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Abstract 

Water splitting for hydrogen evolution is a potential technique to solve the crises of 

energy shortage and environment pollution. In recent years, this research area has 

achieved a great progress by the persistent efforts of the researchers. 

In this thesis, we reported on two kinds of methods for overall water splitting, 

include photoelectrochemical water splitting and electrocatalytic water splitting. Solar 

energy conversion through photoelectrochemical water splitting by semiconductors has 

becoming one of the most effective ways to solve energy and environmental issues. 

Electrocatalytic water splitting can be regarded as a promising one for clean energy and 

renewable. Synthesis of stable and efficient electrocatalysts is paramount importance 

for hydrogen evolution reaction, and oxygen evolution reaction. 

Firstly, the CuOx composite photocatalyst were deposited on FTO transparent 

conducting glasses by alternating current magnetron reactive sputtering under different 

Ar/O2 ratios. The advantage of this deposited method is that it can deposit a CuOx 

photocatalyst uniformly and rapidly with large scale. From the photoelectrochemical 

properties of these CuOx photocatalysts, it can be found that the CuOx photocatalyst 

with Ar/O2 30:7 provide a photocurrent density of -3.2 mA/cm2 under a bias potential 

-0.5 V (vs. Ag/AgCl), which was found to be twice higher than that of Ar/O2 with 30:5. 

A detailed characterization on the structure, morphology and electrochemical 

properties of these CuOx photocatalysts were carried out, and it is found that the 

improved PEC performance of CuOx photocatalyst with Ar/O2 30:7 attributed to the 

less defects in it, indicating that this Ar/O2 30:7 is an optimized condition for excellent 

CuOx photocatalyst fabrication. 

Secondly, a CuOx/WO3 photocatalyst based on p-n heterojunction proposed as a 

highly performance and stable photocathode. The CuOx/WO3 photocatalyst was 

deposited by magnetron reactive sputtering layer by layer, followed with slow rate 

annealing in O2 ambient. This is an excellent method for high-quality and uniform 
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composite thin-film deposition with large areas at a high growth rate. The optimized 

CuOx/WO3 photocatalyst after slow rate annealing at 500 °C in O2 provides an 

obviously enhanced photoinduced current density of -3.8 mA cm-2 at a bias potential of 

-0.5 V (vs. Ag/AgCl), which value is 1.5 times higher than that of bared CuOx. This 

highly enhanced photoelectrochemical performance is attributed to p-n heterojunction, 

which accelerates the photogenerated electrons and holes transfer to n-WO3 and 

p-CuOx, thereby accelerate the separation of photogenerated carries. In addition, WO3 

layer covered on the surface of CuOx photocatalyst can improve the stability of Cu2O in 

electrolytes. 

Lastly, a new highly active and cost-effective nanocomposite electrocatalyst 

Ni-Fe-P-FeMnO3 supported on nickel foam has been designed and prepared by 

electroless composite deposition and rapid dealloying. The nanocomposite 

electrocatalyst Ni-Fe-P-FeMnO3/NF presents a remarkable electrocatalytic activity 

towards HER, which demands a quite low overpotential of 16.62 mV at -10 mA cm-2 

current density in 1 M KOH, which behaves better performance than Pt/C noble metal 

catalysts. Moreover, Ni-Fe-P-FeMnO3/NF electrocatalyst exhibits remarkable OER 

activity as well, which requires only 297 mV and 219 mV of overpotential at 50 mA 

cm-2 and 10 mA cm-2, respectively. Evidently, its overall water splitting activity used as 

both anode and cathode performs a low overpotential of 1.63 V to reach 10 mA cm-2. 

The high performances of the obtained electrocatalyst are mainly due to the unique 

structure of nano perovskite FeMnO3 as well as the synergistic effect between 

nickel/iron and phosphorus. 

 

Keywords: Semiconductor; Magnetron reactive sputtering; p-n heterojunction; 

Photocathode; Nanocomposite; Electroless composite deposition; Perovskite-type 

oxide; overall water splitting 
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Chapter 1: Background of the research 

1.1 Background  

Due to the rapidly economic development and increasingly serious environmental 

problems, the energy crisis based on traditional fuels has caused widespread concern. 

The development of clean, efficient and sustainable energy is an effective method to 

solve the energy crisis and mitigate environmental pollution. As a zero-emission fuel, 

hydrogen has the advantages of high energy density and pollution-free from 

combustion products, it is considered as one of the most important green energy sources. 

Renewable energy-driven water splitting is a high-purity hydrogen fuel production 

method with environmental protection prospects. As a result, it is widely regarded as a 

core clean energy technology critical to hydrogen economy. 

Electrocatalytic water splitting method can be regarded as a promising one for clean 

energy and renewable.[1] Electrocatalysis can divided into electrocatalysis 

(electrode/solution interface) and photoelectrocatalysis (Fig. 1-1).  

(a) Solution-phase Electrocatalysts        

 

(b) Surface Electrocatalysts 
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(c) Photocatalysts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-1 Electrocatalysis comes in different forms: (a) solution-phase electrocatalysts,[2] (b) 

surface electrocatalysts,[3] (c) photocatalysts.[4] 

1.2 Working principle of photoelectrochemical water splitting 

1.2.1 Working principle of photoelectrochemical water splitting 

Photoelectrochemical (PEC) water splitting for hydrogen evolution is a potential 

technique to solve the crises of energy shortage and environment pollution.[5] The 

illustration of traditional PEC water splitting system is shown in Fig. 1-2. The PEC 

water slitting system includes a photocathode and a cathode. Under light illumination, 

the photoanode will generate photogenerated electron-hole pairs. The electrons 

generated on semiconductor conduction band transfer through the external circuit to the 

counter electrode, and reduce the protons in water to produce hydrogen on the surface 

of counter electrode. In the electrolyte, the reduction and oxidation reactions occur on 

the surface of the cathode and anode, respectively. The reaction mechanism shows as 
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follows: 

Photoanode: 

hγ → e- + h 

h + H2O (l) → 1/2 O2 (g) + 2H+ 

Photocathode: 

2H+ + 2e- → H2 (g) 

Total reaction: 

2hγ + 2H2O (l) → 1/2 O2 (g) + H2 (g) 

 

 

 

 

 

 

 

Fig. 1-2 Schematic diagram of PEC water splitting system. 

 

A more extensive illustration of redox reactions occur on the semiconductor surface 

is shown as Fig. 1-3. The recombination of electron-hole pairs plays a negative role in 

the photocatalytic process.[6-8] During the PEC water splitting reaction, the 

photo-generated electron-hole pairs will transfer to the photocatalyst surface and 

initiate redox reactions. 
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Fig. 1-3 Schematic illustration of typical photocatalytic processes on semiconductor.[9] 

1.2.2 Heterojunction system 

According to the difference of electron transfer paths between two types of 

semiconductors, heterojunction system can be divided into p-n heterojunction type and 

Z-scheme (take the p-n heterojunction type as an example).[10] When two different 

types of semiconductors (p- or n-type) contact with each other, the energy and positions 

of two semiconductors will change,[11] thus the electron transfer pathway will be 

changed. As shown in Fig. 1-4, the n-type semiconductor Fermi level is near the 

conduction band, and the p-type semiconductor Fermi level is near its valence band. 

After contact with each other, the p-type semiconductor energy band moves up and the 

n-type semiconductor energy band moves down, with the diffusion of electrons and 

holes. When the drift current and the diffusion current offset with each other, a space 

charge region will be formed near the interface to generate a built-in electric field. 

Under light illumination, two types of semiconductors are excited at the same time. 

Under the action of built-in electric field, electrons will transfer to the n-type 

semiconductor rapidly, while holes will transfer to the p-type semiconductor, 

simultaneously. This effectively promotes the separation of photo-generated carriers 

(Fig. 1-4(b)). In addition, in the p-n heterostructure, the photo-generated electrons are 

enriched on n-type semiconductor conduction band with a higher position (compare 
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with conduction band position before two types of semiconductors contact), and the 

photo-generated holes are enriched on p-type semiconductor valence band. As a result, 

this can not only provide more photo-generated electrons, but also make the 

photo-generated electrons have strong reduction. 

 

Fig. 1-4 (a) Band alignment of p-type and n-type semiconductors before contact and (b) 

transportation of the charge carries in p-n type heterostructure.[12] 

1.3 Working principle of electrocatalytic water splitting 

Electrocatalytic water splitting includes hydrogen reaction evolution (HER) and 

oxygen reaction evolution (OER), the reaction equations are shown below: 

HER (cathode): 

2H+ (aq) + 2e- → H2 (g), E
0 

HER = 0.00 V 

OER (anode):  

2H2O (l) → O2 (g) + 4H+ (aq) + 4e-, E
0 

OER = 1.23 V 

Overall:  

2H2O (l) → O2 (g) + 2H2 (g), E
0 

overall = 1.23 V 

At standard temperature and pressure, splitting water into hydrogen and oxygen is 

thermally an ascending reaction. Electrolysis of water requires at least ΔG0 = +237.2 kJ 

mol-1 standard gibbs free energy, equivalent to E0 = 0.00 V vs. normal hydrogen 

electrode (NHE). According to Nernst equation, the standard thermodynamic 
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equilibrium potential of water reduction reaction is E
0 

HER = 0.00 V, and the standard 

thermodynamic equilibrium potential of water oxidation reaction is E
0 

OER = 1.23 V. 

However, in the actual process of electrolysis of water, in order to overcome the 

negative factors, such as high activation energy, hysteresis dynamics and poor energy 

efficiency, extra energy is required, which is called overpotential. On this basis, the 

following equation represents the practical application potential of two half-cell 

reactions: 

EHER = E
0 

HER + iR + ηHER 

EOER = E
0 

OER + iR + ηOER 

Where iR is the ohmic potential drop of the system and n is the overpotential, which 

directly determines the energy efficiency of the electrolytic cell. The overpotential of 

HER and OER can be significantly reduced by using active electrocatalysts.[13] 

1.3.1 Mechanism analysis of HER in cathode 

HER is a half-reaction at the cathode of an electrolytic cell, in which protons (under 

acidic environment) or water molecules (under alkaline environment) are reduced to 

hydrogen. HER reaction mechanism under two conditions is shown in Fig. 1-5. The 

reaction process of HER is Volmer-Heyrovsky mechanism or Volmer-Tafel mechanism, 

and the specific reaction process is shown is the following equations (the catalytic 

activity site is expressed as “ * ”): 

In acidic medium: 

2H+ + 2e- → H2 (g) 

i. Volmer reaction: protons and electrons combine on the surface of the electrode 

(proton discharge) to form an adsorbent hydrogen atom. 

* + H+ + e- → *Had 

ii. Heyrovsky reaction: the electrochemical desorption of hydrogen occurs when 

the adsorbed hydrogen atom interacts with protons and electrons. 
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*Had + H+ + e- → H2 + * 

iii. Tafel reaction: coupling of two adsorbed hydrogen atoms produces hydrogen 

desorption. 

2*Had → H2 + 2* 

In alkaline medium: 

2H2O + 2e- → H2 (g) + 2OH- 

i. Volmer reaction: Due to the large amount of OH-, H2O will be coupled with 

electrons to form an adsorbed hydrogen atom on the surface of the electrode. 

* + H2O + e- → *Had + OH- 

ii. Heyrovsky reaction: The adsorbed hydrogen atoms are then combined with 

H2O and electrons to cause electrochemical desorption of hydrogen. 

*Had + H2O + e- → H2 + * +OH- 

iii. Tafel reaction: Two adsorbed hydrogen atoms are coupled and hydrogen 

desorption occurs. 

2*Had → H2 + 2* 

In HER reaction under acidic and alkaline media, the adsorption of hydrogen starts 

from the Volmer reaction, and the desorption of hydrogen can be carried out by 

Heyrovsky reaction or Tafel reaction.[14-15] 
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Fig. 1-5 Schematic pathways for HER under acidic and alkaline conditions.[16] 

1.3.2 Mechanism analysis of OER in anode 

OER kinetics is also a multi-electron charge transfer process in both acidic and 

alkaline media. In general, the electrochemical reaction occurs at the anode is as 

follows: 

In acidic medium: 

2H2O
 → 4H+ + 4e- + O2 (g) 

In alkaline medium: 

4OH- → 2H2O + 4e- + O2 (g) 

The OER reaction in both electrolytes involves four electron transfer and deprotonation 

of water molecules or hydroxide ions. However, the actual reaction mechanism and 

reaction pathway are more complicated, and single electron transfer is performed in 

multiple steps. Although the exact mechanism of electron transfer is not well 

understood, it is generally believed that a basic approach to four-step electron transfer 

is the best explanation by far, the specific steps are as follows (M stands for the surface 

active center of the catalyst): 
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In acidic medium: 

M + H2O (l) → MOH + H+ + e- 

MOH + OH- → MO + H2O (l) + e- 

MO → 2M + O2 (g) 

MO + H2O (l) → MOOH + H+ + e- 

MOOH + H2O (l) → M + O2 (g) + H+ + e- 

In alkaline medium: 

M + OH- → MOH 

MOH + OH- → MO + H2O (l) 

2MO → 2M + O2 (g) 

MO + OH- → MOOH + e- 

MOOH + OH- → M + O2 (g) + H2O (l) 

Fig. 1-6 shows the OER reaction mechanism in different media. The blue line 

indicates the OER reaction carried out in acidic electrolyte, and the red line indicates 

the OER reaction mechanism in alkaline electrolyte, both including M-OH and M-O 

intermediates. The green line produces O2 through a direct combination of two M-O 

intermediates, and the black line includes the formation of M-OOH intermediate, which 

is subsequently decomposed into O2. The effect of the interaction of all bonds in the 

intermediate (M-OH, M-O M-OOH) on the electrocatalytic performance is critical 

during the complex OER reactions. In alkaline electrolyte, first, a hydroxyl radical is 

adsorbed at the active center, OH- is oxidized and loses an e- to obtain M-OH. The 

protons in M-OH are coupled with electrons to obtain M-O. In addition, OH- initiates 

nucleophilic attack on M-OOH and OH- is oxidative coupled with an e- to form 

M-OOH intermediate. Then protons are coupled and electrons are transferred to release 

O2 and free active centers.[17] 
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Fig. 1-6 The OER mechanism for acid (blue line) and alkaline (red line) conditions. Two routes 

of OER: (a) black line indicates that the process involves the formation of a peroxide (M-OOH) 

intermediate; (b) green line indicates that the direct reaction of two adjacent oxo (M-O) 

intermediates to produce molecular oxygen.[18] 

1.4 Progress research of water splitting 

In the recent years, researchers reported on hydrogen production of earth-abundant 

metal catalysts have exploded. Many researches focused on the construction of 

heterogeneous interfaces of catalysts, regulation of atoms and electrons. C.-H. Yan used 

NiS2 two-dimensional nanosheets and introduced transition metal to construct the 

nanosheet structure of “M-NiS2”.[19] The structure of sulfides was optimized by 

ions-induced synthesis, interfacial construction and atomic arrangement control, 

thereby improving the HER catalytic performance. J.-S. Hu has designed the Ni/NiO 

nano-heterogeneous interface as alkaline HER bicomponent active sites,[20] the 

regulation of active sites ratios on the reaction steps of hydrogen evolution elementary 

reaction and its effect on catalytic activity were studied, indicating that the 

bicomponent active sites need to be balanced to achieve efficient alkaline hydrogen 

evolution. Q. Yu et al. have deposited two-dimensional TaS2 on different carriers by 

chemical vapor deposition,[21] and studied the influence of interfacial lattice mismatch 

effect, charge transfer effect between catalysts and carriers on the catalytic performance. 
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It is demonstrated that proper interfacial lattice mismatch and charge transfer are 

beneficial to improve the HER performance of TaS2. 
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Chapter 2: Preparation of CuOx composite photocatalyst 

2.1 Background 

Photoelectrochemical (PEC) water splitting for hydrogen evolution is a potential 

technique to solve the crises of energy shortage and environment pollution.[1] In recent 

years, this research area has achieved a great progress by the persistent efforts of the 

researchers. Related studies indicated that the methods to improve the overall 

solar-to-hydrogen efficiency in PEC devices mainly include: (1) obtaining better light 

absorption by engineering the absorber layer morphology of semiconductors;[2-3] (2) 

improving charge transfer efficiency of the semiconductors by establishing 

microstructure or nanostructure;[4-5] (3)improving the heterogeneous reaction kinetics 

by attaching catalysts to the photoelectrodes surfaces;[6-7] (4) protecting the 

semiconductors from corrosion by building surface passivation layers;[8-9] (5) reducing 

the rate of electrons-holes recombination by surface state passivation[10] or surface 

catalyst layers.[11] 

2.1.1 Research progress of copper oxide 

Copper oxide is considered as one of the most promising photocatalytic materials for 

water splitting owing to its cost-effective and abundant resources.[12] Yang et al. 

prepared a Cu2O/CuO bilayered composite photocathode by electrodeposition and 

thermal oxidation methods, this photocathode achieved a 3.15 mA cm-2 hydrogen 

evolution reaction photocurrent at a bias potential of 0.4 V (vs. RHE).[13] Cu2O is a 

typical p-type semiconductor material, its direct bandgap is approximately 2.0 eV,[14] 

which has a high corresponding theoretical photocurrent and a high efficiency of light 

converts to hydrogen.[15] Compared with these hot research visible light responsive 

PEC materials, such as Ta2N3,
[16] BiVO4,

[17-18] WO3,
[19-20] and Fe2O3,

[21-22] etc., Cu2O 

shows better cost-performance and higher theoretical maximum PEC water splitting 
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conversion efficiency, it is highly deemed as a potential industry applications material 

of PEC water splitting. And the conduction band potential of Cu2O is much negative 

than the water reduction potential (as shown in Fig. 2-1), the photogenerated electrons 

can reduce water to hydrogen smoothly. However, the valence band potential of Cu2O 

is just near the water oxidation potential, so that the water oxidation process is difficult 

to drive by this small over potential. Simultaneously, its poor stability and fast carrier 

recombination rate also limits the photoelectrochemical performance of Cu2O.[23] 

 

Fig. 2-1 Band diagram of mixed valence copper oxide system. 

2.1.2 CuOx composite photocatalyst 

Consider of compounding Cu2O with other semiconductors, such as CuO,[24-25] 

which can provide a much positive valence potential and then improve the water 

oxidation process. CuO is another semiconductor in copper oxide group. It is a kind of 

p-type semiconductor with a direct bandgap of 1.4 eV,[26] so that the light response 

range of CuO is much larger than that of Cu2O, corresponding to a higher PEC 

performance than that of Cu2O in theory. In addition, CuO has strong absorption under 

ultraviolet,[27] which widens the absorption spectra of Cu2O.[28] Copper oxide 
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photocatalyst can be prepared by several methods at present, such as magnetron 

sputtering,[29] sol-gel,[12] metal organic chemical vapor deposition,[30] electrochemical 

deposition.[31] Among these methods, magnetron sputtering is a simple and 

easy-to-control deposition method, which can be scaled up to mass-produced for 

industrial applications.[32] The photocatalyst prepared by magnetron sputtering is 

uniform and the properties of the photocatalyst can be reproducible. 

2.1.3 Deposition methods for composite photocatalyst 

Currently, several deposition methods have been utilized to synthesize photocatalyst, 

such as magnetron reactive sputtering, electrochemical deposition, chemical vapor 

deposition, pulsed laser deposition, sol-gel, and spray-pyrolysis technology. Compared 

with these methods, the advantage of thin-film deposition by magnetron reactive 

sputtering is that it can simply deposit high-quality and uniform thin-film with large 

areas at a high speed, and the properties of the sputtered photocatalyst can be 

reproducible. 

2.1.4 The motivation and outline of this research 

In this study, we report on the PEC performance of CuOx photoelectrodes prepared 

by AC magnetron reactive sputtering. The electrochemical properties of the CuOx 

photoelectrodes were characterized by electrochemical impedance spectroscopy (EIS), 

Mott-Schottky and PEC performance measurement. Scanning electron microscope 

(SEM), X-ray diffraction (XRD), Raman spectrum, X-ray photoelectron spectroscope 

(XPS) and UV-Vis diffuse reflectance spectrum were utilized to characterize the 

structures and morphologies of the CuOx photocatalysts. 
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2.2 Experimental section 

2.2.1 Preparation of CuOx photocatalyst 

FTO glasses (1.2 cm1.0 cm) were ultrasonically cleaned with ethanol and acetone 

(1:1) mixed solutions for 5 min firstly, then ultrasonically cleaned with ultrapure water 

for 5 min, and blow-dried with N2. The CuOx s were prepared by AC magnetron 

reactive sputtering at room temperature in Ar and O2 ambient, using a target metal of 

copper. During the process of sputtering, the deposition chamber was pumped down to 

a pressure of 210-5 Pa. The target was cleaned by a pre-sputtering in Ar gas 

atmosphere for 5 min, then followed by a second pre-sputtering with Ar and O2 mixture 

ambient for 3 min. In this experiment, the sputtering power was fixed at 30 W, and the 

Ar gas flow was fixed at 30 sccm. The O2 gas flow was adjusted from 5 sccm to 9 sccm, 

in order to analyze the effects of Ar/O2 gas ratio on PEC performance of the products. 

The thickness of the CuOx photocatalyst is approximately 220 nm. After deposition, 

use a conductive sliver tape to connect copper wires with the conductive parts of FTO 

glasses. And after the conductive tape dried, isolated the exposed conductive parts of 

FTO glasses with parafilm (as shown in Fig. 2-2). 

 

Fig. 2-2 Main steps of PEC photocathode connection. 
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2.2.2 Characterization of CuOx photocatalyst 

The microstructures of the products were characterized by X-ray diffraction (X'Pert 

Powder, PANalytical B.V., Almelo, The Netherlands), scanning electron microscope 

(JSM-6700F, JEOL, Tokyo, Japan), and Raman spectrum (STR-500, Cornes 

Technologies LTD., Tokyo, Japan). X-ray photoelectron spectroscopy (PHI 5000 

Versa Probe, 2ULVAC-PHI, Chigasaki, Japan) was utilized to investigate the element 

composition, the element chemical and electronic state of the products. Whereas their 

light absorption capabilities were analyzed by UV-Vis diffuse reflectance 

spectrophotometer (U-2600, SHIMADZU Co., Kyoto, Japan). 

The Photoelectrochemical test was performed on CHI660D Electrochemical 

Workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). In which, 

using a three-electrode system, the prepared CuOx photocatalyst (1 cm2), Pt sheet and 

Ag/AgCl (saturated KCl) electrode were acted as the working electrode, counter 

electrode and reference electrode, respectively. The three-electrode was immersed into 

0.1 mol/L Na2SO4 electrolyte solutions. The incident light is from 300 W Xe lamp light 

source (PLS-SXE300, Beijing bofeilai Technology Co., Ltd., Beijing, China) with a 

light intensity adjusted to 200 mW/cm2. The photoinduced current with potential was 

tested from 0.5 V to -0.5 V (vs Ag/AgCl) with a scan rate of 0.02 V/s, and the 

photoinduced I-V curve was performed during light on and off in turns with one second 

respectively. The electrochemical impedance spectroscopy test was measured with 

frequency range from 106 to 10-1 Hz, and an AC voltage magnitude of 5 mV, under dark 

state. Mott-Schottky plots had potential scanning range of -0.5 V to 0.5 V with 

frequency of 10 Hz and an AC voltage magnitude of 10 mV. 
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2.3 Results and discussion 

2.3.1 Structure and morphology of CuOx photocatalyst 

XRD patterns of the CuOx photocatalysts are shown in Fig. 2-3. The diffraction 

patterns for the CuOx photocatalysts have nine broad peaks at 30.4°, 32.5°, 36.4°, 

43.2°, 46.3°, 48.7°,58.3°,74.1° and 77.3° corresponding to Cu2O (110), CuO (110), 

Cu2O (111), Cu (222), CuO (-112), CuO (-202), CuO (202), Cu (220) and Cu2O (222), 

respectively. The crystal system of Cu2O and CuO can be confirmed to be cubic and 

monoclinic. The XRD results show that the Cu2O (111), CuO (-200) and Cu2O (222) 

crystal planes develop on the photocatalyst Ar/O2 30:7, and the Cu (111) and Cu (220) 

crystal planes develop on the CuOx photocatalysts Ar/O2 30:5 and 30:6. The CuO (110) 

and (202) crystal planes widely develop on the photocatalyst Ar/O2 30:5, due to the 

decrease of O2 gas flow. The XRD results indicate that a mixture of cuprite (Cu2O) 

and tenorite (CuO) was produced under different atmosphere. 

 
Fig. 2-3 XRD patterns of CuOx composite with different Ar/O2 ratios. 
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Fig. 2-4 shows the SEM images of the top views of the CuOx photocatalyst. Fig. 2-4a 

to Fig. 4-4e shows the morphologies of the CuOx photocatalysts surfaces in a lower 

magnification. As we can see from Fig. 2-4a and Fig. 2-4b, the CuOx photocatalysts 

consist of low crystallinity roughly 100 nm in diameter. With the increase of Ar/O2, the 

CuOx particles grow to 150 nm in diameter, and seem to higher crystallinity, as shown 

in Fig. 2-4c to Fig. 2-4e. To study the microstructure of the CuOx particles under high 

Ar/O2 ratios, we recorded SEM images in a higher magnification. As we can see form 

Fig. 2-4f to Fig. 2-4h, it clearly shows the cubic shapes of the CuOx particles, indicating 

that with the increase of Ar/O2, the CuOx turns to higher crystallinity, finally forms 

cubic shapes. According to the results, the as-deposited photocatalysts were quite 

evenly distributed on the surface of the FTO glasses, and crack was not found on the 

CuOx surfaces. 

 

 
Fig. 2-4 Typical SEM images of the CuOx photocatalysts with Ar/O2 (a) 30:5 (×30,000), (b) 

30:6 (×30,000), (c) 30:7 (×30,000), (d) 30:8 (×30,000), (e) 30:9 (×30,000), (f) 30:7 (×50,000), 

(g) 30:8 (×50,000), (h) 30:9 (×50,000). 



- 21 - 

 

Fig. 2-5 shows the Raman spectra of CuOx photocatalysts. As we can see from the 

Raman spectra, a weak peak at 217 cm-1 and a stronger peak at 294 cm-1 belong to Cu2O 

and CuO. It is difficult to notice the weak peak of Cu2O at 217 cm-1, demonstrating the 

content of CuO is higher than Cu2O synthesized in these samples. The results of Raman 

spectra show that the products of sputtered photocatalysts are Cu2O and CuO, which 

are in agreement with the XRD results. 

 

Fig. 2-5 Raman spectra of CuOx composite with different Ar/O2 ratios. 

2.3.2 XPS and optical characterization of CuOx photocatalyst 

XPS was further used to evaluate the chemical and electronic states of CuOx 

photocatalysts. Fig. 2-6 shows the XPS spectra of the CuOx composite with different 

Ar/O2 ratios. As we can see from Fig. 2-6, there is no difference in the shape of the 

spectrum between these three gas ratios of the samples. The total survey spectrum is 

shown in Fig. 2-6A, scans of the prepared where performed in a binding energy range 

from 0 to 1100 eV. Fig. 2-6B and Fig. 2-6C show the XPS spectra of Cu 2p and O 1s, 

where peaks at 932.9 eV and 952.8 eV represent the characteristic peaks of Cu 2p3/2 

and Cu 2p1/2, indicating that Cu element existed in the form of Cu2+ in the compound. 
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The strong Cu2+ satellite peaks at 943.7 eV and 962.2 eV indicate that the main 

component of these photocatalysts is Cu2+. 529.6 eV represents the O 1s characteristic 

peak. These results disclose that most of the products prepared by magnetron reactive 

sputtering are CuO, which are consistent with the results of Raman spectra. 

 

Fig. 2-6 XPS spectra of CuOx composite with different Ar/O2 ratios. (A) Wide scan result; (B) 

Cu 2p; (C) O 1s. 
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photocatalysts are very strong in the whole wavelength range. It can be seen that the 

optical absorption intensity of CuOx is obviously lower with the increase of O2 gas flow. 

The UV/Vis results indicate that the CuOx photocatalysts under lower O2 gas flow 

(Ar/O2=30:5, 30:6, 30:7) have strong light absorption capability in the whole 

wavelength range (ultraviolet and visible light region). 

 
Fig. 2-7 UV-Vis absorption spectra of CuOx composite with different Ar/O2 ratios. 

2.3.3 PEC performance of CuOx photocatalyst 

Fig. 2-8A to Fig. 2-8E. As shown in Fig. 2-8A and Fig. 2-8B, compared with these 

CuOx photocatalysts, the impedance arc of the 30:7 CuOx photocatalyst increased 
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respectively. In Fig. 2-8C, Rsol was the solution resistance; Rt and Ct were the 

resistance and capacitance of electrons transfer in the photocatalysts; CPEss was 

constant phase angle element. Rss was used to describe the charge transfer resistance 

between the semiconductor and the electrolyte interface. The fit circuits show a good 

simulation of the EIS curve of CuOx photocatalysts as shown in Fig. 2-8C to Fig. 

2-8E. Table 1-1 shows the corresponding fit data, in which two key parameters Rt and 

Rss are 5.206×103 and 42.25 Ω cm-2. Fig. 2-8D shows the fit circuit and fit data of the 

CuOx photocatalyst at 30:6, compared with Fig. 2-8C, a Css was used to replace CPEss, 

and CPEt was used to replace Ct. As shown in Table 1-1, the Rt and Rss are 1.077×10-4 

and 33.31 Ω cm-2. Fig. 2-8E shows the fit circuits and fit data of the CuOx 

photocatalysts at 30:7, 30:8 and 30:9. Compared with Fig. 2-8C, Css was used to 

replace CPEss, Rt and Rss are shown in Table 1. Compared with these values, we can 

find the Rt of CuOx photocatalyst at 30:5 increased near 107 orders of magnitude than 

that of other CuOx photocatalysts. Meanwhile, the Rss of CuOx photocatalysts at 30:7 

and 30:8 increased 100 orders of magnitude than that of other photocatalysts. 

Fig. 2-8F shows the Mott-Schottky plots of the CuOx photocatalyst photoelectrodes 

in 0.1 M Na2SO4 under dark condition. According to the Mott-Schottky plots shown 

in Fig. 2-8F, both of the CuOx photocatalysts exhibit the characteristics of p-type 

semiconductors. Mott-Schottky is a mathematical equation (as shown in followed 

equation), which describes the relationship between the capacitance of semiconductor 

space charge layer and the applied potential. 

1

𝐶2
=

2

𝜀𝜀0𝑞𝑁𝑞
∙ (𝐸 − 𝐸𝑓𝑏 −

𝑘𝑇

𝑞
) 

where C is the capacitance of semiconductor space charge layer, ɛ is the relative 

permittivity of the semiconductor, ɛ0 is the permittivity of vacuum (8.85×10-14 F·cm-1), 

q is the elemental charge (electron is +e, hole is -e, e=1.602×10-19 C), Nq is the carrier 

concentration, Efb is the flat band potential, E is the applied potential, 𝑘 is the 

Boltzmann constant (𝑘=1.38×10-23 J/K), and T is the temperature. According to the 
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negative tangent slopes in Fig. 2-8F, all of the CuOx photoelectrodes exhibited the 

characteristics of p-type semiconductors. According to the Equation above, 
1

𝐶2
 and E 

is linear relation, the carrier concentration can be obtained from the tangent slope, and 

the flat band potential of the semiconductor material can be got by the intercept of the 

tangent and the potential axis. The flat band potential of the CuOx photoelectrode at 

30:5 is approximately 0.69V (vs. Ag/AgCl), after the increasing of Ar/O2 ratio, the flat 

band potentials of the CuOx photoelectrodes are negatively shifted to 0.61, 0.64 and 

0.66V, respectively. According to the Equation, the negative shift of the tangent slope 

will increase the carrier concentration, therefore, improving the photoelectrochemical 

performance of the CuOx photoelectrodes. 

 

Fig. 2-8 (A) EIS spectra of CuOx photocatalysts under different Ar/O2 ratios in 0.1M Na2SO4 

electrolyte. (B) Enlarged view of 30:5 and 30:6. (C) The fit circuit of 30:5 EIS curves. (D) The 

fit circuit of 30:6 EIS curves. (E) The fit circuit of 30:7, 30:8 and 30:9 EIS curves. (F) 

Mott-Schottky plots of CuOx composite with different Ar/O2 ratios. 

0 5000 10000 15000 20000 25000
0

2000

4000

6000

8000

10000

12000

14000(A)

 

 

Z
' 
(O

h
m

)

Z (Ohm)

30:5

30:6

30:7

30:8

30:9

0 1000 2000 3000 4000 5000 6000
0

500

1000

1500

2000

2500(B)
 30:5

 30:6

Z
' 
(O

h
m

)

Z (Ohm)
 

 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

1

2

3

4

5

6

7

8

9

10

0.66V

(F)

0.69V

0.61V

 
 

1
/C

2
*1

0
5
 (

c
m

4
F

-2
)

Potential (V)

 30:5

 30:6

 30:7

 30:8

 30:9



- 26 - 

 

 

Table 2-1 Fitted parameters of the EIS of CuOx photocatalysts based on the circuits shown in 

Fig. 7C-7E. 

Sample 

Rsol 

[Ω cm2] 

Rt [Ω cm2] 

CPE 

[Ω-1 cm2 sn] 

n Ct [F cm-2] Css [F cm-2] 

Rss 

[Ω cm2] 

30:5 1.706 5.206×103 1.23×10-5 0.8361 7.696×10-8 - 42.25 

30:6 21.4 1.077×10-4 1.051×10-4 0.3935 - 1.004×10-5 33.31 

30:7 54.32 2.417×10-4 - - 4.173×10-6 3.52×10-6 2797 

30:8 45.48 1.316×10-4 - - 5.956×10-6 6.309×10-6 1420 

30:9 14.74 1.489×10-4 - - 8.921×10-9 7.812×10-6 53.1 

The photoinduced volt-ampere characteristic curve (i-V curve) of CuOx 

photocatalyst photoelectrodes are shown in Fig. 2-9A. Current-potential characteristics 

in 0.1 M Na2SO4 solution, under chopped AM 1.5 light illumination to study the 

photoelectrochemical response. The photoinduced current with potential was tested 

from 0.5 V to -0.5 V (vs Ag/AgCl) with a scan rate of 0.02 V/s, and the photoinduced 

I-V curve was performed during light on and off in turns with one second respectively. 

The cathodic photocurrent feature of the photocatalysts confirmed that the CuOx is 

p-type, which agreed with those from the results of Mott-Schottky. The photoinduced 

current densities of these photoelectrodes start at approximately 0.2 V and increase 

with the negative shift of the bias potential. The CuOx photocatalyst with Ar/O2 30:7 

generated a photoinduced current density of -3.2 mA/cm2 at the bias potential of -0.5 V 

vs RHE, which was about twice that of the Ar/O2 30:5. However, the photoinduced 

current densities become lower with the increase of O2 gas flow after Ar/O2=30:7. The 

results show that the most suitable Ar/O2 ratio is 30:7 for the photoelectrochemical 

performance. The Incident photon-to-current conversion Efficiency (IPCE) results of 

the CuOx with Ar/O2 30:5, 30:7 and 30:9 were showed in Fig. 2-9B. The IPCE values of 

all samples decline rapidly since the wavelength larger than 700 nm, and terminate near 

900 nm. In addition, CuOx 30:7 photocatalyst shows the highest IPCE value in all photo 

response range, which value is near twice higher than CuOx 30:5 and 1.5 times higher 
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than CuOx 30:9, respectively. The photoinduced i-t curve of the well-defined CuOx 

photocatalyst photoelectrode (Ar/O2 30:7) is shown in Fig. 2-9C. The bias potential for 

measuring the i-t curve is 0 V. According to the i-t curve, the CuOx with Ar/O2 30:7 

photoelectrode is stable under the bias potential of 0 V. In addition, a negative current 

peak appeared after turning on the light, demonstrating that there are some defects in 

the CuOx photoelectrode. The formation of the strong current peak is due to an 

instantaneous photoelectron charging process. Compare with the SEM images (the 

insets of Fig. 2-9C) of the CuOx photoelectrode before and after i-t test, the 

morphologies of the CuOx have some varieties, indicating that CuOx has a certain 

degree of corrosion in the process of i-t measurement. Therefore, we decided to make a 

protective layer coating on the surface of the CuOx to protect it from corrosion in the 

future. 
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Fig. 2-9 (A) The photoinduced volt-ampere characteristic curve (i-V curve), (B) the Incident 

Photon-to-current conversion Efficiency (IPCE) results, (C) the photoinduced i-t curve (the 
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insets show the SEM images of the CuOx photocatalyst photoelectrode before and after i-t test) 

of the CuOx photocatalyst photoelectrode. 

2.4 Principle of the CuOx system 

Fig. 2-10 shows the mechanism of the CuOx photocatalyst grown on the FTO 

substrate. Under light illumination, the photovoltaic effect of CuOx semiconductor 

material resulted in the generation of electrons and holes. With the extra applied 

negative bias potential, the conduction band potential of CuOx will more negative than 

that of water reduction potential, the photogenerated electrons with strong reduction 

capacity can shift to the surface of CuOx photocatalyst and reduce water to hydrogen. 

The photogenerated holes will transfer to the FTO substrate. On the other hand, the 

photogenerated electrons from Pt counter will also transfer to the CuOx photocatalyst, 

meanwhile, the photogenerated holes will shift to the surface of Pt counter, and finally 

oxidize water to oxygen. 

 
Fig. 2-10 Schematic illustration of the mechanism of the CuOx photocatalyst 

2.5 Conclusion 

In summary, the CuOx photocatalysts with different Ar/O2 gas ratios were 
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successfully prepared by magnetron reactive sputtering on the FTO glasses. The 

deposited products have been demonstrated to be mixtures of Cu2O and CuO, and the 

content of CuO is higher than Cu2O synthesized in these photocatalysts. Compared 

with different Ar/O2 gas ratios, the well-defined CuOx photocatalysts with Ar/O2 ratio 

30:7, are demonstrated to display much better photoelectrochemical performance. 

Subsequently, UV/Vis diffuse reflectance spectroscopy, EIS, Mott-Schottky tests were 

carried out. It was found that the CuOx photocatalysts under lower O2 gas flows 

(Ar/O2=30:5, 6, 7) have strong light absorption capability in ultraviolet and visible light 

region. The CuOx photocatalyst under the gas ratio of 30:7 has the biggest impedance 

value and fewer defects, indicating that the CuOx photocatalyst under the gas ratio of 

30:7 has strong semiconductor properties. 
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Chapter 3: Fabrication of CuOx/WO3 p-n heterojunction 

composite photocatalyst 

3.1 Background 

Solar energy conversion through photoelectrochemical (PEC) water splitting by 

semiconductors has becoming one of the most effective ways to solve energy and 

environmental issues.[1-5] To date, methods such as controlling band structure,[6-8] 

constructing semiconductor heterojunction[9-12] and homojunction[13] structure, 

preparing crystal facet,[14-16] loading cocatalysts,[17-19] tuning active sites and interfaces 

interactions,[20] and constructing hole transfer layer[21] have been widely used to 

expand the light absorption range of semiconductor material and improve its 

photocatalytic activity. Compared with p-type semiconductors, photocatalyst of n-type 

semiconductors have weak oxygen adsorption capacity.[22] This leads to that the 

photogenerated electrons cannot combine with the absorbed oxygen rapidly, which 

results in a high probability of recombination of photogenerated holes and electrons 

and low photocatalytic efficiency. 

3.1.1 Heterojunction composite system 

Cu2O is a typical p-type semiconductor material, which has a high theoretical 

maximum PEC conversion efficiency.[23] In the photocatalytic system of Cu2O, the 

valence band potential of Cu2O is much lower than the water oxidation potential.[24] 

Therefore, it is difficult for Cu2O to oxidize water to oxygen. We have successfully 

fabricated the p-CuOx thin-film photocathode contains of CuO and Cu2O, which solved 

the problem of its lower valence band potential and provide a photocurrent density of 

-3.2 mA cm-2 under a bias potential of -0.5V (vs. Ag/AgCl).[25] To get higher 

photoinduced current, the use of n-type semiconductor for composite modification of 

p-type semiconductor is expected to improve its defects. Heterojunction is formed by 
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successively depositing two or more layers of different semiconductor materials on the 

same substrate.[26] The fabrication of heterojunction structure can prolong the lifetime 

of charge carriers and enhance the separation of electron-hole, hence increase its PEC 

performance.[27-28] When two different types of semiconductor come into contact with 

each other, their respective energy band position will change, causing the change of the 

electrons transfer pathway.[29] In a p-n heterojunction, photogenerated electrons 

transfer to n-type semiconductor and photogenerated holes transfer to p-type 

semiconductor rapidly, resulting in the promoting of the separation of photogenerated 

electrons and holes.[30] In addition, in p-n heterojunction, the photogenerated electrodes 

enrich on the conduction band of n-type semiconductor with higher position, and the 

photogenerated holes enrich on the valence band of p-type semiconductor, which 

providing more photogenerated electrons, consequently the photogenerated electrons 

have stronger reduction capacities. 

3.1.2 CuOx/WO3 p-n heterojunction structure 

WO3 is an n-type semiconductor with a bandgap of 2.5~2.8 eV.[31-32] Its valence band 

potential is higher than the water oxidation potential,[33-34] which can drive the water 

oxidation process smoothly. Consider of compounding p-CuOx with n-WO3 to employ 

p-n heterojunction to design a CuOx/WO3 photocatalyst. In the p-n heterojunction, 

photogenerated electrons transfer to the conduction band of n-WO3 with higher 

position, and photogenerated holes transfer to the valence band of p-CuOx, thus proving 

photogenerated electrons with stronger reduction capabilities. For the construction of 

CuOx/WO3, it can not only increase the hydrogen production of water reduced by the 

photoinduced electrons, but also promote the water oxidation process driven by the 

photoinduced holes. Thereby, improve its PEC conversion efficiency. Meanwhile, the 

photoinduced electrons can transfer from narrow bandgap semiconductor to wide 

bandgap semiconductor, which benefits to the charge separation and promotes the 
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photocatalytic activity of the heterojunction structure.[35] In order to improve the 

stability of the CuOx/WO3 structure and fully oxidize WO3, treat the compound by 

annealing at a high temperature. Cu2O is chemically unstable in the working 

environment that negative potential applied.[36] The addition of WO3 can not only 

improve the photogenerated carrier separation efficiency, but also improve the stability 

of the Cu2O photocathode. Currently, several deposition methods have been utilized to 

synthesize thin-film photoelectrode, such as magnetron reactive sputtering,[37] 

electrochemical deposition,[38] chemical vapor deposition,[39] pulsed laser deposition,[40] 

sol-gel,[41] and spray-pyrolysis.[42] Compared with these methods, the advantage of 

thin-film deposition by magnetron sputtering is that it can simply deposit high-quality 

and uniform thin-film with large areas at a high speed, and the properties of the 

sputtered thin-film photoelectrode can be reproducible. 

3.1.3 The motivation and outline of this research 

In the present work, we employed the p-n heterojunction to design a novel 

CuOx/WO3 photocatalyst overall water splitting device, and report on the effects of 

annealing on the CuOx/WO3 photocatalyst and its PEC performance. The CuOx/WO3 

photocatalyst was synthesized by magnetron reactive sputtering and followed with 

thermal annealing under different conditions. The microstructure, morphology, 

element composition, element chemical and electronic state, optical properties and 

electrochemical properties were measured to characterize the performance of the 

CuOx/WO3 photocatalyst. 

3.2 Experimental section 

3.2.1 Preparation of CuOx/WO3 photocatalyst 

F-doped SnO2 transparent conducting glass (FTO) was used as a substrate of the 

CuOx/WO3 thin-film, which was firstly cleaned by ultrasonic cleaner with 1:1 of 
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acetone (99.8 % purity purchased from Kanto Chemical CO., INC., Japan) and 

ethanol (99.9 % purity purchased from Kanto Chemical CO., INC., Japan) mixed 

solutions for 5 min, followed by a second ultrasonically-cleaned with deionized water 

for 5 min, and blow-dried by N2. The CuOx/WO3 photocatalyst was fabricated by 

magnetron reactive sputtering at room temperature, using the target of Cu and W 

(99.99 % purity) under Ar and O2 atmospheres. The first program started with 

depositing CuOx. The Cu target was firstly cleaned by a pre-sputtering in Ar ambient 

for 5 min to remove the impurities of the target surface, followed with a second 

pre-sputtering in Ar and O2 ambient to reach the sputtering pressure. During the 

sputtering process, the sputtering chamber was pumped down to 2 × 10-5 Pa, the 

sputtering power was fixed at 30 W, Ar and O2 flow was fixed at 30 sccm and 7 sccm. 

After 2 hours of depositing CuOx, the second program came with depositing WO3. The 

W target was also cleaned by a pre-sputtering in Ar ambient and a second 

pre-sputtering in Ar and O2 ambient for 5 min and 3 min, respectively. The sputtering 

power of depositing WO3 was fixed at 75 W, and the Ar and O2 flow was fixed at 15 

sccm and 50 sccm, the deposition time was 40 min. 

3.2.2 Annealing of CuOx/WO3 photocatalyst 

After depositing of CuOx/WO3 thin-film, a stable structure of the CuOx/WO3 

thin-film was formed by annealing. In order to analyze the effects of different annealing 

conditions on CuOx/WO3 thin-film, we employed 4 groups of comparative experiments. 

The sample of first group was not treated with annealing. The second group was treated 

by rapid thermal annealing (RTA) with a temperature of 500 °C for 30 min in O2 

ambient, in which the heating rate was 10 °C s-1. The samples of third and fourth group 

were treated by slow rate annealing (SRA) with a temperature of 300 °C and 500 °C for 

30 min in O2 ambient, respectively. And the heating rate of slow rate annealing was 

1 °C s-1. 
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After annealing, copper wire was connected with the conductive part of the FTO 

substrate without touching sputtered thin-film using a conductive sliver tape, and the 

exposed conductive parts of the FTO substrate were isolated with a parafilm to ensure 

that the photoelectrode has no leakage in electrolyte. 

3.2.3 Characterization of CuOx/WO3 photocatalyst 

X-ray diffraction (XRD, D/max-500, Rigaku Co., Tokyo, Japan) was used to analyze 

the crystalline structures the sputtered CuOx/WO3. Raman (InVia Confocal Raman 

Microscope, Renishaw, UK) spectroscopy was utilized to record in the spectral range 

of 20-1400 cm-1 with 633 nm excitation wavelength. The morphology and element 

mapping of the CuOx/WO3 photocatalyst was characterized by scanning electron 

microscope (SEM, Ultra 55, Zeiss, Germany). Atomic force microscope (AFM) was 

used to further analyze the surface roughness of the CuOx/WO3 photocatalyst. The 

element composition, chemical and electronic state of the CuOx/WO3 was analyzed via 

X-ray photoelectron spectroscopy (XPS, PHI 5000 Versa Probe, 2ULVAC-PHI, INC., 

Chigasaki, Japan). Furthermore, the optical properties of the CuOx/WO3 photocatalysts 

were investigated by UV-Vis spectrophotometer (TU-1901, PERSEE, Beijing, China).  

The photoelectrochemical test was performed on an electrochemical workstation 

(CHI660D, Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). The test was 

used of a three-electrode system, which used the CuOx/WO3 photocatalyst as a 

working electrode, used Pt sheet and Ag/AgCl electrode as a counter electrode and 

reference electrode, respectively. The three-electrode was immersed into 0.1 mol L-1 

Na2SO4 electrolytes (99.0% purity purchased from Kanto Chemical CO., INC., Japan). 

The incident light source was from a Xe lamp (PLS-SXE300, Beijing Changtuo Co., 

Ltd., Beijing, China) of 150 W with a sunlight intensity of 100 mW cm-2. The 

photoinduced volt-ampere curve (i-V curve) was measured from -0.5 V to 0.1 V (vs. 

Ag/AgCl) with an applied potential scan rate of 0.02 V s-1. The photoinduced i-V 
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curve was performed during light on-off in turns with 1 second, respectively. The 

Mott-Schottky plots was performed at an applied potential scanning from -0.2 V to 2 

V (vs. Ag/AgCl) in dark, with a frequency of 10 Hz and an AC voltage magnitude of 

10 mV. The EIS test was measured with a frequency range from 106 to 10-1, and an 

AC voltage magnitude of 5 mV. The EIS spectra were measured in dark and under 

illumination, respectively. All of the electrochemical tests were carried out in 0.1 mol 

L-1 Na2SO4 electrolytes. 

3.3 Results and discussion 

3.3.1 Structure and morphology of CuOx-WO3 photocatalyst 

Fig. 3-1 shows the XRD patterns of the CuOx/WO3 samples. The diffraction patterns 

for the sputtered films have six WO3 peaks at 15.62°, 23.38°, 24.58°, 29.10°, 31.14° 

and 56.11°, corresponding to (020), (001), (110), (200), (031) and (113) of WO3, 

respectively. The WO3 peaks tend to stronger obviously on curve d and e, especially at 

(020), (001) and (110), indicating that monoclinic WO3 formed after annealing at a high 

temperature about 500 °C. Peak appearing in 42.20° and 61.57° can be indexed to 

monoclinic CuO (200) and (-113), and the (200) peak only formed on curve d and e, 

due to the high temperature of annealing. The Cu2O (222) peak at 77.32° turns to 

smaller as the annealing temperature increasing. Simultaneously, the intensity of WO3 

(001) and (110) peaks after SRA 500 °C tends to stronger than that after RTA 500 °C, 

indicating that WO3 shows a better crystallinity as the proceeding of slow rate 

annealing. 
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Fig. 3-1 XRD patterns of (a) CuOx, (b) CuOx/WO3 without annealing, (c) CuOx/WO3 SRA 

300 °C, (d) CuOx/WO3 RTA 500 °C, (e) CuOx/WO3 SRA 500 °C. 

As the Raman spectrum of the samples shows in Fig. 3-2, the CuO peak at 286 cm-1 

shows a small peak on CuOx sample, then turns to stronger as the increasing of 

annealing temperature. On the other side, the Cu2O peak at 903 cm-1 becomes stronger 

after annealing, and tends to weaker obviously, owing to SRA of 500 °C. However, the 

Cu2O peak do not appear on curve a and b. The WO3 peaks are formed at 125 cm-1, 706 

cm-1 and 806 cm-1. It can be clearly seen that, the WO3 peaks of 706 cm-1 and 806 cm-1 

turn to particularly stronger after SRA 500 °C for the sample, and all of the WO3 peaks 

do not appear clearly on the un-annealed sample.  
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Fig. 3-2 Raman spectra of (a) CuOx, (b) CuOx/WO3 without annealing, (c) CuOx/WO3 SRA 

300 °C, (d) CuOx/WO3 RTA 500 °C, (e) CuOx/WO3 SRA 500 °C. 

The surface morphologies of the CuOx/WO3 photocatalyst under different annealing 

conditions are analyzed using AFM and SEM. The AFM images of the sample after 

RTA 500 °C and SRA 500 °C are shown in Fig. 3-3. It can be seen clearly, the 

CuOx/WO3 after SRA 500 °C is relatively smoother than that after RTA 500 °C. Table 

2-1 shows the image statistics results of AFM. According to the results, the 

root-mean-square (RMS) roughness (Rq) value is found to be 19.2 nm and 11.5 nm for 

RTA 500 °C and SRA 500 °C, respectively. This phenomenon indicates that slow rate 

annealing is more appropriate to oxidize the CuOx/WO3 photocatalyst with a smooth 

surface.  
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Fig. 3-3 AFM images of (A) CuOx/WO3 RTA 500 °C, (B) CuOx/WO3 SRA 500 °C. 

 

Table 3-1 The image statistics results of AFM 

Sample 

Image Raw 

Mean 

Image Mean 

Image Z 

Range 

Image RMS 

(Rq) 

Image 

Ra 

CuOx/WO3 

RTA 500 °C 

-638 nm -0.000001 nm 130 nm 19.2 nm 15.3 nm 

CuOx/WO3 

SRA 500 °C 

173 nm -0.000001 nm 77.9 nm 11.5 nm 9.03 nm 

The SEM images of the surface of the sample after RTA 500 °C and SRA 500 °C are 

shown in Fig. 3-4A and Fig. 3-4B. According to the results, the surface WO3 consist of 

large particles roughly 200 nm in diameter. After RTA of 500 °C, particles on the 

surface of WO3 present floating state, explaining that rapid thermal annealing makes 

the thin-film surface non-uniform. The cross-section SEM image of the CuOx/WO3 

photocatalyst is shown in Fig. 3-4C. As shown in the cross-section image of the sample, 

the thin-film divides into two layers, obviously. The first layer deposited on FTO 

substrate is CuOx, which has a thickness of 500 nm, and the thickness of the second 

layer of WO3 is about 200 nm. Fig. 3-4D shows the elemental maps of CuOx/WO3 SRA 

500 °C composite, which was performed by SEM. The results of O, Cu, and W element 

(A) (B) 
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can be confirmed that CuOx/WO3 evenly distributes on the surface of FTO substrate, 

indicating that the positions of CuOx layer and WO3 layer are significantly staggered. 

 

 

Fig. 3-4 Typical SEM images of the surface of (A) CuOx/WO3 RTA 500 °C, (B) CuOx/WO3 

SRA 500 °C; (C) the cross-section SEM image of CuOx/WO3 SRA 500 °C; (D) SEM elemental 

maps (O, Cu, W) of CuOx/WO3 SRA 500 °C. 

3.3.2 XPS and optical characterization of CuOx-WO3 photocatalyst 

XPS can be further utilized to assess the chemical and electronic states of a sample. 

Figure 3-5 shows the XPS spectra of the samples. Fig. 3-5A, Fig. 3-5B and Fig. 3-5C 

show the full-spectra scan, O 1s and Cu 2p of CuOx photocatalyst, respectively. As Fig. 

3-5B shows, there is a strong O 1s peak at 529.5 eV and a small peak at 531.6 eV, which 

correspond to binding energy of O2- in CuO and Cu2O, respectively. As the Cu 2p of the 

Fig. 3-5C shows, the binding energy at 932.9 eV and 952.5 eV are indicative of Cu 2p3/2 

and Cu 2p1/2, which belong to Cu2+ and Cu+, respectively. Meanwhile, the main 
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component of CuOx is bivalent copper, because there are two strong satellite peaks in 

the Cu 2p spectrum.[43] The XPS survey spectrum of CuOx/WO3 is shown in Fig. 3-5D, 

demonstrating that the distinctive as well as the Auger peaks of Cu, O and W in the 

sputtered sample confirmed the presence of copper, oxygen and tungsten elements. Fig. 

3-5, Fig. 3-5F and Fig. 3-5G shows the O 1s spectra and the peak fitting of CuOx/WO3 

photocatalyst under different annealing conditions. The O 1s spectra indicate the 

presence of WO3 and CuO. The main peak at 530.7 eV is related to O2- in WO3 (Fig. 

3-5E), which has been reported.[44] However, the O 1s peak of CuOx/WO3 after RTA 

500 °C shifts to 530.0 eV which also belongs to WO3, indicating that rapid thermal 

annealing changes the chemical bond of WO3. In addition, the small peak of O2- at 

531.6 (Fig. 3-5B) disappears with the addition of WO3, indicating that the O2- of CuOx 

covered by WO3 cannot be detected by XPS. The Cu 2p of CuOx/WO3 photocatalyst 

XPS spectra is analyzed in Fig. 3-5F, the binding energies of 932.7 eV and 952.5 eV are 

indicative of Cu 2p3/2 and Cu 2p1/2, which correspond to CuO and Cu2O, respectively. 

Compare with the Cu 2p peaks of CuOx shown in Fig. 3-5C, the Cu 2p3/2 of CuOx/WO3 

right shifts from 932.9 eV to 932.7 eV. However, strong Cu2+ satellites disappear in the 

CuOx/WO3, owing to the incorporation of WO3. In the case of W 4f spectra of 

CuOx/WO3 shown in Fig. 3-5G, two peaks can be distinguished, which indicated the W 

4f binding energies were 35.7 eV and 37.9 eV, respectively. Usually the peaks at 35.7 

eV and 37.9 eV correspond to W 4f7/2 and W 4f5/2 clear assigned to WO3, which is in 

agreement with the findings reported by X. Ding.[45] The W 4f spectrum of CuOx/WO3 

after RTA 500 °C right shift to 35.2 eV and 37.4 eV, which also related to WO3, 

testifying that the high temperature of rapid thermal annealing changes the chemical 

bond of WO3, which accords with the O 1s result. 
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Fig. 3-5 XPS spectra of (A) full-spectra scan, (B) O 1s, and (C) Cu 2p of CuOx; (D) full-spectra 

scan, (E) O 1s, (F) Cu 2p, and (G) W 4f of the CuOx/WO3 under different annealing conditions. 

 

Fig. 3-6A shows the UV-Vis DRS of the samples. UV-Vis absorption edge is relevant 

to the energy band of the semiconductor material. The absorption band-edges of the 

CuOx/WO3 photoelectrode shows a small red shift after annealing of 500 °C, 

suggesting that the photoelectrode after SRA 500 °C can absorb larger wavelength 

range of visible light. The bandgap energy of the prepared photoelectrode can be 

estimated from the tangent line in the plot of Kubelka-Munk function versus the photon 

energy, as shown in Fig. 3-6B, according to the following equation:[46] 

A = 𝐶(ℎ𝑣 − 𝐸𝑔)
𝑛/2

/ℎ𝑣 

In which, A is the absorption coefficient, C is the proportionality constant, h is the 

Planck constant, v is the light frequency, and Eg is the bandgap. Based on the equation, 

the Eg value of the prepared CuOx, CuOx/WO3, CuOx/WO3 SRA 300 °C, CuOx/WO3 

RTA 500 °C, CuOx/WO3 SRA 500 °C photoelectrode are 2.46, 3.10, 3.33, 3.71, 2.83 eV, 

respectively, indicating that the addition of WO3 without annealing increases the 

bandgap of the composite photoelectrode, and the treatment of SRA 500 °C can greatly 

shorten its bandgap. 
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Fig. 3-6 (A) UV-Vis absorption spectra of the prepared photoelectrodes; (B) the plot of 

transformed Kubelka-Munk function versus the photon energy, where the dot line is the tangent 

of the linear part. 

3.3.3 PEC performance of CuOx/WO3 photocatalyst 

Mott-Schottky equation describes the relationship between semiconductor space 

charge capacitance and applied potential. Mott-Schottky equation shows in followed 

equation, 

1

𝐶2
=

2

𝜀𝜀0𝑞𝑁𝑞
∙ (𝐸 − 𝐸𝑓𝑏 −

𝑘𝑇

𝑞
) 

Where C is semiconductor space charge capacitance; ε is semiconductor relative 

permittivity; ε0 is vacuum permittivity, which is equal to 8.85 × 10-14 F cm-1; q is 

elemental charge, e is equal to 1.602 × 10-19 C; Nq is carrier concentration; Efb is 

semiconductor flat band potential; E is applied potential; k is Boltzmann constant, 

which is equal to 1.38 × 10-23 J·K-1; and T is temperature. Fig. 3-7A and Fig. 3-7B 

shows the Mott-Schottky plots of the samples in 0.1 mol L-1 Na2SO4 electrolytes under 

a dark condition. According to the equation, the carrier concentration Nq can be 

calculated by tangent slope, due to the linear relationship between 
1

𝐶2
 and applied 

potential E. The flat band potential of the semiconductor sample can be obtained by the 

intercept of tangent and potential axis. The flat band potential of CuOx is approximately 

0.96 V. The flat band potential of CuOx/WO3 is about 1.46 V, and its flat band potential 
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is negative shifted to 1.36 V after annealing. This phenomenon indicates that the 

increasing of semiconductor Fermi level and electron energy level,[47] which causes 

the electrons from conduction band easily lost to participate in the water reduction 

reaction. In addition, according to thermodynamics, the negative shift of the flat band 

potential means that the electrons of conduction band excited by light illumination 

have stronger reduction capacities,[48] as a result of that the photogenerated electrons 

are easily obtained by H2O to generated hydrogen, thereby improves the 

photocatalytic hydrogen production activity. EIS can be used to evaluate the interface 

charges transfer rate of a semiconductor photocatalyst and the reaction degree of its 

interfacial electron, which is tightly related to its electrochemical properties. Fig. 3-7C 

shows the EIS result of CuOx/WO3 SRA 500 °C measured in dark. Fig. 3-7D shows the 

EIS results and the relevant equivalent circuit of the CuOx/WO3 SRA 500 °C under 

illumination. In which, Rsol is the solution resistance, Q and Qdl represents the double 

layer capacitance,[49-50] Rf and Rt corresponds to the charge carriers transfer resistance 

in the photocatalyst, Rct and C describes the electrons transfer resistance and the 

capacitance of the interface, respectively. The fitting values of the circuit elements are 

shown in Table 3-2. The Rf value of CuOx/WO3 SRA 500 °C is found to be 6538 Ω cm2 

in dark, which is approximately 10 times larger than that under illumination. The 

sample shows an Rt value of 953.3 Ω cm2 in dark, and this value of Rt decreases to 

372.8 Ω cm2 under illumination. The decrease of Rf and Rt is due to the injection of 

photogenerated electrons, which promotes the electrochemical reaction. Moreover, 

CuOx/WO3 SRA 500 °C shows a Rct value of 27580 Ω cm2 in dark, while that of the 

sample decreases to 6418 Ω cm2 under illumination, indicating that with the injection 

of illumination, the interfacial reaction capability of the photocatalyst is enhanced 

significantly. The EIS test illustrates that under illumination, the electrochemical 

reaction and the interfacial reaction capability of the photocathode are promoted, 

owing to the injection of photogenerated electrons. 
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Fig. 3-7 (A) Mott-Schottky plots of (a) CuOx, (b) CuOx/WO3 without annealing; (B) 

Mott-Schottky plots of (c) CuOx/WO3 SRA 300 °C, (d) CuOx/WO3 RTA 500 °C, (e) 

CuOx/WO3 SRA 500 °C; (C) EIS spectra of CuOx/WO3 SRA 500 °C test in dark; (D) EIS 

spectra and the equivalent circuit for fitting EIS results of CuOx/WO3 SRA 500 °C under 

illumination. 

 

Table 2-2 The fitting EIS values of the CuOx/WO3 SRA 500 °C photocatalyst. 
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Fig. 3-8A shows the photoinduced volt-ampere characteristic curves (i-v curve) of 

the CuOx/WO3 photocatalysts. The three-electrode was immersed into 0.1 mol L-1 

Na2SO4 electrolytes under a chopped AM 1.5 light illumination to evaluate its PEC 

response. The photoinduced i-V curves were tested under applied potential scanning 

from -0.5 V to 0.1 V, with a scan rate of 0.02 V. The photoinduced volt-ampere 

characteristics were performed during incident light on-off in turns with 1 second, 

respectively. Fig. 3-8B shows the photoinduced current of the photoelectrodes under a 

bias potential of -0.5 V. The CuOx photocatalyst generated a photoinduced current of 

-2.5 mA cm-2 at -0.5 V bias potential. After compounding with WO3, it generated a 

photoinduced current of -2.0 mA cm-2, with a very large dark current. The photoinduced 

current of CuOx/WO3 after rapid thermal annealing of 500 °C was about -3.4 mA cm-2. 

The sample after slow rate annealing of 300 °C still has a large dark current. After slow 

rate annealing of 500 °C, the CuOx/WO3 generated a photoinduced current of -3.8 mA 

cm-2, which was about 1.5 times higher than CuOx, and 2 times higher than CuOx/WO3 

without annealing, which benefits from its small dark current. The photoinduced 

time-current curve (i-t curve) of the CuOx and CuOx/WO3 SRA 500 °C is shown in Fig. 

3-8C, and the inset of Fig. 3-8C shows the surface morphology characterized by SEM 

of the photoelectrode before and after i-t test. The photoinduced i-t test was measured 

under a bias potential of -0.2 V. According to i-t curve, after turning on the light, a 

strong negative current peak appears, indicating that there are some defects formed 

owing to the process of instantaneous photoelectrons charging. The CuOx 

photoelectrode shows a quite small photocurrent after light on for 350 seconds, and the 

SEM images of the CuOx surface morphology shows that the CuOx particles have 

reduced obviously after i-t test. This phenomenon indicates that the CuOx 

photoelectrode is unstable in the electrolytes under light illumination. In addition, the 

CuOx/WO3 SRA 500 °C photoelectrode shows a relatively stable photocurrent curve 

after 600 seconds i-t test, compare with the SEM images, the surface morphology of the 

CuOx/WO3 SRA 500 °C photoelectrode has not changed after i-t test, demonstrating 
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that the CuOx/WO3 SRA 500 °C photoelectrode is stable under -0.2 V bias potential. 

  

 

Fig. 3-8 (A) The photoinduced volt-ampere characteristic curves (i-v curve), (B) and the 

photoinduced current (under a bias potential of -0.5 V) of a: CuOx, b: CuOx/WO3 without 

annealing, c: CuOx/WO3 SRA 300 °C, d: CuOx/WO3 RTA 500 °C and e: CuOx/WO3 SRA 

500 °C; (C) the photoinduced time-current curve (i-t curve) of a: CuOx and b: CuOx/WO3 after 

SRA 500 °C, the inset shows the surface morphology of the photoelectrode before and after i-t 

test. 

3.4 Principle of p-n heterojunction system 

The transportation of the charge carries in CuOx/WO3 photoelectrode with p-n 

heterojunction is shown in Fig. 3-9.[51] After two different types of semiconductors 

contact with each other, the p-type CuOx energy band will shift upward while the 

n-WO3 energy band will move downward with the respective diffusion of electrons and 

holes. When drift current and diffusion current counteract, a space charge region will be 

formed near the interface to generate built-in electric field. Under light illumination, 
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p-CuOx and n-WO3 will be excited at the same time. Under the effect of the built-in 

electric field, the electrons will transfer to n-WO3 and holes will transfer to p-CuOx 

rapidly, thereby promoting the separation of the photogenerated carriers effectively. In 

addition, in the p-CuOx/n-WO3 heterojunction, the photogenerated electrons will enrich 

in the conduction band of n-WO3 with a higher position, and the photogenerated holes 

will enrich in the valence band of p-CuOx, which providing more photogenerated 

electrons with stronger reduction capacities. Therefore, by the p-n heterojunction 

assistant, the reduction energy of the photogenerated electrons can be increased, and the 

light absorption range can be extended with the induction of two types of 

semiconductor in that enhance the theoretical PEC water reduction efficiency, 

sequentially. Fig. 3-10 shows the schematic illustration of the mechanism of 

FTO/CuOx/WO3 photocatalyst overall water splitting device. Under light illumination, 

photogenerated electrons and holes are transfer to the surface of WO3 for hydrogen 

evolution reaction and FTO for oxygen evolution reaction, respectively. Thereby, 

effectively restraining the recombination of photogenerated carriers, and providing 

more photogenerated electrons. The band potential of semiconductor material 

determines the degree of PEC water splitting. For Cu2O, its valence band potential is 

lower than water oxidation potential, therefore the water oxidation process is different 

to drive. In addition, the conduction band potential of WO3 is positive than the water 

reduction potential, as result of the water reduction process for H2 production is 

different to carry out. The formation of ohmic contact by heterojunction can change the 

carries transfer pathway, which can solve this problem effectively.[52] 
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Fig. 3-9 Transportation of the charge carries in CuOx/WO3 photoelectrode with p-n 

heterojunction. 

 
Fig. 3-10 Schematic illustration of the mechanism of FTO/CuOx/WO3 photocatalyst overall 

water splitting device. 

3.5 Conclusion 

To summarize, we demonstrated a promising CuOx/WO3 photocatalyst with p-n 
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heterostructure for PEC water reduction using a simple and easy-to-control deposition 

method, reactive magnetron sputtering and slow rate annealing. The photoinduced 

current density and photostability enhanced by the assistant of p-n heterojunction and 

slow rate annealing. The optimal annealing condition is determined to be slow rate 

annealing of 500 °C (the heating rate is 1 °C s-1), and the photocatalyst (-3.8 mA cm-2) 

shows approximately 1.5 times and 2 times increase in photogenerated current density, 

compared with the CuOx (-2.5 mA cm-2) and CuOx/WO3 without annealing (-2.0 mA 

cm-2), respectively. It is believed that the light illumination causes the interfacial charge 

transfer, by the p-n heterojunction assistant, reduction capabilities of the 

photogenerated electrons can be increased, thus promotes the PEC water reduction 

process. The assist in slow rate annealing causes the upper WO3 layer better 

crystallized and oxidized completely, resulting in a stable structure of the CuOx/WO3 

photocatalyst. Furthermore, the EIS results indicate that the improved PEC 

performance of the sample under illumination is due to the promoting of the interfacial 

reaction capability by photoinduced electrons. 
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Chapter 4: Synthesis of nanocomposite electrocatalyst 

4.1 Background 

Electrocatalytic water splitting method can be regarded as a promising one for 

clean energy and renewable.[1] Synthesis of stable and efficient electrocatalysts is 

paramount importance for hydrogen evolution reaction (HER),[2-3] and oxygen 

evolution reaction (OER).[4] To date, many researchers have devoted to manufacture 

earth-abundant catalysts to displace the noble metal catalysts (Pt/Pd  for HER,[5-7] 

IrO2 for OER[8]), such as phosphides,[9-11] carbides,[12-14] transition-metal 

oxides/hydroxides/sulfides,[15-20] metal alloys,[21-24] nitrides,[25] and selenides.[26] 

4.1.1 Ni-Fe-P bifunctional electrocatalyst 

It has been demonstrated that bimetallic phosphide has higher performance for 

overall water splitting than that of monometallic phosphide as it can serve for acceptor 

of proton and hydride, which benefits for hydrogen evolution and proton discharging 

process.[27] On the other band, phosphate can be produced as an active center, therefore 

the catalytic activity towards OER can be improved by the existence of phosphate.[28] 

Besides, Ni-Fe-P materials have been reported as a superior electrocatalyst for water 

splitting.[29-30] This is mainly due to the introduction of Ni-Fe bimetallic system further 

improved the catalytic activities.[31] Recently, numbers of researches indicated the 

outstanding electrocatalytic preformation of transition-metal phosphide synthesized by 

electrodeposition, electroless plating, and phosphating.[32] Though some progress has 

been made in this field, there are still some problems to find a simple approach for 

manufacturing a catalyst with stable and highly efficient for overall water splitting 

instead of noble metal. 
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4.1.2 Advantages of doped-perovskite 

Perovskite-type oxides have the general formula ABO3 (A and B are unequal 

cations). It can produce minute particles with high metallic dispersion when subjected 

to the redox process,[33-34] as a result of providing a better matrix for the transition 

metal electrocatalysts.[35] Recent years, perovskite-type oxides have been reported as 

highly efficient catalysts towards and OER,[36-38] which is attributed to the flexible 

structure of perovskite-type oxide that can provide disorder-free channels of oxygen 

vacancies to improve the oxygen ions mobility.[39] In addition, a Pr0.5BSCF perovskite 

oxide as highly active catalyst for HER were reported in 2016,[40] which owes to the 

tunable electronic structure of perovskite oxide providing surface redox chemistry and 

oxygen deficiency. The iron manganese oxide (FeMnO3) has been remarked 

displaying very favorable electrochemical properties for lithium-ion batteries anode 

material due to its intrinsically high capacity, small bandgap and excellent ion 

diffusivity.[41] Moreover, FeMnO3 has been reported as a supercapacitor electrode,[42] 

which has favorable specific capacitance and excellent recycling durability. At present, 

FeMnO3, its promising potential in such fields as catalysis and electrochemical 

engineering has not been applied to catalytic hydrogen evolution. 

4.1.3 The motivation and outline of this research 

Herein, we prepared a nanocomposite electrocatalyst Ni-Fe-P-FeMnO3 on Ni foam 

for overall water splitting through a facile method of electroless plating and rapid 

dealloying. The as-prepared Ni-Fe-P-FeMnO3/NF presents a quite high HER catalytic 

performance, with the assistance of the synergistic effect between nickel/iron and 

phosphorus, as well as Ni foam substrate endows more active sites for the 

electrocatalyst. The unique structure of perovskite material gives it many advantages, 

which benefit for almost every step of the electrocatalytic process. 
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4.2 Experimental section 

4.2.1 Chemicals and materials 

Ammonium bicarbonate (NH4HCO3, 99.5%) and manganese sulfate (MnSO4 ⋅H2O, 

99.5%) were purchased from Tianjin BASF Chemical Co., Ltd. Ferrous sulfate 

(FeSO4·7H2O, 99.5%) and nickel foam (99.9%) were purchased from Tianjin Zhiyuan 

Chemical Reagent Co., Ltd. Nickel sulfate (NiSO4⋅6H2O, 99.0%), ammonium iron 

sulfate ((NH4)2Fe(SO4)2·6H2O, 99.0%) were purchased from Shanghai Tongya 

Chemical Technology Development Co. Ltd. Sodium citrate (Na3C6H5O7·2H2O, 

99.0%), sodium hypophosphite (NaH2PO2·H2O, 99.0%) and ammonium fluoride 

(NH4F·H2O, 99.0%) were purchased from Tianjin kwangfu Fine Chemical Industry 

Research Institute. All reagents were used directly without further purification. 

4.2.2 Preparation of Ni-Fe-P-FeMnO3/NF electrocatalyst 

The Ni foam was used as a substrate which was firstly ultrasonic cleaned by 

acetone for 30 min, followed by ultrasonic cleaned by 5% HCl for 30 min to wipe off 

the oxide forming on the surface. The Ni foam was finally rinsed with deionized 

water until the pH=7 and dried in vacuum atmosphere of 60 ºC. The FeMnO3 

nanoparticles used in our experiments were prepared in the following process: 255.2 g 

L-1 ammonia solution and 7.9 g L-1 ammonium bicarbonate solution were added into a 

mixed solution of 16.9 g L-1 manganese sulfate and 64.9 g L-1 ferrous sulfate. The 

above mixed solution was standing for 2 h, and then the precipitate was filtered out 

and washed for several times and dried in drying oven under 60 ºC for 8 h. It was 

calcined in the air at 850 ºC for 4 h to obtain the FeMnO3 solid. Finally, the FeMnO3 

solid was grinded into nanoparticles. The Ni-Fe-P-FeMnO3 electrocatalyst was 

deposited onto Ni foam in the alkaline solution containing of 7.5 g L-1 nickel (II) 

sulfate, 17.5 g L-1 ammonium iron (II) sulfate, 20 g L-1 sodium citrate, 40 g L-1 
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sodium hypophosphite, 10 g L-1 ammonium fluoride and 0-15 g L-1 FeMnO3 

nanoparticles. The Ni-Fe-P-1g FeMnO3/NF, Ni-Fe-P-2g FeMnO3/NF and Ni-Fe-P-3g 

FeMnO3/NF electrocatalyst were obtained by adding 1g, 2g and 3 g FeMnO3 

nanoparticles into 200 mL electroless solution respectively. The electroless composite 

plating process was carried out for 1 h under the water-bath temperature of 90 ºC, and 

the pH of the electroless plating solution was controlled at 9 by ammonia solution. 

The as-prepared precursor was immersed in 5% HCl for 20, 30 and 40 seconds to 

adjust the atomic ratio of nickel and iron. Then the dealloyed Ni-Fe-P-FeMnO3/NF 

was ultrasonic cleaned with deionized water and dried under 60 ºC for 8 h. 

4.2.2 Structural characterization 

The morphology structure of the prepared electrocatalysts was observed by scanning 

electron microscopy (SEM, JSM-6700F, JEOL). The phase structure of the prepared 

FeMnO3 nanoparticles and the Ni-Fe-P-FeMnO3/NF was further characterized via 

X-ray diffraction (XRD, X’Pert Powder, PANalytical B. V.) The compositions and the 

chemical states of Ni, Fe, P and Mn on the Ni-Fe-P-FeMnO3/NF were analyzed through 

X-ray photoelectron spectroscopy (XPS, PHI 5000 Versa Probe, 2ULVAC-PHI). The 

interface morphologies between FeMnO3 nanoparticles and Ni-Fe-P matrix were 

investigated via high-resolution transmission electron microscopy (HRTEM, 

JEM-2000EX, JEOL) 

4.2.3 Electrocatalytic measurements 

The linear sweep voltammetry (LSV) towards HER and electrochemical impedance 

spectra (EIS) were performed on an electrochemical workstation (CHI66B, Shanghai 

Chenhua Instrument Co., Ltd.). The electrocatalytic tests were used a three-electrode 

system, in which the custom-made Ni-Fe-P-FeMnO3/NF(1 cm × 1 cm), Hg/HgO 

electrode and Pt sheet were performed as working electrode, reference electrode and 
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counter electrode, respectively. The three-electrode was immersed into 1 M KOH 

electrolyte during the test. The LSV test was carried out 5 times at 1 mV s-1 scan rate 

with 90 % compensation, and the analysis curve used the final sweep result. In 

addition, the LSV polarization curves towards HER were IR-corrected according to 

the following equations: 

𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐸𝑅𝐻𝐸 − 𝑖𝑅𝑠 × 90% 

 𝐸𝑅𝐻𝐸 = 𝐸𝑣𝑠.  𝐻𝑔/𝐻𝑔𝑂 + 0.098 + 0.059 × pH 

Where Ecorrected is the iR-corrected potential, ERHE is the calculated reversible 

hydrogen electrode (RHE) potential, Evs. Hg/HgO is the measured potential through 

Hg/HgO reference electrode, i is the measured current density, pH is equal to 14 as 

the use of 1 M KOH electrolyte, and Rs is the equivalent series resistance measured 

by EIS. The EIS was recorded at a constant potential of -1.0268 V (vs. RHE), the EIS 

was measured under the frequency range from 0.01 Hz to 105 Hz, and an AC voltage 

of 5 mV. 

4.3 Results and discussion 

4.3.1 Structure and morphology of Ni-Fe-P-FeMnO3/NF 

The electroless plating process results in a brown thin film deposited on the Ni foam 

substrate. Fig. 1a and 1b show the cross-sectional images of the Ni-Fe-P-FeMnO3/NF 

observed by SEM. It can be seen from Fig. 1a, porous nanostructures with unequal pore 

sizes were obtained after fast dealloying. The porous nanostructure could fully contact 

with the electrolyte, which promotes the effect of electrocatalysis. The energy 

dispersive X-ray spectroscopy (EDX) mapping of the Ni-Fe-P-FeMnO3/NF (Fig. 1c) 

confirms the existence of Ni, Fe, P, Mn and O elements. 
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Fig. 4-1 (a) and (b) SEM images of Ni-Fe-P-FeMnO3/NF; (c) Corresponding EDX mapping of 

the Ni-Fe-P-FeMnO3/NF. 

 

Fig 1b and Fig. 2a shows the FeMnO3 nanoparticles composited in the electroless 

coating by SEM and TEM, respectively. The diameters of FeMnO3 nanoparticles are 

ranged from 3 nm to 10 nm. The well-resolved lattice features of the electrocatalysts 

are shown in HRTEM image (Fig. 2b and 2c). The fringes with lattice spacing of d = 

0.272, 0.162 and 0.251 nm can be assigned to be the (222), (440) and (123) facets of 

FeMnO3 (PDF #75-0894). Moreover, the FeMnO3 nanoparticles are surrounded by 

amorphous Ni-Fe-P to form heterojunction structure. 
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Fig. 4-2 HRTEM images of the Ni-Fe-P-FeMnO3/NF towards different facets. 

 

The phase structure of FeMnO3 nanoparticles and Ni-Fe-P-FeMnO3/NF was 

evaluated via XRD. The XRD patterns of the FeMnO3 nanoparticles (Fig. 3a) have a 

number of peaks that can be well-indexed to FeMnO3 (PDF #75-0894). As shown in 

Fig 3b, with the addition of FeMnO3, the diffraction peaks of Ni-Fe-P alloy decrease 

significantly, indicating that the addition of FeMnO3 decreases the crystallinity of the 

electroless composite coating. When the addition amount of FeMnO3 nanoparticles 

reaches 2g in 200 mL electroless solution, the crystallization of Ni-Fe-P-FeMnO3 is 

already inconspicuous, indicating that the Ni-Fe-P alloy gradually turns from 

crystalline state to amorphous state, which is consistent with the HRTEM results. This 

illustrates the promotion of the catalysis process. It is attributed to the short-rang order 

and activity sites of the amorphous materials. [43, 44] Due to the FeMnO3 nanoparticles 

dispersed in the Ni-Fe-P matrix, the diffraction peak of FeMnO3 could not be detected 

b 

a 

c 
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by XRD. The diffraction peaks at 45.62°, 53.02°, and 77.87° corresponding to the 

(111), (200), and (220) planes of Ni-Fe (PDF #38-0409), respectively. It is observed 

that the diffraction peaks shift to the pure Ni peaks slightly, since the 

Ni-Fe-P-FeMnO3/NF is rich in nickel atoms. This small shift indicates that Fe is 

consolidated into the Ni lattice. [45] 

  
Fig. 4-3 XRD patterns of (a) FeMnO3 nanoparticles, (b) Ni-Fe-P/NF and Ni-Fe-P-FeMnO3/NF. 

4.3.2 XPS characterization of Ni-Fe-P-FeMnO3/NF 

The compositions and the chemical states of nickel, iron, phosphorus and 

manganese on Ni-Fe-P-FeMnO3/NF were further determined by XPS. From Ni 2p 

spectrum (Fig.4a), two obvious peaks at about 874.2 eV and 856.3 eV can be satellite 

peaks at 880.5 eV and 861.8 eV, [46, 47] respectively. The peaks located at 870.3 eV and 

853.0 eV belong to Ni2+ of Ni-P bond.[46, 48] The Fe 2p spectrum (Fig. 4b) presents a 

peak at 713.0 eV, which corresponds to the Fe species existing in the iron 

phosphate.[49] The peak detected at 724.0 eV is attributed to Fe 2p1/2, which belongs to 

Fe2+ that confirms the existence of Fe2+ in the FeMnO3.
[42] As displayed in Fig. 4c, a 

clear peak at 133.3 eV belongs to oxidized phosphate species, due to the surface 

passivation.[50, 51] The other peak at 129.8 eV can be assigned to Pδ- in the form of 

metal phosphide.[50] Fig. 4d shows the Mn 2p spectrum, the peak of Mn 2p3/2 

centered at 642.0 eV is observed, indicating that the Mn element in the prepared 
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sample is present in the chemical state of Mn4+, which further confirms the existence 

of FeMnO3.
[42] 

  

  
Fig. 4-4 XPS spectra of (a) Ni 2p, (b) Fe 2p, (c) P 2p and (d) Mn 2p for Ni-Fe-P-FeMnO3/NF. 

4.3.3 Electrocatalytic performance of Ni-Fe-P-FeMnO3/NF 

The electrocatalytic activity towards HER was examined by polarization curves at 

1 mV s-1 sweep rate in 1 M KOH electrolyte. According to Fig. 5a, the 

Ni-Fe-P-FeMnO3/NF electrocatalyst presents much higher electrocatalytic activity for 

HER than that of Ni-Fe-P/NF, indicating that the addition of FeMnO3 dominates its 

electrocatalytic performance. Compared to the Ni-Fe-P/NF and Pt/C/NF catalyst in 

Fig. 5a, the Ni-Fe-P-2g FeMnO3/NF presents a better HER performance than that of 

Pt/C/NF (16.9 mV), which requires only 16.62 mV (with iR compensation) 

overpotential to reach -10 mA cm-2 current density. However, Pt/C/NF shows a 
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remarkable HER performance after -20 mA cm-2, which means our samples need to be 

improved at high current density in the future. On the other hand, Ni-Fe-P-1g 

FeMnO3/NF, Ni-Fe-P-3g MnFeO3, and Ni-Fe-P/NF electrode needs the overpotential 

of 28.87 mV, 32.13 mV, and 69.91 mV at the same current density, respectively. When 

the amount of FeMnO3 nanoparticles exceeds 2 g in 200 mL electroless solution, the 

HER performance of the obtained electrocatalyst decreases gradually. In order to 

evaluate the reaction kinetics of the as-prepared electrode, the EIS measurements 

were performed in 1 M KOH solution and at a constant potential of -1.0268 V vs. 

RHE under the frequency range from 105 Hz to 0.01 Hz at an AC voltage of 5 mV. 

The semicircles in high- and low- frequency range of the Nyquist plots are ascribed to 

the charge transfer resistance and solution resistance.[27] As shown in Fig. 5b, in 

contrast with Ni-Fe-P/NF, Ni-Fe-P-1g FeMnO3 and Ni-Fe-P-3g FeMnO3, the 

Ni-Fe-P-2g FeMnO3 presents the smallest charge transfer resistance, indicating that 

the appropriate FeMnO3 content could improve the charge-transfer capability of the 

electrode and therefore provide with better HER electrocatalytic performance. 

Furthermore, the HER reaction kinetics of the electrocatalyst is evaluated by the 

corresponding Tafel slopes (Fig. 5c). The Tafel slope of the Ni-Fe-P-FeMnO3/NF is 

only 27.87 and 26.87 mV dec-1 lower than that of Ni-Fe-P/NF (45.07 mV dec-1), 

indicating the superior rapid HER kinetic activities on the Ni-Fe-P-FeMnO3/NF 

electrode. Fig 5d displays the long-term durability test of the Ni-Fe-P-2g FeMnO3/NF 

under the -10 mA cm-2 constant current density. It can be seen that the potential 

decreases hardly after 45000 s test in alkaline electrolyte, indicating that 

Ni-Fe-P-FeMnO3/NF has superior HER durability. Fig. 5e shows the HER 

performance of the Ni-Fe-P-2g FeMnO3/NF under the dealloying time of 20, 30 and 

40 seconds. Compare with different dea lloying time, the Ni-Fe-P-2g FeMnO3/NF 

after 30 seconds fast dealloying shows the best HER performance, illustrating the 

appropriate atomic ratio of Ni and Fe could improve the HER performance. 
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Fig. 4-5 (a) IR-corrected polarization curves of the Ni-Fe-P/NF, Ni-Fe-P-FeMnO3/NF and Pt/C 

catalytic electrode towards HER, (b) Electrochemical impedance spectra, and (c) 

corresponding Taffel plots of the Ni-Fe-P/NF and Ni-Fe-P-FeMnO3/NF. (d) The long-term 

durability test of the Ni-Fe-P-2g FeMnO3/NF at -10mA cm-2 recorded for over 45000 s. (e) 

-0.2 -0.1 0.0 0.1 0.2
-160

-140

-120

-100

-80

-60

-40

-20

0

 

 

J
 (

m
A

 c
m

-2
)

Potential (V vs. RHE)

 Ni-Fe-P/NF

 Ni-Fe-P-1g FeMnO
3
/NF

 Ni-Fe-P-2g FeMnO
3
/NF

 Ni-Fe-P-3g FeMnO
3
/NF

 Pt/C/NF

-0.20 -0.15 -0.10 -0.05 0.00
-160

-140

-120

-100

-80

-60

-40

-20

0

 

 

J
 (

m
A

 c
m

-2
)

Potential (V vs. RHE)

 HCl 20s

 HCl 30s

 HCl 40s

c d 

e 

1.5 2.0 2.5 3.0 3.5
0.0

0.2

0.4

0.6

0.8

1.0

 

 

Z
'' 

(
)

Z' ()

 Ni-Fe-P/NF

 Ni-Fe-P-1g FeMnO
3
/NF

 Ni-Fe-P-2g FeMnO
3
/NF

 Ni-Fe-P-3g FeMnO
3
/NF

-2.4 -2.2 -2.0 -1.8 -1.6
0.04

0.05

0.06

0.07

0.08

26.87 m
V dec

-1

27.87 m
V dec

-1

45.0
7 m

V d
ec

-1

 

 

O
v
e

r 
p

o
te

n
ti
a

l 
(V

 v
s
 R

H
E

)

log(j, mA cm
-2
)

 Ni-Fe-P/NF

 Ni-Fe-P-1g FeMnO
3
/NF

 Ni-Fe-P-2g FeMnO
3
/NF

0 10000 20000 30000 40000

-2.0

-1.5

-1.0

-0.5

0.0

j=-10 mA cm
-2  

 

P
o

te
n

ti
a

l 
(V

 v
s
 R

H
E

)

Time (s)

Ni-Fe-P-2g FeMnO
3
/NF

a b 



- 70 - 

 

IR-corrected polarization curves of the Ni-Fe-P-2g FeMnO3/NF after different fast dealloying 

time. 

 

The OER electrocatalytic activity was evaluated by polarization curves at 5 mV s-1 

sweep rate. According to Fig 6a, the Ni-Fe-P-2g FeMnO3/NF, Ni-Fe-P/NF and 

IrO2/NF electrodes generate current density of 10 mA cm-2 at 1.449 V and 1.526 V (vs. 

RHE with iR compensation), respectively, and the corresponding overpotential is 219 

mV and 296 mV, which is much lower than that of the IrO2/NF catalyst (286 mV). 

Moreover, the Ni-Fe-P-2g FeMnO3/NF exhibits a quite low overpotential of 297 mV 

at 50 mA cm-2, which is much lower than that of Ni-Fe-P/NF (343 mV) and IrO2/NF 

(363 mV). Fig. 6b gives the OER chronopotentiometric curve of Ni-Fe-P-2g 

FeMnO3/NF at 10mA cm-2. The electrocatalyst maintains in a remarkable to analyze 

its overall water splitting activity, the Ni-Fe-P-2g FeMnO3/NF electrode was used as 

both cathode and anode to perform the activity test for its overall water splitting in 

alkaline electrolyte. For comparison, the Pt/C/NF and IrO2/NF catalyst was used as 

cathode and anode respectively for the overall water splitting test. The Ni-Fe-P-2g 

FeMnO3/NF and Pt/C/NF-IrO2/NF electrode exhibits overpotential of 1.63 V and 1.56 

V (vs. RHE with iR compensation) at 10 mA cm-2, as shown in Fig 6c. 
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Fig. 4-6 (a) IR-corrected polarization curves of the Ni-Fe-P/NF and Ni-Fe-P-FeMnO3/NF 

towards OER. (b) The long-term durability test of the Ni-Fe-P-2g FeMnO3/NF at 10mA cm-2 

recorded for over 45000 s. (c) Polarization curve of the Ni-Fe-P-2g FeMnO3/NF for overall 

water splitting. 

4.4 Possible mechanism of this system 

Fig. 4-7 shows the mechanism of Ni-Fe-P-FeMnO3/NF electrocatalyst for overall 

water splitting. The good performance of Ni-Fe-P-FeMnO3/NF catalysts may be 

attributed to the following factors: (1) The EIS results shown in Fig. 4b reveal that the 

charge-transfer resistance of Ni-Fe-P-2gFeMnO3/NF, was smaller than that of Ni-Fe-P, 

corresponding to a faster electron transfer and more facile HER kinetics at the 

electrode/electrolyte interface. (2) The flexible structure of perovskite oxide that can 

provide disorder-free channels of oxygen vacancies to improve the oxygen ions 

mobility. (3) The nano-perovskite particles are dispersed in the Ni-Fe-P matrix, which 

generates lots of lattice defects, thereby increasing the active sites. (4) The high 

catalytic performance of this system is also caused by the lattice defects produced by 

dealloying and the multivalent state of Mn element.  
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Fig. 4-7 Schematic illustration of the mechanism of Ni-Fe-P-FeMnO3/NF electrocatalyst for 

overall water splitting. 

4.5 Conclusion 

In summarize, we have successfully fabricated a nanocomposite electrocatalyst 

Ni-Fe-P-FeMnO3 on Ni foam with excellent electrocatalytic activity towards HER via 

simple methods of electroless plating and rapid dealloying. Since the assistant of the 

Ni foam substrate and synergistic effect of Ni-Fe-P, especially the addition of FeMnO3, 

the Ni-Fe-P-FeMnO3/NF achieves remarkable electrocatalytic performance of 16.62 

mV at the current density of -10 mA cm-2 for HER, which is better than that of Pt/C 

noble metal catalyst. Moreover, the Ni-Fe-P-FeMnO3/NF has remarkable OER 

activity as well, which requires only 297 mV and 219 mV of overpotential at 50 mA 

cm-2 and 10 mA cm-2, respectively. It is worth mentioning that the OER performance 

of 10 mA cm-2 and 50 mA cm-2 is much lower than that of IrO2 noble metal catalyst. 

Evidently, the overall water splitting activity of the Ni-Fe-P-FeMnO3/NF electrode 

used as both cathode and anode performs a quite low potential of 1.63 V (vs. RHE) to 

reach 10 mA cm-2. The outstanding electrocatalytic activity and long-term durability 

of the Ni-Fe-P-FeMnO3/NF electrode make it become a promising electrode material 

for overall water splitting application. 
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Chapter 5: Conclusions and future works 

5.1 Conclusions and summary 

Photoelectrochemical (PEC) and electrochemical water splitting for hydrogen 

evolution are potential methods for energy shortage and environment pollution. In this 

thesis, a CuOx/WO3 thin-film based on p-n heterojunction proposed as a highly 

performance and stable photocathode. The CuOx/WO3 thin-film was deposited by 

magnetron reactive sputtering layer by layer, followed with slow rate annealing in O2 

ambient. This is an excellent method for high-quality and uniform composite thin-film 

deposition with large areas at a high growth rate. The optimized CuOx/WO3 thin-film 

photocathode after slow rate annealing at 500 °C in O2 provides an obviously enhanced 

photoinduced current density of -3.8 mA cm-2 at a bias potential of -0.5 V (vs. 

Ag/AgCl), which value is 1.5 times higher than that of bared CuOx thin-film. This 

highly enhanced photoelectrochemical performance is attributed to p-n heterojunction, 

which accelerates the photogenerated electrons and holes transfer to n-WO3 and 

p-CuOx, thereby accelerate the separation of photogenerated carries. In addition, WO3 

layer covered on the surface of CuOx thin film can improve the stability of Cu2O in 

electrolytes. 

In order to solve the problem of strong light illumination required for PEC water 

splitting, a new type of highly active and cost-effective nanocomposite electrocatalyst 

Ni-Fe-P-FeMnO3 on nickel foam (NF) supports is designed and prepared by 

electroless composite deposition and rapid dealloying. The nanocomposite 

electrocatalyst Ni-Fe-P-FeMnO3/NF presents a more remarkable electrocatalytic 

performance than Pt/Pd noble metal catalysts towards hydrogen evolution reaction 

(HER), which demands a quite low overpotential of 16.62 mV at -10 mA cm-2 current 

density in 1 M KOH. The prepared Ni-Fe-P-FeMnO3/NF electrocatalyst exhibits 

remarkable oxygen evolution reaction (OER) activity as well, which requires only 297 
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mV and 219 mV of overpotential at 50 mA cm-2 and 10 mA cm-2 current density, 

respectively. Moreover, the overall water splitting activity of Ni-Fe-P-FeMnO3/NF as 

both anode and cathode achieves a low potential of 1.63 V (vs. RHE) at a current 

density of 10 mA cm-2.  

5.2 Suggestion for future works 

As shown in chapter 3, the PEC performance of copper oxide photocathode was 

improved greatly after the p-n heterojunction was fabricated. However, to date, we have 

not realized PEC overall water splitting without any extra bias potential. Thus, in this 

application, we plan to utilize the all-solid Z-scheme principle to fabricate a FTO/metal 

oxide A/metal/metal oxide B PEC water splitting photocathode. If compound two kinds 

of metal oxide (take CuO and Cu2O as an example), furthermore, find out a suitable 

composition method, to fabricate a Z-scheme (the working mechanism of Z-scheme 

photocatalyst shows in Fig. 5-1) photogenerated carriers transfer effect between the 

CuO and Cu2O, inducing the photogenerated electrons of CuO to recombine with the 

photogenerated holes of Cu2O, that provide an possible strategy to fabricate a PEC over 

all water splitting device. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-1 Operation mechanism of all solid Z-scheme photocatalyst. 
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In this thesis, chapter 4, a high active electrocatalyst Ni-Fe-P-FeMnO3/NF has been 

developed for overall water splitting. However, from the HER polarization curve, we 

can observe that the HER performance of Ni-Fe-P-FeMnO3/NF is still worse than that 

of noble metal Pt/C. Thus, we will explore materials with better HER performance than 

perovskite to optimize the Ni-Fe-P/NF system. 
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