis.171,419,420 Primarily this interest has focussed on surmounting the material

shortcomings, such as poor charge transport properties. This is due to the short life time of

photoexcited charge carriers and slow polaron charge transport in the bulk.421 Furthermore,

in many cases synthesised hematite has a non-ideal conduction band position requiring large

overpotentials to begin the reaction.422 The nanostructuring of α-Fe2O3 has been a key method

to overcome short minority carrier path lengths giving rise to a number of morphologies yielding

high water splitting performances.164,167,393

In this study, novel vertically aligned α-Fe2O3 nanosheets (NSs) were synthesised using an

anodic electrochemical deposition method, and were applied for the first time to decorate ZnO

nanowire arrays (NRs). The NSs show wide growth in plane whilst maintaining nanoscale thick-

ness, yielding high contact area for the solid / electrolyte interface. This enables rapid charge

transfer to the solution for the evolution of oxygen at the anode surface. The dimensions of
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the nanosheet widths were highly tunable by varying the duration of electrochemical deposition

growing linearly with time. Remarkably the sheet thickness remained the same, 35 nm, with

the different times maintaining low path lengths for minority carrier transfer. This led to the

optimisation of the nanostructure to 5 minutes deposition time. Furthermore, by coupling the

structures with vertically aligned ZnO NWs the slow transportation of photo generated charge

was overcome by superior conductivity in the NWs. This was further improved by yttrium

doping of the ZnO NWs for greatly enhanced solar water splitting.

The variety of different nanostructured forms of Fe2O3 such as thin films,167,423 nanowires,393,424,425

and mesoporous films have improved the surface area of photoanodes by orders of magnitude.164,175,176

Hou et al. prepared mesoporous α-Fe2O3 through microwave annealing of β-FeOOH for an

impressive photocurrent of 3.9 mA cm−2 at 1.23 VRHE. These films have been produced us-

ing a number of methods, none more versatile than anodic electrochemical deposition, yield-

ing structures such as nanoparticles,426–428 nanowires,429,430 nanotubes,170,431,432 and nanoporous

films.433,434 Such diversity is achieved by altering the substrate material, deposition electrolyte,

reaction solution and electrode potential. So far the highest performing anodic deposited sample

produced a photocurrent of 0.8 mA cm−2 at 1.4 VRHE.422 High performing solar water splitting

hematite nano structures can be further improved by doping the material or creating hybrid

junctions with complementary materials.171,435

Such strategies have also been applied to zinc oxide, a material with favourable band align-

ment to the redox potentials, along with charge mobility.124 The primary aim of doping and

coating ZnO is to sensitise the wide band gap structure (3.2 eV) to absorb visible light.100 This

has proven to be an effective method, for example hydrogen doping combined with CdS coat-

ing managed photocurrents greater than 5 mA cm−2.141 Forming n-n junctions with ZnO and

Fe2O3 has been investigated with mixed success, in several cases the raised onset potentials

yielded negligible photocurrents at 1.23 VRHE.236,400,411,412 Despite this both Qin et al. and Hsu
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et al. succeeded in enhancing photocurrent offered by the junction to 0.85 and 1.25 mA cm−2

at this potential respectively.178,436 In both cases the use of FeCl3 likely causes the formation of

ZnFe2O4, a lower band gap material with a far more positive conduction band, likely aiding the

junction.342,436

The deposition method described herein achieved great enhancement in PEC water splitting

photocurrent, where 5 minutes of deposition time on yttrium doped ZnO gave 0.91 mA cm−2 at

1.23 VRHE. This presents the highest performance of an anodic deposition of Fe2O3 applied to

water splitting due the advantages incurred from unique hybrid morphology of Fe2O3 NSs with

ZnO NRs. Overall this represented a 4.1 times improvement over pristine ZnO samples due to

more favourable charge transport properties as measured by electrical impedance spectroscopy,

and visible light sensitisation as measured by UV-Vis absorption spectroscopy. The successful

transfer of photogenerated charge in the Fe2O3 to the YZnO NW electron highways led to

improved incident photon to current conversion efficiency in the visible spectrum range. Overall

the marriage of these two material nanostructures is able to overcome the disadvantages of each

semiconductor to achieve greater efficiency water photolysis.

6.3 Experimental Methods

6.3.1 ZnO NW Synthesis

Zinc oxide nanowires were prepared by a two step chemical bath deposition method outlined

in our previous work.114 Briefly, FTO glass substrates were cut and cleaned via sonication, fol-

lowed by seeding with spin coating, 0.1 M zinc acetate solution, at 800 RPM for 2 minutes

followed by 2000 RPM for 30 seconds. Following oxidation via thermal annealing at 500◦C,

samples were then placed face down in aqueous growth solution containing 40 mM concentra-

tion 1:1 Zn(NO3)2 : hexamethylenetetramine, for 16 hours at 85◦C. After this the samples were

again annealed at 500◦C for 30 minutes. Yttrium doping took place at the growth stage with
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1% molar addition of Y(NO3)3 to the solution, determined by ICP-MS to yield 0.1% doping in

the final YZnO.396

6.3.2 Fe2O3 NS Growth

The hematite, α-Fe2O3 film coating was added to the ZnO NRs by performing an anodic electro-

chemical deposition on the NWs in an Fe II solution. The solution was prepared by dissolving

10 mM Fe(NH3)2(SO4)2 and 0.4 M NaCl electrolyte into 250 ml DI water. The pH of the Fe

II solution (pH = 6.0) was adjusted to 8.0 by adding 0.14 g NaOH and 23 drops 1.0 M NaOH

(pH = 13.0) to the solution. The ZnO/FTO substrates were submerged into the Fe II solution in

a round bottom flask with a two-electrode electrochemical deposition setup with stainless steel

counter electrode. The system is displayed in Figure S6.1A, along with current time curves for

the deposition, B, the flask was evacuated using a a vacuum pump and sonicated to remove air

bubbles between the wires. In order to produce pure α-FeOOH cyclic voltammetry was per-

formed in three electrode set up with saturated KCl, Ag/AgCl reference and platinum counter,

oxidation peaks were assigned to particular reactions and the potential for goethite production

was translated to be 0.56 V in the two electrode setup, Figure S6.1. The potential was kept fixed

for the deposition duration, which was varied to 2, 5, 10, 30 and 60 minutes to optimise the

samples. Having grown α-FeOOH on the surface, samples were then annealed at 550◦C for 3

hours in order to form α-Fe2O3 nanosheets (NSs).

6.3.3 Structural and Physical Characterization

The morphological and crystallographic characterisation of the pure Fe2O3, ZnO, YZnO and

anodic coated samples was performed by scanning electron microscopy (SEM, Leica Stereoscan

420) and powder x-ray diffraction (XRD, Siemens D500). SEM images were measured using

Image J software (National Institutes of Health, USA), and energy dispersive x-ray spectroscopy
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was used for elemental mapping with INCA software (Oxford instruments). In order to identify

high magnification morphology as well as atomic spacing high resolution transmission electron

microscopy was used (HRTEM, JEOL-3010 at 300 kV).

6.3.4 Photoelectrochemical and Optoelectronic Measurement

A spectrophotometer (PerkinElmer, Lambda 265) was used to measure UV-Vis absorption spec-

troscopy and used to calculate band gap energies. Photoelectrochemical water splitting and

electrical impedance spectroscopy (EIS) was performed using a the same 3 electrode set up to

cyclic voltammetry previously described but with a 1 M KOH aqueous electrolyte (pH 13.6).

The completed samples made the photoanode. PEC water splitting used a potentiostat (EA163,

eDAQ) varied from 0.4 to 1.8 VRHE, with a solar simulator as the illumination source (Oriel

LCS-100, Newport, 100 mW cm−2 with built-in AM 1.5G filter). Samples were masked at 0.15

cm2 for photocurrent measurements. EIS Nyquist plots used to determine charge transfer re-

sistance, were performed under identical illumination, with fixed DC potential at 1 VRHE and

a sinusoidal modulated AC potential of 10 mV with frequency varied from 0.1 to 10,000 Hz

using an electrochemical controller (Palm Sens 3, Palm Sens BV). Mott-Schottky plots were

performed in the dark with the same controller, fixed frequency at 1000 Hz, and varied poten-

tial from 0 to 2 VRHE. Data was processed using PSTrace 4.5 (Palm Sens BV) and equivalent

circuit models were applied using Elchemea Analytical (DTU Energy). X-ray photoelectron

spectroscopy (XPS, Thermo Scientific K-alpha using Al Kαsource) allowed the elucidation of

valence band position. Incident photon-current conversion efficiency was determined using a

300 W xenon lamp with monochromator calibrated to 100 mW cm−2 using an optical power

meter and silicon photodiode detector (Newport), at 1.23 VRHE.
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6.4 Results and Discussion

6.4.1 Structural and Physical Properties

Proposed schematic representation of the novel structures can be found in Figure 6.1A along

with optical photographs of the colour changes involved, B. The intended structural design

likely offers great advantages to the photolysis of water, as it dramatically increases surface

area. Furthermore by combining Fe2O3 nanosheets with ZnO nanorods, it could overcome the

disadvantages associated with either material in isolation, sensitising ZnO to visible light and

quickly separating and transporting charge from Fe2O3. The mechanism for the deposition is

also outlined, as using a low potential of -0.14 V vs Ag/AgCl for oxidation of the Fe2+, this

closely follows the -0.13 V used by Martinez et al. to grow goethite (α-FeOOH) on titanium

substrates using a similar solution.437 The open circuit voltage occurred at -0.70 V vs Ag/AgCl

with three electrodes and ∼0.00 V vs stainless steel in the two electrode set up, therefore 0.56

V was chosen to selectively grow α-FeOOH. Cyclic voltammetry of the reaction can be found

in Figure S6.1C, showing clear oxidation events associated with magnetite, goethite and lepi-

docroautocite. α-FeOOH was grown on the surface via the following reaction.420

Fe2+ + 2 H2O −−→ α-FeOOH + 3 H+ + e− (6.1)

This is confirmed by the noticeable colour change in the samples, from white ZnO to a light

yellow brown colour on the surface, Figure 6.1B. This is accompanied by a surprising green

colour, likely due to the chlorination of the rust species from the electrolyte. After thermal

annealing in air the α-FeOOH is further oxidised to form α-Fe2O3, as indicated by the colour

change from yellow to deeper orange and red.

The morphology of the nanostructures was observed using scanning electron microscopy

(SEM), with the resulting top down images displayed in Figure 6.2A-E. Two distinctive fea-

tures are clear, the wurtzite structure of the ZnO NWs with their hexagonal faces, and Fe2O3

163



Figure 6.1: The schematic for the deposition process A), along with sample photographs B).
On the left it shows the pristine ZnO NRs, with no coating, in the centre, the NRs with FeOOH
nanosheet coating falling between the NRs after electrodeposition. Finally on the right, the
conversion of FeOOH to Fe2O3 by thermal annealing in air.
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nanosheets (NS) vertically aligned parallel to the wires with bright edges. The NSs are a di-

rect result of the electrodeposition in Fe2+ ion containing solution, as the pure ZnO showed no

signs of this feature. The prevalence of the NSs increases with deposition duration, confirming

electrodeposition as the cause of their growth. Enhancement in surface contact, beneficial to

solar water splitting, is clear when analysing the geometries of the features. The NW diameter

remains fixed across the samples, 141 ± 6 nm, the thickness of the NSs is also constant at 35 ±

3 nm, providing far greater area due to their vertical alignment (histograms of binned measure-

ments, Figure S6.2A and B). Furthermore, longer duration yields greater NS width, showing

remarkable linearity, Figure S6.2C and D. This allows the hybrid morphology to be highly tun-

able to find the optimised geometry. It is clear in the solution that the favoured growth direction

of the α-FeOOH sheets is along the plane perpendicular to the side walls of the NWs, explaining

the formation of nanosheet structures. Larger width yields greater contact with the electrolyte,

but longer distances for charge to travel before reaching the ZnO. Also, after 10 and 30 min-

utes they become large enough to begin obscuring the NWs and filling in the channels between,

leading to reduced surface area. The strengths of the hybrid system begin to emerge, not only do

the NSs likely offer greater light absorption and surface area, they are effectively plugged into

the ZnO NWs. This could reduce the path length for holes to reach solution and by extension

their chance of recombination.178

The morphology in this chapter differs substantially from the NP embedded NWs occuring

from cathodic deposition; with key advantages and disadvantages. The advantage of NSs is

their vertical alignment allowing greater optical depth for absorption, in order to overcome the

indirect band gap of Fe2O3;423 with isolated NPs light has a greater chance of transmission and

loss. The disadvantage of this morphology over the previous chapter is poorer junction contact

where photogenerated charge in the sheet is unable to reach the ZnO before recombination.

However, the sluggish transport properties of Fe2O3 can be substantially improved by doping
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with Ti4+, enabling the electrons to reach the ZnO junction.174

Figure 6.2: This shows the top down SEM images of the pristine and coated samples after
annealing, A-E), the morphology shows increased Fe2O3 nanosheets with greater deposition
duration. The angled cross section image of the 5 minute deposition sample is visible in F).

The nanostructure morphology was further analysed by angled cross sectional SEM of the

5 minute deposition, displayed in Figure 6.2F. This once again shows the favourable alignment

of the Fe2O3 sheets, reaching outward toward the solution. This also evidences the formation

of Fe2O3 deeper between the wires towards the FTO substrate, as some cross-linking is seen

near the NW base. The ZnO / Fe2O3 junction appears well connected throughout the geometry,

with the smaller NSs wrapping around the NR. This would allow unrestricted charge transfer

between the materials, provided the appropriate band edge alignment. This also confirms the
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success of the sonication and vacuum removal of air pockets between the wires without which,

aggregation at the surface can occur. Elemental mapping of this sample is found in Figure S6.3,

using EDX to confirm the presence of Zn, Fe and O on the surface. This shows concentrated

areas of Fe in the regions with saturated nanosheets, and higher Zn over the exposed NWs,

evidencing the Fe2O3 NS and ZnO NR structure separation.

Powder X-ray diffraction data, Figure 6.3A, confirms both the reaction and the final species

on the NW surface. Firstly, pure samples of Fe2O3 and ZnO were prepared in order to confirm

their presence on the surface of the sample, details of the pure Fe2O3 synthesis can be found in

the experimental methods section. The ZnO NW sample gave its predictable high intensity 002

peak at 34.8°, because of strong vertical alignment due to stifled growth in the lateral planes.396

The presence of Fe2O3 was confirmed by typical peaks matching its reference spectrum, (ICDD

01-075-5065). At lower deposition times of 5 minutes and shorter, no noticeable hematite

peaks occur, but with increased deposition time features of iron oxide coating become obvious.

They reach their highest intensity for the 30 minute sample, where two different Fe phases are

present, goethite (α-FeOOH) and hematite. Peaks occuring at 25.8° and 31.8° are attributed to

goethite with high intensity, where the initial deposition is not yet fully oxidised to hematite

(ICDD 29-713).437 The prominence of this phase could be beneficial to the oxygen evolution

reaction, and further absorption of visible light.438 This represents the first time these three ma-

terials have been used together as a photoelectrochemical water splitting anode. In the annealed

samples the second iron phase displays a strong peak emerging at 33.4°, corresponding to the

(104) plane of hematite. This is likely the favoured plane growth direction of the nanosheet

morphology. This is due to the partial surface charging of lattice planes within the basic de-

position media, stifling growth in the (010) direction. The full XRD of the polycrystalline iron

oxide precursor film prior to annealing is displayed in Figure S6.4A. The dominating phase is

unsurprisingly goethite, confirming the proposed reaction scheme, though other phases present
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include magnetite and lepidicrocite.

In order to confidently assign crystal phases to particular morphological features, high res-

olution transmission electron microscopy (HRTEM) was used, displayed in Figure 6.3B. In

the low magnification image of the 5 minute deposited sample both nanosheets and nanorods

are clearly visible. Upon magnification to atomic resolution the NR portion of the sample, i),

spacing of 0.261 nm is visible, corresponding to the 002 lattice plane of ZnO as the preferred

growth orientation. This is bolstered by the evidence displayed in the FFT (inset), where the

orthonormal 100 plane is also measured. The NS region, ii), showed the clear crystalline lattice

of hematite, 0.273 and 0.461 nm spacings follow closely the known values of the 104 and 006

planes respectively. A full radius of spots is visible in FFT, highly characteristic of the material

showing high phase purity. This also confirms the strong 104 directional alignment of the nano

sheet growth reflecting its XRD pattern prominence. No evidence for goethite planar spacing

was observed, likely due to the low duration of coating. The quantity of goethite deposited after

5 minutes is likely fully oxidised to hematite after 550°C heating, whereas higher deposition

may take more time. This would be an interesting avenue for further study, outside the scope of

the current work.

6.4.2 Optoelectronic and Photoelectrochemical Properties

A highly effective strategy of ZnO water splitting enhancement is sensitisation, UV-Vis ab-

sorption spectroscopy was used to measure the junctions ability to harvest visible light.89 The

resulting spectra can be found in Figure 6.4A, where the various coating durations are compared

to pristine Fe2O3, ZnO and YZnO. These latter three samples each display one clear absorption

onset, corresponding to their band gap energies. Pristine Fe2O3 shows good visible light ab-

sorption, a significant increase at wavelengths shorter than 600 nm. This is in contrast to ZnO

and Y doped ZnO, which show low values down to wavelengths shorter than 400 nm towards
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Figure 6.3: A) Shows powder XRD graphs of the samples with increasing deposition thickness,
alongside pure ZnO and pure Fe2O3 on FTO glass. B) Shows HRTEM microscopy of the NS
and NR structure, with magnified images of i) the NR and ii) the NS with respective insets of
FFT.
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UV energies as expected. Despite the values dramatically rising over the Fe2O3 the majority

of solar photons fall in the region greater than 400 nm, giving Fe2O3 the advantage in solar

applications.180 The coated samples share this feature, with each showing higher absorbance

through the visible range, greater coating duration yields higher values across the 450-550 nm

range. Despite this, clearly distinct ZnO and Fe2O3 absorption onsets only become visible after

5 minutes of deposition, lower than this the 2 minute sample appears to have too little Fe2O3

to use the full absorption potential. When looking in more detail at the onset for ZnO in the

samples, this appears to be first red shifted in the Y doped sample, then even further red shifted

in the coated samples. This first effect is due to the introduction of new electronic states near the

conduction band minimum due to the effect of yttrium as an n-type dopant in ZnO, as described

in more detail in our previous work.396 These shallow states allow the donation of conduction

band electrons at thermal energies, yielding higher conductivity. The more dramatic red shift

due to the Fe2O3 coating is more subtle, and is likely due to the nature of the n-n junction

between the materials.

In order to quantify the shifts in band gap energies, Eg, the Tauc relation was used for direct

transitions calculated by extrapolating the linear regions to the x axis in Figure 6.4B.261 The first

two plots displayed direct band gaps of 3.28 and 3.23 for ZnO and YZnO samples respectively.

This corresponds to the expected value for NRs grown by chemical bath deposition,100 while

yttrium doping led to a 0.05 eV red shift. This is due to interstitial yttrium atoms introducing

states within the electronic band gap, reducing direct transition energy.396 Linear extrapolation

was selected for the lower energy region of the Fe2O3 sample, shown in the inset, as it corre-

sponds to the first absorption onset clearly visible in the absorbance graph, A. This gave a value

of 2.13 eV, typical for hematite.393 The 30 minute Fe2O3 coating upon YZnO gave band gaps

at 3.04 and 2.28 eV for its dual absorptions. This represents a significant red shift for the ZnO

band energy of 0.19 eV, coupled with a blue shift of 0.15 eV for the Fe2O3. This is accompanied
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by an apparent 0.25 eV blue shift in band gap for the Fe2O3 species. This is most likely due to

the mobility of transition metal ions during the extended high temperature annealing step. At

550◦C, Fe ions from the hematite are able to invade the ZnO lattice, causing a known band gap

reduction as a dopant.399 Furthermore, the same process occurring from Zn ions in the Fe2O3

causes p type doping,404 possibly introducing electronic states below the valence band.

Figure 6.4: The UV-Vis absorption data of the various sample coatings, along with pure ZnO,
Fe2O3 and YZnO can be found in A). The Tauc plots of the selected samples for band gap
measurements are displayed in B). Graphs C) and D) display Nyquist plots of the illuminated
samples, with C) showing pure Fe2O3, ZnO and YZnO and D showing the various coating
durations with 5 min inset.
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The electronic properties of the samples were analysed using electrical impedance spec-

troscopy (EIS), at a fixed DC potential of 1 VRHE, sinusoidal AC of 10 mV at frequency varied

from 10,000 to 0.1 Hz, Figure 6.4C,D. This method was used to determine the charge transfer

resistance of the samples, using the equivalent circuit found in Figure S6.4B where dual arcs

were visible, and a simple Randles circuit when there was only one arc measured (pure Fe2O3

sample). Typically, the arc radius is proportional to the charge transfer resistance, RCT, an in-

dication of recombinative energy losses.439 In nearly all the samples two arcs are observed, a

small arc at high frequencies associated with charge transportation through the materials, Rct1,

and a large low frequency arc associated with the large resistance at the solid liquid interface,

Rct2. The Y doped sample shows a significant reduction in Rct2 as a negative shift in flat-band

potential allows for lower friction Faradaic charge transfer, aided by significantly reduced elec-

tronic resistance through the material bulk.396 The pure Fe2O3 sample meanwhile shows orders

of magnitude higher RCT due to its sluggish charge dynamics and high recombination rate. This

summarises the main disadvantage of Fe2O3 as a water splitting photoanode, surmounted by the

coated samples in Figure S6.4C,164 where the values of RCT are plotted.

A dramatic reduction in arc radius is observed with 5 minutes coating (inset) showing the

smallest values of both Rct1 and Rct2, 33 and 208 Ω respectively. A decrease in Rct1 means lower

transport resistance, which occurs due to greater numbers of photogenerated charge carriers

from visible light absorption from Fe2O3. Not only will this contribute larger quantities of pho-

toelectrons, it will also increase the electron mobility in the materials as charge transportation

is trap mediated.169 The filling of surface and bulk traps with excited electrons means their neu-

tralisation for the passage of further charge. The reduction in Rct2 confirms that there is good

electron transfer from Fe2O3 to YZnO, reducing recombination due to traps at the solid / liquid

interface by shuttling the electrons into the YZnO electron highways.178 Effective movement

of charge across the Fe2O3 / YZnO junction means better electron hole separation, indicating

172



good band alignment. Furthermore, larger surface area would also reduce Rct2, as it provides

a wider door for charge transfer from enlarging the physical contact space between electrode

and electrolyte. Greater deposition thickness sees the values of both charge transfer resistances

monotonically increase above 5 minutes, due to larger Fe2O3 sheets overwhelming the transport

properties of the NRs, causing greater recombination at the solid liquid interface.

Figure 6.5: Photoelectrochemical water splitting performance is shown in A) and B), with over-
all enhancement in A) optimisation of deposition in B). C) Shows the electronic band structure
diagram, and D shows the IPCE for the same samples.

Reduced RCT , increased visible light absorption and favourable morphology with greater

surface area are all factors that have a vital impact on solar water splitting performance. The

photocurrent densities measured under simulated solar illumination can be found in Figure 6.5.
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In Figure 6.5A the overall enhancement due to the synergy of Y doping and Fe2O3 coating

is displayed. The undoped chemical bath deposition ZnO measured a photocurrent of 0.22

mA cm−2 at 1.23 VRHE, typical of this pristine nanostructured material. The 5 minute coating

applied to the undoped ZnO NWs, yields an enhanced photocurrent of 0.36 mA cm−2, a re-

markable 60% improvement. Improving the charge transport properties of the ZnO alone, with

Y doping, gave a 2.6 fold boost. The two strategies together incurred > 4 times enhancement

in comparison with the unaltered sample, yielding 0.91 mA cm−2 at 1.23 VRHE. This promising

result for the hybrid nanostructured photoanode, is amongst the highest in ZnO and Fe2O3 water

splitting literature. Typically pristine ZnO nanostructures achieve photocurrents of around 0.20

mA cm−2,113,290,328,329,440 however novel synthetic methods, such as microwave heating, lead to

values as high as 0.70 mA cm−2.114 In comparison with ZnO / iron oxide heterostructures the

anodes reported here perform favourably, often ZnO / Fe2O3 junctions yield negligible pho-

tocurrent at 1.23 VRHE.400,411,412 They also outperform the Fe2O3 coated ZnO NRs synthesised

by Qin et al.436 which achieved 0.85 mA cm−2 at 1.23 VRHE, prior to Fe2PO4 encapsulation.

They fell short of the work by Hsu et al. who achieved 1.27 mA cm−2 likely due to their su-

perior ZnO morphology.178 The chopped illumination performances of the key samples can be

found in Figure S6.5A-C.

The optimisation of deposition duration is shown in Figure 6.5B, the highest performance

occurs at 5 minutes deposition time. This represents once again a 60% increase over the un-

coated Y doped sample, achieving 0.57 mA cm−2 at 1.23 VRHE. Photoelectrons are generated

by visible light photons in the hematite layer, which are then delivered rapidly to the YZnO elec-

tron highway reducing recombination with holes. This is evidenced by the photocurrent decay

curves in Figure S6.5D, where the lifetime of current in the hybrid is longer due to extended

electron lifetime from effective charge separation. This leaves holes in the hematite able to

evolve oxygen at the solid / liquid interface. Clearly, the performance is highly sensitive to the
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deposition time, with 2 minutes of coating only slightly improving the photocurrent as there is

little visible light absorption. At depositions over 5 minutes, a critical decline in water splitting

is observed with the 30 minute sample measuring lower than no coating at all, 0.36 mA cm−2.

This can be explained by the Fe2O3 nano sheets growing large enough that energy loss due to

electron hole recombination cripples the cell, as evidenced by very large RCT . Thicker Fe2O3

layers lengthen the path required for photogenerated charge to travel before reaching the junc-

tion so that much is lost to recombination beforehand. The behaviour of the onset potential

also describes the junction, with uncoated YZnO and thick Fe2O3 having lower values. This

is due to the materials behaving in isolation, reflecting the flat band potentials of each material

respectively. In order to reach even greater performance, extrinsic doping of hematite could be

employed in future work. For example, introducing silicon into the lattice led to a high pho-

tocurrent of 2.2 mA cm−2 at 1.23 VRHE.171 An advantage of the hybrid presented in this work is

that by using undoped Fe2O3 the anode has fertile prospects for improvement using this tactic.

The proposed electronic band structure diagram is displayed in Figure 6.5C. This is based

upon Fermi level determination using the flat-band potential calculated from the Mott-Schottky

plot of impedance for the hematite sample found in Figure S6.6A. The valence band position

of the hybrid junction was determined using x-ray photoelectron spectroscopy (XPS) observing

the low energy region in a survey scan, Figure S6.6B. Other values of the Fermi level used in the

diagram of ZnO and YZnO along with their respective valence band positions are taken from our

other work currently under review. This information combined with the previously measured

optical band gap yields the conduction band position. The two materials together form a type

two heterojunction, where conduction band electrons from the hematite are able to flow into

the conduction band of the zinc oxide. Conversely holes generated in the Fe2O3 are blocked

by the high energy of the ZnO valence band, confining them to the outer material to reach the

solid / liquid interface. The n-n junction causes a depletion region to form at the YZnO/Fe2O3
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interface and causes a higher concentration of electrons in the Fe2O3 and holes in the ZnO.

This explains the shifts in Fermi levels allowing the equilibrium to form. The proposed band

structure, evidenced by XPS, EIS and UV-Vis explains the successful enhancement of solar

water splitting efficiency.

Furthermore, the photoanodes showed good stability, showing no decline under chopped

illumination at a fixed 1.23 VRHE potential, Figure S6.6C. Finally, the incident photon to current

conversion efficiencies are found in Figure 6.5D, displaying a clear absorption and utilisation of

visible light at wavelengths shorter than 550 nm in the hybrid sample. This is in clear contrast

to the YZnO, which has a sharp onset corresponding to the previously measured direct band

gap on the material, with 0 % efficiency at wavelengths shorter than 400 nm. From 550 to

410 the top performing sample trends from 1 to 5% efficiency, before rising past 10% at 395

nm accessing significant proportions of visible light. This explains the 4 fold enhancement in

photoelectrochemical water splitting, observed from photocurrent density. This is due to more

favourable morphology leading to greater contact area, a suitable electronic junction for charge

transfer and visible light absorption in Fe2O3 coupled with Y doped ZnO rapid transport.

6.5 Conclusion

In summary novel hybrid metal oxide nanostructures were constructed using anodic FeOOH

electrochemical deposition to grow α-Fe2O3 NSs on ZnO NWs. This process gave a high degree

of control, allowing nanosheets of variable width to grow with time, optimised at 5 minutes

duration. The mechanism of deposition was confirmed by matching the potential to produce

goethite, α-FeOOH, which was confirmed by xrd to form hematite, α-Fe2O3, after annealing at

550 ◦C. The advantages of such a hybrid became clear as the NSs sensitised ZnO to absorb

visible light, as confirmed by UV-Vis spectroscopy. Also, the novel samples showed greatly

reduced charge transfer resistance from both pure Fe2O3 and ZnO, which was further reduced
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by yttrium doping in the ZnO layer. This progress was combined to make an efficient system for

the generation of photo excited charge, whilst maintaining desirable transportation properties.

This is due to the relatively low band gap of Fe2O3 (2.13 eV) absorbing more abundant lower

energy solar photons, and the rapid charge transport associated with ZnO and high conductivity

Y doping. Overall the novel structures achieved a dramatic 4 times enhancement in water

splitting photocurrent, 0.20 pure ZnO, compared to 0.91 mA cm−2 at 1.23 VRHE for the YZnO

with optimised coating duration. The success of the junction shows good band alignment, with

promising IPCE performance of 5% at 410 nm, compared with no current response from the

YZnO at this wavelength. This work paves the way for further exploration into the ZnO/Fe2O3

junction such as through the doping of the Fe2O3 layer.

In comparison to the previous chapter the photocurrent densities achieved by the NS dec-

orated YZnO NRs were less than those from the alternative cathodic deposition. This is most

likely due to the morphology of the wide sheets in comparison to embedded nanoparticles, lead-

ing to the less efficient transportation of photogenerated electrons. The dimensions of the Fe2O3

allowed the charge to meet the junction after a maximum domain size equal to the diameter of

the NP (16 nm, Figure 5.3C), whereas NS electrons had to traverse a ∼ 400 nm sheet without

recombination (Figure S6.2). This greatly exceeds their expected path length, and therefore

electron hole recombination is responsible for the lower photocurrent density and by extension,

the lower IPCE values. It is worth noting however, the values of optical absorbance for the opti-

mised sample was greater in the NS samples, 2.2 at 450 nm (Figure 6.4A), than the value of 2.1

in the NP sample (Figure S5.5). This indicates the NS ability to generate greater populations

of photogenerated particles, if they could be harvested more efficiently. One other advantage

is that the optimised sample only required 5 minutes of deposition time, far shorter than the 1

hour needed for cathodic deposition.
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6.6 Supporting Information: In Situ Decoration of Doped
ZnO Nanowires with α-Fe2O3 Nanosheets for Solar Wa-
ter Splitting

Figure S6.1: Schematic diagram of the deposition process, A), showing the setup including
ultrasonic bath, and electrode positions. B) shows typical deposition current current over time,
integrated to calculate charge density. C) shows the cyclic voltammetry with three electrode
setup, used to determine the goethite potential, inset shows a slower scan speed linear sweep for
greater accuracy.437 2 Electrode deposition potential was determined by the difference between
Voc (-0.70) and goethite deposition potential (-0.14) as 0.56 V.
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Figure S6.2: A) shows the histogram of a survey count of the nanorod diameter measured from
SEM images, B) shows the nanosheet diameter survey result. C) shows the integrated total
charge density deposited and the nanosheet width against the duration of deposition. D) shows
the charge density plotted against nanosheet width.
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Figure S6.3: A) shows EDX maping of the sample area of a typical 40µA, with composite
image of Zn and Fe (left) and component elements (right). B) shows an EDX line scan of an
Fe2O3 aggregates on the surface.
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Figure S6.4: The unannealed XRD pattern of the optimised sample deposition is displayed in
A). B) shows the equivalent circuit used to fit the Nyquist plots, and C) shows the different RCT

values plotted against deposition duration, along with pure samples.
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Figure S6.5: Shows the light/dark stepped linear sweep voltammetry of a comparative selection
of anodes, with pristine ZnO A), and 5 minutes electrodeposition on pure ZnO B). C) shows
the top performing sample, 5 minutes deposition on Y doped nanowires. Finally D) shows the
normalised logarithm of current decay from the chronoamperometry measurements.
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Figure S6.6: A) shows the Mott-Schottky plot of the anodic deposition of Fe2O3, yielding VFB

value of 0.69 VRHE and dopant density of 1.19 × 1026m−3. B) shows the XPS survey scan of
the hybrid junction and valence band determination, finally C) shows the chopped illumination
chronoamperometry test over a five minute period.
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Chapter 7

All Inorganic, CsPbBr3 Perovskite Solar
Cells Using Modified ZnO Nanorods for
Record Short Circuit Current

7.1 Abstract

3-D all-inorganic perovskite solar cells have been built using vertically aligned conductive zinc

oxide nanorods as the electron transport layer and optical waveguide. Yttrium doping improved

the conductivity and hence the electron transportation of the ZnO achieving a threefold improve-

ment of the solar cell efficiency. The vertically aligned nanorods act as optical waveguides,

which improve photoabsorption of the perovskite semiconductor. Our novel device structure

was completed with an exfoliated multilayer graphite back contact for effective hole-extraction.

The ZnO was further modified by nanometre scale coatings of TiO2 in order to passivate the

surface and reduce charge recombination. This novel strategy led to an overall nine times en-

hancement in the solar cell efficiency, yielding a highly competitive top value of 5.83%. More

importantly, the all-inorganic solar cells demonstrated excellent stability, showing no decline in

initial performance after 1000 hour storage in ambient conditions. This work presents yttrium

doped ZnO as a suitable replacement for mesoporous TiO2 achieving a record breaking short

circuit current of 10.5 mA cm−2 for CsPbBr3 perovskite devices.
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7.2 Introduction

Over the last decade a tremendous rise in efficiency has brought organic-inorganic hybrid per-

ovskite solar cells (PSCs) to the frontier of renewable energy research.67,68,71 However, the poor

stability of the material under hot and humid conditions has led to the burgeoning field of inor-

ganic perovskite cells, replacing various organic cations with cesium.441 In the three years since

conception,78 efficiency in such devices has risen to 13.4% using CsPbI3,163 and passed 10.1%

using wide band gap, CsPbBr3.77 Crucially, these devices display superior long term stability in

high humidity and temperature testing. Thus far, nearly all these devices have used mesoporous

(mp) TiO2 as electron transport material (ETM) with some notable exceptions, such as ETM

free and interfacial quantum dot devices.442,443 High charge mobility and tuneable morphology

makes ZnO a promising alternative, leading to its wide application to hybrid PSCs.444–446 So

far, the performance of this material has been significantly enhanced using dopants.159 Surface

recombination has been overcome with coatings such as MgO.447 For inorganic PSCs, ZnO thin

films have been employed as ETM in a limited capacity,162,163 leaving more exotic morphology

unexplored.

In a typical hybrid PSC, doped 2,2’,7,7’-tetrakis (N,N’-di-p-methoxyphenylamine)-9,9’-

spirobifluorene (spiro-MeOTAD), and noble metal contacts are used as hole transport materials

(HTMs). These materials are not only expensive (∼ $350/g and ∼ $50/g respectively),448 but

contribute significantly to device degradation.449 For this reason, many HTM-free PSCs have

been designed, including amorphous carbon contacts.229,450,451

In this work, vertically aligned, conductive zinc oxide nanorods (NRs) have been applied for

the first time to inorganic PSCs with CsPbBr3. Using a two step deposition method the photoac-

tive layer showed good infiltration into the NRs, yielding layers with very high photoabsorption.

Modification of ZnO with yttrium doping and TiO2 coating gave record short circuit currents for
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CsPbBr3 of > 10 mA cm−2, in an efficient optical wave-guide and charge transfer system. This

allowed the device to be highly competitive with the widely used mp-TiO2, with a champion

efficiency of 5.83%. These devices benefit further still, from a highly simplified liquid phase

exfoliated (LPE) multilayer graphite, synthesised by one-step probe sonication and drop cast

directly onto the perovskite. Highly stable and conductive graphite represents one high quality

back contact material for PSCs.

7.3 Experimental Method

7.3.1 ZnO NR Synthesis

All chemicals used were purchased from Sigma Aldrich with no further purification. Fluorine-

doped Tin Oxide (FTO) coated, conductive glass was cut into 12 by 25 mm substrates, and

etched 8 mm from the edge using 2 M HCl and Zn powder. This was followed by cleaning via

sonication in acetone, isopropanol and DI water for 15 minutes in each solvent and subsequent

drying in air. ZnO nanorod arrays (NRs) were grown by a typical chemical bath deposition

method.100 The substrates were first seeded with spin coating using a two stage program, (800

RPM for 90 seconds followed by 30 seconds at 2000 RPM) with 0.1 M zinc acetate solution in

DI water and 0.6 wt% polyvinyl alcohol. The seeding layer was completed by annealing in air

at 500 ◦C for 20 minutes to form zinc oxide seeds.99 NR growth was achieved by chemical bath

deposition, using a 20 mM equimolar solution of zinc nitrate, hexamethylenetetramine. Doping

of yttrium was introduced to the growth solution with yttrium nitrate solution (0.2 mM). Sub-

strates were placed face down in the solution and left for 16 hours at 85 ◦C to achieve ∼1 µm

NR length. The sample was rinsed with DI water, dried and annealed at 500 ◦C for 30 minutes.

The length of the NRs was finely controlled with mild acid treatment(0.1 M HCl), followed by

quenching in DI water after the specified duration had passed. To expose the FTO contact, ZnO

was removed from an area of 4× 12 mm2 with 2 M HCl.
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7.3.2 TiO2 Coating

Layers of amorphous TiO2 were deposited on the substrate via a successive layer adsorption

and reaction technique (SLAR). A 10 mM Titanium (IV) isopropoxide (TTIP) solution was first

prepared in isopropyl alcohol, (IPA). The NR arrays were submerged in this solution and soaked

for 15 minutes. This allowed TTIP in the solution to be adsorbed onto the surface of the rods,

which were then dipped for 30 seconds in IPA to remove any excess, followed by dipping in DI

water to convert the TTIP into TiO2 via the following reaction.

Ti(OCH(CH3)2)4 + 2 H2O −−→ TiO2 + 4 (CH3)2CHOH (7.1)

This deposition sequence is referred to as one dip cycle. The thickness of the TiO2 shell was

controlled by the number of cycles applied. Finally, the substrates were annealed at 500 ◦C for

30 minutes in order to convert amorphous TiO2 into anatase phase, forming a core-shell NR

structure with TiO2 shell on ZnO NRs. The aim of depositing this layer was to passivate the

surface of the conductive YZnO NRs, to reduce electron-hole recombination

7.3.3 CsPbBr3 Deposition

The inorganic perovskite was deposited on and between the TiO2-ZnO core-shell NRs by a two

step method. Firstly, PbBr2 was spin coated upon the rods using a 1 M solution in DMF, heated

to 100 ◦C for one hour prior to coating, while the substrates were maintained at 90◦C. The use

of hot solution and sample is to prevent the formation of large crystals and ensuring they were

dry. Spin coating was performed with a 2500 RPM cycle for 30s. The samples were dried at

90 ◦C for one hour, and then submerged in 0.07 M CsBr methanol solution, for 40 minutes at

50 ◦C, reacting to form crystallised CsPbBr3.450 The substrates were then soaked in IPA for 5

minutes to remove any excess CsBr and dried in air.
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7.3.4 Multilayer Graphite Ink Synthesis and Casting

Graphite ink was produced by liquid phase exfoliation (LPE) through sonication of graphite

powder. The dried graphite powder is dispersed in chlorobenzene at a concentration of 10

mg ml−1 using a 300 W sonic probe for 40 minutes at 80% power. Residual particles were

removed by centrifuge method. The dispersion remained stable for weeks. Glass templates

with fixed area were used to pattern back contacts, after drop casting of graphite, resulting in

an effective solar cell area of ∼ 0.1 cm2. The graphite coated glass was used as the cathode

of the solar cell. The assembled solar cells were annealed at 250◦C for five minutes to remove

residual solvent and to improve the adhesion of graphite. The full experimental procedure for

cell construction is summarised in Scheme 7.1.

7.3.5 Structural and Physical Characterization

ZnO NR, TiO2 coating, CsPbBr3, and graphite morphologies were determined using scanning

electron microscopy (SEM, Leica Stereoscan 420) along with EDX measurements using INCA

software (Oxford Instruments) in order to analyse elemental composition. Film thickness and

surface morphology were analysed using Image J software (National Institutes of Health, USA)

with SEM images of the cross section and surface respectively. Transmission electron mi-

croscopy (JEOL JEM1400-Plus) was used to confirm the multilayer structure of graphite and

measure TiO2 layer thickness. The crystallographic properties of each layer, and full device

were characterised by powder x-ray diffractometer (XRD, Siemens D500).

7.3.6 Efficiency and Optoelectronic Measurement

Solar cell performance was analysed under illuminated conditions using a calibrated 100 mW cm−2

solar simulator (Oriel LCS-100, Newport) with built-in AM 1.5G filter, along with Palm Sens 3

(Palm Sens BV) electrochemical controller at a typical scan rate of 20 mV s−1. The same light
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Scheme 7.1: The experimental procedure for the all inorganic perovskite solar cell construction
including ZnO NR synthesis and TiO2 coating followed by CsPbBr3 and graphite deposition.

source and controller were used for illuminated Electrical Impedance Spectroscopy (EIS) under

short circuit conditions (0 V) and sinusoidal AC at 10 mV at frequencies varying from 50,000

to 0.1 Hz. The results were processed with PSTrace 4.5 (Palm Sens BV). X-ray photoelectron

spectroscopy (XPS, Thermo Scientific K-alpha using Al Kαsource) ) was used to determine va-

lence band position and surface composition. UV-Vis absorption spectroscopy was performed

using a spectrophotometer (Thermospectronic UV 300) to determine the optical band gaps of

the materials. The incident photon-to-current conversion efficiency (IPCE) was measured using

a 300 W xenon lamp with a monochromator and multimeter (GW Instek GDM-8341). The light

intensity was characterised using a silicon photodiode sensor and optical power meter (New-

port). Photoluminescence spectroscopy was used to confirm the presence of CsPbBr3 along with

its passivation effect at the ZnO/CsPbBr3 interface, with a fluorescence spectrometer (Perkin

Elmer LS 45). Finally, bandgap energy was measured using an Ocean Optics USB UV-Vis

spectrometer and an ISP-REF integrating sphere and a powder MgO reference, equipped with
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an inbuilt 300 nm ≤ λ ≤ 1000 nm tungsten-halogen lamp.

7.4 Results and Discussion

The novel device design which combines ZnO NRs with CsPbBr3 for the first time can be seen

in schematic, Figure 7.1A, alongside a typical cross sectional SEM image of the solar cell. The

layers of different materials are visible in the image, orthorhombic CsPbBr3 crystal texture can

be seen, penetrated by ZnO NRs with sheet like layers of graphite on the surface. The perovskite

phase shows good infiltration into the ZnO layer, indicating good contact at the interface which

likely facilitates rapid charge transfer. The thickness of ZnO/CsPbBr3 together is ∼1.7 µm pro-

viding a strongly light absorbing layer, far thicker than typical planar, and mesoporous CsPbBr3

solar cells.229,442 Here, the thickness of the CsPbBr3 has to be larger than the length of the ZnO

NRs, otherwise, a short circuit between anode and cathode will formed. ZnO NRs have shown

evidence of acting as optical waveguides, trapping the light in the geometry and feeding it into

the photoactive layer,452 a further advantage over mp-TiO2.453 The sheets of multilayer graphite

back contact acts as a hole extraction layer, which was drop cast to a thickness of ∼50 µm.

Most reports use a commercial carbon paint consisting of graphite and carbon black with other

stabilising agents, applied typically by doctor blading.443,454–457 By annealing post deposition

at 250 ◦C the sheets become embedded in the surface of CsPbBr3, providing channels for hole

transport in an analogous way to the ZnO NRs for electrons.

Additional features to the device architecture, not directly seen in the SEM are the Y doping

and TiO2 coating of the ZnO NRs. Y doping was used to increase the conductivity of the NRs as

an n-type dopant, increasing the electron conductivity.133 The electronic structures of the solar

cell is shown in Figure 7.1B. The conduction and valence band positions of ZnO and TiO2 were

determined by x-ray photoelectron spectroscopy (XPS) displayed in Figure S7.1 combined with

UV-Vis absorption spectroscopy. The other values were found in literature as expanded in Ta-
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Figure 7.1: A) the solar cell schematic alongside a cross sectional SEM image of the cell, B).
The energy level diagram of the layered device. C) a top down SEM of typical perovskite film
quality and finally D). The powder XRD of the device.
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ble S7.1. By employing the coating strategy electron transfer from CsPbBr3 to ZnO conduction

band becomes more favourable via the better aligned band of the TiO2 shell.229,446 Meanwhile,

the valence band alignment also leads to significant hole blocking. The suitable work func-

tion allowing the graphite to select and transport holes effectively, blocking electrons via a

Schottky barrier.458 The top-down SEM image of the CsPbBr3 layer in Figure 7.1C, shows rea-

sonably large perovskite grains (0.85 µm), vital for good performance due to recombination at

grain boundaries.457 The CsPbBr3 was confirmed as the orthorhombic phase (PDF # 18-0364)

by XRD (Figure 7.1D) with nearly all peaks indexed by this pattern. Small peaks occurring

at ∼ 12, 18 and 29° are contributed from the tetragonal CsPb2Br5 (PDF # 25-0211) due to

the incomplete formation of CsPbBr3. The presence of this structure is common in two step

depositions.76,455,458 It can help reduce photoluminescent energy loss due to its indirect band

gap.459 Other observed peaks confirm the overall structure of the solar cell, corresponding to

graphite, FTO and ZnO NRs with growth in the favourable 002 direction (PDF # 36–1451).

The TiO2 coating is too thin to be observed by XRD.

The graphite based dispersions employed to complete the structure of the solar cell, are el-

egant in their simplicity. Its compatibility with hole-transport materials and perovskite makes

dispersed graphite an ideal back contact material.460 In Figure 7.2A the stability of the colloid

is observed over time showing lack of aggregation even after a month. Chlorobenzene was used

as a suitable solvent for C60 and graphite,461,462 due to better matching Hansen solubility param-

eters it is able to hold a higher concentration of carbon allotrope in stable dispersion.463,464 It is

for this reason, chlorobenzene was selected in this work for liquid phase exfoliation of graphite.

The most common alternative for this process is N-methyl-2-pyrrolidone (NMP), however this

solvent was found to dissolve the perovskite phase.465 Alternately, greener solvents such as

water could not be used as it requires a surfactant for stable dispersion,466 affecting the conduc-

tivity; besides this would also destroy the CsPbBr3 layer.467 Furthermore, basing the ink purely
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Figure 7.2: A) shows the stability of the exfoliated ink over time, up to 28 days. B) shows a
TEM image of few-layer graphite and multilayer graphite along with inset C), showing a typical
SEM of the drop cast material.
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on graphite flakes leads to an environmental advantage over carbon black containing inks, which

is a known pollutant.468 Evidence that the ultrasonication of graphite leads to the exfoliation of

few-layer graphite in the ink can be found in the TEM and SEM images (Figure 7.2B and C, re-

spectively). Flakes of various thickness are observed, with faded few-layer graphite observable

in the top left, and a thicker multilayer sheet on the right.

Despite the thickness of the flakes, the layers are clearly offset and folded from each other

indicating strong exfoliation under the ultrasonic treatment, without using complicated graphite

oxidation and reduction processes.465,469,470 The graphite flakes vary in size from 180 - 1500

nm, with an average of 500 nm taken from a survey of flakes found in figure S2, typical of the

exfoliated graphite.471 The SEM image, shown in Figure 7.2C, confirms smooth morphology

of drop cast graphite. This is reflected in the low sheet resistance of the films, measured to be

1.64 Ω�−1 with a resistivity of 0.014 Ω cm, using a four point probe. This resistance is lower

than the commercial FTO glass used (∼ 7 Ω�−1). As far as the authors are aware, this is the first

reported time a ultrasonicated LPE ink has been applied as cathode back contact in a perovskite

solar cell. Although, it has been used to enhance the electron transportation on the TiO2 anode

in perovskite cells.472,473

In this work, the electron transport layer was enhanced by yttrium doping, which had both

a morphological and electronic effect on the ZnO NRs. The 1% molar addition of Y3+ in the

growth stage has been found to be optimal for solar application in previous work,396 leading

to increased conductivity and more favourable geometry with higher aspect ratio.133 The true

molar concentration of Y in the NRs was determined by inductively coupled plasma mass spec-

troscopy, to be 0.1% with respect to Zn.396 The cross sectional SEMs of solar cells based on

pristine (C), and Y doped (A,B,D) NRs based are shown in Figure 7.3. In samples A, B and

D NR length was controlled by acid washing for 0, 10 and 30s with achieved layer thickness

of 1195, 917 and 625 nm, respectively. The samples are named as Y1195, Y917 and Y625
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Figure 7.3: A-D) show SEM cross sectional images of the samples, A), B) and D) were the
yttrium doped samples, labelled after the NR length. Y917 and Y625 had their length controlled
by acid washing, the length of the pristine sample was found to be 808 nm. E) shows the UV-Vis
absorption spectra of the samples and F the UV-Vis reflectance.
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respectively. The ZnO NR length is confirmed by powder XRD of the devices, corresponding

to the intensity of 34.5° 002 ZnO peak, found in Figure S7.3.

The unwashed Y doped NRs (1195 nm) grew ∼400 nm longer than the pristine sample

(808 nm) due to the opposing partial charge of the NR sidewall planes in basic solution, to the

complex formed by dopant ions.133 This in turn led to a significant increase in light absorption,

Figure 7.3E, above the band edge of CsPbBr3 (<540 nm) due to a thicker supporting scaffold for

the absorbing layer. This would lead to a higher population of photogenerated charge carriers

in the photoactive layer. This effect can be seen in Figure 7.3A, and is also clear from the top

down SEM images in Figure S7.4. Reducing the thickness of the ZnO layer, predictably, led to

reduced absorption, reaching a minimum with 30s acid treatment as the NRs were significantly

shorter than the pristine sample. However, increased film thickness can result in a higher charge

recombination, which is the main limit of most thin film solar cell. Through embedding the

perovskite in conductive ZnO NRs, such limitation can be effectively overcome. On the other

hand, the perovskite coating has to be thicker than the length of the ZnO NRs to avoid short

circuit.

The optoelectronic effect of dopant ions on the ZnO NRs can be seen in Figure S7.5, where

the direct band gaps of the materials were measured using Tauc plots.261 The reproducible value

of 2.29 eV for CsPbBr3 was obtained in agreement with literature,457 along with a small red

shift in band gap energy with Y doping in the absorption onset of ZnO at 3.14 eV. This shift is

due to the effect of interstitial yttrium atoms, introducing electronic states in the band gap.396

Though a minor optical effect, the n-type doping has a strong influence on the NR conductivity

as indicated by Table 7.1, with samples Y917 and Y625 showing a four and two times reduction

in series resistance, Rs, in comparison to the pristine sample respectively. This in turn leads to

higher short circuit current, Jsc. Furthermore, the new EF position in the ZnO, raises the En
F in the

intrinsic perovskite phase yielding greater energy difference between the quasi levels.474 This
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led to larger open circuit voltage, Voc, in these samples. Due to the synergistic improvement

of Voc and Jsc the efficiency of Y917 showed a greater than three-fold enhancement over the

pristine sample. Also apparent is the sensitivity of the ZnO film thickness, the longest Y1195

sample showed only a slight increase over pristine due to the high Rs value, low FF and low

Voc, possibly due to direct contact of the NRs with the graphite counter electrode. This will

cause a significant back current and reduction of shunt resistance, crippling the cell. Almost as

destructive to performance is the over shortening of the NRs, where photocurrent is significantly

stifled due to the poor light absorption found in Figure 7.3E.

The UV-Vis reflectance spectra of the solar cells were also measured, with the results dis-

played in Figure 7.3F. The step at 530 nm indicates the onset of reflection from the CsPbBr3 as

it stops effectively absorbing at energies below its optical band gap. The reflectance at wave-

lengths below 530 nm show evidence of light trapping, as the sample with greatest absorption,

Y1195, reflects the least light. This is likely due to the optical wave guiding properties of these

nanostructures.125,452 The longer the waveguide, the more reflections off side walls occur, with

greater opportunity for light to be absorbed by CsPbBr3. This is provided that there is no added

space between the NRs, and population density increases with radius reduction as found in our

previous work.452 Conversely, in the short rods there is less chance of side wall reflections and

emission, hence the device behaves more like planar cell with increased reflectance.94 This side

wall reflection could be further improved due to the increase of refractive index by doping in

ZnO. Normal values of 2.0 for CsPbBr3 1.9 for ZnO and 2.0 for Al doped ZnO, doping would

reduce optical impedance, and increase the intensity of side emission.475–477 Secondly, the frac-

tional power loss for guided modes is strongly dependant on the nanowire radius, with thinner

wires causing greater loss in field intensity.478 The effect of yttrium on the growth of the NWs

has been previously reported to stifle lateral growth, reducing the radius to 40 nm would mean

greater losses allowing light to better leak out into the cell.133 Conversely, undoped wires with
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radii of 100 nm would lead to >90% power retention, confining the light in the wire to reflect

back out again.478 Greater light trapping and delivery to the perovskite is another reason for the

higher Jsc in the doped samples.

Table 7.1: Solar cell performance and IV curve parameters, along with series resistance Rs. All
parameters were derived from forward scans, full scans can be found in Figure S7.5

Sample η / % Jsc / mA cm−2 Voc / V FF Rs / Ω

Pristine 0.63 ±0.04 1.92 ±0.08 0.83 ±0.01 0.39 ±0.01 178 ±8

Y1195 0.83 ±0.05 3.56 ±0.16 0.75 ±0.01 0.31 ±0.01 193 ±9

Y917 2.10 ±0.13 4.02 ±0.18 0.90 ±0.01 0.58 ±0.02 36 ±2

Y625 1.22 ±0.08 2.54 ±0.11 0.95 ±0.01 0.51 ±0.01 81 ±4

The Y doped ZnO NRs were further modified by coating with TiO2 via a simple dipping

method in order to improve the PCE of the solar cell structure further by reducing charge recom-

bination at the ZnO surface. The morphological effect of the TiO2 begins to be visible under

SEM after three dip cycles (Figure 7.6A-D) leading to the presence of some surface roughness

and bumps. This becomes more prevalent with further cycles up to 10 dips, where the rods

themselves begin to be masked by surface coating and a significant amount of cross linking

can be seen. In order to confirm the presence of coating, TEM was used in Figure 7.6E, on

the sample with 3 dip coatings where a clear, lighter, outer layer is observed. Unfortunately

this layer could not be distinguished from Fresnel fringes and therefore could not be used to

measure the thickness. The presence of titanium was evidenced by EDX measurements, Fig-

ure S7.7. Though TiO2 coating is a common strategy to improve ZnO NR performance, to the

authors’ knowledge this is the first time the thickness of said coating has been controlled at the

nanoscale to optimise the performance of perovskite solar cells.158,228,251,479

In order to further confirm the presence of TiO2 on the NR surface XPS was used to analyse

the surface composition. The survey scan displayed in Figure 7.4F clearly shows the presence
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Figure 7.4: A-D) the top down SEM images of the ZnO NRs post TiO2 coating, before per-
ovskite deposition, with increasing dip cycles from 0, A) to 10, D) E). The TEM of the 3 dip
cycle coated ZnO NRs, with the measured thickness of the TiO2 layer.
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of Zn, Ti and O on the substrate surface. In order to investigate the oxidation state of Ti, a

high resolution scan was performed on the 2p region, from 445 to 475 eV. Unsurprisingly the

titanium was confirmed to be in Ti4+ state, with no obvious peak doubling or widening due to

the presence of Ti3+.39 This confirms the presence of TiO2.

Figure 7.5: A-D) show the solar cell parameters with varying thickness of TiO2 coating.

Box plots of the solar cell parameters are shown in Figure 7.5A-D, each point represents 5

or more different cells measured with varying TiO2 coatings. The best performing 3 dip cycle

NRs were confirmed with 27 cells in order to confidently reproduce data. The median value of

efficiency (Figure 7.5A) increases dramatically for the lightest coating of 5.1 nm thickness, by

a factor of over two. The mean average value of this coating is 2.93 ± 0.2 %, giving consistent
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efficiency over various samples. This increase corresponds strongly with a leap in Jsc due to

passivation and hole-blocking effects at the YZnO/CsPbBr3 interface.158 One disadvantage of

ZnO as the ETM is high recombination rate at the aforementioned interface, as electrons are free

to combine with CsPbBr3 valence band holes. A thin layer of TiO2 significantly reduces this

process, acting as a hole blocking layer. Furthermore, this layer causes better contact between

the ZnO and perovskite, passivating traps on the NR surface. This tactic is vital for the function

of ZnO in such devices, with the record breaking performance of this material in a perovskite

solar cell achieved by Cao et al. using MgO for passivation.447 TiO2 coating also led to a

monotonic increase in Voc, Figure 7.5C, due to the more positive position of the TiO2 conduction

band and EF. However, for 6 and 10 dip cycles this effect was accompanied by reduced Jsc due

to the added series (Rs) and charge transfer resistance (RCT) measured by EIS, Table 7.2.

Table 7.2: EIS results of the equivalent circuit parameters, the raw data, equivalent circuit and
simulated fits are found in Figure S7.8.

Sample Rs / Ω Rz
CT / Ω Cz / nF Rp

CT / Ω Cp / µF

Pristine 1339 ±44 2909 ±96 0.721 ±0.024 9585 ±316 110 ±4

Y Doped 398 ±12 2190 ±65 15.6 ±0.5 2231 ±67 142 ±4

3 dips 0.782 ±0.026 1682 ±56 9.42 ±0.31 2212 ±74 186 ±6

6 dips 135 ±5 1730 ±65 8.40 ±0.32 2473 ±93 951 ±36

10 dips 249 ±8 3542 ±109 59.7 ±1.8 4498 ±139 356 ±11

The full impedance spectra can be found in Figure S7.8, displaying two distinct semicircle

regions, the high frequency region is typically assigned to charge selective contacts, and the

low frequency to the recombination and capacitance of the perovskite material.480 Combining

this with the equivalent circuit Figure S7.8B, the high frequency arc parameters were assigned

to the ZnO/CsPbBr3 interface, Rz
CT, Cz. The low frequency parameters were assigned to the

perovskite material itself, Rp
CT, Cp. Both Y doping and TiO2 coating have a dramatic effect on
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the cell Rs, due to the optimisation of ZnO. As previously described the increased conductivity

of the NRs from doping firstly leads to a reduction, then the passivation of surface traps with

3 dip cycles leads to a reduction below 1 Ω. The difference in Rs determined by EIS to the

value from IV curve gradient is due to the differing potentials of testing. At low potential (0 V

for EIS) the diodic character of the cell leads to increased resistance compared with IV values

taken at the Voc. This dual strategy leads to an accompanying drop in Rz
CT, promoting the

transition of electrons across this boundary by reduced recombination, followed by their rapid

transport from the surface.481,482 The charge transfer and capacitive properties of the perovskite

layer, correspond closely to this trend likely due to efficient charge extraction from the intrinsic

material.

The benefits of the dual enhancement can be seen clearly in the champion IV curve along

with the external quantum efficiency plots, Figure 7.6A and B respectively. The samples show

a three times increase in efficiency with Y doping, and a 9 times enhancement when both strate-

gies are employed, yielding PCE of 0.63, 2.10 and 5.83% for Pristine, Y doped and TiO2 coated

Y doped NRs respectively. This is reflected by dramatic increases in IPCE at 515 nm wave-

length, leading to a doubling of value from ∼15 to 30% with Y doping, and TiO2 coating

leading to nearly 70%. For the champion cell, at 400 nm wavelength the EQE approaches 80%

which is of similar value to this wavelength for the record holding ZnO based perovskite solar

cell produced by Cao et al.447 Photoluminescence spectroscopy measurements (Figure 7.6C)

track the band edge emission of the perovskite. This confirms the passivation mechanism pre-

viously indicated by RCT, with the 3 dip coating showing a dramatic fall in PL intensity, and

therefore electron-hole recombination. Further coating thickness predictably reverses the trend,

with greater surface roughness and cross linking seen in the SEM images in Figure 7.4.

The proposed mechanism leading to the reduction in PL emission, alongside the possible

improvement of PCE by TiO2 coating is shown in Figure 7.6D. On the left of the diagram,
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Figure 7.6: A) typical IV curves (forward scan) of various preparation conditions. B) the IPCE
of the samples along with the integrated photocurrents. C) the photoluminescence spectra of
the samples, with a 400 nm exciting wavelength. D) the proposed mechanism of holes blocking
and surface passivation through TiO2 coating. E) the explanation of rising photoluminescent
intensity with thicker layers of TiO2. F) the stability of the performance of the solar cell over
time.
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naked Y doped ZnO NRs are in contact with the CsPbBr3 layer, including their measured band

edge positions as well as established deep defect states found in ZnO.452 At this interface both

electrons and holes are able to transfer to the ETM, trapped in the available surface states,

leading to high recombination rate and therefore high PL emission at the near band edge of

CsPbBr3. This is exacerbated by both non-ideal conduction band edge alignment, and high

n-type doping. The introduction of the thin layer of TiO2 allows effective blocking of holes,

passivating the surface states acting as recombination centres.483 This is due to a better aligned

conduction band and lower n-type doping. Conduction band electrons in the perovskite are

therefore more likely to transfer to the ZnO conduction band via the intermediate TiO2 step.

This is coupled with a greater energy barrier for the backflow of electrons into the CsPbBr3

conduction band, or valence band to combine with holes. Equally a far greater energy barrier

is imposed on the holes, combined with lower donor density, insulating their passage to the

ZnO.240 Although TiO2 also contains surface defect states the thin layer will likely be well

crystallised by annealing, and has been shown to fill in morphological defects such as pits and

holes in the NR surface.239

The process by which thicker layers of TiO2 can lead to higher PL intensity (Figure 7.6C) is

explained in Figure 7.6E. Once the layer becomes thick and fluffy as observed in the top down

SEM (Figure 7.4) it becomes resistive to the transit of electrons.251 Once trapped in this high

surface area phase the electrons can begin to recombine with holes in the perovskite, rather than

follow the YZnO electron highways.

The histograms of device performance parameters for the 27 solar cells produced with iden-

tical conditions are displayed in Figure S7.9A, showing reasonable reproduction of efficiency.

Though the bins have a wide range the majority fall from 2 to 4% efficiency, the likely cause

for the wide range is the control of NR geometry. Growth by CBD inevitably leads to some

variation in the NR length, and more reproducible methods, such as chemical vapour and mi-
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crowave assisted deposition could be further investigated.295 The other parameters of the 27

cells can be found in Figure S7.9B-D. Finally the efficiency was measured over time, showing

no decline under initial value in dark storage under ambient conditions after 1000 hours, shown

in Figure 7.6F. This indicates excellent stability, a weakness for most perovskite solar cells. The

unusual feature is the dramatic increase in solar cell efficiency seen for the first 5 weeks of stor-

age, which is as of yet unexplained. More subtle increases in solar cells built on ZnO NRs have

been previously reported, and explained by perovskite relaxation improving the contact with

the rods.252 Alternately thermal aging of CsPbBr3 solar cells at 45 ◦C for 300 hours reportedly

led to a significant improvement, attributed to a self doping mechanism at the perovskite crystal

grain boundaries.484 The root cause of this phenomenon will be assessed in future work.

The performance of the novel structure reported in this work compares very favourably with

existing TiO2 based CsPbBr3 solar cells. As the first application of ZnO to CsPbBr3 cells,

the record has been broken for short circuit current, surpassing 10 mA cm−1 (Figure 7.4G),

outstanding for a band gap of 2.3 eV. Thus far all focus to improve these cells in litera-

ture has been achieved by modifying the CsPbBr3 itself,77,93,459,474,485–487 or the hole transport

layer interface.76,443,451,454–456,458 And so there is great potential for improvement by applying

the strategies reported in this work. As for the wider application of these structures to other

perovskites, this is the first time both coating and doping have been applied, leading to greater

PCE than several MAPbI3 cell structures.157,488–493 The dramatic enhancement seen in this work

brings ZnO NRs closer than ever before to surpassing the performance of mesoporous TiO2.

7.5 Conclusion

In summary ZnO NRs have been shown to be a highly competitive alternative to mesoporous

TiO2 as ETM for all-inorganic PSCs. From UV-Vis absorption and reflection data it is clear

that the NRs are effective optical waveguides, delivering light to the CsPbBr3. Y doping of
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the NRs increased the efficiency of electron transfer from the perovskite by reducing overall

series resistance of the solar cell. This optimisation strategy gave a three fold enhancement in

the PCE of the solar cell. By then coating the ZnO with TiO2, surface traps were passivated,

leading to reduced recombination and a further increase in efficiency to a champion value of

5.83%. Due to the strengths of ZnO and the optimisation strategy, a record Jsc of 10.5 mA cm−2

for CsPbBr3 was achieved. Finally, a novel back contact material, multilayer graphite exfoliated

by sonication was applied, to the devices. This provides a step forward in further reducing the

production cost of PSCs, leading them closer to commercialisation.

206



7.6 Supporting Information: All Inorganic, CsPbBr3 Perovskite
Solar Cells Using Modified ZnO Nanorods for Record
Short Circuit Current

Figure S7.1: XPS survey scan of yttrium doped ZnO (YZnO452) and TiO2 coated ZnO (TiO2).

Table S7.1: The electronic band structure parameters used to construct Figure 1b, including
valence band, VB, band gap, Eg, conduction band, CB, and work function, Φ.

Sample VB / eV Eg / eV CB / eV Φ/ eV

YZnO -7.0452 3.1 -3.9452 n/a

TiO2 -6.6 3.2 -3.4 n/a

CsPbBr3 -5.6448 2.3 -3.3448 n/a

FTO n/a n/a n/a -4.6448

Graphene n/a n/a n/a -5.0494
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Figure S7.2: TEM images of multilayer and few-layer graphite flakes used for flake size inves-
tigation.
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Figure S7.3: Powder XRD of the length optimisation along with undoped sample.
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Figure S7.4: Top down SEM images of A) Y625, B) Pristine, C) Y917 and D)Y1195 samples.
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Figure S7.5: Tauc plot from UV-Vis absorption data for the yttrium doped and pristine samples,
displaying direct band gap for CsPbBr3 and the two varieties of ZnO. Ytttrium doping showed
a band gap narrowing of 0.02 eV.
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Figure S7.6: IV curves of the pristine and Y doped samples with length optimisation.
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Figure S7.7: EDX data for the 3 dip cycle coated ZnO NRs, A) shows elemental mapping with
B-D) showing individual elements. E) shows line scan data of the large NR profile shown in F).
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Figure S7.8: A) shows EIS data, from 50,000 to 0.1 Hz, along with simulated fitted curves, AC
voltage of 10 mV, DC 0V under illuminated conditions. B) shows the equivalent circuit fit.
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Figure S7.9: Solar cell parameters for 27 solar cells constructed under identical conditions, A)
shows efficiency, B) shows the Voc, C) shows Jsc and D) shows Fill Factor (FF)
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Chapter 8

Dramatic Maturing Effects in
All-Inorganic, CsPbBr3 Perovskite Solar
Cells

8.1 Abstract

As the growing interest in perovskite solar cell research has yielded impressive efficiency at a

low cost, the focus has shifted to increase stability as they are plagued by degradation. Refresh-

ingly, CsPbBr3 solar cells built on ZnO nanowire electron transport layer with a graphite counter

electrode not only avoid degradation but reverse the trend, showing significant maturation over

time. In this work, this phenomenon is first confirmed as reproducible, as a large sample size

showed on average a 51±10% increase in efficiency after two weeks storage. In order to explain

the mechanisms responsible for this maturing, samples were stored in a variety of different con-

ditions and tested daily, by scanning electron microscopy, powder x-ray diffraction, IV curve

and impedance spectroscopy. The sample stored in methanol atmosphere accelerated the effect,

giving a four fold spike in efficiency after 2 days storage, whereas the saturated H2O environ-

ment degraded and stifled the device performance. By separating the various storage conditions

into solvents, illumination and N2, we suggest three complementary explanations. Firstly, that

solvents can shift the equilibrium of crystal phase ratio of CsPbBr3 to CsPb2Br5. Secondly, that
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CsPbBr3 grains are able to shrink between ZnO nanowires, increasing their electrical contact

with the ETM. Finally ion migration and accumulation leads to localised p-n junctions at crystal

grain boundaries aiding charge separation, evidenced by increased kinetic relaxation times on

ionic time scales. Rather than degrading, these cells seem to imitate fine wine, increasing in

value/efficiency over time. In this work we control this occurrence, elucidating the underlying

mechanisms and explaining CsPbBr3 device stability.

8.2 Introduction

Due to their meteoric rise in efficiency and solution based construction, inorganic-organic hy-

brid perovskite solar cells have been the subject of intense research.67,68,71,74 The major lim-

itation to these devices is stability, often requiring encapsulation to retain performance long

term.495,496 Recently, great stability increases have been achieved by exchanging the methy-

lammonium cation with cesium, leading to the rapidly developing field of inorganic perovskite

solar cells, achieving efficiencies as high as 13.4%.163,441 Unencapsulated CsPbBr3 is amongst

the most stable, with some high humidity (90-95% RH) and high temperature (100◦C) devices

showed no performance loss after 2000 and 800 hours respectively.448 In other typical examples,

these cells tend to retain ∼90% of their performance after 10 - 130 days.76,450,485 Despite large

gains in long term stability, few works have reversed the trend of declining efficiency.

In order to understand the gain in stability with cation and halide substitution, several works

aim to explain the mechanism by which degradation occurs. A key factor in the decline of ef-

ficiency is the generation of superoxide in the cell, which reacts with the perovskite to form its

constituent reactants, evidenced by Aristidou et al.497 This process requires oxygen, moisture

and light to devastating effect, where the hydrophilic methyl ammonium cation causes H2O

to rapidly infiltrate, and thereby damage, the cell. Cesium on the other hand, is both less hy-

drophilic and less volatile, leading to added stability.450 To date, the degradation mechanism in-
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volved in CsPbBr3, although occurring on a far longer time scale, is largely unexplored (though

it is known to be accelerated by high humidity).

Modest gains in efficiency over time have been previously reported, and have been at-

tributed to various effects. Oxygen vacancy generation in the TiO2 electron transport layer

was the mechanism responsible for an efficiency doubling by light soaking over 15 minutes,

found by Liu et al.498 This led to a reduction in the series resistance, leading to greater de-

vice performance, though this declined over a period of days. Ginting et al. observed a per-

manent ∼24% rise in efficiency after 24 hours storage in dark conditions under air, which

they attributed to the oxidation of spiro-OMeTAD, leading to improved hole transport.499 By

thermally aging CsPbBr3 at 45◦C for 300 hours, Luchkin et al. saw an increase of 35% in

PCE due to the formation of p-n junctions at the grain boundaries. These junctions occurred

due to ion migration, promoting charge separation and, consequentially, reduced electron-hole

recombination.484 Finally a 30% increase was observed after 1000 hours of storage under N2,

in CH3NH3PbI3 (MAPbI3) solar cells, attributed to infiltration of the perovskite into the ZnO

NW electron transport material.252 Clearly, many different effects are at work that can lead to

maturation under various storage conditions.

In this work, dramatic long term maturing effects are measured after the storing of CsPbBr

for 14 days, leading to a PCE increase of 51±10%. As the solar cells were constructed using

ZnO ETM and graphite HTM, the explanations of increased oxygen vacancies and oxidation of

spiro-OmeTAD cannot apply. In order to determine the mechanism behind this phenomenon,

a wide range of storage conditions was used here. Solar cells in the various conditions were

characterised by several techniques which tentatively confirm further infiltration of perovskite

into the ZnO, establishing a crystallographic mechanism. The effects of ion migration and

crystal phase ratio of triclinic to orthorhombic phase were also established to contribute. Finally

we demonstrate control over maturation and understanding of degradation in these devices by
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subjecting the sample to saturated moisture and solvent atmospheres, along with light/dark and

N2/air environments. This leads to either a fourfold increase in performance in MeOH storage,

or complete destruction in H2O after 48 hours.

8.3 Experimental Method

8.3.1 Device Construction

Full details of device construction can be found in chapter seven. Briefly, etched and cleaned

FTO-glass substrates were spin coated with 0.1 M zinc acetate solution, followed by annealing

to convert the layer to zinc oxide seeds. Substrates were then placed face down in a growth

solution overnight of 20 mM zinc nitrate, 20 mM hexamethylenetetramine for chemical bath

deposition of ZnO NRs, the electron transport layer (ETM). These were then subjected to light

acid treatment and passivated with dip coated TiO2 as optimised in the previous chapter. Follow-

ing this, CsPbBr3 perovskite was deposited by a two step method: A spin-coated deposition of

PbBr2 in dimethylformamide, and then reaction with CsBr in methanol for 40 minutes at 50◦C.

The samples were completed by first drop casting a controlled area of multi-layer graphite

suspended in chlorobenzene for the back contact and hole transport layer (HTM), then finally

annealed at 250◦C for five minutes.

8.3.2 Storage

For the initial study the completed cells were kept in ambient conditions in the dark, tested on

the day of completion and then 14 days later. For the study of various storage effects tracked

day by day, samples were each stored in phials, covered by aluminium foil to block out light in

the dark samples, and stored in an illuminated room in the contrasting setting. The containers

were filled with N2 gas for the dry samples, sealed with fresh parafilm. The phials containing

the samples to be exposed to solvent were placed in larger sealed jars, containing 20 ml volume
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of the appropriate solvent (see Figure S8.1). Methanol and chlorobenzene were selected due to

their presence in the device construction.

8.3.3 Characterisation

Samples were removed from their storage conditions in order to be characterised by top down

scanning electron microscopy (SEM, JSM 820M, Jeol) and powder x-ray diffraction (XRD,

Siemens D500) to track morphological and crystallographic evolution respectively. To analyse

the device performance alongside optoelectronic charge transfer effects, cells were measured

by IV curve followed by electrical impedance spectroscopy (EIS) under illuminated conditions,

using a solar simulator (Oriel LCS-100, Newport) with built-in AM 1.5G filter callibrated to

100 mW cm−2. The current voltage curve used a scan speed of 20 mV s−1 and a cyclic scan to

determine hysteresis, and EIS was performed with a 10 mV sinusoidal signal, with frequency

varied from 50,000 to 0.1 Hz, using a DC voltage at short circuit condition. Both these mea-

surements were performed using a Palm Sens 3 electrochemical controller alongside PS trace

4.5 software (Palm Sense BV) and elchemea analytical to process the equivalent circuit fit.

8.4 Results and Discussion

8.4.1 Reproducible Maturing Effects

In previous work performed by the group, dramatic increases in efficiency were observed over

a long time frame. As the effect of efficiency improvement in perovskite solar cells over time

has never before been reported to such an extent, it is vital to display the reproducibility of such

a result. Therefore, in order to confirm this phenomenon, a sample size of 24 solar cells was

used, measured on the first day of construction (day 0), and then once again after 14 days of

storage in dark ambient conditions. The results of this initial study are displayed in Figure 8.1,

measuring the 5 core parameters of efficiency η, short circuit current Jsc, open circuit voltage
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Voc, Fill Factor FF, and degree of hysteresis DoH as defined by equation S1. This study confirms

the regular occurrence of maturing, as 80% of the samples displayed an increase in power

conversion efficiency, Figure 8.1A. This can be summarised by the 51±10% average growth in

this value, the initial efficiency was 1.81±0.16% and the final was 2.53±0.19% for the solar

cells. These values depend on the product of Jsc, Voc and FF, which shed light on the physical

processes occurring in the cell(Figure 8.1B-D).

Figure 8.1: Solar cell parameters of a 24 cell sample size and their changes over 14 days. A)
shows the solar cell efficiency, and the red plot the average value. B) shows the short circuit
current, Jsc, C) the open circuit voltage, Voc, D) the fill factor and finally E) the degree of
hysteresis.

Although increases can be seen in all three parameters, the increase in FF is within the er-

ror on the mean, implying that the recombination in the bulk perovskite phase does not greatly

change over time. Conversely, larger gains are seen in both Jsc and Voc values which are respon-

sible for the efficiency maturing effect. Firstly the average Jsc shows an increase of 34 ± 8%,

with one cell breaking beyond 10 mA cm−2, yielding the greatest contribution towards matura-

tion. Jsc is typically governed by light absorption and quantum efficiency, the latter of which
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relies on efficient extraction of photogenerated charge at the ETM and HTM interfaces.272 In the

only other reporting of increased efficiency after large storage time in PSCs built on ZnO NWs,

Wu et al. attributed this effect on the sinking of MAPbI3 between the NW array over time to

increase charge extraction contact.252 This could be the case in this study explaining increased

Jsc. A modest rise in Voc is also observed, by 8 ± 1 %: a parameter defined by the difference

in quasi-Fermi levels in the intrinsic layer. Enhancements in Voc often accompany greater layer

separation and reduced number of pin holes in the perovskite film, reducing numbers of deep

states that occur at the edges of grain boundaries.474

Finally the degree of hysteresis DoH, was calculated for the study, quantifying the observed

difference in IV plots’ dependence on the direction of linear potential sweep. Despite being

a vital factor in the degradation of MAPbI3,497 the value of DoH is initially much smaller in

CsPbBr3 solar cells, increasing on maturation by 7% after two weeks. This increase from 0.041

± 0.008 is small, but may still be significant in explaining the maturing effects of storage.

8.4.2 Storage Conditions and Solar Cell Parameters

In order to isolate the causes of the maturing cells stored in dark conditions under air, different

devices were stored in 7 situations reflecting these factors. To confirm solvent effects, cells

were placed in saturated environments of methanol (MeOH), chlorobenzene (CB) and water

(H2O) with details found in the methods section. These solvents were chosen as they feature

prominently in the device synthesis in the case of MeOH and CB, and could be trapped in the

perovskite / NW layer, allowing further chemistry to occur in dark conditions under air. Also

H2O was selected as it is often attributed to degradation in PSCs, and is available in atmospheric

air.497 In order to track the impact of exposure to light during PCE tests, along with effects of

atmospheric O2, the final four samples were kept in the following configurations: room light

in air; room light in N2 gas; dark in air and dark in N2 gas. The samples stored under N2

222



conditions are referred to as dry light and dry dark respectively. The tracking of the five solar

cell parameters previously mentioned, for all seven situations can be found in Figure 8.2, tested

daily for up to 26 days and averaged over the three cells on a single device. The raw IV curves

from selected cells for each storage condition can be found in Figure S8.2 and Figure S8.3.

Surprisingly, all samples begin with an increase in power conversion efficiency η, after the

first 24 hours of storage in various conditions. The most dramatic of which belongs to the sam-

ple stored in MeOH, which rose to nearly four times its original value after two days. This is

explained by significant increases in all solar cell parameters, a threefold increase in Jsc along-

side ∼20% gains in Voc and FF. This is followed by an equally steep drop off in performance to

day 6, implying that any residual MeOH left in the solar cell has a very strong effect on the core

parameters. The sample stored in chlorobenzene on the other hand displayed a similar pattern

of efficiency change, though far more modest- only Jsc increased, while Voc and FF remained

steady until significant degradation ruined device performance after four days. Despite a slight

initial increase due to a temporary boost in FF, storage in a saturated H2O environment degraded

device performance the fastest, with dramatically reduced efficiency on day two. It can be seen

in Figure 8.2E that both H2O and CB caused dramatic increases in the hysteresis of the cells, a

common feature in PSCs experiencing degradation.500

The other four samples (dry dark, dry light, air dark and air light) show far greater resistance

to their respective storage conditions, with the samples stored under N2 showing no decline

in efficiency, even up to 26 days after construction. Both these samples had a slow rise in

efficiency, likely due to the rapid removal of solvents which evaporated from the device. These

enhancements cannot be explained in the same way, and so a different mechanism must be

present, causing the dry dark sample to incur FF and Voc decreases whilst Jsc increased. This

could be due to the relaxation of the perovskite layer between the rods, increasing contact area

whilst decreasing grain size. The dry light sample, comparatively held stable values for Jsc and
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Figure 8.2: Averaged solar cell parameters of cells stored in various conditions, A) shows the
solar cell efficiency, B) shows the short circuit current, Jsc, C) the open circuit voltage, Voc, D)
the fill factor and finally E) the degree of hysteresis.224



FF with a significant increase in Voc, potentially due to the filling of deep trap states. This would

explain the gains in efficiency for the illuminated samples showing greater longevity, finishing

higher than their corresponding dark samples. Tracking the parameters of the dark air sample

day by day yields important information about the interim period performance of the samples

in Figure 8.1. Strong increases in Jsc are seen followed by a reduction on day 12, along with

a collapse in FF. A clear difference is seen then, as enhancement for the first sample group is

seen on day 14. This degradation is likely quickened due to damage caused by characterisation

by powder XRD, SEM and the electric field imposed for IV curves. The positive effects are

likely the sum of constituent conditions, that were investigated via SEM and powder XRD

characterisation.

The stability of the cells over time is still comparatively high in comparison to organic inor-

ganic hybrid perovskite cells. Many typical methyl ammonium lead iodide cells are destroyed

within minutes or hours of exposure to moist air,229,274 leading to exploration of capping and

encapsulation.374,447,501 There are several examples of long term stability shown in CsPbBr3

which show unaltered device performance for longer than 100 days in high humidity.229,443,459

However in many cases significant variability in the cell performance over time is observed, this

work looks to uncover the potential causes for this within a 26 day window.76,450,451,456

8.4.3 Moisture and Solvent Effects

The storage condition with the most negative effect on device performance was the high humid-

ity chamber (H2O), the progress of which can be seen in Figure 8.3. On the day of construction,

some CsBr is visible on the surface along with many pin holes, Figure 8.3A. Remarkably many

of which are healed by day 1, Figure 8.3B. In fact, the self healing effect was remarkably rapid,

the sample appeared bleach white in the high humidity container, and upon exposure to ambi-

ent humidity the standard yellow colour returned within 30 seconds. A demonstration of this is
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Figure 8.3: A-C) display top down SEM images from day 0, A), to day 2, C), displaying
the sample displayed under saturated H2O conditions. D) H2O effects on the perovskite pow-
der XRD plots, peaks indexed using orthorhombic CsPbBr3 ICDD #30-0697,502 and triclinic
CsPb2Br5 #25-0211 of the solar cells displaying the solvent effects over time.503 E) displays
photographs taken daily of the samples, and F) summarises the ratio of phases based on the
ratio of peak integral.
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available in the ESI, taken 24 hours after H2O storage. However, with greater exposure the de-

struction of the CsPbBr3 is seen on day 2, opening up the continuous film leaving rod structures

and agglomerates, Figure 8.3C, and permanent bleaching found in the sample photos. Look-

ing to the powder XRD, Figure 8.3D, it shows an initial growth in perovskite peaks at 33.5°

and 22.0°, followed by the rise of new peaks at 21.5°, 22.7°, 27.9° and 35.8° assigned to CsBr

and PbBr2. Further peaks confirm the presence of CsPb2Br5 triclinic phase, common in PbBr2

rich, 2 step reaction devices. Full XRD data can be found in Figure S8.4 and Figure S8.5. These

results indicate that initially H2O promotes the formation of new CsPbBr3, which is a known ef-

fect of moisture in the precursor solution.504 This better quality, reduced pin-hole layer leads to

the higher efficiency and FF observed on day 1 in Figure 8.2. Once saturated at day 2 however,

the perovskite breaks down into its constituent components, CsBr and PbBr2.

The devices stored in MeOH and CB were governed by an equilibrium between orthorhom-

bic CsPbBr3 and triclinic CsPb2Br5 crystal phase respectively via the two following reactions.

CsPbBr3 + PbBr2 −−⇀↽−− CsPb2Br5 (8.1)

2 CsPbBr3 −−⇀↽−− CsPb2Br5 + CsBr (8.2)

Both the CsBr and PbBr2 are available in excess, due to the incomplete reaction to CsPbBr3,

with bright particles of the former species visible at the surface for all the samples imaged on day

0. The presence of PbBr2 has been confirmed by XRD, but is likely to be closer to the NWs, as

it constitutes the first step of perovskite synthesis. The ratio of orthorhombic to triclinic phases

was measured by the integration of the CsPbBr3 peaks across the full diffractogram divided by

the integration of the CsPb2Br3 peaks. The results are displayed in Figure 8.3E.

Interestingly, the phase ratios in the CB and MeOH samples are a mirror image of each

other over the first four days, clarifying their differing performance over time. The ratio initially

increases for the latter sample, implying a shift in the equilibrium towards CsPbBr3, following
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Figure 8.4: A-D) display top down SEM images from day 0, A, to day 3, D, of the sample stored
in methanol conditions. E) shows the effect of the crystal phase ratio shifting from CsPbBr3,
left,505 to CsPb2Br5,506 right.
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8.2. Despite evidence to show that a small quantity of CsPb2Br5 can be beneficial for the

performance of PSCs in order to reduce electron hole recombination, the over abundance of

this phase leads to great problems with light absorption in the device.459 Finding methods to run

the reaction further towards full perovskite phase has led to great increases in efficiency recently,

for CsPbBr3 solar cells using methods such as reacting the substrate face down or spin coating

several times.76,457 This work therefore, provides an elegant alternative to achieve this aim,

by simply leaving in a saturated methanol atmosphere for 2 days. Conversely, chlorobenzene

has the opposite effect, shifting the equilibrium to produce more CsPb2Br5, limiting device

performance.

The reasons for this are unclear, however it is suggested that MeOH is more effective at

dissolving CsBr as CB is, at dissolving PbBr2. The films of these solvents adsorbed onto the

perovskite surface allow the reactions of 8.1 and 8.2 to occur once they contain high enough

concentration of either CsBr or PbBr2, producing more CsPbBr3 or CsPb2Br5 respectively. This

is confirmed in Figure 8.4, as top down SEM images show a complete dissolution of surface

CsBr, from day 0 to day 1, and the merging of CsPbBr3 grains into day 2. Beyond this time, the

solvent begins attacking the CsPbBr3 phase, forming aggregates on surface as the reaction is

reversed, visible in Figure 8.4C and D. This is further evidence by reversed phase shift visible

in Figure 8.3F. The formation of a higher purity CsPbBr3 explains the behaviour of device

performance measured in Figure 8.2, as this will strongly improve the values of Jsc, Voc and

FF.76 The shifting of phase equilibrium mechanism is summarised in Figure 8.4E alongside

their crystal structure models. The accompanying fall in CsPbBr3:CsPb2Br5 ratio after day 2

degrades the performance. Conversely some CsBr is still visible on the surface of the CB sample

through time. The top down SEM and powder XRD patterns can be found in Figure S8.6.
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8.4.4 Light and Air Effects

The progression of solar cell parameters through time for dry dark, dry light, air dark and air

light storage conditions was more gradual, although characterisation revealed key information

on the maturation effect. The samples stored under N2 conditions showed remarkable evolution

in morphology over the study time, Figure 8.5, where significant merging of grains is seen in

both light and dark samples. In the dry dark sample, Figure 8.5A-C, the ZnO became less

visible, due to the large perovskite grains spreading out over the surface of the rods giving a

smoother appearance up to day 14. Comparatively, the dry light sample, Figure 8.5D-F, showed

an initial fusing of grains appearing amorphous on day 5, followed by their reformation and

sinking between the ZnO NRs which become visible on day 14. This trend is complimented

by information extracted from the prominent 33.6° CsPbBr3 peak in the powder XRD. It is

known that the nano crystalline domain size is proportional to the inverse of the Full Width

Half Maximum (FWHM), as presented in the Scherrer equation.259 This allows deviations in the

domain size to be observed. These results are plotted against time in Figure 8.5G, displaying

constantly increasing FWHM for the dry dark sample, and a reversible climb then fall for the

dry light sample. This mirrors the SEM results, as the nano crystalline domain size is initially

shrinking in both samples, allowing the large grains to fit between the NRs, which in turn

increases surface contact and therefore reducing charge transfer resistance. Conversely, it is

widely accepted that larger grains are more advantageous for PSCs, as the grain boundaries are

where most of the electron-hole recombination occurs. This explains the dramatic increase in

Jsc for the dry dark sample as charge is more effectively transferred to ETM, alongside the fall

in FF as smaller grains mean greater recombination in the bulk.

As far as the authors are aware, this is the first reported case of grain shrinking in any

perovskite material, particularly when stored under dry inert conditions. The reasons for this

effect are likely due to the combination of material and structure. CsPbBr3 is a soft material able
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Figure 8.5: Top down SEM images for dry dark conditions through time, day 0, day 8 and day
14 in A), B) and C) respectively. SEM images for dry light conditions are found in D), E) and
F) for day 0, 5 and 14 respectively. XRD peak full-width-half-maximum for CsPbBr3 peak
situated at 33.6°, for samples under dry, air, illuminated and dark conditions are found in G),
alongside CsPbBr3 to CsPb2Br5 ratio over time in H).
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to contort to fill space, such as gaps in the zinc oxide nanorod structure.507 Over time the grain

sizes effectively shrink as they relax into the space between the NRs which act as separators.

This process is likely aided by ionic migration and segregation, occurring when illumination and

bias are applied simultaneously during IV tests, leading to the build up of mobile bromide ions

at the boundaries and local n-type doping.484 This would occur more strongly in the dry dark

sample, as each IV sweep leads to greater ionic accumulation, weakening the crystal structure

in the grain. Whereas, the dry light sample is given an unbiased ’rest’, where sufficient energy is

supplied for bromide migration (0.44 eV) but a lack of bias leads to its redistribution throughout

the grain.507,508 Also, the high content of CsPb2Br5 available may give the layer an amorphous

character, due to the polycrystalline mixing of the two phases. The reversibility of this effect in

the dry light sample explains why the FF and Jsc do not change much over the experimental time

frame. In fact the only parameter with a significant change is Voc, which displaying a steady

rise. This is likely to have occurred due to the filling of deep trap states within the CsPbBr3

band gap, which occurs by visible light excitation of electrons and holes. With light soaking on

a 24 hour time scale, nearly all these deep traps can be filled, negating their effect on Voc.509

As expected, when looking to the phase ratio in Figure 8.5H, the dark dry sample shows no

significant swing either way, and therefore has no effect on device parameters. However, under

illumination a swing to greater CsPbBr3 content occurs, followed by a return and plateau at day

12. This reversible behaviour has been previously reported by Shen et al. in nanosheets of the

same phases, where illumination provided sufficient energy for the conversion of CsPb2Br5 to

CsPbBr3.503

For the dark sample stood in ambient air, there is minimal change in the phase ratio, although

a visible increase in FWHM is seen. This confirms the grain shrinking process is not hindered

by O2 or moisture. Conversely, the light air sample did not show any significant change in nano

crystalline domain size, but did show a crystal phase shift towards the orthorhombic structure,
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Figure 8.6: Top down SEM images for the conditions stored in air conditions, sample kept in
the dark on day 0, day 8 and day 14 are shown in A), B) and C) respectively. The sample kept
under constant illumination are shown in D), E) and F) for days 0, 5 and 10. The grain shrinking
mechanism as determined by XRD FWHM, is displayed schematically in G).
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which was not reversed. This permanent growth in CsPbBr3 content is due to the availability

of residual MeOH, alongside reported effects of atmospheric H2O and O2 when combined with

illumination, which has been shown to grow larger crystals of CsPbBr3.510 The SEM images

found in Figure 8.6 agree with the XRD results, showing similar progress as the light dry and

dry dark samples. The only major difference is that bright spots are observed for the dark

air samples on day 11, which appear at the surface of the perovskite layer. This is due to

ionic migration of Br– ions attracted to the cathode, forming an electrostatic double layer, and

aggregating at the top surface and at grain boundaries. In contrast to the dry dark sample, the

accumulated ions under dark air conditions are free to react with H2O to form HBr acid, which

reacts with the CsPbBr3 to yield the constituent PbBr2 and CsBr.511 This is the key disadvantage

of the dark air sample, leading to its rapid degeneration in performance; as when illuminated

and unbiased these ions are free to diffuse through the cell, preventing a build up. This causes

the reduction of FF, Jsc and Voc in the dark air sample. The cause of the large rise in hysteresis

in the light air sample is still unexplained, though is likely due to increased concentration of

mobile ions from light soaking.499

8.4.5 Storage Conditions and Impedance Parameters

In order to confirm and quantify the effects of ion migration and electron hole recombination

on the solar cells during their storage, EIS was performed under illumination, at short circuit

condition. On fresh construction, Nyquist plots displayed simple dual arcs for all the samples,

however after 24 hours in all storage conditions a prominent induction loop feature became

visible at intermediate frequency, with the exception of the H2O sample, Figure S8.7 and Fig-

ure S8.8. As far as the authors are aware, this is the first reported case of evolution to this

well-known feature over time. The surface polarization model proposed by Ghahremanirad et

al. was therefore used to fit the data.512 This model explains the feature as additional potential
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Figure 8.7: Impedance Spectroscopy values determined for the cells under different storage
conditions, A) and B) show values of τ kin and jrec respectively evolving through time. C) dis-
plays the lumped equivalent circuit used to fit the data and determine the values.512 D) displays
the ion migration and accumulation representation, with Br– accumulating at both the cath-
ode (left) and at grain boundaries (right). Conversely, immobile VBr

+ are formed at the anode
interface and in the crystal grain bulk.
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formed by the accumulation of positive charge at the anode, likely caused by ionic migration

due to slow equilibration. Vitally, by using the model’s lumped equivalent circuit, Figure 8.7C,

the values of kinetic relaxation time of charge, τkin, and steady state recombination current

density, jrec, were determined using the following formulae.

τkin =
L

RL

(8.3)

jrec =
βkBT

qRrec

(8.4)

Where kBT is the thermal energy, q is the elemental charge, β is an ideality factor equal to unity

and L, RL and Rrec are parameters measured by the surface polarization equivalent circuit, Fig-

ure 8.7C. Also included are two capacitor elements, Q1 and Qd corresponding to the various

parallel contributions from the surface charging and the dielectric capacitance respectively. The

model stipulates a polarized region at the ETM/perovskite interface occurs due to a highly lo-

calised collection of halide vacancies, which was confirmed by Weber et al. by time resolved

Kelvin probe force microscopy.513 This was observed alongside a diffuse space charge layer of

halide ions distributed towards the electrostatic double layer at the HTM/perovskite interface.

Greater τ kin will therefore mean a slower rate of halide ions returning to the ETM interface be-

coming redistributed through the light sensitive layer. Furthermore, lower jrec will be beneficial

to the solar cell due to less energy lost due to electron-hole recombination.

Figure 8.7A displays the effect of storage condition on kinetic relaxation over time. Other

than the sample exposed to high humidity, all samples show a rise in τ kin over the first few days.

On day 0 there was no inductive effect, likely due to initial Br– ions moving rapidly through

the sample, avoiding the slow accumulation that is caused by long term exposure to bias and

illumination. For the samples in solvent saturated conditions, the small increases likely have a

positive effect on the efficiency of the cell, but due to their rapid corrosion after day two, ion

migration is stifled and therefore no significant surface polarisation can occur. This is clearly the
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case for the H2O sample, in which no measurable τkin occurs, and the induction feature remains

absent. The steady rise of τkin in the air and N2 samples indicate the compound accumulation of

Br– and VBr
+ at the HTM and ETM respectively, over exposure to repeated IV sweep bias and

illumination for PEC measurements. The concentration of liberated mobile ions congregating

at the interfaces increases with the sample age, thereby reducing ion mobility, requiring a longer

duration for the charge to distribute evenly.

The samples stored in air show the longest τkin, which is likely due to the reaction of Br–

at the surface with adsorbed H2O, delaying their return to the bulk perovskite.513 In the dark air

sample this is more extreme. As previously described, the ions are largely immobile in storage,

therefore HBr will quickly build up and react with the cell, as seen with the samples exposed to

solvent. The removal of Br– and corrosion of the cell will once again lead to quick relaxation,

as the remaining ions are more mobile, and so less polarisation occurs. This results in the

collapse of τkin in the dark sample alongside its decline in efficiency, reaffirming the results from

Figure 8.6. Conversely, for the light air sample, relaxation time increases to its largest recorded

value due to the high mobile ion concentration coupled with surface reactions, without the same

corrosion. This explains the large degree of hysteresis observed in this sample, due to the slow

kinetic relaxation. This same mechanism at work is in the N2 samples, leading to similar rises

in τkin, but in the absence of air and moisture localised increased ion concentration doesn’t lead

to corrosion in the dark dry sample. Finally, within an N2 atmosphere when illuminated the ions

are free to migrate, reducing the time taken for relaxation from surface polarisation.

The recombination current shown in Figure 8.7B confirms the local p-n junctions along

grain boundaries in the light air sample. The formation of these junctions is closely tied to

the surface polarisation and ion migration, reducing electron hole recombination by increasing

charge separation rate. This follows the reduction in jrec with the increase in τkin. As expected,

the recombination current increases with the reduction in crystal grain size in Figure 8.5, as
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recombination occurs predominantly along the grain boundaries within the perovskite layer.

The fact that jrec so closely follows jsc indicates there is great potential in optimising the material

interfaces within the cells, requiring passivation to more efficiently extract charge.

8.5 Conclusion

In summary, reproducible and significant maturing effects were observed in CsPbBr3 solar cells

with ZnO NW electron transport layers and graphite back contacts. The efficiency on average

rose 51±10% after two weeks of storage under ambient dark conditions, the largest reported in

literature to date. These gains were constituted by a 34 ± 8% gain in jsc alongside an 8 ± 1%

increase in Voc. In order to isolate the causes of maturing, solar cells were kept in various stor-

age conditions representing key solvents used in their manufacture, atmospheric moisture and

illumination, alongside control samples kept under N2. It was found that storage in a methanol

atmosphere accelerated the maturing process, yielding efficiency four times greater than the

fresh sample. Conversely, high humidity storage prevented this effect and critically damaged

performance after two days. In order to gain new insights into the underlying processes, the

samples were observed by powder XRD, SEM and EIS leading to three key mechanisms re-

sponsible. Changes in the dynamic crystal phase ratio between CsPbBr3 and CsPb2Br5 had the

strongest effect, followed by grain shrinking, allowing the perovskite to make better contact

with the ZnO ETM. Finally ionic migration of Br– , aided charge separation by forming p-n

junctions at grain boundaries. This was confirmed by EIS, showing large changes in kinetic re-

laxation time within a window associated with ionic transport time scale. These results not only

point to a permanent increase in efficiency based on particular storage conditions, leading these

solar cells closer to commercialisation, but they also expand the understanding of degradation

resistance in inorganic perovskite solar cells, shedding light on an unexplored field.
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8.6 Supporting Information: Dramatic Maturing Effects Un-
der Different Storage Conditions in All-Inorganic, CsPbBr3
Perovskite Solar Cells

The degree of hysteresis (DoH) was calculated from the current density value at 0.6Voc (the

open circuit voltage), for the reverse scan JRS and the forward scan Jsc.499

DoH =
JRS(0.6VOC)− JFS(0.6VOC)

JRS(0.6VOC)
(S6.1)

Figure S8.1: The setup of different storage conditions, A) shows the storage in either H2O,
chlorobenzene or methanol (covered in Al foil to keep dark). B) and C) display the set up for
the dry dark sample and light air sample, respectively.
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Figure S8.2: The evolution of IV curves over storage time, used to determine solar cell param-
eters. These are measured from one of the three cells on the device surface, averaged in order
to determine the device parameters in Figure 8.2. A) shows the sample stored in dry dark con-
ditions; B) shows the dry light sample; C) shows the air dark sample and D) shows the air light
sample.
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Figure S8.3: The evolution of IV curves over storage time, used to determine solar cell pa-
rameters. These are measured from one of the three cells on the device surface, averaged in
order to determine the device parameters in Figure 8.2. A) shows the sample stored in saturated
methanol conditions; B) shows the chlorobenzene sample and C) shows the H2O sample.
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Figure S8.4: The full powder XRD patterns of samples in the following storage conditions: A)
air and dark; B) air and light; C) dry and dark and D) dry light. The 33.6° peak was used for
FWHM values in the main text, all the peaks assigned to CsPbBr3 and CsPb2Br5 were integrated
for phase ratio calculations.
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Figure S8.5: The full powder XRD patterns of samples in the following storage conditions, A)
H2O, B) chlorobenzene and C) methanol.
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Figure S8.6: The effects of chlorobenzene on solar cell morphology and crystal structure, A)
through D) show top down SEM images of the sample day by day. E) shows the change in
primary peaks over time.
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Figure S8.7: The evolution of the impedance spectroscopy data over time, with experimental
data (circles) with surface polarization model fits (lines). A) shows the dry dark sample, B)
shows the dry light sample, C) shows the dark air sample and finally D) shows the light air
sample.
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Figure S8.8: The evolution of the impedance spectroscopy data over time, with experimental
data (circles) with surface polarization model fits (lines). A) shows the chlorobenzene sample,
B) shows methanol sample and finally C) shows the sample stored in H2O.
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Chapter 9

Conclusion

In this thesis, vertically aligned ZnO nanorods were modified and applied to PEC water split-

ting and inorganic perovskite photovoltaics. The modifications including microwave synthesis,

yttrium doping, α-Fe2O3 and TiO2 nanoscale coatings led to enhanced performance in both

systems. These beneficial results are summarised in the following tables and explained by

improved charge transport, charge transfer, light absorption and reduced electron hole recom-

bination. These effects were measured by various forms of characterisation, such as IPCE,

photoluminescence spectroscopy and EIS. Water splitting architectural strategies implemented

through chapters three to six are summarised in Table 1, displaying photocurrent density at 1.23

VRHE alongside IPCE at 400 and 515 nm. Improvements to photovoltaic performance are in-

cluded in Table 2, as implemented in chapter seven, displaying power-conversion efficiency and

IPCE at the same wavelengths.

The various strategies employed to improve performance worked effectively, starting with

more rapid synthesis. The microwave (MW) method not only slashed growth time from 16

hours to 2.5, but a high population of defects led to greater conductivity. Optimisation of this

population using annealing yielded a photocurrent density of 0.71 mA cm-2. The introduction

of yttrium dopant atoms in chapter four, reduced the electronic band gap, increased aspect ratio,

and grew conductivity 1,000 times. The dopant concentration was optimised to 0.1% content,
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Table 9.1: PEC water splitting performances of variously synthesised, doped and electrochem-
ically coated ZnO NR arrays.

Sample Photocurrent Density / mA cm-2 IPCE400 / % IPCE515 / %

CBD 0.14 - -

Microwave 0.71 - -

0.1%Y MW 0.84 0.00 0.00

Cathodic Fe2O3 1.59 8.96 2.25

Anodic Fe2O3 1.22 7.02 0.43

maturing the performance further. Calculating the dopant density to a high accuracy was key to

understanding the role of yttrium, leading to the implementation of a more accurate cylindrical

charging model for Mott-Schottky analysis.363 This model leads to ND values orders of mag-

nitude different to those determined by the typical planar model in chapter three. This model

was retroactively applied to the impedance data from said chapter for better comparison, the re-

sults are recorded in Table 9.2. Reassuringly, the values become far closer to those measured in

chapter four (Undoped ND of 7.5×1017 cm−2), with more reasonable changes in dopant density

rather than swings in order of magnitude. The monotonic trend of increased temperature with

decreased dopant density is maintained while flat band potential varies little.

Transforming the NR arrays into transparent conductive waveguides proved an ideal foun-

dation for hematite based water splitting. Hematite has a suitable band gap for both water

photolysis and visible light absorption. However, sluggish polaron hopping based minority

charge transport means pure Fe2O3 is defeated by critically high recombinative losses. Grow-

ing electrochemically deposited nanoscale structures on the surface of conductive nanowires

overcomes this problem, as holes are immediately transferred to the solution. Furthermore,

suitable conduction band alignment means rapid electron transport to the counter electrode via

the YZnO NRs. The contribution of a ZnFe2O4 interphase layer aids further charge separation.
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Table 9.2: Mott-Schottky values derived from the two different models used in this thesis,
applied to data from Chapter three.

Planar Model Cylindrical Model

Sample VFB / VAg/AgCl ND / cm-3 VFB / VAg/AgCl ND / cm-3

CBD −0.38 7.61× 1018 −0.54 2.58× 1017

MW −0.47 3.12× 1020 −0.51 2.45× 1018

300°C −0.48 2.18× 1020 −0.53 2.15× 1018

400°C −0.46 4.45× 1019 −0.42 1.81× 1018

500°C −0.32 1.68× 1019 −0.35 9.71× 1017

550°C −0.01 3.88× 1018 −0.25 4.45× 1017

Electrochemical deposition using cathodic and anodic currents led to the highest water splitting

photocurrents in this thesis, 1.59 and 1.22 mA cm-2 respectively. Overall, this achieved a 10

times increase over the first synthetic method, due to visible light sensitisation as measured by

IPCE.

Table 9.3: Solar cell performance of modified ZnO NR arrays, including Y doping of various
lengths and dip coating cycles of TiO2

Sample η / % IPCE400 / % IPCE515 / %

Pristine 0.63 18.12 14.37

Y1195 0.83 - -

Y917 2.10 44.53 31.18

Y625 1.22 - -

3 dips TiO2 5.83 77.79 66.29

6 dips TiO2 4.10 67.73 53.67

10 dips TiO2 2.81 - -

Incorporating the conductive ZnO nanowires into inorganic CsPbBr3 perovskite solar cells
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yielded a similar enhancement, allowing more rapid electron transport to the anode. Once the

nanorod lengths were optimised to 917 nm the efficiency increased from 0.63 to 2.10%. As

the perovskite acted as light absorber, passivation was selected as a coating strategy rather than

sensitisation. Therefore, TiO2 was chosen as a charge selective coating, preventing interfacial

recombination. Nanoscale coatings of the n-type material were applied to the Y doped ZnO

by a dipping technique, adsorbing then hydrolysing TTIP. The thickness of the TiO2 yielded a

steep optimisation curve, with only the lightest coating giving the highest efficiency of 5.83%

in the champion device. Further layer thickness, caused higher recombination due to the build

up of the TiO2 powder layer with poor electrical connectivity to the nanorods. The higher PCE

performance is reflected by far greater IPCE in the visible light region between 400 to 515 nm.

In conclusion, the work in this thesis further cements ZnO as a high performance anode

material for both solar water splitting, and as electron transport material in photovoltaic cells.

The PVs constructed in this work, also utilise a liquid phase exfoliated graphite material for

drop cast cathodes never previously applied to inorganic perovskite solar cells before.

9.1 Future Work

In order to finish the work performed in this thesis, several further investigations are required.

Firstly, more evidence confirming photoelectrochemical water splitting rates could be attained

by directly measuring output gases using gas chromatography with a thermal conductivity de-

tector. Directly measuring the concentration of O2 and H2 would prove the evolution of said

gases, rather than the indirect evidence of photocurrent density. Furthermore, this would allow

the Faradaic charge transfer efficiency to be determined, indicating how well holes are injected

into the solution at the anode surface.

The next step in the development of ZnO / α-Fe2O3 hybrids would be the in situ doping of

the hematite with 4+ ions such as Si4+ and Ti4+. This strategy has proven highly effective at
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enhancing the performance of the single phase anodes, and would therefore be the next point

of investigation. The anodes were still limited by high electron hole recombination in the iron

oxide layer, therefore increasing its conductivity would improve charge transfer. More con-

ductive hematite would allow thicker layers due to longer charge path lengths, absorbing more

light. The advantage of the 3D hybrids constructed in this thesis, is that there is plenty of room

for further enhancement, such as using passivating layers of MgO or noble metal nanoparticles

for further light absorption. These methods have shown to be fertile routes for improvement in

literature, especially optimisation of the solid liquid junction through passivation.

Figure 9.1: A) shows the proposed architecture for the solar water splitting device in future
work. B) shows an energy diagram of how such an unbiased device would evolve oxygen and
hydrogen.

The future of perovskite photovoltaics produced in this thesis would be optimisation of the

CsPbBr3 layer itself. Recent attention to this material has led to a growing number of publi-

cations with various improvements to the two step deposition utilised here. Depositing using

multiple spin coats of CsBr leads to higher purity CsPbBr3, alternately physical vapour deposi-

tion could be used or even just performing the CsBr submersion with the substrate face down

yield higher quality perovskite phase with less tetragonal CsPb2Br5. Furthermore, a controlled
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environment such as a dry room or glove box would allow the deposition of more moisture

sensitive phases with lower band gaps for higher efficiencies. Alternately, the wide band gap

CsPbBr3 could be integrated into a multijunction device for great effect, especially with a higher

quality CVD deposited, transparent layer graphite cathode. This assembly could then be printed

on top of low band gap silicon solar cells. This would prevent vibrational losses incurred due

to electronic relaxation to the conduction band edge by absorbing the higher energy photons in

the CsPbBr3. This would allow the cells to perform higher than the Shockley-Queisser limit of

33.7% for single junction cells.514

Finally, the full culmination of this thesis could result in a solar water splitting device, free

from any external bias. This could utilise a hydrogen evolution catalyst such as Fe-OOH and an

oxygen evolving counterpart such as iridium oxide immobilised on anode and cathode respec-

tively. The photoanode utilised would be the iron oxide coated hybrid synthesised in chapter

five, facing away from the light source, with FTO glass acting as a cathode on the converse side.

Said electrodes would be driven at a fixed bias by a CsPbBr3 solar cell sandwiched between the

layers, protected from the water by the metal oxide layers. Though somewhat ambitious, a sim-

ilar design was used to break the record of photoelectrochemical water splitting, bringing such

technology closer to commercialisation.34 Although, this device would still leave much visible

light unabsorbed, an improvement would involve a tandem photovoltaic cell, and a lower band

gap coating on the hematite. Perhaps with a final push to reduce material cost and increase

efficiency, solar water splitting could play a key role in the fight against climate change.
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Cho and H. Morko, J. Appl. Phys., 2005, 98, 1–103.

(416) I. N. Sokolik and O. B. Toon, J. Geophys. Res. Atmos., 1999, 104, 9423–9444.

(417) K. F. Palmer and D. Williams, J. Opt. Soc. Am., 1974, 64, 1107.

(418) J. Skaar, Phys. Rev. E, 2006, 73, 026605.

(419) R. Misho and W. Murad, Sol. Energy Mater. Sol. Cells, 1992, 27, 335–345.

(420) Y. W. Phuan, W. J. Ong, M. N. Chong and J. D. Ocon, J. Photochem. Photobiol. C
Photochem. Rev., 2017, 33, 54–82.

(421) Q. Yu, X. Meng, L. Shi, G. Liu, P. Li and J. Ye, RSC Adv., 2016, 6, 62263–62269.

(422) R. R. Rangaraju, A. Panday, K. S. Raja and M. Misra, J. Phys. D. Appl. Phys., 2009,
42, 135303.

(423) M. Al-Kuhaili, M. Saleem and S. Durrani, J. Alloys Compd., 2012, 521, 178–182.

(424) T. S. Atabaev, H. H. T. Vu, M. Ajmal, H.-K. Kim and Y.-H. Hwang, Appl. Phys. A,
2015, 119, 1373–1377.

(425) S. Shen, C. X. Kronawitter, J. Jiang, S. S. Mao and L. Guo, Nano Res., 2012, 5, 327–
336.

(426) S. H. Tamboli, G. Rahman and O. S. Joo, J. Alloys Compd., 2012, 520, 232–237.

(427) R. L. Spray and K. S. Choi, Chem. Mater., 2009, 21, 3701–3709.

(428) C. Yilmaz and U. Unal, RSC Adv., 2015, 5, 16082–16088.

(429) L. Y. Zhang, D. S. Xue, X. F. Xu, A. B. Gui and C. X. Gao, J. Phys. Condens. Matter,
2004, 16, 4541–4548.

(430) L. Fu, H. Yu, Y. Li, C. Zhang, X. Wang, Z. Shao and B. Yi, Phys. Chem. Chem. Phys.,
2014, 16, 4284.

(431) T. J. LaTempa, X. Feng, M. Paulose and C. A. Grimes, J. Phys. Chem. C, 2009, 113,
16293–16298.

(432) Z. Zhang, M. F. Hossain and T. Takahashi, Appl. Catal. B Environ., 2010, 95, 423–429.

(433) R. R. Rangaraju, K. S. Raja, A. Panday and M. Misra, J. Phys. D. Appl. Phys., 2010,
43, 445301.

273



(434) H. E. Prakasam, O. K. Varghese, M. Paulose, G. K. Mor and C. A. Grimes, Nanotech-
nology, 2006, 17, 4285–4291.

(435) Z. Fan, Z. Xu, S. Yan and Z. Zou, J. Mater. Chem. A, 2017, 5, 8402–8407.

(436) D. D. Qin, D. L. Shan, C. L. Tao, Y. Yan, C. H. He, Q. H. Wang, J. J. Quan, J. Gu, J.
Chen, X. Q. Lu, Y. Li and A. C. Trammel, ChemSusChem, 2017, 10, 2796–2804.

(437) L. Martinez, D. Leinen, F. Martín, M. Gabas, J. R. Ramos-Barrado, E. Quagliata and
E. a. Dalchiele, J. Electrochem. Soc., 2007, 154, D126.

(438) W. Luo, C. Jiang, Y. Li, S. A. Shevlin, X. Han, K. Qiu, Y. Cheng, Z. Guo, W. Huang
and J. Tang, J. Mater. Chem. A, 2017, 5, 2021–2028.

(439) L. Bertoluzzi, P. Lopez-Varo, J. A. Jiménez Tejada and J. Bisquert, J. Mater. Chem. A,
2016, 1–9.

(440) C. Li, S. Tscheuschner, F. Paulus, P. E. Hopkinson, J. Kießling, A. Köhler, Y. Vaynzof
and S. Huettner, Adv. Mater., 2016, 28, 2446–2454.

(441) M. Kulbak, S. Gupta, N. Kedem, I. Levine, T. Bendikov, G. Hodes and D. Cahen, J.
Phys. Chem. Lett., 2016, 7, 167–172.

(442) J. Duan, Y. Zhao, B. He and Q. Tang, Small, 2018, 14, 1704443.

(443) H. Yuan, Y. Zhao, J. Duan, B. He, Z. Jiao and Q. Tang, Electrochim. Acta, 2018, 279,
84–90.

(444) Y. Xu, Y. Wang, J. Yu, B. Feng, H. Zhou, J. Zhang, J. Duan, X. Fan, P. A. van Aken,
P. D. Lund and H. Wang, IEEE J. Photovoltaics, 2016, 6, 1530–1536.

(445) R. Zhang, C. Fei, B. Li, H. Fu, J. Tian and G. Cao, ACS Appl. Mater. Interfaces, 2017,
9, 9785–9794.

(446) J. Song, L. Liu, X. F. Wang, G. Chen, W. Tian and T. Miyasaka, J. Mater. Chem. A,
2017, 5, 13439–13447.

(447) J. Cao, B. Wu, R. Chen, Y. Wu, Y. Hui, B. W. Mao and N. Zheng, Adv. Mater., 2018,
30, 1–9.

(448) J. Liang, C. Wang, Y. Wang, Z. Xu, Z. Lu, Y. Ma, H. Zhu, Y. Hu, C. Xiao, X. Yi, G.
Zhu, H. Lv, L. Ma, T. Chen, Z. Tie, Z. Jin and J. Liu, J. Am. Chem. Soc., 2016, 138,
15829–15832.

(449) J. Liu, Y. Wu, C. Qin, X. Yang, T. Yasuda, A. Islam, K. Zhang, W. Peng, W. Chen and
L. Han, Energy Environ. Sci., 2014, 7, 2963–2967.

(450) X. Chang, W. Li, L. Zhu, H. Liu, H. Geng, S. Xiang, J. Liu and H. Chen, ACS Appl.
Mater. Interfaces, 2016, 8, 33649–33655.

(451) J. Duan, T. Hu, Y. Zhao, B. He and Q. Tang, Angew. Chemie Int. Ed., 2018, 57, 5746–
5749.

274



(452) D. Commandeur, J. McGuckin and Q. Chen, Nanotechnol., 2019.

(453) A. Manekkathodi, Y. J. Wu, L. W. Chu, S. Gwo, L. J. Chou and L. J. Chen, Nanoscale,
2013, 5, 12185.

(454) H. Xu, J. Duan, Y. Zhao, Z. Jiao, B. He and Q. Tang, J. Power Sources, 2018, 399,
76–82.

(455) J. Duan, D. Dou, Y. Zhao, Y. Wang, X. Yang, H. Yuan, B. He and Q. Tang, Mater. Today
Energy, 2018, 10, 146–152.

(456) G. Liao, J. Duan, Y. Zhao and Q. Tang, Sol. Energy, 2018, 171, 279–285.

(457) P. Teng, X. Han, J. Li, Y. Xu, L. Kang, Y. Wang, Y. Yang and T. Yu, ACS Appl. Mater.
Interfaces, 2018, 10, 9541–9546.

(458) Z. Liu, B. Sun, X. Liu, J. Han, H. Ye, T. Shi, Z. Tang and G. Liao, Nano-Micro Lett.,
2018, 10, 34.

(459) X. Zhang, Z. Jin, J. Zhang, D. Bai, H. Bian, K. Wang, J. Sun, Q. Wang and S. F. Liu,
ACS Appl. Mater. Interfaces, 2018, 10, 7145–7154.

(460) A. Nikolakopoulou, D. Tasis, L. Sygellou and P. Lianos, Electrochim. Acta, 2014, 139,
54–60.

(461) C. M. Hansen and A. L. Smith, Carbon N. Y., 2004, 42, 1591–1597.

(462) Z. Liu, C. Fan, L. Chen and A. Cao, J. Nanosci. Nanotechnol., 2010, 10, 7382–7385.

(463) Y. Hernandez, M. Lotya, D. Rickard, S. D. Bergin and J. N. Coleman, Langmuir, 2010,
26, 3208–3213.

(464) A. Ciesielski and P. Samorì, Chem. Soc. Rev., 2014, 43, 381–398.

(465) Y. Arao and M. Kubouchi, Carbon N. Y., 2015, 95, 802–808.

(466) S. Nemala, S. Prathapani, P. Kartikay, P. Bhargava, S. Mallick and S. Bohm, IEEE J.
Photovoltaics, 2018, 8, 1252–1258.

(467) J. Holovský, S. De Wolf, J. Werner, Z. Remeš, M. Müller, N. Neykova, M. Ledinský,
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