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The synthesis and characterization of metal-oxide photoelectrodes used for 

various devices that produce a renewable energy source is studied and discussed in this 

dissertation. Due to the various applications of nanoscale metal-oxide materials there is a 

variety of characterization and synthesis methods. This work controls the morphology, 

layer stack, and composition of metal-oxide by adjusting synthesis parameters and 

methods. Chapter 2 discusses the synthesis of a ZnO-CuO structure which incorporates a 

ZnO nanorod core within a CuO thin film shell to use as a photocathode. A desirable 

diameter and length of the ZnO core is achieved by adjusting the synthesis parameters 

such as the ratio of oxygen to nitrogen gas, temperature, and the flow rate of gas. 

Continuing onto Chapter 3, the fabrication process of dye-sensitized solar cells which 

utilize the synthesized ZnO-CuO core-shell as a photoelectrode is discussed. The effects 

on the stability and performance of the CuO shell on the ZnO core implemented in the 

dye-sensitized solar cells is then investigated. The CuO shell on the ZnO core 
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successfully prevents the dissolution of Zn atoms during the dye absorption reaction on 

the surface of the photoelectrode. In Chapter 4, the effects of a Cu interlayer between 

Cu2O photocathode and a transparent conductive film is studied for the use in the 

photoelectrochemical water splitting reaction. The physical deposition process and 

chemical reaction are used to study the formation of a desirable structure within the thin 

film stack. This method successfully fabricates a Cu2O layer that intentionally removes 

the Cu interlayer or prevents the formation of a Cu interlayer with varying thickness. The 

intercalated Cu layer between Cu2O and transparent conductive film prevents charge 

separation and accelerates its recombination during the photoelectrochemical reaction. 

Chapter 5 discusses the introduction of a doping method into the CuO crystal lattice 

structure. CuO is synthesized onto a transparent conductive film through 

electrodeposition. Zn doped-CuO is synthesized by adding a Zn dopant precursor into the 

electrodeposition solution. The electrodeposition process is optimized by controlling the 

applied potential, dopant concentration, temperature, and reaction time. 
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Chapter 1 

Introduction 

1.1 Renewable Energy 

 Total energy consumption in the world is continuously increasing due to the growth 

in global population and the development and utilization of electronic devices. Figure 1.1 

shows an expectation of higher energy production in the future due to a significant increase 

in electricity usage.[1] The typical sources of energy production are oil, gas, coal, nuclear, 

biomass, geothermal, solar, wind, and hydropower.[2] The automotive industry consumes a 

significant amount of energy, 96% of new registered vehicle in the world use gasoline as 

their energy source. Over time the electricity consumption has increased while the 

utilization of gasoline has decreased. This is due to an increase in use of renewable energy 

source powered vehicles.[3] A government policy has been implemented to reduce the use 

of gasoline gradually and eventually stop selling gasoline vehicles.[4] Due to the anticipated 

increase in energy consumption, it is important to develop efficient and sustainable 

renewable energy technologies. 

 Renewable energy has advantages such as the increase of the energy production , 

reduction of the environmental destruction and cost effectiveness for operating and 

maintenance.[5] Figure 1.1 shows usage for energy production from coal has decreased 

abruptly since the mid 2000’s. Energy production from nuclear and gasoline have also  
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Figure 1.1 Past trends and future prospect for global energy consumption.[1] 
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decreased since 2007. On the contrary, it is clearly shown that energy generated from 

renewable source has increased continuously. Therefore, renewable energy production has 

been obtained more attention. There are many kinds of renewable sources such as sunlight, 

wind, geothermal heat, hydro power, and biomass.[6] These sources of energy have 

common advantages, such as non-exhaustible and rechargeable.[7] Renewable energy has 

been used in various fields such as electricity generation, transportation, and energy service. 

 Wind and solar energy are the current commercial scale eco-friendly renewable 

energy sources being used. Wind energy generation facilities require large amount of wind 

and reduction of noise pollution in the surrounding area, so there is limitation of installation 

space resulting in a low density of power production.[8] On the other hand, solar panels 

used for harvesting electricity is the fastest growing energy source int he renewable energy 

field. Solar panels are responsible for added 130 GW of electricity production in the world 

at 2017. This is due to their flexibility for installation, because sunlight accessible 

regardless of location.[9] Therefore, the development of technologies converting sunlight 

to electricity is necessary to increase usage of renewable energy. Widely used silicon solar 

cell is energy generator by converting photons to electricity, the photon is absorbed by the 

p-n junction and produces an exciton, the exciton dissociates and generates an electron and 

hole pair. The electron-hole pair is then transported to the external energy storage devices 

as shown in Figure 1.2.[10] The absorption efficiency of  
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Figure 1.2 Schematic of the photoelectrochemical/photovoltaic device.[13] 



5 

absorption layer and extraction efficiency of electron determine the energy-conversion 

efficiency of solar cells. Silicon based solar cells are one of the most widely used solar 

panels due to their high-energy conversion efficiency (25%) and stability.[11] However, 

these solar panels have disadvantages for applications in other devices. This is because 

they are heavy, hard, high fabrication cost, and limited in location installation (ex: roof, 

mountain, desert, and sea).[12] Another type of technology that utilizes sunlight to produce 

a renewable energy source is hydrogen generation from water splitting. [13] Hydrogen has 

previously been obtained from water splitting using electricity and steam reforming of 

natural gas, oil reforming, and partial oxidation of coal and other hydrocarbons.[14] Water 

splitting driven by electricity requires a large sum of energy and causes air pollution during 

the extraction from fossil fuel process.[15] 

 Therefore, hydrogen generation from sunlight driven water splitting has gained 

more attention to help reduce air pollution.[13] Figure 1.3 shows the hydrogen evolution 

mechanism. This mechanism utilizes water and sunlight, the photocatalysts absorbs the 

photon from the sun and generates the electron and hole, hydrogen and oxygen gas are 

produced through oxidation/reduction reaction of water.[13] The generated hydrogen energy 

can be stored and transported and used as an energy source. The efficiency of sunlight 

driven water splitting is determined by the light absorption rate of photocatalysts, the 

separation rate of electrons and holes, and the reaction yield of electrons and proton as 

shown in Figure 1.3.[13] This water splitting reaction can operate using only sunlight as  
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Figure 1.3 Energy diagram for photoelectrochemical cell/photovoltaic.[13] 
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an energy source, and does not require additional electrical energy or generate air pollutants, 

it also has a low disappearance rate is low when delivered to the devices. Moreover, the 

advantages of hydrogen fuel itself are that it generate water during combustion, there is no 

pollution, the amount of energy produced is very high, and the amount of energy stored per 

unit weight is large (e.g. hydrogen is 143 MJ/kg, gasoline is 46.4 MJ/g).[16] 

1.2 Characteristics of Semiconductor 

 Semiconductors have gained attention due to the diversity of their structure and 

composition. This diversity allows for the modification of their properties and 

morphologies.[17] Their applications encompass semiconductor devices,[18] sensors,[19] 

magnetics,[20] and photonic devices.[21] Depending on the applications, the properties of 

semiconductors are modified by changing the structure and composition.[22] In solid state 

physics, the electronic band structure is an important parameter which determines the 

optical and electrical properties of the materials.[23] Materials are classified as conductors, 

semiconductors, or insulators based on their bandgap and band positions as shown in 

Figure 1.4[24] To understand the electronic behavior of semiconductors, there is schematic 

that depicts the band diagram of a semiconductor materials showing the valence band, 

conduction band, bandgap, and fermi level. The bandgap is the difference between levels 

of valence band and conduction band. The valence band is the highest range of electron 
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Figure 1.4 Band diagram of conductor including overlap band, semiconductor, and 

insulator including bandgap and fermi level.[24] 
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energy being occupied in the molecular orbitals and are generally full in semiconductors. 

The electron can jump out of the band by the external energy and move into the conduction 

band. The conduction band is the lowest range of electronic states that are delocalized band 

of energy partly filled with excited electrons from the valence band. The bandgap is the 

minimum energy required to excite electrons from the maximum valence band to minimum 

conduction band. [25] The fermi level is considered the hypothetical energy level of an 

electron which would have 50 % of probability of occupation.[26] Therefore, the fermi level 

determines the electrical properties and the type of majority carrier of the semiconductors 

as shown in Figure 1.5.[27] When the fermi level is located closely to the conductor band, 

the majority carrier is the electrons in the semiconductor whereas, when it is close to the 

valence band, the hole is the majority carrier.[28-30] The composition of semiconductors can 

be modified using doping method which is a favorable technique that controls the carrier 

concentration and band gap in the semiconductors. If the dopant has more valence electrons 

than the host atom, the amount of electrons in the lattice increases depending on the dopant 

concentration.[31] This additionally changes the energy distribution of the allowed states. 

The bandgap is changed after the instruction of dopants which produces additional states 

in the bandgap.[32] 
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Figure 1.5 Difference between p-type and n-type semiconductor.[28-30] 
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1.3 Metal Oxide Semiconductor 

 The diverse structure and composition in metal oxides play an important role in 

increasing the range of device applications in comparison to silicon semiconductors, which 

are typically used in microelectronics[33] and solar cells.[34] Metal oxide semiconductors are 

used in the fabrication of transistors,[35] solar cells,[36] sensors,[37] piezoelectric devices,[38] 

fuel cells,[39] coating for the passivation of corrosion,[40] and as catalysts.[41] The electronic 

structure related to the composition of metal oxide semiconductors is tunable to satisfy 

application. In solid state physics, the d-band occupancy of the oxide combines with the 

metal and controls the electronic structure of the metal-oxide semiconductors as shown in 

Figure 1.6(a).[42] The band structures are described by using crystal field theory and ionic 

models of bonding. The oxides with empty d-orbitals and fermi levels close to the 

conduction band tend to be n-type semiconductors due to the oxygen vacancy defects. 

Their conduction band minimum consists of an empty metal d-orbital and the valence band 

maximum consists of O 2p orbitals. The oxygen deficiency generates defect states between 

O 2p orbitals and the fermi level which produces a n-type electronic structure as shown in 

Figure 1.6(b). Filling of empty metal d-orbitals produces defect states in the valence band. 

Figure 1.6(c) shows the electrons partially occupying the d-bands of oxides which have a 

strong electron correlation. When the d-band orbitals of the oxide are fully filled, it is a 

semiconductor that has bandgap between the d-orbitals of the oxide and s-orbitals of the 

bonded metal (it is not presented) as shown in Figure 1.6(d).[42] Figure 1.7 presents a band 

diagram of the various metal-oxide semiconductors which are p- or n-type semiconductors, 
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it is possible for certain metal-oxides to be used for optoelectronics such as photoelectrodes 

and photocatalysts.[42] 

 Depending on the electrical and optical properties of the metal-oxide, they are able 

to be applied for optoelectronic devices.[43] For example, organic-inorganic solar cells such 

as dye-sensitized solar cells are composed of five layers: the transparent conductive layer, 

the photoanode layer, an absorption layer such as an organic dye or metal-halide 

perovskites, the hole transport layer, and the contact layer as shown in Figure 1.8.[44] For 

an increased perfomrance in solar cells, the absoprtion layer has to have high absorption 

efficiency from the sun.[45] One of the most used metal-oxides for electron transport layers 

is TiO2
[46] and ZnO.[47] Visible and infrared light can pass through TiO2 and ZnO that has 

a 3.2 – 3.4 eV bandgap. The electron is the majority carrier in these n-type semiconductor 

materials.[48] Additionally, metal-oxide semiconductors have been widely reported for their 

use as photocatalysts for photoelectrochemical reactions as shown in Figure 1.9.[49] Photons 

with a higher energy than the bandgap of metal-oxides excites the exciton. Excited 

electrons are available at the p-type semiconductor/liquid electrolyte interface for hydrogen 

evolution whereas generated holes at the n-type semiconductor are used for oxygen 

evoultion. The reduction potential occurs at the more positive level which produces band 

bending at the interface. On the other hand, the oxidation potential 
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Figure 1.6 Schematic electron band diagram of valence bands arising from transition-

metal oxides.[42] 
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Figure 1.7 Schematic representation of conduction band, valence band potentials, and 

bandgap energies of various semiconductor phothocatalysts and relative redox 

potentials of the compounds.[42] 
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Figure 1.8 Organic-inorganic solar cells device structure and band diagram 

presenting an excited carrier transfer under illumination. 



16 

happens at the more negative level which generates band bending at the interface.[49] Figure 

1.10 shows the band structure before and after contact between p-type semiconductor and 

the liquid electrolyte.[50] Figure 1.10(a) dipicts the conduction band (ECB) of the p-type 

semiconductor which has a more negative potential than the redox in the electrolyte before 

making contact. After the formation of contact between the p-type 

semiconductor/electrolyte, the bend edge of ECB bends towards the less negative potential 

as shown in Figure 1.10(b). Majority carriers (free holes) in the p-type semiconductor 

diffuse to the interface.  As a result, there is a depleted region of majority carrier around 

the interface. This creates a charge depletion region, causing the band bending which has 

been forced away by an internal electric field at the end of the bend edge. When the internal 

electric field is sufficiently strong enough to suspend diffusion of the carrier, the depletion 

region attains equilibrium. Excitons generated by the photon are seperated into an electron-

hole pair by the internal electric field in the depletion region. Excited electrons transfer to 

the electrolyte and hole transports into the bulk p-type semiconducton, simultaneously.[51] 

Therefore, when light comes in contact with the p-type semiconductor connected to the 

electrolyte, the excited electron transfers to the electrolyte and is available for CO2 

reduction[52] and hydrogen evoultion from water.[53] For the hydrogen evolution, the 

electron excited by the photon in the p-type semiconductor reacts with the proton to 

produce hydrogen gas in the electrolyte. This type of semiconductor materials used for 

photoelectrochemical reaction which donate electrons at the interface is called a 

photocathode. The focus of this work introduces a  
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Figure 1.9 Photoelectrochemical water splitting utilizing photocathode and 

photoanode.[49] 
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Figure 1.10 Schematic of band diagram of semiconductor/electrolyte interface (a) before 

and (b) after equilibrium.[50] 
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photocathode composed of metal-oxide for photoelctrochemical water splitting to generate 

hydrogen gas and photoelectrode for dye-sensitized solar cells. 
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Chapter 2 

ZnO-CuO core-shell heterostructure for improving the efficiency of ZnO-based dye-

sensitized solar cells 

2.1 Introduction 

 Photovoltaic (PV) devices are a viable technology for helping meet future energy 

demands, by generating electricity from the sun—a clean, renewable, and endless source 

of energy.[1,2] Among the various type of the photovoltaic devices, organic-inorganic solar 

cells are one of the most promising technologies. Si-based solar cell panels are presently 

widely used due to their high efficiency, cost effectiveness, and durability. Nevertheless, 

new technologies such as organic-inorganic solar cells are necessary to achieve wider 

applications of PV devices such as in cellphones, automobiles, and wearable devices.[3] 

 Traditionally, DSSC devices have used ruthenium-based dyes as a light absorption 

material. This dye can absorb ultraviolet and visible light (< 800 nm) and produce excited 

electrons from photon energy.[4] However, the main limitation arising from utilizing a 

ruthenium-based dye as an absorber is that it does not absorb infrared (IR) light (> 800nm), 

which accounts for 46% of sunlight.[2] This limitation of DSSCs restricts their conversion 

efficiency. Therefore, being able to utilize IR light has been identified as a major 

opportunity for improving the conversion efficiency of DSSCs.[5] Moreover, metal-oxide 

semiconductor materials are used as a photoelectrode in organic-inorganic solar cells. 

Especially for DSSCs, a semiconductor material is necessary for the transport of excited 

electrons from the dye to a transparent conductive substrate such as fluorine-doped tin 
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oxide (FTO). Among metal-oxide semiconductor materials, ZnO is one of the most 

commonly used photoelectrode materials, due to its high electron mobility and low 

recombination rate. However, ZnO shows low absorption in the IR wavelength range due 

to its wide bandgap energy (3.37 eV).[6,7] Alternatively, CuO is a well-known metal-oxide 

semiconductor material with a narrow band gap energy (1.2 eV).[8] Therefore, CuO can be 

adapted as a secondary material to utilize NIR light in DSSCs. Additionally, CuO can also 

help mitigate another major issue that impacts the conversion efficiency in DSSCs-the 

electron-hole recombination that takes place when the electrons at conduction band (CB) 

of the photoelectrode are recombined either within the dye, or in the electrolyte. Therefore, 

reducing the recombination rate is one important aspect to improve conversion efficiency 

in devices [9] 

 In this research, we show an improvement in the conversion efficiency of DSSCs 

using CuO as a secondary absorption layer for utilizing NIR light and a blocking layer for 

decreasing the charge recombination. The DSSCs are fabricated by using N719 

commercial dye, and an iodide-based electrolyte. The photovoltaic characteristics of 

DSSCs using ZnO nanorods and ZnO-CuO core-shell nanostructures are compared by 

performing I-V measurements. 

2.2 Experimental procedure 

 ZnO nanorods used for the core backbone structure are synthesized by CVD on 

commercially available FTO glass. Zn powder located upstream the FTO glass in the CVD 

reactor is used as a precursor material for ZnO. The CVD reactor is ramped to the reaction 
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temperature of 500 oC over 30 min. ramping time. Once the reaction temperature is reached, 

it is maintained for 30 min. The gas mixture flown into the CVD reactor is 4 sccm (oxygen), 

and 100 sccm (nitrogen), as the reaction and carrier gas, respectively. The CVD reactor is 

cooled down by natural convection after the synthesis reaction is complete. Post CVD 

synthesis, a 100 nm Cu seed layer is deposited on the ZnO nanorods by e-beam evaporation. 

The deposited seed layer is thermally oxidized in a tube furnace at 600 oC, under open 

environment conditions for 1 hr. For comparison and as a baseline, a Cu seed layer is also 

thermally oxidized on bare FTO glass for the purpose of identifying CuO peaks by XRD 

analysis. 

 During device fabrication, the synthesized ZnO-CuO core-shell nanostructure and 

ZnO nanorods are soaked into 0.5 mM di-tetrabutylammonium cis-bis(isothiocyanato) 

bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(II) (N719) dye in ethanol solution for 70 

hr. A platinum nanoparticle thin film is formed on another FTO glass by spin coating (to 

act as a catalyst). The two substrates (photoelectrode and counter electrode) are sandwiched 

and sealed with a surlyn film, with a 25 μm thickness. The gap between the two substrates 

is filled with an iodine-based electrolyte. The electrolyte solution is made of 0.05 M of LiI, 

0.03 M of I2, 0.5 M of 4-tert-Buthylpyridine and 0.1 M of guanidine thiocyanate mixed in 

the solvent with valeronitrile and acetonitrile solution in 1:1 volume ratio. 

 The surface morphology of the synthesized ZnO-CuO core-shell nanostructure and 

ZnO nanorods is analyzed using SEM (FEI Nova NanoSEM 450). The crystalline structure 

is investigated by XRD in a Panalytical X’Pert XRD instrument using Cu Kα radiation. 

The transmittance of the synthesized materials is measured by Varian Cary 500 double 
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beam scanning UV/Vis/NIR spectrophotometer (200 nm to 1500 nm). To analyze 

photovoltaic properties, a Xenon lamp and a semiconductor analyzer are used. 

2.3 Results and discussion 

 As shown in Figure 2.1 (a), (b), and (c), the SEM images show different 

morphologies for ZnO nanorods, ZnO-Cu, and ZnO-CuO core-shell nanostructures. Figure 

2.1 (a) shows that quasi-1D ZnO nanorods are synthesized by CVD on the FTO glass. The 

ZnO shape is hexagonal pillar and the surface of the tip is flat. The mean diameter of the 

ZnO nanorods is 47 nm. The morphology of the deposited Cu seed layer on ZnO nanorods 

is shown in Figure 2.1 (b). The surface morphology is significantly changed by the 

deposition of the Cu seed layer, and shows a rougher surface. This is because Cu is 

deposited as a cluster of particles rather than as a smooth film during e-beam deposition. 

 In comparison to the ZnO nanorods, the ZnO-Cu core-shell nanostructures show a 

wider diameter (69 nm), due to the Cu layer thickness. However, the thickness of Cu seed 

layer is not 100 nm due to it is calculated based on the assumption that the surface is flat. 

The Cu particle size is 29 nm. It can be seen that the surface area increases after Cu 

deposition. This is because each ZnO nanorod surface area enlarges without affecting the 

quantity of nanorods. Figure 2.1(c) shows ZnO-CuO core-shell nanostructures after a 

thermal oxidation process. The diameter of the core-shell is increased to 85 nm. The 

morphology of the shell is changed into a much rougher surface due to the Cu seed layer 

agglomerating during the oxidization. 
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Figure 2.1 SEM images of the surface morphology of synthesized materials: (a) ZnO 

nanorods, (b) ZnO-Cu, and (c) ZnO-CuO core-shell nanostructures. The white bar 

indicates 
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  Figure 2.2 shows the XRD patterns of ZnO-Cu core-shell nanostructure, CuO layer 

on FTO glass, and ZnO-CuO core-shell nanostructure from 33.0° to 45.0°. Both of the 

core-shell nanostructures have a typical wurtzite hexagonal ZnO crystal structure with 

peaks located at 34.4°, 36.2°, and 37.7°, as shown by the black and blue XRD patterns. 

After thermal oxidation of Cu seed layer on the FTO glass, two of CuO peaks are shown 

at 35.5° and 38.7°. They are correlated with [-111] and [111] directional preference. The 

ZnO-CuO core-shell nanostructure has ZnO and CuO peak each and there is no peak shift.  

 Figure 2.3 shows the optical transmittance for all samples measured from 200 nm 

to 1500 nm by UV-Vis-NIR photospectroscopy. The result shows light above 400 nm 

passes through ZnO nanorods due to its wide band gap (3.37 eV). Especially, high 

transmittance is observed in range of NIR (> 800 nm). On the other hand, the CuO layer 

on FTO glass shows low transmittance above 800 nm. This is due to the narrow band gap 

of CuO (1.2 eV). The ZnO-CuO core-shell nanostructure has lower transmittance than ZnO 

nanorods due to CuO shell assisting as an absorption layer on the ZnO nanorods. The 

performance comparison of DSSCs using ZnO nanorods and ZnO-CuO core-shell 

nanostructures is shown in Figure 2.4. Higher conversion efficiency (0.108%) is obtained 

by using ZnO-CuO core-shell nanostructure as a photoelectrode in DSSC compared to ZnO 

nanorods (0.032%). Especially, the ZnO-CuO-based device has a photocurrent density 4.2 

times higher than ZnO nanorods, as shown in Table 1.  
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Figure 2.2 XRD pattern of the Cu-ZnO core-shell nanostructure (bottom), CuO layer on 

FTO glass (middle), and ZnO-CuO core-shell nanostructure (top). 
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 The observed increased performance can be attributed to a higher photocurrent 

resulting from two separate mechanisms. First, the CuO shell on the ZnO core absorbs and 

utilizes more visible and NIR light, generating a larger number of excited electrons, as 

shown in Figure 2.3. Second, the CuO shell structure behaves as a blocking layer that 

reduces interfacial recombination by inhibiting electrons from moving back to the highest 

occupied molecular orbital (HOMO) of the dye, or electrolyte. Thus, minimizing current 

leakage paths and improving the photocurrent density in the device. This is because the CB 

of CuO shell (-0.84 eV vs. NHE)[10] is situated above the CB of ZnO (-0.25 eV, NHE).[11] 

The inclusion of the CuO shell promotes charge transfer from the dye to the ZnO 

photoelectrode, as shown Figure 2.5.[12] In particular, CuO prevents electron transfer from 

ZnO to the HOMO level of the dye and electrolyte, while thermodynamically allowing 

electron injection to the ZnO. As a result, the ZnO-CuO core-shell nanostructure increases 

the current density by reducing recombination of electrons and holes at the interface. 

 Furthermore, the inverse of the slope at the Voc (shown in Figure 2.4) is 

proportional to the series resistance of the cell. The series resistance in solar cells is affected 

by the movement of current from the dye, to the photoelectrode, to the FTO glass, to the 

metal contact. The cell using ZnO-CuO core-shell nanostructure shows an increased slope 

compared to the one fabricated with ZnO nanorods at the Voc, indicative of a reduction in 
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Figure 2.3 Optical transmittance spectrum of ZnO nanorods, CuO and CuO-ZnO 

core-shell. 
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Table 2.1 Solar cells parameters of ZnO nanorods and ZnO-CuO core-shell 

nanostructures. 
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Figure 2.4 Photocurrent as a function of photovoltaic characteristics for DSSCs 

abricated ZnO nanorods (bottom) and ZnO-CuO core-shell nanostructure (top). 
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Figure 2.5 Energy diagram of (a) ZnO nanorods and (b) ZnO-CuO core-shell 

nanostructure as a photoelectrode in DSSCs. 
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series resistance. The CuO shell on the ZnO core acts as a blocking layer that leads to a 

lower series resistance, reducing the recombination of electron-hole pairs, and enhancing 

photocurrent generation.[12,13] In this work, we explore the effect of CuO layer on ZnO 

nanorods for 1) increasing the absorption range; and, 2) lowering electron-hole 

recombination. 

2.4 Conclusions 

 In summary, we have successfully demonstrated improvement in the conversion 

efficiency in DSSCs using ZnO-CuO core-shell nanostructure in comparison to ZnO 

nanorods. The CuO shell is synthesized on ZnO by thermal oxidation. Further optimization 

is necessary to reduce the amount of defects during the CuO shell formation, and increase 

conversion efficiency. To further validate our results presented here, we will fabricate and 

characterize more devices to confirm repeatability and obtain average performance in terms 

of open circuit voltage, short circuit current, fill factor, and conversion efficiency. Future 

work will focus on decreasing recombination at the interface. 
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Chapter 3 

CuO as a multi-functional layer to improve the power conversion efficiency in 

DSSCs 

3.1 Introduction 

 Society today is confronted by the an ever growing demand for energy that is driven 

by population growth and the increase in the quality of life of people around the world. In 

order to overcome this challenge, further developments and improvements in renewable 

energy are needed, so that more abundant, sustainable, and environmentally friendly 

sources of energy play a greater part in meeting our current and future energy needs.[1-5] 

The sun is the best source of renewable energy, because it is not only abundant but also 

essentially inexhaustible. Solar photovoltaic (PV) devices are one of the most efficient 

methods of utilizing solar energy. Solar cells utilize the sun’s radiant energy as the energy 

source resulting in a renewable and clean supply of energy for powering human activity 

with lessened impacts on the environment.[6] Currently, silicon-based solar cells with 

energy conversion efficiencies ranging from 17-21%, and long life (> 25 years) have been 

widely used throughout the world and are the dominant technology in terms of deployed 

solar PV capacity.[7-9] However, some of the characteristics of silicon-based solar cells such 

as their intrinsic heavy weight and stiffness result in limitations in terms of their 

applications, particularly where flexibility and portability are essential. To satisfy the 

requirements of more versatile applications, there is a need to develop new types of 

photovoltaic devices, providing alternatives beyond traditional silicon solar cells[10]. 
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Organic-inorganic photovoltaic cells such as dye-sensitized solar cells (DSSCs) and 

perovskite solar cells (PSCs) have attracted attention as promising technologies due to their 

low manufacturing cost and their applicability into a wide range of surfaces such as 

windows, building walls, and wearable devices. DSSCs and PSCs have the potential to 

become viable alternatives for silicon solar cells and merit further research and 

development.[10-14] 

 The device architecture of DSSCs consisting of a photoelectrode, counter electrode, 

electrolyte, and a light-absorbing material (i.e. dye) is amenable to a variety of surfaces 

and applications. ZnO has been applied in optoelectronic devices, including solar cells, 

because of its advantageous properties such as: 1) transparency in the visible light range 

due to its large energy band gap (3.4 eV); 2) high electron mobility of 115-155 cm2 V-1 s-

1; and 3) cost effectiveness.[15] Another advantage for optoelectronic applications is the 

ultrafast stepwise electron injection from the photoexcited Ru-complex into 

nanocrystalline ZnO via intermediates at the surface.[16, 17] However, a significant limiting 

factor for using ZnO as a photoelectrode in DSSCs is the formation of Zn2+/dye complexes 

during soaking of the ZnO photoelectrode into the acidic dye (N-719 or N-3) solution.[18] 

The adsorption of formic acid (HCOOH) on the ZnO (101̅0) surface weakens the Zn-O 

bond, which increases the bond length between Zn and O atoms, and ultimately results in 

the dissolution of surface Zn atoms.[19] The aggregated Zn2+/dye complexes lead to an 

inactive layer for the electron injection from the lowest unoccupied molecular orbital 

(LUMO) of the dye to the conduction band (CB) of ZnO. The formation of this aggregation 
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increases the charge transfer resistance through the dye, negatively impacting the current 

density and overall power conversion efficiency (PCE) of DSSCs.[18] 

 In the contemporary literature, researchers have focused on a variety of methods to 

reduce the aggregation of Zn2+/dye complexes at the surface of ZnO.[19] Engineering the 

surface of ZnO has been attempted as a way to improve PCE in DSSCs using ZnO as a 

photoelectrode. To avoid the formation of the Zn2+/dye complexes, the insertion of a metal 

oxide layer such as TiO2, SiO2, MgO, and amorphous Al2O3 on the surface of ZnO has 

been demonstrated.[11-14] Particularly, an effective approach using CuO layer is preventing 

the interfacial recombination between an excited electron and hole on the CB energy level 

of ZnO and the redox potential of electrolyte.[20] The utilization of a CuO with ZnO has 

been reported on CuO-ZnO nanocomposites, CuO nanofibers on ZnO, and core-shell ZnO-

CuO nanocomposites.[21-23] However, the stacked nanocomposite and nanoparticle 

structures create large number of interfacial resistance for electrons to overcome. Therefore, 

1-D structures which provides direct electron pathway are desired to minimize the 

efficiency losses from the interfacial resistances. 

 In this work, we report the enhancement in the overall power conversion efficiency 

of DSSCs using a CuO shell on a ZnO core as the photoelectrode. The ZnO core consisting 

of nanorods (NRs) structures are synthesized by chemical vapor deposition (CVD). After 

CVD synthesis, a Cu seed layer is deposited onto the surface of the ZnO NRs, and thermally 

oxidized. To analyze and compare the materials at each step of the process (i.e. CVD 

synthesis, metal deposition, and thermal oxidation), the surface morphology, the 

crystallinity, and the optical properties are characterized. Two types of DSSCs devices 
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were fabricated, one set of devices using ZnO nanorods (NRs) only as the photoelectrode, 

and another using ZnO-CuO core-shell (CS) nanostructures. Since it was expected that the 

amount of Zn2+/dye complexes formed on the surface of ZnO NRs was likely to increase 

with increased soaking time in the dye solution, various soaking times are used to compare 

the performance of fabricated DSSCs. 

3.2 Experimental procedure 

 One dimensional ZnO NRs were grown on a F-doped SnO2 (FTO, surface 

resistivity ~13 Ω/sq, Sigma Aldrich) substrate by CVD method as previously reported.[24] 

The FTO substrate is placed at two-thirds along the quartz tube (1400 x 72 x 4 mm; length, 

inner diameter, wall thickness, respectively). A small quartz tube (8.2 x 7 x 1 mm; length, 

inner diameter, wall thickness, respectively) with 0.2 g zinc powder (Sigma-Aldrich, <150 

µm 99.995%) is placed 2 cm away from the substrate as the precursor material. A 

continuous flow of 97 and 3 SCCM of N2 and O2 are respectively used as the carrier and 

reaction gases. A 30 min stabilization step without heating was used to achieve a constant 

flowing atmosphere before the temperature was ramped up. The quartz tube was heated up 

to a reaction temperature of 600 °C for 30 min. The reaction temperature was kept for 30 

min. The quartz tube was cooled down by the open atmosphere, without an additional 

cooling system. The synthesized ZnO NRs were patterned to restrict the surface area (0.16 

cm2) by photolithography. In order to remove any unnecessary area composed of ZnO NRs, 

0.1 M HCl aqueous solution was used as an etchant for 20 sec. After etching the substrate 

was rinsed with DI water for 3 min and dried by a N2 gun. The photoresist was completely 

removed by acetone and rinsed with isopropyl alcohol for 5 min. Cu seed layer was 
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deposited on the synthesized ZnO NRs by e-beam evaporation process to form a Cu seed 

layer of 100 nm. The thermal oxidation process was carried out in the quartz tube at 600 °C 

for 1 hour under open-air environment conditions. 

 Synthesized ZnO NRs and ZnO-CuO CS were soaked into a prepared dye solution 

consisting of 0.5 mM di-tetrabutylammonium cis-bis(isothiocyanato) bis(2,2’-bipyridyl-

4,4’-dicarboxylato)ruthenium(II) (N-719 , Sigma Aldrich) dye in ethanol for 0.5, 2, and 72 

hours. 50 mM chloroplatinic acid hexahydrate (Sigma Aldrich) in ethanol was spin-coated 

onto another FTO substrate to be used as a counter electrode in the fabrication of the DSSC 

devices. The deposited layer was sintered in a tube furnace at 400 °C for 30 min under 

open-air environment conditions. The photoelectrode and a counter electrode were 

sandwiched together and sealed with a surlyn film (Solaronix, 25 µm thickness). Two holes 

were perforated on the counter electrode through which an I-/I3- electrolyte solution was 

injected into the device. The electrolyte solution consisted of 0.05 M of LiI, 0.03 M of I2, 

0.5 M of 4-tert-Butylpyridine, and 0.1 M of guanidine thiocyanate in a mixture of 

valeronitrile and acetonitrile solvent (1:1 v/v). 

 Surface morphology was characterized by scanning electron microscopy (SEM, 

FEI NovaNanoSEM 450). Diameter of synthesized materials was measured by ImageJ 

program. The crystallinity of synthesized materials (ZnO NRs, ZnO-Cu CS, ZnO-CuO CS) 

was analyzed by PANalytical X’Pert X-ray diffraction (XRD) instrument using Cu Kα 

radiation. Crystal structure and elemental analysis were conducted by high-resolution 

transmission electron microscope (HRTEM) and electron dispersive X-ray spectroscopy 

(EDS) (Titan Themis 300). Ultraviolet-visible-near infrared (UV/Vis/NIR) absorption 
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spectra of the synthesized materials was observed by Varian Cary 500 double beam 

scanning UV/Vis/NIR spectrophotometer in the 300 to 1500 nm wavelength range at room 

temperature. Photovoltaic properties of fabricated DSSCs devices were measured using a 

Xenon lamp and a semiconductor analyzer. The step voltage was fixed at 1 mV. The 

photovoltaic properties of all devices were measured on a 0.16 cm2 patterned active area. 

3.3 Results and discussion 

 The morphology of synthesized materials was analyzed by SEM. Throughout SEM 

characterization, irrespective of the Cu deposition and/or thermal oxidation step process, 

no significant changes are observed in terms of the density and orientation of the NRs. The 

SEM images in Figure 3.1 confirm that the ZnO NRs nanostructures are stable during the 

high temperature thermal oxidation process. In Figure 3.1(a), the morphology of the ZnO 

NRs is observed to be randomly oriented on the FTO substrate with an average diameter 

of 39 nm. The average diameter is increased to 54 nm after the deposition of the Cu seed 

layer on the ZnO nanorods (Figure 3.1(b)). The observed thickness is different from the 

target thickness of 100 nm in the e-beam evaporation because the deposition was conducted 

on a non-flat surface. SEM results show that the surface morphology is changed with 

respect to each synthesis step. The as-synthesized ZnO NRs show a smooth surface, 

whereas rough surfaces are observed after both, Cu seed layer deposition and the thermal 

oxidized CuO. The increase in roughness resulting from the deposition of the metal seed 

layer is due to the Cu grains covering the surface of ZnO NRs. Figure 3.1(c) shows that the 

CuO layer has a rougher surface compared to the Cu seed layer on the ZnO NRs. It is 

expected that agglomeration of Cu takes place during the thermal oxidation process, as the 
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Cu seed grains have the tendency to agglomerate at high temperatures processes during 

thermal oxidation.[25] SEM confirms that the average diameter of ZnO-CuO CS structures 

is the highest among the three samples (68 nm). The diameter increment in the ZnO-CuO 

CS is 14 nm compared to ZnO-Cu CS. 

 Figure 3.2 shows the diameter distribution of ZnO NRs, ZnO-Cu CS, and ZnO-

CuO CS. The average diameter of the ZnO NRs, ZnO-Cu CS, and ZnO-CuO CS are 

calculated from a sample number of 60 nanostructures. Compared to ZnO NRs, the 

histogram shows an increase in diameter at the end of the thermal oxidization process used 

to obtain the CuO shell. 

 The crystal structure and growth direction of the synthesized ZnO NRs, ZnO-Cu 

CS, and ZnO-CuO CS nanostructures on FTO glass are examined by XRD pattern analysis, 

as shown in Figure 3.3(a). Distinct diffraction peaks corresponding to the phase of FTO 

are found in all the samples (denoted by *). The peaks of the ZnO NRs with hexagonal 

wurtzite phase as the backbone material are present in all samples irrespective of whether 

the ZnO NRs are encapsulated by a Cu seed layer or CuO. It is worth noting that ZnO 

nanorods are suitable as a supporting material for the synthesis of the CuO layer by thermal 

oxidation at a high temperature, without inflicting any morphology change to the NRs. 

Figure 3.3(b) represents the detailed XRD peaks in the 2θ range of 30° to 46°. The peaks 

located at 34.0° and 38.1° are indexed to the (101) and (200) lattice plane of FTO, while 

the peaks located at 34.7° and 36.5° correspond to the (002) and (101) lattice plane of 



44 

  

Figure 3.1 SEM images of (a) as synthesized ZnO NRs, (b) ZnO-Cu CS after e-beam 

evaporation of Cu seed layer, (c) ZnO-CuO CS after thermal oxidation. 
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Figure 3.2 Histogram showing diameter distribution of ZnO NRs, ZnO-Cu CS, and 

ZnO-CuO CS. 
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hexagonal-phase ZnO (JCPDS card no. 36-1451; lattice parameters: a = 3.2495 Å  and c = 

5.2069 Å ). The peak for ZnO-Cu CS is located at 43.6° corresponding to the (111) cubic 

Cu (JCPDS card no. 04-0836; lattice parameters: a = 3.6150 Å ). The diffraction peaks of 

monoclinic CuO (JCPDS card no. 48-1548; lattice parameters: a = 4.68 Å , b = 3.42 Å , and 

5.13 Å ) are located at 35.7° and 39.0° corresponding to the (11̅1) and (111) planes obtained 

after the thermal oxidation process. The disappearance of the Cu peak is evidence that the 

whole Cu seed layer is consumed during the thermal oxidation process used to synthesize 

the CuO layer on the surface of ZnO NRs. The XRD and SEM results provide evidence 

that the CuO shell is successfully synthesized on the smooth surface of ZnO core by our 

two-step process. For the detailed investigation of the ZnO-CuO CS nanostructure morphology, 

crystal orientation, and elemental composition, HRTEM image, EDS, and selected area diffraction 

pattern (SAED) were collected as shown in Figure 3.4. The high magnification image, in Figure 

3.4(a), shows the lattice fringes of ZnO (0001) and CuO (1̅11) and (111). The hexagonal wurtzite 

zinc oxide is confirmed to have the single crystal structure ordered along [0001] direction and the 

monoclinic copper oxide is verified on the ZnO nanorod surface. The lattice spacing of ZnO (0001), 

CuO (1̅11) and (111) crystal planes are 0.520, 0.251, and 0.228 nm, respectively. The element 

mapping obtained from ZnO-CuO CS confirms that the core consists of Zn and O, while the shell 

is made of Cu and O element (Figures 3.4 (c) – (e)). Zn element clearly makes up the core area of 

the nanorod structure. Cu element is present throughout the core-shell area, with a strong Cu 

element signal at the shell area and a weak Cu element in the core area, indicative that the Cu 

element is not present in the core area. O element is observed both on the core and shell areas. 
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Figure 3.3 X-ray diffraction pattern (Cu Kα) of ZnO NRs, ZnO-Cu CS, and ZnO-

CuO CS from 20 to 80 degree (a) and from 30 to 45 degree (b). FTO peaks are 

denoted by the asterisk (*). 
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Therefore, it is determining that the core and shell are composed of ZnO and CuO. Single 

crystallinity of ZnO is further supported by SAED with a well outlined spots shown in 

Figure 3.4(f). Figure 3.4(g) shows CuO diffraction pattern showing circular rings 

corresponding to a polycrystalline nature. The results from HRTEM measurement confirm 

that the synthesized material has a core-shell nanostructure composed of ZnO core and 

CuO shell. 

 Optical transmittance is observed by UV-Vis-NIR photospectroscopy in the range of 300 

nm to 1500 nm to support the improved performance of DSSCs using CuO as a shell layer on ZnO 

NRs, as shown in Figure 3.5. The three samples are shown to have a low transmittance spectrum 

shape at the UV region due to the properties of ZnO material which absorbs UV light shorter than 

400 nm. The black line representing the transmittance of the ZnO NRs shows an abrupt decrease 

below 400 nm while a high transmittance is observed in range of visible and NIR light (> 400 nm). 

This result is attributed to the band gap energy of ZnO (3.4 eV). The transmittance spectrum of the 

Cu seed layer deposited on the ZnO NRs reveals that no light with wavelength in the range of 300 

to 1500 nm can travel (pass) through the layer. The UV-Vis-NIR results, indicate that ZnO-CuO 

CS nanostructures absorb light with wavelength below 1300 nm. Compared to the pure ZnO NRs, 

ZnO NRs with a CuO shell show a lower transmittance at the range below 1300 nm. Specifically, 

the transmittance of ZnO-CuO CS nanostructures show a pronounced decreased in transmittance 

below 1000 nm. These results confirm that CuO absorbs visible and NIR light and open the 

possibility for CuO to be used as a supplementary material for extending the absorption range into 

the NIR light range in DSSCs devices.  

 The current-voltage (J-V) characteristics including the Jsc, Voc, fill factor, and PCE 

are measured under standard AM1.5G illumination, as shown in Figure 3.6 and Table 3.1. 
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The results show that the PCE and Jsc of DSSCs using both ZnO NRs and ZnO-CuO CS 

nanostructures as a photoelectrode are affected by soaking times beyond 2 hr, with the 

ZnO-only devices being more susceptible to the dissolution of Zn atoms in the dye. 

Alternatively, the Voc and fill factor are both affected by the soaking time in a similar 

manner with a small difference between the two types of electrodes. The results show that 

the CuO layer on the ZnO NRs does not have a significant influence on Voc. The thin CuO 

shell layer does not change the CB and Fermi level significantly compared to the ZnO 

nanorods.[26] The PCE of the DSSCs utilizing the ZnO NRs decreases dramatically with 

the longer soaking time. This observation was reported by M. Tachiya’s and Anders 

Hagfeldt’s groups which determined that the best PCE of DSSCs using ZnO NRs and N-3 

(or N-719) as a photoelectrode and dye, respectively, was obtained from 0.5 to 2 hr soaking 

time. Soaking time longer than 2 hr led to the decrease of the PCE of devices.[18, 27] Since 

the soaking time does not affect the Voc and fill factor significantly, the reduced PCE of 

the DSSCs using ZnO NRs is mostly arising from the reduction in the Jsc. This reduction 

in Jsc is attributed to the Zn2+/dye complexes formed by the dissolution of Zn2+ ion at the 

surface of ZnO nanorods into the dye solution.  

 Figure 3.7(a) shows that the aggregation of these complexes hinders the transport 

of excited electrons from the dye to ZnO photoelectrode.[27] The high amount of Zn2+/dye 

complexes increase the resistance, therefore, decreasing the charge transfer from the dye 

to the ZnO photoelectrode. The results confirm that the PCE and Jsc in devices using ZnO 
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Figure 3.4 HRTEM image of (a) ZnO-CuO core-shell structure, (b) high magnification 

TEM image of ZnO-CuO core-shell structure; (c)-(e) element mapping; (f)-(g) SAED 

pattern of ZnO and CuO. 
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Figure 3.5 Transmittance spectra of ZnO nanorods, ZnO-Cu CS, and ZnO-CuO CS in 

the range of 300 nm to 1500 nm. 
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Figure 3.6 Current-voltage characteristics of as a function of soaking time into acidic 

N-719 dye solution under simulated AM 1.5 G, 100 mW cm-2 solar irradiation. The 

performance of DSSCs using ZnO NRs and ZnO-CuO CS is compared. 
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NRs decrease more significantly with longer soaking time. On the other hand, CuO layer 

increases carrier lifetime due to improved electron transport from N-719 dye to FTO layer 

and the reduced carrier recombination at the interface between ZnO and N-719 dye. 

Figure3.7(b) shows excited electron transfer process. The CuO layer without Zn2+/dye 

complex prevents the recombination with holes in the N-719 dye, while it also increases 

the charge transfer rate and electron lifetime.[20] Therefore, the PCE and Jsc of the devices 

with the ZnO-CuO CS nanostructure increase when the DSSCs are soaked in the dye 

solution beyond 2 hr, all the way into a 72 hr soaking time. DSSCs using ZnO-CuO CS 

nanostructures have more than two times (2.3) higher Jsc at 2 hr soaking time versus 30 

min. This is because more dye molecules are absorbed on the CuO surface within the 2 hr 

soaking time, while also acting as a protective layer preventing the formation of Zn2+/dye 

complexes. Meanwhile, DSSCs using ZnO-CuO CS soaked into the dye solution for 30 

min have a lower PCE and Jsc due to the small amount of dyes absorbed on ZnO-CuO CS. 

The PCE of ZnO-CuO CS devices under 72 hr soaking time decrease, while Jsc is higher 

than that of 2 hr sample. This is because Voc and fill factor are shown to decrease by a small 

amount. Significantly longer soaking time affects the fill factor for both devices. The ZnO-

CuO CS shows a lower decreasing rate in overall efficiency compared to the ZnO NRs. 

DSSCs using  
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Table 3.1 Summary of device parameters in DSSCs using ZnO nanorods and ZnO-CuO 

CS with various soaking time. 
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Figure 3.7 Energy level diagram of excited electron transfer from N-719 dye to ZnO 

photoelectrode with (a) Zn2+/dye complex and (b) CuO shell. 
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ZnO-CuO CS after 72 hr show an efficiency drop of 11.5% compared to 2 hr soaking time. 

On the other hand, the efficiency in DSSCs using ZnO NRs drops by 47.2 % during the 

same period. The specific amount of attached dye on the CuO layer at 2 hr soaking time 

leads to a higher conversion efficiency in devices. While longer soaking time allows for 

the further absorption of more dye, it decreases overall efficiency due to the deterioration 

of the fill factor and saturation of the current density. These results support the conclusion 

that in DSSCs utilizing ZnO-CuO CS, the total amount of attached dye molecules on the 

CuO surface do not change much after soaking into the dye solution for a long time (i.e. 

72 hr). Although there is some drop in the efficiency of devices using ZnO-CuO CS at 72 

hr soaking time, fully covered CuO layer on ZnO NRs still prevents the rapid degradation 

in efficiency compared to ZnO NRs. This surface layer reduces Zn2+ ion dissolution in the 

solution and formation of the Zn2+/dye complexes on the surface of the ZnO photoelectrode. 

Although a slight reduction in Voc and fill factor after 2 hr soaking time is observed from 

DSSC using ZnO-CuO CS, this reduction arises from the change of the CuO surface over 

time due to minor dissolution of Cu atom in the dye. The changed CuO surface modifies 

the Fermi level at the (111) and (11̅1) planes surfaces.[28] Since the Voc and the fill factor 

are related to the states at the band gap and surface, their values are impacted. For the Voc, 

the modified Fermi level of the CuO surface shifts the difference from the redox potential 

of the electrolyte. Meanwhile, the excited electron from the CB of the CuO is released to 

the state in the bandgap and recombined with a hole. Despite the fact that the current 

density increases due to the higher amount of absorbed dye on the CuO layer after 72 hr, 

the changed CuO surface after longer soaking time reduces the Voc, fill factor, and 
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conversion efficiency slightly. Similarly, increasing Voc in DSSC using ZnO NRs with 

longer soaking time is due to the modified surface of the ZnO. The (101̅0) plane of ZnO is 

predominant in the NRs structure. This plane is suitable to change the energy band structure 

depending on the surface states.[29] Therefore, the Zn atom dissolution from the surface of 

ZnO NRs leads to the modification of the surface states. As a result, the DSSC using ZnO 

NRs as a photoelectrode increase Voc after longer soaking time. On the other hand, the fill 

factor is attributed to the surface states which inhibit the electron migration. 

3.4 Conclusions 

 Enhanced power conversion efficiency by a factor of 2.3 times is demonstrated in 

DSSCs using ZnO-CuO core-shell nanostructure compared to standard ZnO nanorods used 

for photoelectrodes, at 2 hr soaking time. An improvement in the current density directly 

arises from the utilization of a CuO shell layer. This CuO layer prevents the formation of 

the Zn2+/dye complexes formation at the photoelectrode surface which maintains effective 

electron injection. Although both samples show a drop in the conversion efficiency at 72 

hr soaking time, the DSSC using ZnO-CuO core-shell shows a slower decrease rate 

compared to ZnO NRs. Using 72 hr soaking time, the DSSC using ZnO shows the enhanced 

Voc and the decreased fill factor. The modified surface state from Zn atom dissolution at 

the surface of ZnO NRs affects the Voc and the fill factor. Furthermore, the reduced Voc in 

DSSC using ZnO-CuO CS is from the Cu atom dissolution while higher amount of 

absorbed dye on the CuO shows higher current density due to longer soaking time. 
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Chapter 4 

Cu2O Photocathode with Faster Charge Transfer by Fully Reacted Cu Seed Layer 

to Enhance Performance of Hydrogen Evolution in Solar Water Splitting 

Applications 

4.1 Introduction 

 Hydrogen is a promising renewable fuel with the potential to be used as an energy 

source to alleviate the higher demand for energy driven by population growth. Hydrogen 

has a high mass energy density and is an eco-friendly material. These two characteristics 

make it an attractive energy source for addressing current and future energy needs.[1] The 

efficient and cost-effective harvesting and storing of hydrogen gas are critical for its 

utilization across various fields and applications.[2,3] The use of photoelectrochemical 

(PEC) cells for water splitting applications as a method to efficiently harvest hydrogen gas 

using solar energy has been carried out extensively by various research groups.[4-6] PEC 

cells convert sunlight to chemical energy by splitting water molecules for generating 

hydrogen gas.[6-9] Therefore, research focused in improving the efficiency in PEC cells is 

imperative to make hydrogen a more competitive technology. Among materials used to 

produce hydrogen gas using PEC cells, Cu2O is a good candidate because it is cost-

competitive and an abundant material in the earth.[10-15] Cu2O is a p-type semiconductor 

material with a band gap of 1.6 - 2.2 eV, absorbance in the visible light range (563 - 775 

nm), and a suitable band edge alignment that is amenable for generating chemical 

energy.[16-18] In a PEC device, the absorbed sunlight at the Cu2O surface generates excited 
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electrons by reducing protons to hydrogen gas at the interface between the photoelectrode 

and the electrolyte.[10-11,13-15] 

 Cu2O has a theoretical hydrogen conversion efficiency of 18% in PEC cells and a 

power conversion efficiency of 20 % in a solar cell.[12,15] However, low hydrogen 

generation and instability are two challenges that prevent the usage of Cu2O as a 

photocathode in PEC cells.[19] The low efficiency is attributed to the high charge 

recombination caused by the slow carrier transfer rate at the Cu2O surface.[20] To increase 

the efficiency of Cu2O, a thick film around 10 µm is necessary for the effective absorption 

of sunlight.[21,22] However, minority carrier (electrons) in the Cu2O reacting with protons 

have less than a 200 nm diffusion length, resulting in an inefficient reaction.[23] The charge 

diffusion length and the carrier transfer rate are important factors to improve the efficiency 

of hydrogen gas generated from excited electrons.[24] In the literature, the properties of 

Cu2O have been engineered for increasing the charge diffusion length and improving the 

carrier transfer rate as well. There are various research methods to improve Cu2O 

performance such as doping,[25] high temperature processing for enhancing the crystal 

quality,[11] engineering an overlayer,[12,26-28] and modifying the morphology to reduce the 

electron pathway length.[29-30] Despite these efforts to improve the generation efficiency, 

the utilization of Cu2O still requires more research to improve its low photocurrent density 

in PEC cells. 

In this paper, we report the improved hydrogen generation properties of textured Cu2O 

photocathode film, via the full reaction of the Cu seed layer between the Cu2O and the 
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fluorine doped tin oxide (FTO) substrate. The textured Cu2O has a higher PEC efficiency 

due to its larger surface area compared to thin-film structures. Via our solution base 

synthesis method, we successfully synthesized a textured Cu2O film on FTO substrate from 

a Cu seed layer film. When Cu2O is used as a photoelectrode, any unreacted Cu greatly 

impacts the hole transfer in the PEC cell. In this work, the relationship between 

electron/hole recombination and carrier transfer rate is investigated. Photoelectrochemical 

reaction measurements are analyzed to determine the reaction at the interface between 

Cu2O and electrolyte. The material properties are characterized in terms of their 

morphology, crystallinity, and light absorbance. 

4.2 Experimental procedure 

 All chemicals in this paper are purchased from Sigma Aldrich. FTO on glass 

substrate (surface resistivity ~13 Ω/sq, Sigma Aldrich) is used as a substrate. FTO is 

cleaned using a detergent solution in deionized (DI) water, acetone, and isopropyl alcohol 

(IPA) in an ultrasonication bath for 5 min for each step. A nitrogen gun is used to dry the 

FTO after the IPA rinse. A Cu seed layer is deposited by e-beam evaporation on the FTO 

substrate patterned with a 1 x 1 cm2 window. The deposition rate is maintained at less than 

1.2 Å /sec. Various Cu film thicknesses are deposited. These samples are denoted sample 

1, 2, 3, and 4. The solution for making the textured Cu2O is prepared as detailed by 

Chattopadhyay’s group.[10] The initial solution is mixed with 0.038 M ammonium 

persulfate ((NH4)2S2O8) and 0.191 M sodium hydroxide (NaOH). The reaction solution is 

prepared by adding 4 ml in 160 ml DI water. The solution is stirred until fully mixed. The 
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prepared samples with Cu seed layer are dipped into the solution for 1 hr at room 

temperature without stirring. The residue on the surface of sample is rinsed by DI water for 

5 min and dried by nitrogen gun. The samples are annealed by rapid thermal annealing at 

550 °C for 1 min under nitrogen condition. In order to compare the surface morphology of 

a flat uniform film (as a control sample), a Cu film on FTO glass is thermally oxidized at 

600 °C for 1 hr under air. 

 The morphology of the synthesized materials on the FTO glass are characterized 

by scanning electron microscopy (SEM, FEI NovaNanoSEM450) and atomic force 

microscopy (AFM, MFP-3D from Asylum Research). Crystallinity of the samples is 

analyzed by X-ray diffraction (XRD, PANanlytical X’Pert X-ray diffractometer) using Cu 

Kα radiation (1.540598 Å). Optical properties are measured by double beam scanning UV-

Vis-NIR spectrophotometry (Varian Cary 500). 

 Photoelectrochemical performance of the synthesized samples, as photocathodes 

for PEC devices, is measured by a potentiostat with a 3-electrode setup using Ag/AgCl/KCl 

as the reference electrode, Pt wire as the counter electrode, and the synthesized film as the 

working electrode. 0.1 M Na2SO4 electrolyte solution is used for the testing of the PEC. A 

solar simulator (Newport, Oriel Sol3A Class AAA Solar Simulator, 450 W Xenon) is used 

as the light source (AM 1.5 G, 100 mW cm-2). The solar simulator was calibrated by a 

monoclinic silicon solar cell (Newport, Oriel®  Reference Solar Cell & Meter, 91150V). 

The scan rate for the linear sweep voltammetry is 0.05 V/s and the applied potential is -

0.05 to 0.4 V vs. RHE. Electrochemical impedance spectroscopy (EIS) is conducted at 
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open circuit potential from 105 to 10-1 Hz frequency under illumination to study interfacial 

charge transfer between the photocathode and the electrolyte. Measuring the capacitance 

against potential at 103 Hz frequency is performed under dark from 0.2 to 0.6 V vs. RHE 

to characterize the Vfb potential. 

4.3 Results and discussion 

 Four samples with different thickness are synthesized via a solution method. The 

synthesized samples show a textured Cu2O film on the FTO substrate as observed by 

scanning electron microscopy (SEM) characterization shown in Figure 4.1 and Figure 4.2. 

The morphology of these samples is rougher than the CuO layer synthesized on FTO 

substrate by thermally oxidizing the Cu seed layer shown in Figure 4.3. In contrast to the 

CuO film which maintains the FTO surface topography, the Cu2O forms a morphology that 

is independent of the FTO substrate. The samples show that the textured Cu2O films have 

a peak to peak distance around 80 nm as shown in Figure 4.4 and Figure 4.5. Although the 

thickness of the Cu seed layer is different for each sample, the atomic force 

microscopy(AFM) topography results show a similar root mean square roughness value 

for all samples, ranging from 17 to 20 nm. This is evidence that the synthesized Cu2O films 

on the FTO substrate have a similar morphology regardless of the starting Cu seed layer 

thickness. However, the cross-sectional SEM images show that the resulting thickness of 

the Cu2O layer on the FTO substrate is limited by the reaction time of solution-based 

synthesis process shown in Table 4.1. The combined thickness of the unreacted Cu and 
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Figure 4.1 Comparison of Cu2O samples with different thickness. Top-view scanning 

electron microscopy images of the (a) Cu2O-100, (b) 200, (c) 300 and (d) 500 nm. 
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Figure 4.2 Comparison of Cu2O samples with different thickness. Cross-sectional 

scanning electron microscopy images of the (a) Cu2O-100, (b) 200, (c) 300 and (d) 500 

nm. 
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Figure 4.3 Top-view SEM image of thermally oxidized Cu seed layer thermally oxidized 

at 600 °C for 1 hr under air. 
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Figure 4.4 AFM 2D images of the samples of a Cu-100, b 200, c 300, and d 500 nm. 
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cross-sectional SEM images. 
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textured Cu2O is dependent to the starting Cu seed layer thickness as shown in Figure 4.6. 

Particularly, double layers are observed for samples 2, 3 and 4, whereas a single layer is 

observable for sample 1. The unreacted layer thickness between the Cu2O top layer and 

FTO is 115 and 300 nm in sample 3 and 4, respectively. Through SEM morphology 

analysis, we conclude that while the synthesized Cu2O films have different thickness 

because of the unreacted layer, in all instances textured Cu2O films possessing similar 

morphology are synthesized successfully. 

 The crystallinity of the synthesized samples is analyzed by X-ray diffraction (XRD) 

characterization from 2θ = 35° to 60°, as shown in Figure 4.7. The peaks for Cu2O, Cu, 

and FTO are labelled with their corresponding crystal planes. All samples show the peaks 

for Cu2O (111) and (020) crystal planes. On the other hand, sample 2, 3, and 4 show two 

additional peaks at 2θ = 43.5° and 51.6°, corresponding to the cubic Cu (111) and (200) 

crystal planes (JCPDS 04-0836). Intensity of the Cu peaks increase with increasing 

thickness of the unreacted Cu seed layer, while the intensity of the Cu2O peaks remained 

unchanged. These results are in support of the observations from cross-sectional SEM 

analysis. The unreacted layer between Cu2O and FTO is the Cu layer identified in the XRD 

results. All the synthesized samples show a textured Cu2O film with similar crystallinity, 

irrespective of the unreacted Cu layer thickness between Cu2O and FTO substrate. 
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 Target Cu seed layer (nm) Measured Cu2O (nm) 

Sample 1 100 114 ± 28 

Sample 2 200 132 ± 33 

Sample 3 300 114 ± 21 

Sample 4 500 137 ± 41 

* Deviation calculated by ImageJ. 

Table 4.2 Measured, calculated and Fitting Parameters from Nyquist, Mott-Schottky, 

and bode plots from the Cu2O-100, 200, 300, and 500 
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Figure 4.6 AFM 3D images of the samples of a Cu-100, b 200, c 300, and d 500 nm. 
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Figure 4.7 Characterization of samples of Cu2O-100, 200, 300, and 500 nm with and 

without the unreacted Cu layer. a, X-ray diffraction patterns of Indexes taken from JCPDS: 

Cu2O #05-0667, Cu #04-0836, FTO #41-1445. b, normalized absorption spectra in the 

range of UV/Vis/NIR. 
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 Optical properties of the synthesized samples are analyzed by UV-Vis-NIR 

spectroscopy. The absorption spectra versus wavelength are shown in Figure 4.8. There are 

specific absorption peaks at 680 and 640 nm wavelength for sample 1 and 2, respectively. 

Both are absorption peaks by the Cu2O layer, verified by the bandgap (1.6 to 2.2 eV) of 

Cu2O with an absorption wavelength range from 563 to 775 nm. The obtained bandgap is 

in the range of reported values in the literature.[16-18] Even though sample 3 and 4 have a 

Cu2O layer with similar thickness, the absorption peak by the Cu2O layer in sample 4 is 

not noticeable. In sample 3, the absorption peak by Cu2O can be weakly observed (Figure 

4.8 inset). Moreover, sample 4 shows a plateau for the entire range, indicative that the 

unreacted thick Cu layer with 300 nm prohibits light penetration from the top layer to the 

FTO substrate. The absorption intensity from unreacted Cu layer increases with thicker 

unreacted Cu layer thickness as observed in samples 3 and 4. Additionally, sample 2 has a 

higher absorption peak intensity than sample 1. These results point out to the absorption 

properties of the Cu2O/Cu/FTO structure being dominated by the Cu layer thickness, which 

blocks the incoming light when the seed layer is thicker than 100 nm. 

 The performance of the textured Cu2O film as the photocathode in PEC cells is 

measured. The photocurrent density is measured under illumination to analyze the 

photocatalytic operation of the photocathode, as shown Figure 4.9. The highest 

photocurrent density 0.58 mA cm-2 at 0 V vs. RHE is achieved from sample 1 photocathode 

under illumination. On the other hand, both sample 3 and 4 show the lowest photocurrent 
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Figure 4.8 The absorption spectra in the range of UV/Vis/NIR of samples with and without 

the unreacted Cu layer. The inserted spectra shows the absorbance of the samples after 

subtracting the baseline. 
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density among the synthesized samples. This is attributed to the unreacted Cu layer (thicker 

than 100 nm) that reduces photocurrent density. The unreacted Cu layer generated from 

the Cu2O layer. Sample 2 shows a reduced performance compared to sample 1 due to a 

very thin unreacted Cu layer characterized by XRD spectra at 2θ = 42.7°, that affects the 

photocurrent density irrespective of the amount of absorbed light at the Cu2O layer. In 

order to enhance the photocurrent density, a textured Cu2O film without the unreacted Cu 

layer must be synthesized, as demonstrated by the sample 1. 

 Electrochemical impedance spectroscopy (ElS) is used to study the interface 

reaction between the photoelectrode and the electrolyte in the fabricated PEC cells. The 

EIS measurements are conducted under illumination in a frequency range from 105 to 10-1 

Hz, with an amplitude of 10 mV at an open circuit potential. Nyquist plots for the samples 

are presented in Figure 4.10. The charge transfer process is expressed as a semicircle in the 

Nyquist plot. The diameter of the semicircle in a Nyquist plot is equal to the charge transfer 

resistance (Rct), shown in Table 4.2. The Rct increases with the unreacted Cu layer 
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Figure 4.9 Photoelectrochemical performance measurement under dark and illuminated 

conditions (AM 1.5 G, 100 mW cm-2). 
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Figure 4.10 Nyquist plots of samples based on photocathodes under illumination (AM 

1.5G, 100 mW cm-2, 10 mV open circuit potential, 105 to 10-1Hz frequency range, 0.1 M 

Na2SO4). 
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 thickness under illumination. The decrease in electron conductivity is affected by the 

unreacted Cu layer at the photocathode/FTO interface. Even in the case when the thin acts 

as a carrier blocking layer between Cu2O and FTO. Therefore, the unreacted Cu layer 

negatively impacts the separation and transportation of the electrons and holes  

unreacted Cu layer is not distinguishable by cross-sectional SEM analysis it increases the 

Rct. Sample 3 and 4 with an unreacted Cu layer thicker than 100 nm show two times higher 

Rct than sample 1 and 2. The results show that the unreacted Cu layer between Cu2O and 

FTO reduces the charge transfer process at the interface between Cu2O surface and 

electrolyte. This is because the generated carriers cannot be effectively separated and 

recombine before can be collected. 

The capacitance on the photoelectrode/electrolyte are measured in order to calculate the 

flatband potential (Vfb) and carrier density (NA), shown in Figure 6. Parameters are 

calculated from 1/C2 vs. applied potential plot (Mott-Schottky plot) at a fixed frequency of 

103 Hz. The measured 1/C2 is expressed in the equation (1) below: 

1

𝐶2
=

2

𝑁𝐴𝑒𝜀𝜀0
[(𝑉𝑆 − 𝑉𝑓𝑏)]

𝑘𝑇

𝑒
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Table 4.3 The charge transfer resistance (Rct), carrier density (NA), flatband potential 

(Vfb), and carrier lifetime (τ) measured and calculated from the fitting parameters from 

Nyquist, Mott-Schottky, and Bode plots from the samples. 
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NA, e, ε0, ε, k, T and VS are the hole density, the elementary charge, the permittivity of the 

vacuum, the relative permittivity of photocathode (Cu2O is 10.26), the Boltzmann constant, 

temperature, and the applied potential, respectively.[1,15] Based on this equation, the hole 

density in the Cu2O layer can be calculated from the slope of the curve. The carrier density 

of the samples ranges from 2.17 x 1015 to 3.04 x 1015 cm-3, shown in Table 4.2. The 

tangential point from the extrapolated linear part of the curve is the Vfb of the photocathode. 

The negative slope of the linear part in the curve shows p-type semiconductor behavior. 

The Vfb is 0.486 to 0.496 V vs. RHE. These results indicate that the unreacted Cu layer 

does not affect the carrier density and the Vfb. 

 Moreover, the Bode plot displaying the phase as the response against the 

frequencies endow the information of the carrier transport/recombination process in the 

semiconductor (Figure 4.11). The Bode plot determines the information of carrier lifetime 

(τ) inside the PEC under illumination. Measured frequencies at the maximum phase were 

used to calculate the carrier lifetime 𝛕 = 𝟏/𝟐𝛑𝐟𝐦𝐚𝐱 .[31-33] The hole lifetime decreases 

significantly with the existence of the unreacted Cu layer. Longer carrier lifetime (13.5 ms) 

is obtained in sample 1. The three samples with an unreacted Cu layer show shorter carrier 

lifetime ranging from 2.9 to 3.5 ms. The PEC cell using sample 1 achieved the best 

efficiency among the samples due to the longer carrier lifetime that leads to a slow 

recombination rate. The Cu2O film without the unreacted Cu layer improve 
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Figure 4.11 Mott-Schottky plots of samples (103 Hz frequency, 0.1 M Na2SO4). 
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 the carrier lifetime while its carrier density and Vfb are not affected (Figure 4.12). From 

our analysis, we conclude that the enhanced photocurrent density using Cu2O is attributed 

to the longer carrier lifetime. 

4.4 Conclusions 

 Cu2O photocathodes with fully reacted Cu layer have been developed via a solution 

based process. These samples show superior electrochemical properties in PEC cells 

compared to samples with an unreacted Cu layer. A 100% enhancement in photocurrent 

density under sunlight illumination for a water splitting application is measured. We 

confirmed that the enhancement is attributed to the improvement in the charge transfer rate 

and carrier lifetime. Therefore, the sample with fully reacted Cu layer presents low charge 

transfer resistance at the interface between the Cu2O surface and electrolyte. 
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Chapter 5 

CuO Crystal and Morphology Engineering for Improved Hydrogen Generation and 

Stability by Faster Kinetic Reaction Rate 

5.1 Introduction 

 Artificial photosynthesis from single photoelectrode integrates solar energy 

collection and water electrolysis, which makes it a promising technology for dealing with 

the increasing population and energy demand.[1] One of the methods to deal with this 

energy crisis is to utilize alternative energy sources, such as generating hydrogen fuel 

through water splitting.[2,3] Semiconductor materials are promising candidates for 

photoelectrochemical (PEC) water splitting cells.[4,5] PEC cells are sunlight-driven by the 

photon producing excitons at the interface between the semiconductor and electrolyte 

junction.[6,7] The overall performance of semiconductor is dependent on the light 

absorption efficiency, exciton separation at the interface between the semiconductor and 

the electrolyte, the major carrier transport in semiconductor layer, and the minor carrier 

transfer to electrolyte.[8,9]  For n- and p-type semiconductors, the junction between 

semiconductor/electrolyte leads the transfer of minority carriers (hole and electron) which 

reacts with OH- and H+ to generate oxygen and hydrogen, respectively.[10-12] The 

photoexcited exciton can be driven to separation by an electric field formed at the junction 

between semiconductor/electrolyte. To operate PEC water splitting by using only sunlight, 

the development of both types of semiconductor materials as a photocathode and 

photoanode is essential.[13-15] There is a large number of researchers that are focusing on 
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the investigation of n-type semiconductors as a photoanode in PEC water splitting 

devices.[16-21] In these devices, the minority hole transfers to the electrolyte and is driven 

by an electric field which results in oxygen evolution, and the majority electron transports 

to the counter electrode via an external circuit for hydrogen evolution.[22] However, p-type 

semiconductors that are used as photocathodes for PEC water splitting devices have issues 

with the photo-induced the self-reduction of itself.[23] Due to this, there are few studies of 

p-type semiconductors used as photocathodes reported.[24-26] One of the most favorable 

candidates for photocathodes in PEC devices is cupric oxide (CuO).[27-29] It is non-toxic, 

earth abundant, and a p-type semiconductor with a direct band gap of 1.2 -1.6 eV and has 

a high optical absorption exceeding 1.04 x 104 cm-1 at 800 nm.[30,31] These favorable 

qualities have led to a rapid investigation into CuO as a possible material for photocatalysis. 

Several research groups have explored utilizing CuO as a photocathode for sunlight-driven 

hydrogen evolution from water.[27-29] Despite the efforts of engineering the morphology,[32] 

forming heterojunction,[33] and optimizing the oxygen to copper ratio in CuO,[34] the 

reported photocurrent density and stability is still low compared to other photoanode 

materials.[32] This limitation of CuO as a photocathode is caused by the poor charge 

separation at the electrolyte surface, transfer to the electrolyte, and transportation in the 

bulk.[35] 

 In this work, we use Zn material as a dopant in the CuO crystal structure. Zn-doped 

CuO (Zn:CuO) is synthesized on a conductive transparent substrate through facile 

electrodeposition. Zn:CuO exhibits an obvious increase in photocurrent density and 

stability under illumination. The optimized Zn:CuO shows a photocurrent of -1.7 mA cm-
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2, which is better than that of the CuO photocurrent of -0.86 mA cm-2 at 0 V vs. RHE.  This 

is one of the highest photocurrent densities recorded for a CuO photocathode. The 

crystallographic orientation, surface exposed facets, and morphology of Zn doped CuO are 

determined to be the leading factors causing the improvement of the photocurrent density 

and stability. The modified surface facets and area inhibit the charge accumulation at the 

interface of the photocathode and electrolyte, leading to a significant improvement in 

stability. This enlargement in surface area of the Zn:CuO leads to an increased amount of 

reaction sites on the surface. 

5.2 Experimental procedure 

 All samples are prepared on a FTO coated-glass substrate (surface resistivity ~13 

Ω/sq, Sigma-Aldrich). The FTO substrates are cleaned using a detergent solution in 

deionized (DI) water (18.2 MΩ), acetone, and isopropyl alcohol (IPA) in an ultrasonication 

bath for 5 min for each step. A nitrogen gun is used to dry the residue IPA on the surface 

of the FTO substrates. The precursor solution for the electrodeposition process is prepared 

as follows. 3 M of CH3CH(OH)COOH (lactic acid, from Sigma-Aldrich) and 0.4 M of 

CuSO4 (Copper sulfate, from Alfa Aesar) is mixed into 30 ml DI water. After all the 

components are combined, the solution is mixed using a magnetic stir bar. 20 M of NaOH 

aqueous solution is added to obtain 11 pH of the prepared solution. Zn(NO3)2 · 6H2O (zinc 

nitrate hexahydrate, from Sigma-Aldrich) is used as a dopant precursor and is added into 

the prepared solution. The amount of zinc nitrate in this work is 1, 3, 5, and 8% 

concentration. Zn-doped CuO films are deposited onto the cleaned FTO substrates by 

electrodeposition at 60 Co. The electrodeposition is performed in a lactate-stabilized copper 
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sulfate aqueous solution (pH 11) applying a constant current density -1.2 V using 

chronoamperometry mode, with a platinum wire counter electrode. CuO is 

electrodeposically grown on FTO substrates and is annealed at 600 Co for 2 hours under 

air. 

 The morphologies of the synthesized films are characterized using scanning 

electron microscopy (FEI NovaNanoSEM450). X-ray diffraction (XRD) spectra are 

obtained with PANanalytical X’Pert X-ray diffractometer, using Cu Kα diffraction 

(1.540598 Å ). Spectra are scanned from 2θ = 20° - 80° at a scan rate of 4° min-1. The optical 

properties of the synthesized films are measured by the diffuse reflectance spectra from 

front side illumination with a Varian Cary 500 UV-Vis-NIR spectrophotometer. X-ray 

photoelectron spectroscopy (XPS) characterization was carried out by using a Kratos AXIS 

ULTRADLD XPS system equipped with an Al Kα monochromated X-ray source and a 165 

mm mean radius electron energy hemispherical analyzer. Vacuum pressure was kept below 

3 × 10-9 torr during the acquisition. 

 All electrochemical experiments are carried out in a standard three-electrode 

system, consisting of the working electrode, Pt wire as the counter electrode, and the 

reference electrode of Ag/AgCl/KCl. All data is obtained by a potentiostat (VersaSTAT 4, 

AMETEK). Photoelectrochemical performance of the synthesized CuO and Zn:CuO 

photocathodes are measured in 0.1 M NaSO4 aqueous solution under light illumination 

(AM 1.5 G, 100 mW cm-2) by solar simulator (Oriel Sol343A Class AAA Solar Simulator, 

450 W Xenon). The solar simulator is calibrated by a monoclinic silicon solar cell 

(Newport, Oriel®  Reference Solar Cell & Meter, 91150V). The scan rate for the linear 
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sweep voltammetry is 50 mV/s and the applied potential is 0 to +0.6 V vs. RHE. 

Electrochemical impedance spectroscopy (EIS) is conducted at +0.1 V vs. RHE from 105 

to 10-1 Hz frequency under illumination to study interfacial charge transfer between the 

photocathode and the electrolyte. Measuring the capacitance against potential at 103 Hz 

frequency is performed under dark from +0.2 to +0.6 V vs. RHE to characterize the flat 

band potential. The stability of the CuO and Zn:CuO is measured at 0 V vs. RHE under 

chopped irradiation using the light source described above. Applied potential used for 

photoelectrochemical measurement is converted into the reversible hydrogen electrode 

(RHE) using the equation: VRHE = VAg/AgCl/KCl + 0.235 V + 0.059 pH. 

5.3 Results and discussion 

 SEM images present the morphologies and thickness of CuO and Zn:CuO (5 at%) 

shown in Figure 1. The crystal size of the synthesized Zn:CuO film decreases and the 

thickness increases compared to the CuO film as shown in Figure 5.1. Top and cross-

sectional structure of CuO with different doping concentrations (1, 3, and 8%) are shown 

in Figure 5.2. Average particle sizes and thickness measured from the SEM images using 

ImageJ software are shown in Figure 5.3. The cross-sectional SEM images shown in Figure 

5.1 (b) and (d) clearly indicate the discrepancies of the particle sizes that CuO with Zn 

dopant has smaller particles size than CuO. The particle size decreases with increasing 

concentration of Zn dopant. The voids in the synthesized films can be inferred using the 

materials thickness from cross-sectional SEM images. During the electrodeposition 

process, the reaction for the samples is completed when the charge reaches to -1 C cm-2 to 

form the CuOx compound on the surface of FTO working electrode. It is certain that same 
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Figure 5.1 SEM images of top view; (a) CuO, (c) Zn:CuO and cross-sectional view; (b) 

CuO, (d) Zn:CuO. 
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Figure 5.2 Top view (a) to (c) and cross-sectional (d) to (f) SEM images with 

concentration of Zn dopant 1, 3, and 8 at%. 
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Figure 5.3 Average particle sizes and thickness of the CuO and Zn:CuO. 
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amount of the material is deposited on the FTO substrate regardless of the concentration of 

the Zn dopant in the electrodeposition solution. However, the thickness of the film on the 

FTO substrate increases from 1 to 1.9 µm depending on the concentration of the Zn dopant. 

The top view and the cross-sectional SEM images clearly show that the film synthesized 

without the Zn dopant is more packed while the film with the Zn dopant is less packed and 

consists of more voids inside the film. Therefore, the density of the synthesized materials 

decreases and its total volume and voids consisting of the CuOx compound increase when 

the Zn dopant is added into the electrodeposition solution. The Zn dopant affects the crystal 

growth condition of the CuOx compound resulting in an incremental amount of void and a 

reduction of particle size. Zn:CuO has a larger surface area which can act as 

photoelectrochemical reaction site and its smaller particle size leads to a shorter 

photoexcited charge transfer length to the electrolyte compared to CuO.  

 These experiments show that an existence and the concentration of Zn dopant have 

an effect on the crystallographic orientation, as measured by XRD shown in Figure 5.4. 

Due to an anisotropy from the different growth rates in monoclinic CuO crystal, it has the 

predominant crystallographic orientation.[36] The CuO films are prepared using an 

electrodeposition method based on the reaction solution including various Zn dopant 

concentrations from 0 to 8%. The crystallinity of the synthesized samples is examined by 

XRD which is scanned from 20° to 80° as shown in Figure 5.4. To analyze the peak position 

shift, the peaks of the spectra are analyzed in detail from 35° to 36.0° as shown in Figure 

5.5. The XRD spectra for the samples match the standard CuO (JCPDS, #45-0937), ZnO 
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Figure 5.4 XRD spectra of CuO and Zn:CuO from 20 to 80°. 
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 (JCPDS, #36-1451), and FTO spectra (JCPDS, #77-0447), thus confirming the successful 

crystallization of the monoclinic CuO phase. For the CuO monoclinic crystal, two peaks 

are observed at 35.7° and 38.8° which correspond with (1̅11) and (111) crystal planes. 

There are discrepancies of the crystal plane between CuO and Zn:CuO in which the peak 

position at highest intensity shifts to the lower degree. The intensity of (1̅11) and (111) 

peaks decrease when the Zn dopant is introduced to the electrodeposition solution and the 

shoulder peaks at the (002) and (200) increase as well. The (1̅11) and (111) peaks found at 

CuO film without Zn dopant disappear after 3 at% concentration of Zn dopant in the 

electrodeposition solution. The shoulder peaks become the predominant crystal orientation 

at 5 and 8 at%. In addition, Zn:CuO films with 8 at% have the peak of a wurtzite ZnO (101) 

crystal plane at 36.4° which matches the standard ZnO spectra as shown in Figure 5.6. 

Nanoparticles with hexagonal surface shape on the CuO surface from the SEM images 

shown in Figure 5.1 (d) and 5.2 (f) are determined as a ZnO crystals. From these results, 

the existence of Zn dopant and its concentration in the deposition solution effect the growth 

condition of the CuO film. When Zn dopant is added into the electrodeposition solution, 

the dominant crystallographic orientation is changed from (1̅11) and (111) to (200) and 

(002), respectively. It is well known that the crystal orientation determines the grain size 

due to the differing reaction kinetic rates.[36] 
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Figure 5.5 X-ray diffraction spectra of the CuO and Zn:CuO. 
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Figure 5.6 X-ray diffraction spectra of CuO and Zn:CuO from 35 to 37°. 
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Figure 5.7 Average grain size depending on the concentration of Zn dopant (at%). 
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 Average grain sizes for the predominant crystal orientation is calculated by Scherrer 

equation using the full width at the half maximum and the peak position measured from 

XRD results as shown in Figure 5.7. For a given deposition condition, if one compares the 

grain size of the CuO deposited by electrodeposition with and without Zn dopant, the 

smaller grain size is obtained at the higher concentration of Zn dopant. This is because the 

Zn dopant engineers the crystal orientation and growth rate of CuO. There is no significant 

change in the average grain size due to the concentration, which may affect the growth 

conditions of CuO if it is saturated above 5 at%, introducing the ZnO nanocrystal on the 

CuO surface. These results show that an excess amount of Zn dopant does not participate 

in CuO crystal growth reaction, but instead it forms a new ZnO crystal on the CuO surface. 

Therefore, concentrations higher than 5 at% of Zn dopant do not make any changes to the 

grain size. The relative small grain size of Zn:CuO has a larger surface area compared to 

CuO, this leads to a more active surface for photoelectrochemical reactions. The 

crystallographic orientation is associated with the charge transfer to the electrolyte. The 

monoclinic CuO with the strong (200) and (002) orientation reacts with H+ in water, while 

the strong (1̅11) and (111) orientation have less amount of reactivity. The crystal plane at 

the surface of CuO depends on the existence and the concentration of Zn dopant in the 

electrodeposition solution. Duration of the deposition reaction calculates the growth rate 

for the conditions shown in Figure 5.8. Concentration of Zn dopant in the electrodeposition 

solution controls the growth rate of the CuO film. There are three growth rate regions in 

this range of concentration of Zn dopant. First, the growth rate is fast and does not change 

from 0 to 1 at% of the Zn dopant. In the second region from 2 to 4 at%, the growth rate 
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Figure 5.8 Growth rate depending on the concentration of Zn dopant in the 

electrodeposition solution. 
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decreases significantly. Finally, the growth rate does not change significantly above 5% of 

Zn dopant due to the excess materials that form the ZnO crystal. These results are 

dependent on the XRD results. Therefore, these results show that the growth rate of the 

crystal orientation of {200} and {002} is slower than {111} and {1̅11}. 

 The photoactivity of the synthesized CuO and Zn:CuO as a function of the Zn 

dopant concentration is determined by obtaining the photocurrent density operating applied 

potential under illumination as shown in Figure 5.9. The measurement is carried out under 

artificial sunlight simulated AM 1.5 G illumination in the 0.1 M of Na2SO4 aqueous 

solution as an electrolyte. The improvement in photocurrent density is observed for 

Zn:CuO compared to the CuO film. Even very low amounts of Zn dopant (0.5 at%) 

enhances photocurrent density from -0.86 to -1.05 mA cm-2 at 0 V vs. RHE compared to 

CuO film. A large amount of Zn dopant shows a higher photocurrent density under 

illumination and shows no significant discrepancies among the Zn:CuO samples. The 

improvement of Zn:CuO using 0.5 at% is a result of the reduced average grain size of CuO 

rather than the changing crystallographic orientation. The Zn:CuO films above 0.5 at% 

have a stronger (200) and (002) crystallographic orientation with the dominant {111} 

and{ 1̅11} exposed facets which are non-polar. Even though the average grain sizes 

decrease with a higher amount of Zn dopant, the Zn:CuO (3, 5, 8 at%) shows similar 

photocurrent density due to the grain size remaining unchanged. This results in the shorter 

average minority carrier transport length from the smaller grain size to the 

photocathode/electrolyte interface. Therefore, the charge collection efficiency of Zn:CuO 

  



103 

  

Figure 5.9 The photocurrent density versus the potential characteristics of CuO and 
Zn:CuO photocachode under simulated sunlight illumination. 
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is improved due to fast carrier transportation. By monitoring the degradation of the 

photocurrent density according to the PEC reaction time, the stability for PEC reaction is 

readily determined as shown in Figure 5.10. This PEC stability test measures the 

photocurrent density at 0 V vs. RHE applied potential in the 0.1 M Na2SO4 aqueous 

solution under chopped irradiation. The Zn:CuO using 5 at% of Zn dopant shows -1.7 mA 

cm-2 of initial photocurrent density which is one of the highest photocurrent densities 

compared to the relative systems shown in Table 5.1.[27, 36-40] The ratio of photocurrent 

density measured at initial to final of the reaction is calculated in order to compare the 

stability shown in Figure 5.11. The curves comparing photocurrent density versus time 

present a better stability of Zn:CuO operated in the PEC reaction compared to CuO. The 

stability of Zn:CuO operating as a photocathode in the PEC reaction can be maintained at 

more than 48% of its initial value after illumination for final. Its stability is higher than that 

of CuO which is maintained at 19%. Therefore, Zn dopant in the CuO crystal improves the 

stability of the PEC reaction under illumination. This is due to the {200} facets of CuO 

having a polar surface with higher surface energy that is favorable and CuO decomposition. 

Zn:CuO with non-polar {111} and {1̅11} facets have a lower surface energy which is more 

stable under the photocathodic reaction. On the other hand, even though the stability of 

Zn:CuO synthesized at 8 at% of Zn dopant concentration is best among the samples, the 

photocurrent density for the entire region is lower than that of Zn:CuO at 5 at%. Therefore, 
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Figure 5.10 Stability tests of the synthesized CuO and Zn:CuO with 1, 3, 5, 8 

at% Zn dopant. Ratio of photocurrent density at 800 sec to 1 sec (insert) and 

initial photocurrent density. 
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Table 5.1 Summary of the CuO-based photocathodes for PEC water splitting. 



107 

  

Figure 5.11 Ratio of photocurrent density at 800 sec to 1 sec (insert) and initial 

photocurrent density according to the concentration of Zn dopant. 
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Zn:CuO synthesized with the addition of 5 at% of Zn dopant demonstrates the best stability 

with the highest photocurrent density in this work. For the Zn:CuO at 8 at%, the 

heterojunction structure formed by ZnO nanoparticles on the CuO surface has an additional 

charge depletion region between n- and p- type semiconductors which hinders the excited 

electron transfer to the electrolyte. Therefore, CuO with a higher amount of ZnO 

nanoparticles synthesized above 5 at% concentration shows a lower photocurrent density. 

The inserted plot presents the photocathodic current for CuO and Zn:CuO under chopped 

irradiation. When the photocathode is illuminated by light, the photogenerated charge at 

the depletion region is separated and transported to the interface between the 

photoelectrode and electrolyte, and transferred to the electrolyte, sequentially. If there is a 

charge accumulation at the interface due to a slow kinetic reaction rate from the injection 

of electrons from the external circuit, it recombines with an accumulated number of holes 

at the interface between the photocathode and electrolyte.[27] The shape of the 

photocathodic spike is observed as soon as light illuminates the photocathode, and then the 

spike disappears after reaching equilibrium between the surface reaction and the charge 

recombination. It is well known that the phenomenon of a sharper photocathodic spike is 

ascribed to a larger amount of charge accumulation and slower reaction kinetics, while 

faster reaction kinetics and a lower amount of charge accumulation make the spike 

smoother. From our results, there is a significant difference in photocathodic spike shapes 

between CuO and Zn:CuO under illumination. The sharp cathodic transient spike is 

observed for CuO that presents the high charge accumulation at the interface between the 

photocathode and electrolyte. The Zn:CuO photocathode improves the transfer of the 
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photogenerated electrons to the electrolyte so it may participate in the reduction of H+. This 

results in a decreased charge accumulation at the interface and the increases the spatial 

charge separation at interface between the photocathode and electrolyte. Therefore, we 

conclude that the cathodic transient spike for Zn:CuO almost vanishes at the interface by 

achieving a faster kinetic reaction rate due to the decreasing grain size and engineered 

surface facets.  

 The chemical state of surface elements of CuO and Zn:CuO could be evidenced by 

the X-ray photoelectron spectroscopy spectra as shown in Figure 5.12. The survey spectra 

of the pure CuO and Zn:CuO are dominated by the peaks of oxygen. The peaks related to 

the 1s orbital of the oxygen is located from the 528 to 534 eV range. The peak is well 

deconvoluted into four peaks. The peak due to Cu-O bonding for CuO crystal is centered 

at 529.82 eV. The samples with and without Zn dopant have the Cu-O peak in CuO crystal. 

Pure CuO has low intensity of the peak located at the 531 eV arising from the ionization 

of characteristics of oxygen species such as OH-. On the other hand, Zn:CuO samples have 

higher intensity of the peak. It is evidence that the surface of Zn:CuO is covered by more 

hydroxyl group which can be surface active sites for hydrogen absorption and desorption 

reaction.[41] The absorbed hydroxyl group reacts proton to produce the hydrogen evolution 

reaction as shown in Figure 5. 13. Volmer-Tafel and Volmer-Heyrovsky reactions begin 

when the hydrogen connected to the surface react to the proton that produces hydrogen gas. 

Therefore, the higher coverage of hydroxyl group in Zn:CuO enhances the surface reaction 

by increasing amount of the reactive hydrogen atom. The electron generated by sunlight at 

the Zn:CuO reduces to hydrogen quickly faster than CuO which has less amount of  
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Figure 5.12 XPS spectra of oxygen 1s for CuO, and Zn:CuO (1, 3, and 5%). Oxygen 

from lattice (Olattice), hydroxyl(OOH-), and vacancy(Ovacancy) are marked. 
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Figure 5.13 Schematic of hydrogen evolution reaction at the surface of CuO and Zn:CuO 

indicating hydroxyl group reacts proton when adding electron generated by sunlight. 
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hydroxyl group. Zn:CuO release charge accumulation due to the faster charge transfer to 

the hydroxyl group at the surface and larger surface area. The intensity of peaks at the 

531.76 and 533.71 eV from the ionization of oxygen species which compensate 

deficiencies in the vicinity of CuO surface and weekly adsorbed species are similar to the 

samples regardless of Zn dopant.  

5.4 Conclusion 

 In summary, Zn:CuO is successfully synthesized on FTO substrate as a 

photoelectrode via a facile electrodeposition process. The Zn dopant increases the amount 

of pores, decreases grain size, and engineers the crystallographic orientation of CuO with 

[002] and [200] that the surface of Zn:CuO has higher amount of hydrogen compared to 

CuO. Zn:CuO shows a higher photocurrent density of -1.7 mA cm-2 at 0 V vs. RHE and a 

better stability under AM 1.5 G illumination which is one of the highest photocurrent 

densities for CuO  for PEC water splitting. The pores of [002] and [200] orientation have 

a shorter charge transport length and higher amount of absorbed hydrogen that prevents 

charge accumulation at the interface between Zn:CuO and electrolyte. Our simple method 

of doping elemental Zn in CuO crystals will pave the way to facilitate it as the primary 

photocathode in PEC devices. 
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Chapter 6 

Conclusions and Future Work 

 CuOx compounds such as CuO and Cu2O as a protective layer and photocathodes 

are reported in this work. CuO shell on the ZnO nanorods surface is multifunction layer for 

protective charge recombination between photoelectrode and an organic dye in Chapter 2 

and 3. We pave the way that CuO as a protective layer on the other metal-oxide surface. 

Also, CuO and Cu2O film present their properties as a photocathode in 

photoelectrochemical water splitting. In Chapter 4, Cu2O photocathode was successfully 

synthesized without Cu interlayer which is the recombination site of electron and hole. The 

Cu2O photocathode shows increasing hydrogen evolution reaction without decreasing 

thickness of Cu interlayer. In Chapter 5, Zn dopant is used in the CuO crystal that is 

favorable plane to form hydroxyl group at the surface. This modified surface reduces the 

charge accumulation at the interface photoelectrode/electrolyte that improve the charge 

extraction. Development of these photocathodes with low charge recombination rate is 

important due to it is suffered from photocorrosion at the interface 

semiconductor/electrolyte.[1] In addition, the researches preventing surface states of 

photocathode which can act as the recombination sites will be necessary to improve an 

efficiency of hydrogen evolution and the stability during photoelectrochemical reaction.[2] 

However, these developments are not sufficient to commercially use photocathode 

consisting of CuOx compounds in water splitting cells due to still low efficiency and poor 

stability, even though they have ability to utilize visible and infrared light. Therefore, it is 
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desirable to have higher charge extraction to electrolyte and reduce electron and hole 

recombination which deteriorates the stability. Additional layer for the protection such as 

ZnO, Ti2O, RuOx which are not blocking light and improving charge separation on the 

surface modified CuOx compounds will be studied for further development.[3] 

 It is necessary to develop the photoanode along with the photocathode to fabricate 

water splitting cells without additional bias from the external source.[4] As I mentioned 

previous, the photocathode and photoanode absorb light in the range of different 

wavelength and produce electron and hole pair in the semiconductor material which 

participate the reduction and oxidation reaction, respectively. Therefore, including this 

research on the improvement in the efficiency and stability of photocathode, the invention 

of photoanode materials which can be used combined CuO photocathode accompany the 

fabrication of water splitting cell driven by only sunlight. The synthesis of n-type CuO 

semiconductor obtained from doping will be used to formation of homojunction.[5] It 

absorbs light and produce electron and hole pair that accepter react to water molecule. In 

addition, the other n-type semiconductors which have been developed will be used for this 

photoelectrochemical cells. 

 Due to limited instrumentation, the measurement of photocurrent density has been 

compared among the samples that it is widely used indirect technique. The amount of the 

generated hydrogen gas will be compared using gas chromatography.[6] For this research, 

the materials have not limited selection that do not need the substrate that transparent 

conductive film (fluorine doped tin oxide and indium tin oxide) deposited on the glass due 
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to electronic connection.[7] It has advantage for synthesis substrate free structure such as 

nanoparticles. This is because the measurement of amount gas shows hydrogen generation 

efficiency. 
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