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Abstract 

Nickel-cerium oxide catalysts for water electrolysis 

By 

Jun Yu 

For society to adapt to the growing demand for clean energy, renewable energy 

sources must be utilized to a greater degree. Unfortunately, the vast majority of renewable 

energy sources, such as wind and solar energy source, can only produce energy 

intermittently. For these renewable energy sources to replace conventional fossil fuel 

energy sources, energy storage technologies must be developed. A wide variety of energy 

conversion devices, including hydrogen fuel-cells, metal-air batteries and 

photoelectrochemical cells, have been explored to convert electrical or solar energy to 

chemical energy in order to store the energy produced by renewable energy sources. In 

all of these devices, the oxygen evolution reaction (OER) is a critical reaction. Because 

the OER is a four-electron reaction, a large overpotential is needed to overcome the large 

activation barrier and to drive the electrochemical reaction. Finding a suitable OER 

catalyst with a high efficiency, low overpotential, low-cost and long-term stability is key 

to enabling widespread adoption of renewable energy sources. 

The best OER catalysts reported so far have generally been iridium or ruthenium-

based oxides. The scarcity of both iridium and ruthenium, however, significantly limits 

the widespread use of these catalysts. First-row transition metals such as Ni- and Co-

based oxides, have recently been studied as low-cost alternatives to iridium and 
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ruthenium-based oxide catalysts. However, the OER activities of these catalysts need be 

further improved compared with the precious metal catalysts, and the stability is not high 

enough for industry application. Defects in catalysts can enhance the OER performance 

of the catalysts by altering the local electron density distribution and providing 

catalytically active sites. Ceria is an example of a non-stoichiometric catalyst material 

and Ce-based catalysts have exhibited higher catalytic activity for thermal catalytic 

reactions when defects are introduced into them. However, whether or not defects in ceria 

and ceria based catalysts can enhance the catalytic activity in low temperature reactions, 

such as water electrolysis, has yet to be discerned.  

In this dissertation, a series of NiyCe100-yOx (Ni95Ce5Ox, Ni90Ce10Ox, Ni75Ce25Ox, 

Ni50Ce50Ox, Ni25Ce75Ox and Ni10Ce90Ox) with different Ni/Ce ratio are synthesized on NF 

(Nickel Foam)/NiO substrate with simple dip-coating and annealing methods. The 

surface NiO obtained from the oxidation of NF can prohibit the diffusion of Ni atoms to 

the deposited NiyCe100-yOx so that the Ni/Ce ratio will be remained. Oxygen vacancy 

defects are formed successfully in all the NF/NiO/NiyCe100-yOx (simply referred to 

NiyCe100-yOx) catalysts. The concentration of oxygen vacancy defects for Ni75Ce25Ox and 

Ni50Ce50Ox catalysts are larger than other NiyCe100-yOx catalysts. The overpotential for the 

Ni75Ce25Ox and Ni50Ce50Ox catalysts are 338 mV and 341 mV to obtain a current density 

of 10 mA/cm2, which are lower than other NiyCe100-yOx catalysts. The better oxygen 

evolution activities of the Ni75Ce25Ox and Ni50Ce50Ox catalysts are because of their similar 

larger electrochemically active surface areas, lower Tafel slopes and lower charge-transfer 

resistances. Additionally, the NiyCe100-yOx catalyst with high Ce content (Ni75Ce25Ox) is 

more stable than the NiyCe100-yOx catalyst with low Ce content (Ni95Ce5Ox) during long-
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term water electrolysis with a fixed current density of 10 mA/cm2. 

 For industry application, NF is used directly as the substrate instead of NF/NiO in 

order to simplify the synthesis process and reduce the material costs. A series of NiCeOx 

with different dip-coating times (NiCeOx-Y) are synthesized directly on commercially 

available nickel foam (NF) using a simple, low-cost, environmentally friendly and 

reproducible synthesis method that consists of first dip-coating the NF in a cerium pre-

cursor and then annealing the sample at 400 °C. With the dip-coating times increasing 

from 1 to 20, the concentration of formed oxygen vacancy defects and the OER 

performance increase firstly and then decrease for NiCeOx-Y catalysts. The NiCeOx-15 

catalyst has the largest concentration of oxygen vacancies and shows the best OER 

performance with the lowest overpotential of 295 mV for 10 mA/cm2, and the applied 

potential remains constant for over 100 h for the fixed current density of 10 mA/cm2
. For 

the NiCeOx (simply referred to NiCeOx-15) catalyst, Ni atoms from the nickel foam 

substrate transfer to the top layer and mix with deposited Ce uniformly to form an 

amorphous NiCeOx layer through thermal diffusion. The strong electronic interactions 

between nickel and cerium oxide induce the formation of oxygen vacancy defects in 

NiCeOx. The large number of oxygen vacancy defects supply an abundance of active OER 

sites, resulting in the large electrochemically active surface area of the NiCeOx (ca. 34 

times that of NF) catalyst. The oxygen vacancy defects in the NiCeOx catalyst also 

promote the mobility of lattice oxygen and enhance the ionic conductivity, resulting in 

the low mass-transfer resistance These bring in the high OER performance of the NiCeOx 

catalyst. In addition, the HER (hydrogen evolution reaction) activity of the NiCeOx 

catalyst is the best among the reported Ce-containing catalysts, including Pt-Ce. The 
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stable performance of the NiCeOx catalyst in a two-electrode configuration suggests it is 

a good candidate as a bifunctional catalyst for the overall water splitting. 

In summary, a defect-rich NiCeOx layer is directly synthesized on nickel foam 

through a simple two-step dip-coating/annealing method. The NiCeOx catalyst, with the 

low overpotential of 295 mV for 10 mA/cm2 and the stability of over 100 hours, is one of 

the best OER catalysts ever reported, even outperforming the noble metal catalysts. The 

excellent performance and low-cost, environmentally friendly and reproducible synthesis 

method of NiCeOx catalyst make it suitable for industry application. In addition, the stable 

performance of the NiCeOx catalyst in a two-electrode configuration suggests it is a good 

candidate as a bifunctional catalyst for the overall water splitting. This work might open 

a new avenue for developing Ce-based OER catalysts with high efficiency and stable 

performance by introducing defects. Nickel foam can be used directly as the source of 

nickel for the synthesis of Ni-based catalysts through the thermal diffusion of Ni atoms.  
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1. Introduction 

1.1 water electrolysis  

The fast development of society relies on energy, and the energy now we used is 

mainly from the tradition fossil fuels including petroleum, natural gas and coal. However, 

the tradition fossil fuels are limited, and have brought in serious environmental problems 

during the consumption process.1 For example, the large number of CO2 emission from 

burning fossil fuels has led to the increase in the surface temperature of the earth, resulting 

in the global warming. 1,2 To solve the energy issue, many researchers have focused on 

developing alternative clean energy.3–5 Hydrogen fuel has become attractive in recent 

years because the product is nothing other than water. Among the hydrogen production 

pathways, water electrolysis is considered as the cleanest way to produce hydrogen.5,6 

Water electrolysis is an electrochemical reaction in which water will be decomposed into 

hydrogen (H2) and oxygen (O2) with the help of electrical energy as the driving force. 

The required electrical energy can be produced by the renewable energy sources such as 

wind, solar and waterfall energy. As shown in Figure 1.1, the abundant renewable energy 

can be transformed to hydrogen through water electrolysis and stored. Then the stored 

hydrogen will be used directly as a fuel gas for electricity generation in fuel cells. By 

making use of the renewable energy sources, the production of hydrogen through water 

electrolysis has little effect on the environment.2,6–8 
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Figure 1.1 Hydrogen and oxygen cycles for energy storage and conversion. Reproduced 

with permission from Ref. 8. 

 

 

Figure 1.2 A schematic illustration of a basic alkaline water electrolysis system. 

Reproduced with permission from Ref. 7. 
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As shown in Figure 1.2, the components of a basic water electrolysis system include 

two electrodes (cathode and anode), the electrolyte and the power supply. According to 

the property of the electrolyte, there are acidic water electrolysis and alkaline water 

electrolysis. The phenomenon of water electrolysis was first discovered in acidic 

electrolyte, but the alkaline water electrolysis is preferred for industry application. The 

reason is that the electrodes in acidic electrolyte are more easily corroded and the 

electrode materials are more expensive compared with that in alkaline electrolyte.6,7 A 

basic alkaline water electrolysis system is shown in Figure 1.2. The electrolyte is KOH 

which consist of ions with good mobility. The applied DC (direct current) power offers 

the driving force for the water electrolysis. Electrons, in the negative terminal of the DC 

power supply, transfer to the cathode to react with the adsorbed H2O, and the H2O will be 

reduced to H2 (Equation 1). In order to keep the electrical charge and ions balance, the 

generated OH- transfers to the surface of anode to release electrons and the released 

electrons will go back to the positive terminal of the DC power supply. During the process, 

OH- will be oxidized to O2 (Equation 2). The overall reaction of the water electrolysis is 

listed as Equation 3.  

Cathode:    2H+ + 2e → H2                                       (1) 

Anode:   2OH- → 
1

2
O2 + H2O + 2e                                 (2) 

Overall Reaction:   H2O → H2 + 
1

2
O2                               (3) 

 

The water electrolysis reaction can happen only if the thermodynamic resistance is 

overcome. In other words, the applied voltage should not less than the equilibrium cell 

voltage (E0) so that water can be decomposed into hydrogen and oxygen. When 
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establishing reversibility and without current between cathode and anode reactions, the 

equilibrium cell voltage is the open cell potential. The equilibrium cell voltage is defined 

as the equilibrium potential difference between the respective cathode and anode, as 

described in Equation 4.  

𝐸0 = 𝐸𝑎𝑛𝑜𝑑𝑒
0 − 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒

0                                             (4) 

ΔG = nF𝐸0                                                      (5) 

                                                                

The change of the Gibbs free energy (ΔG) of the electrochemical reaction (Equation 3) 

can be calculated according to the Equation 5, where n is the number of transferred 

electrons, F is the Faraday constant and E0 is 1.23 V at room temperature for overall water 

electrolysis.7 
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1.2 Oxygen Evolution Reaction 

The water evolution reaction (OER) in alkaline electrolyte has been described in 

Equation 2. Compared with the hydrogen evolution reaction (Equation 1), OER is a four 

electron-proton coupled reaction for per O2 generation, resulting in much more energy 

needed for the oxygen evolution reaction. The proposed mechanism for OER in alkaline 

electrolyte is described from Equation 6 to Equation 10.9,10 

* + OH- → *-OH + e-                                             (6) 

*-OH + OH- → *-O + e- + H2O                                     (7) 

*-O + OH- → *-OOH + e-                                         (8) 

*-OOH + OH- → *-O2 + e- + H2O                                   (9) 

*-O2 → * + O2                                                 (10) 

                                                                                                   

* stands for the OER reactive site. Equation 6 to Equation 9 are the four possible oxygen 

evolution reactions and Equation 10 is the desorption process of the generated O2 from 

the active site.  

The key performance parameters for OER include the electrocatalytic activity and 

the stability. Although the reported activities were measured based on the same 

electrochemical techniques, the published data sometimes varied among different 

research groups for the same material.11 The difference may be related to the different 

measurement conditions and exhibition format of the activities. In order to make a fair 

comparison among the large number of OER electrocatalysts, overpotential (η), 

electrochemically active surface area (ECSA) and tafel slope (b) are taken as the 

descriptors for the electrocatalytic activity.12 
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Overpotential (η). As described in section 1.1, the applied voltage should not be less 

than the equilibrium cell voltage (E0) in order to drive the water splitting reaction. In 

reality, the applied potential is much larger than E0 to overcome the sluggish kinetic 

barriers such as the transfer resistance of electron and ions.7,13 The applied potential (E), 

according to the Nernst Equation,14 can be calculated according to Equation 11. 

𝐸 = 𝐸0′ +
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝐶𝑂

𝐶𝑅
                                                (11) 

𝜂 = 𝐸 − 𝐸0                                                     (12) 

                                                                                                                          

𝐸0′ stands for the formal voltage of the overall water splitting reaction, 𝑅 denotes the 

universal gas constant, 𝑇 is the reaction temperature, 𝑛 is the number of react electrons 

and 𝐹 is the Faraday constant. 𝐶𝑂 and 𝐶𝑅 refer to the concentration of the oxidized 

and reduced reagents. The overpotential (η) is the difference between the equilibrium cell 

voltage (E0) and the applied potential (E), as shown in Equation 12. Notably, the 

overpotential (η) value is corresponding to the specific current density, and the lower η 

indicates the higher activity of the electrocatalyst. The overpotential at the current density 

of 10 mA/cm2 (geometric area) is usually used to make a comparison among kinds of 

electrocatalysts because this current density roughly equal to the current density produced 

by a solar-to-fuels conversion device with 10% efficiency.10,12 

Electrochemically active surface area (ECSA). The electrochemical active surface 

area of the electrocatalyst is calculated from the electrochemical double-layer capacitance 

of the catalyst.15 The electrochemical double-layer capacitance can be obtained by the 

cyclic voltammograms (CVs) according to the following steps: 1) A 0.1 V potential range 

of no obvious Faradaic processes occur is decided by the static CV, and the center of the 

potential range is within the open-circuit potential (OCP) of the system. 2) CVs with 
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different scan rates are measured in the 0.1 V non-faradaic potential range, and the 

measured currents are from the double-layer charging. 3) The slope (CDL) of the current 

(ic) at OCP vs scan rates (v) represents the double-layer capacitance (Equation 13). Then 

the ECSA can be obtained from the double-layer capacitance according to the Equation 

14.12,15–17 The large ECSA can offer abundant active sites for OER, resulting in a high 

OER activity. 

ic = vCDL                                                      (13) 

ECSA = 
CDL

CS
                                                   (14) 

log(i) = log(i0) +
η

b
                                              (15) 

                                                             

Tafel slope (b). Tafel slope can be used for reaction mechanism and kinetics analysis, 

especially helping to determine the rate-determining step by studying the current response 

sensitivity to the applied potential.10,13 Tafel slope can be calculated according to Equation 

15, where i is the corresponding current density for the overpotential η and i0 is the 

exchange current density. Smaller Tafel slope generally indicates the smaller internal 

barriers for mass and electron transport,18 and a faster increasing rate of the current 

density under a smaller overpotential. So, the electrocatalyst with good activity should 

have small Tafel slope. 

Another key parameter for an OER catalyst to be used for the industry application is 

the stability. The instabilities of the catalysts are usually because of the following 3 

reasons. 1) Some materials were oxidized because of the highly applied potential, 

resulting in the passivation of the catalysts and/or the dissolving of the catalysts in the 

electrolyte.19,20 2) The electrolytes could corrode or react with the catalysts leading to the 



Chapter 1  Introduction 

17 

 

dissolving of the catalysts.21 3) Some anodes were made up of the substrates like carbon 

and the pasted active materials. The active materials may be detached from the substrates 

during the long-term reaction process. The stability of a catalyst is usually evaluated by 

the method of chronopotentiometry or chronoamperometry. Chronopotentiometry is a 

technique of recording the change of potential vs testing time at a constant current. 

Chronoamperometry is a technique of recording the change of current vs testing time at 

a constant potential. For industry application, excepting for the long-term stability, the 

catalyst materials should be cheap and the method of catalyst preparation should be 

simple and easily reproducible. 

 

 

Figure 1.3 The figure of merit for OER. Reproduced with permission from Ref. 13. 
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In a reported review by Z. Wang et al,13 OER catalysts were divided into different 

class according to their activity and stability, as depicted in figure 1.3. X axis was the 

overpotential (η1) at the current density of 10 mA/cm2 for the fresh catalyst, and Y axis 

was the overpotential (η2) of 10 mA/cm2 for the catalyst after 10-hour test with a constant 

current density of 10 mA/cm2. Only a few catalysts were reported to have the 

overpotential of lower than 300 mV especially after 10-hour water electrolysis, and these 

catalysts are the best OER catalysts. A small part of catalysts were reported to have the 

overpotential which lay between 300 mV and 400 mV. If the overpotential were still lower 

than 400 mV after 10-hour water electrolysis, these catalysts were excellent OER 

catalysts. For good and satisfactory OER catalysts, the overpotential η1 and η2 should both 

lie in the range of 400-500 mV and 500-600 mV, respectively.   
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1.3 Oxygen evolution reaction catalysts 

Nobel-metals based catalysts have been reported to exhibit excellent OER activity. 

Among the noble metals of palladium (Pd), iridium (Ir), platinum (Pt) and ruthenium (Ru), 

Ru and Ir based catalysts have better activity. With the low overpotential and Tafel slope 

for OER, Ru and Ir are taken as the state-of-the-art OER electrocatalysts.13,22,23 But their 

durability need to be further improved. S. Cherevko and his co-authors studied the 

activities and stabilities of Ir, Ru, IrO2 and RuO2 film OER electrodes with an 

electrochemical scanning flow cell (SFC) connected to an inductively coupled plasma 

mass spectrometer (ICP-MS), and the results are shown in Figure 1.4.21 For both alkaline 

and acidic electrolytes, the OER activity of Ru and Ir pure metals were better than their 

metal oxides, however, the durability of RuO2 and IrO2 were better compared with their 

pure metals. But RuO2 and IrO2 are not stable under high anodic potentials.19,20 RuO2 and 

IrO2 will be oxidized to (Ru8+)O4 and (Ir6+)O3, respectively, which are not stable and will 

be dissolved by the electrolyte, resulting in the deterioration of the catalysts. A doped 

bimetallic oxide system RuxIr1-xO2 was proposed by researchers in order to improve the 

stability of RuO2.
24,25 The incorporation of Ir into RuO2 suppressed the deterioration 

without sacrificing much performance of OER. The core-shell structure (IrO2 @ RuO2) 

has been designed by T. Audichon et al,26 and this structure showed not only the lower 

overpotential (~ 300 mV) but also the increasing stability (only 3.3% mass loss after 

1000th cycling). Although many efforts have been done to improve the stability of Ru- 

and Ir-based catalysts, the dissolving of these catalysts can be only suppressed. For the 

industry application, their stabilities still need to be further improved. Moreover, the high 

price of these catalysts has restrained their widely application. 
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Figure 1.4 (a) OER activity and stability of Ir, Ru, IrO2 and RuO2. (b) I-V curves with 

the scan rate of 10 mV/s. (c, d) Dissolved metal from Ir, Ru, IrO2 and RuO2 catalysts 

measured during a positive potential scan at the scan rate of 10 mV/s. Reproduced with 

permission from Ref. 21. 

 

Transition metal oxides, especially NiO and CoOx, have gained a wide research 

interest for OER because of their high activities, good corrosion resistance and low cost. 

Ni-based metal oxides used for OER will be discussed in this work. Researchers have 

devoted great efforts to improving the OER activity of NiO by turning the particle size, 

increasing the surface area and changing the surface microstructure.27 K. Fominykh and 

his co-authors synthesized dispersible and ultra-small crystalline NiO by a solvothermal 

reaction, and the solvent was tert-butanol.28 The decreasing particle size of NiO 

nanoparticles brought in two merits: 1) the part oxidation of Ni2+ to Ni3+ which is 
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electrocatalytic active in the nickel compounds, 2) high surface area which can offer more 

reaction sites to improve the reaction activity. Also, the OER activity of NiO can be 

enhanced by the incorporation of other metals such as Co and Fe by improving the electric 

conductivity and increasing the exposing active sites. In order to make a fair comparison 

about the inherent OER activity among the benchmark catalysts, Ru-, Ir-, Ni- and Co- 

based electrocatalysts were synthesized using the same method of electrodeposition and 

same glass carbon substrate by T. F. Jaramillo and his co-authors.12 The OER activities of 

NiCeOx, NiCuOx, NiLaOx, NiCoOx, NiFeOx, NiOx, CoFeOx, CoPi, CoOx and IrOx were 

measured in 1 M KOH electrolyte, and the results are shown in Figure1.5. The OER 

activity of IrOx was the best, but the overpotential at the current density of 10 mA/cm2 

decreased from 320 mV to 1050 mV during the 2-hour electrolysis process. Other tested 

samples were much stable, and had the similar overpotentials between 0.35 V and 0.43 V 

for 10 mA/cm2. 

 

 

Figure 1.5 OER performance of the reported benchmark catalysts, the electrolyte is 1 M 

KOH. Reproduced with permission from Ref. 12. 

Another effective way to improve the OER activity of Ni-based metal oxides is to 
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choose a suitable substrate. Carbon nanotubes and graphene are widely used substrates 

because of their large surface areas and high conductivity.27,29–31 Chen and his co-authors 

reported that Ni/N-doped graphene had a high current density of 16.3 mA/cm2 with the 

overpotential of 400 mV.29 The 3D Ni/N-doped graphene catalyst was synthesized 

through a heterogeneous reaction process followed by liquid-phase doping. Nickle foam 

(NF) is also considered as an ideal substrate because of the following reasons: 1) high 

electronic conductivity and high surface area, 2) in situ generated OER catalyst, 2) low 

cost. Wang and his co-authors synthesized a 3D OER catalyst (NF/PC/AN) consisted of 

anodized Ni, porous carbon and Ni foam substrate. The porous carbon membrane mid-

layer on one hand protected the unstable Ni foam substrate, on the other hand was as the 

support for the anodized Ni. The anodized Ni (AN) acted as the OER active species. The 

combination of the high electronic conductive Ni foam and OER active anodize Ni 

resulted in good OER activity. Moreover, the stable porous carbon enhanced the stability 

of the catalyst. 

Ni-based metal oxides are the good candidates of noble metal oxides as the oxygen 

evolution reaction catalysts because of their good activities and low cost. However, their 

OER activity and stability are needed to be further improved. Using a substrate with large 

surface area and good conductivity is able to greatly improve the activity and stability of 

a catalyst. But the synthesis methods are usually complicated and cost much. It is an 

urgent thing to enhance the OER activity and stability of Ni-based catalysts and reduce 

the cost at the same time for industry application.  
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1.4 Role of defects in electrocatalyst for oxygen evolution reaction 

 

 
 

Figure 1.6 Scheme showing various defects and their positive effects on the 

electrocatalysts. Reproduced with permission from Ref. 8. 

 

Recently, defects have been reported to be able to improve the OER activity of the 

catalysts by some groups.8,32–34 The defects exist widely in nanomaterials, which can 

change their surface and electronic properties. As shown in figure 1.6,8 different kinds of 

defects have been found in the materials, which include the intrinsic defects of the carbon, 

cation vacancy such as cobalt vacancy formed in the cobalt oxide, lattice defects and 
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anion vacancy. These defects can improve the OER activities of the catalysts by the 

following three aspects: 1) affecting the charge redistribution in the catalyst; 2) optimizing 

the adsorption energy for the reactants in oxygen evolution reaction; 3) improving the 

conductivity of the catalysts.  

Oxygen vacancy defects are considered as the most popular anion vacancy defects 

in transition-metal oxide catalysts because of their low formation energy. Wang and his 

co-authors synthesized the Co3O4 nanosheets with rich oxygen vacancy defects by a 

plasma-engraving strategy.34 When applied as the electrode for OER, the oxygen vacancy 

defects-rich Co3O4 nanosheets showed a low overpotential of 1.53 V vs RHE (reversible 

hydrogen electrode) for the current density of 10 mA/cm2, while the overpotential for the 

pristine Co3O4 nanosheets was 1.77 V vs RHE. The highly enhanced OER activity of 

plasma-engaged Co3O4 nanosheets is due to the improved conductivity, resulting from 

the changed electronic properties adjusted by the formed oxygen vacancy defects. 

Amorphous catalysts, compared with crystals, have a large number of active sites 

for OER because of the commonly existed crystal defects in them. Yang and his co-

authors synthesized the nanoporous Ni-Co binary oxide layers with amorphous structure 

through deposition process followed by anodization.32 This catalyst showed a large 

electrochemically active surface area (roughness factor up to 17) and low overpotential 

(ca. 325 mV) for achieving the current density of 10 mA/cm2. The enhanced OER 

performance of nanoporous Ni-Co binary oxide layers was from the active sites offered 

by the large number of surface defects and lattice dislocations in the amorphous structure. 

Nai and his co-authors synthesized the Ni-Co double hydroxides nanocages with 

amorphous structure by using Cu2O nanocrystals as the templates.33 The good 

performance of the Ni-Co ADHs nanocages was partly from the amorphous structure. The 
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abundant under-coordinated metal atoms in the amorphous materials provide rich surface 

reactive sites, thus facilitating the binding for the adsorbate species such as hydroxyls for 

OER. Also, the mechanically flexible property of the amorphous structure is helpful to 

enhance the long-term stability of the OER electrocatalysts. 
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1.5 Defects in Ce-based catalysts 

Cerium belongs to the rare earth family and is more abundant than other rare earth 

elements in the earth. It has two common oxidation states of Ce3+ and Ce4+, which is the 

key factor for the catalytic activity of Ce-based catalysts. The easily shift between Ce3+ 

and Ce4+ results in the ability of oxygen storage and release of CeO2. This property of 

CeO2 is usually characterization by the technique of the “oxygen storage capacity” (OSC) 

and is related to the concentration of oxygen vacancy defects in CeO2. Under oxygen-

poor conditions, Ce4+ in cerium oxide will be partly reduced to Ce3+ because of the loss 

of oxygen. Under oxygen-rich conditions, the reduced Ce (Ce3+) can be oxidized to Ce4+ 

by the supplied oxygen. The easier transformation between Ce3+ and Ce4+ will bring in 

the high OSC ability of cerium oxide. The increase in Ce3+ fraction in cerium oxide is 

expected with an increase of oxygen vacancy defects in order to maintain the electronic 

balance, as shown in Equation 16.35 The generated oxygen vacancy defects with high 

mobility can improve the ionic conductivity, and contribute to the transfer of oxygen ion 

used in the solid solutions.36 

 

4𝐶𝑒4+ + 𝑂2− → 4𝐶𝑒4+ + 2𝑒−/□ + 0.5𝑂2 → 2𝐶𝑒4+ + 2𝐶𝑒3+ + □ + 0.5𝑂2  (16)                        
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Figure 1.7 The crystal structure of doped CeO2 (left cube) and undoped CeO2 (right cube).  

The dark spheres stand for the trivalent lanthanide ions, and the small yellow sphere stand 

for the oxygen vacancy. Reproduced with permission from Ref. 37. 

 

 

Figure 1.8 Raman spectra of (A) Sm- and (B) Pr-doped ceria with different excitation 

lasers of 785, 633, 514 and 325 nm. Reproduced with permission from Ref. 38. 
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Because of the easily shift between Ce3+ and Ce4+, defects such as oxygen vacancies 

are generated in the lattice of CeO2 by loss of oxygen and/or its electros. The oxidation 

states of cerium and the defect structure of CeO2 are related and can be affected by 

changing the physical parameters. The physical parameters include the oxygen partial 

pressure,39 temperature,40 doped by other elements,38,41 an electrical field42 and surface 

stress.43 The crystal structures of doped CeO2 (left) and undoped CeO2 (right) are shown 

in Figure 1.7.37 For the doped CeO2, two cerium ions (red spheres) were replaced by 

trivalent lanthanide ions (dark spheres) resulting in the formation of oxygen vacancy 

defect (yellow sphere). For the undoped CeO2, no oxygen vacancy defects were detected. 

Guo and his co-authors studied the oxygen vacancies in a series of rare-earth doped ceria 

by visible (785, 633 and 514 nm) and UV (325 nm) Raman spectroscopy. According to 

the intensity of the observed F2g peaks (460 cm-1), the obtained information was mainly 

from the surface of the sample by using UV Raman spectroscopy. When increasing the 

wavelength of the excitation laser (from UV to visible region), the detect depth of the 

sample was increased and the mainly obtained information changed to from the bulk. The 

Raman spectra of Sm-doped ceria at 785, 633, 514 and 325 nm excitation laser lines are 

shown in Figure 1.8a. The peak at ca. 460 cm-1 was related to the fluorite structure of 

CeO2. The peak at ca. 546 cm-1 was associated with the oxygen vacancies introduced into 

the doped CeO2 for maintaining the charge neutrality because of the Ce4+ ions replaced 

by the ions with lower oxidation states. The peak at ca. 600 cm-1 was associated with the 

intrinsic oxygen vacancies resulting from the presence of Ce3+ in CeO2 nanopowder. From 

the relative peak areas, the obtained oxygen vacancies introduced by ion doping were 

proved to be distributed in the lattice of CeO2. For Pr-doped CeO2, as shown in Figure 

1.8b, only a broad peak centered at ca. 600 cm-1 associated oxygen vacancies was 
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observed. 

 

Figure 1.9 NH3-SCR activities of the catalysts: NOx conversions with the function of 

reaction temperatures. Reproduced with permission from Ref. 44. 

 

Because of these good advantages including the easily formed oxygen vacancy 

defects, Ce-based catalysts have been widely used for thermal catalytic reactions such as 

the selective catalytic reduction of NOx and the CO oxidation reaction. 44–47 A series of 

Ce-based catalysts have been reported to be used for the selective catalytic reduction 

(SCR) of NOx by Yu and his co-authors, as shown in Figure 1.9.44 The zirconium 

phosphate @ Ce0.75Zr0.25O2 (ZP/CZ) catalyst showed the highest NOx conversion at low 

temperatures (below 300 °C). The reason was that the plenty of oxygen vacancies in 

ZP/CZ facilitated the electron and/or oxygen transfer, resulting the improved activity. 

The research goal for this thesis is about the synthesis of a noble-metal free water 

electrolysis catalyst with high activity and long-term stability in a simple method. Ni-

based catalysts are considered as the good candidates for noble-metal catalysts because 
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of its low cost and high activity for oxygen evolution reaction (OER). However, the OER 

activities of Ni-based catalysts need be further improved when compared with precious 

metal catalysts. The stability of Ni-based catalysts are also needed to be enhanced so that 

the long-term performance of the catalysts can meet the requirement for industry 

application. The OER activity of a catalyst can be enhanced by introducing defects into 

the catalyst. Ce-based catalysts with easily formed oxygen vacancy defects have been 

widely used for thermal catalysis reactions. Cerium oxide is very stable in strong alkaline 

solution such as KOH solution. Therefore, we have designed Ni doped cerium oxide 

(NiCeOx) catalyst to combine the advantages of Ni- and Ce- based catalysts and applied 

for water electrolysis in KOH electrolyte. 
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2. Synthesis of NiyCe100-yOx catalysts by Ni/Ce mixed 

solution for oxygen evolution reaction 

2.1 Introduction 

For society to adapt to the growing demand for clean energy, renewable energy 

sources must be utilized to a greater degree. Unfortunately, the vast majority of renewable 

energy sources, such as wind and solar energy sources, can only produce energy 

intermittently.1,2 For these renewable energy sources to replace conventional fossil fuel 

energy sources, energy storage technologies must be improved.3,4 A wide variety of 

energy conversion devices, including hydrogen fuel-cells, photoelectrochemical cells and 

metal-air batteries, have been explored to convert electrical or solar energy to chemical 

energy in order to store the energy produced by renewable energy sources. In all of these 

devices, the oxygen evolution reaction (OER) is a critical reaction.5–10 Because the OER 

is a four-electron reaction, it has a large activation barrier, and a large overpotential is 

needed to drive the electrochemical reaction.11,12 Finding a suitable OER catalyst with a 

high efficiency, low overpotential, low-cost and long-term stability is key to enabling 

widespread adoption of renewable energy sources. 

The best OER catalysts reported so far have generally been iridium or ruthenium-

based oxides. The scarcity of both iridium and ruthenium, however, significantly limits 

the widespread use of these catalysts.13,14 First-row transition metals such as Ni- and Co-

based oxides, have recently been studied as low-cost alternatives to iridium and 

ruthenium-based oxide catalysts.14–18 Ni- and Co-based mixed oxides such as NiFeOx, 

NiCoOx and NiCeOx have been studied as the benchmarking OER electrocatalysts.15 For 
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the current density of 10 mA/cm2, NiFeOx was shown to have the lowest overpotential of 

350 mV, and NiCeOx with the highest overpotential of 430 mV.15 Both of these are higher 

than the 320 mV overpotential of IrOx.
15 In order to improve the activity of NiCeOx, the 

Au mid-layer was added. The overpotential of this NiCeOx-Au material was decreased to 

280 mV. During a 2-hour stability test, however, the overpotential of NiCeOx-Au 

increased with the testing time and end up with  310 mV.19 It is therefore needed to 

design and synthesize a noble metal free Ni- or Co- based catalyst with a low 

overpotential and long-time stability. 

Defects in catalysts can enhance the OER performance of the catalysts by altering 

the local electron density distribution in the vicinity of the defects and providing 

catalytically active sites.20–22 Ceria is an example of a non-stoichiometric catalyst material 

that exhibits a higher catalytic activity when defects are introduced into it. The 

enhancement of the catalytic activity of Ceria by defects has been demonstrated for the 

selective catalytic reduction of NOx and the CO oxidation reaction.23–26 These reactions, 

however, usually occur at high temperature, and whether or not defects in ceria and ceria 

based catalysts can enhance catalytic activity in low temperature reactions, such as water 

electrolysis, has yet to be discerned. Nickel foam (NF) was reported to be a good substrate 

for OER because of its large surface area and high electronic conductivity.17,27,28 

In this work, a series of NiyCe100-yOx with different Ni/Ce ratio were synthesized on 

NF/NiO substrate with simple dip-coating and annealing methods. The surface NiO 

obtained from the oxidation of NF can prohibit the diffusion of Ni atoms to the deposited 

NiyCe100-yOx so that the Ni/Ce ratio will be remained. Oxygen vacancy defects are formed 

successfully in all the NF/NiO/NiyCe100-yOx (simply referred to NiyCe100-yOx) catalysts. 

The concentration of oxygen vacancy defects for Ni75Ce25Ox and Ni50Ce50Ox catalysts are 
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larger than other NiyCe100-yOx catalysts, resulting in a similar larger electrochemically 

active surface area and a same lower Tafel slope of 66 mV/decade. The overpotential for 

Ni75Ce25Ox and Ni50Ce50Ox catalysts are 338 mV and 341 mV to obtain a current density 

of 10 mA/cm2 that are lower than other NiyCe100-yOx catalysts. With a fixed current density 

of 10 mA/cm2, the Ni75Ce25Ox catalyst exhibits an ultra-high stability of over 100 h, while 

the Ni95Ce5Ox catalyst is not stable during 25-hour water electrolysis process. 
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2.2 Experimental Section 

2.2.1 Synthesis of NiyCe100-yOx catalysts on Ni foam/NiO substrate 

The synthesis of NF/NiO/NiyCe100-yOx catalysts. The first step was to prepare the 

NiO substrate. A 10 x 15 mm2 Nickel Foam (NF, >99.99%, MTI Corporation) substrate 

with a thickness of 0.08 mm was firstly cleaned by acetone (99%, Wako) in an ultrasonic 

bath for 5 min. Then the NF was rinsed by deionized water for three times. Subsequently, 

the NF was dried in air, and annealed for 2 h with a heating rate of 2 °C/min at 400 °C in 

a muffle furnace. The second step is to prepare the nickel and cerium mixed precursor 

solution. The precursor solution was prepared by dissolving 0.3 M citric acid and 0.15 M 

metal ions in 20 ml ethanol. The molar ratio of Ni and Ce ions were 95:5, 90:10, 75:25, 

50:50, 25:75, and 10:90 for the catalysts of Ni95Ce5Ox, Ni90Ce10Ox, Ni75Ce25Ox, 

Ni50Ce50Ox, Ni25Ce75Ox and Ni10Ce90Ox, respectively. Ce(NO3)3 ∙ 6H2O offers the Ce ions 

and Ni(NO3)2 ∙ 6H2O offers the Ni ions. The final step is the preparation of 

NF/NiO/NiyCe100-yOx catalysts. The prepared precursor solution was deposited onto NiO 

by dip coating and then annealed in the same manner as the NiO substrate. 

 

2.2.2 Structural characterization 

A field emission Scanning electron microscope (SEM, JEOL JSM 7600 FA) was 

used for the measurements of SEM. A diffractometer (Rigaku Co. Ltd, SmartLab, Japan) 

with Cu Kα radiation (dwelling time = 2 s, incident angle = 0.5°, step size = 0.02°, λ = 

1.541 Å) was used for the colleting of grazing incidence X-ray diffraction data. A 

Renishaw inVia Raman Microscope system was used to acquire the Raman spectra at 

room temperature. A ×100 objective and a 532 nm excitation laser were used. A PHI 5000 
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VersaProbe (ULVAC-PHI) with an Al Kα X-ray source (1486.6 eV) was used to obtain 

the X-ray photoelectron spectroscopy (XPS). The pass energies of 117.4 eV and 23.5 eV 

were used for the electron analyzer to analyze the wide scans and narrow scans, 

respectively. 

 

2.2.3 Electrochemical measurements 

A cylindrical glass cell with a standard three-electrode configuration was used for 

the electrochemical measurements. A Pt wire and a Ag/AgCl electrode were used as the 

counter electrode and the reference electrode, respectively. The working electrode was 

NF/NiO/NiyCe100-yOx, hereafter simply referred to as the NiyCe100-yOx electrode. A 

potentiostat (Princeton Applied Research, VersaSTAT 4) was used to perform the 

electrochemical measurements. The potentials were calibrated against the RHE according 

to the following equation: (ERHE = EAg/AgCl + 0.059 pH + E0
Ag/AgCl), where EAg/AgCl is the 

potential difference measured between the Ag/AgCl electrode and the working electrode, 

E0
Ag/AgCl (0.1976 V at 25 °C) is the standard electrode potential for a Ag/AgCl electrode, 

pH is the pH of the electrolyte solution, and ERHE is the calibrated potential. The 

electrolytes used were saturated with oxygen before and during the OER experiments. 

The polarization curves were collected through linear sweep voltammetry (LSV), 

and the scan rate was 10 mV/s. Controlled-current water electrolysis was performed using 

a chronopotentiometric technique.15 The solution resistance Rs (~ 2 Ω), determined using 

the electrochemical impedance spectroscopy (EIS) technique,15 was used to correcte the 

iR drop across the solution. Unless otherwise stated, all given potentials are vs RHE and 

corrected for the iR drop across the electrolyte. Tafel plots obtained from the steady-state 

polarization curves with a scan rate of 1 mV/s. Cyclic voltammetry (CV) was used to 
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determine the electrochemical capacitance of the samples presented in this paper.15,29 The 

potential was swept in a range from 0.05 V above the open-circuit potential (OCP) to 

0.05V below the OCP in a static solution with five different scan rates: 0.005, 0.01, 0.025, 

0.05 and 0.1 V s-1. The working electrode was held for 10 s at each end of the potential 

sweep before continuing to the next sweep. All experiments were performed at room 

temperature. 
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2.3 Results and Discussion 

2.3.1 Morphologies of NiyCe100-yOx catalysts 

 

 

Figure 2.1 SEM images of NiO (a-b) and Ni95Ce5Ox (c-d) samples. 

 

Holes with sizes varying from several nanometers to a few hundred nanometers were 

observed on the surface of NiO, as shown in Figure 2.1a. NiO sample was prepared by 

annealing Ni substrate in the muffle furnace for 2 hours with the elevating rate of 2 °C/min, 

and these holes were from the Ni foam substrate. The surface of NiO consisted of small 

nanocrystals, as shown in Figure 2.1b. The NiyCe100-yOx samples were synthesized by 

depositing nickel and cerium mixed precursor solutions with different Ni/Ce ratio on NiO 

and then annealing the samples in air. The deposited layer covers the surface of NiO 

nanocrystals for the Ni95Ce5Ox sample, as shown in Figure 2.1c and Figure 2.1d. Other 
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NiyCe100-yOx catalysts have the similar morphologies.  

 

2.3.2 Structure characterization of NiyCe100-yOx catalysts 

 

 

Figure 2.2 (a) X-ray diffraction patterns and (b-c) XPS spectra of NiyCe100-yOx samples. 

 

XRD measurements were performed to examine the crystal structure of the NiyCe100-

yOx samples, and the results are shown in Figure 2.2a. Only peaks associated with Ni and 

NiO were found and no peaks for CeO2 were detected for NiyCe100-yOx samples. It 

indicates that Ni and Ce mixed uniformly in the top layer and formed an amorphous 

structure. The surface element information of the NiyCe100-yOx samples was further 
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analyzed by XPS. As shown in Figure 2.2b, Ce 3d peaks of CeO2 and Ni 2p peaks of NiO 

were observed and indicates that the deposited layers of NiyCe100-yOx catalysts are indeed 

composed of Ni and Ce mixed oxides. The curve fitting results of Ce 3d3/2 for NiyCe100-

yOx samples are shown in Figure 2.2c. The peak areas of Ce 3d3/2 for Ni90Ce10Ox, 

Ni75Ce25Ox, Ni50Ce50Ox, Ni25Ce75Ox and Ni10Ce90Ox samples are 31.7, 55.7, 206.2, 433.0 

and 603.3. For NiyCe100-yOx samples, the peak areas of Ce 3d3/2 are in proportion with the 

Ce content, and the higher Ce content of the sample, the peak areas of Ce 3d3/2 will be 

larger. The sequence of the peak areas of Ce 3d3/2 of NiyCe100-yOx samples are in 

accordance with the Ce content in these samples. This indicates that the designed Ni/Ce 

ratios remain constant for the synthesized NiyCe100-yOx samples.  

 

2.3.3 Formation of defects in NiyCe100-yOx catalysts 

 

 

Figure 2.3 (a) Raman spectra and (b) XPS spectra of NiyCe100-yOx samples. The peak 

labeled a in the XPS spectra is ascribed to the Ni 2p peak. 

 

Two Raman peaks of 224 cm-1 and 563 cm-1 were observed for Ni75Ce25Ox, 

Ni50Ce50Ox, Ni25Ce75Ox and Ni10Ce90Ox samples, as shown in Figure 2.3a. For Ni95Ce5Ox 
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and Ni90Ce10Ox samples, only the peak of 563 cm-1 was observed. Crystalline CeO2 is 

known to have a strong F2g Raman peak at 464 cm-1 related to its fluorite structure.30 The 

presence of ions with the oxidation states lower than Ce4+ in the CeO2 has been shown to 

induce a Raman band, known as the D band,  from 500 to 700 cm-1.30–32 This band is 

associated with the presence of oxygen vacancy defects created in the non-

stoichimometric CeO2-y by the 3+ coordinated ions. In addition to the introduction of the 

D band, the F2g band will be weakened and becomes asymmetric and broad.33 In the 

Raman spectra of the NiyCe100-yOx samples, there is no F2g band, which suggests that there 

is no crystalline CeO2 with a fluorite structure in these samples.34 The broad peak at 563 

cm-1 (D band) indicates the formation of oxygen vacancy defects. The oxygen vacancy 

defects should be related to the presence of Ce3+ because of the incorporation of Ni into 

CeO2, as suggested by the literature30,31,34. Furthermore, the amorphous structure of 

NiyCe100-yOx contributes to the broadness of the peak.33,34 According to the areas of this 

peak among different NiyCe100-yOx samples, we can roughly estimate the concentration of 

oxygen vacancy defects in these catalysts. The peak areas of 563 cm-1 for Ni75Ce25Ox and 

Ni50Ce50Ox samples are similar and larger than that of other NiyCe100-yOx samples, 

suggesting that these two catalysts own larger concentration of oxygen vacancy defects. 

The peak at 224 cm-1 is related to Ce-OH vibrations which result from surface defects. 

Different types of hydroxyl groups generated by the dissociation of surface adsorbed 

water and doubly bridging hydroxyl groups on reduced cerium oxide are detected in the 

Raman spectra.35,36 

XPS was carried out on NiyCe100-yOx samples to further analyze the oxygen vacancy 

defects. The Ce 3d peaks of CeO2 were observed for NiyCe100-yOx samples, as shown in 

Figure 2.3b. The Ce 3d band is composed of ten individual peaks, that are labeled on 
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Figure 2.3b as v, v'', v''', u, u'', u''', v0, v', u0 and u'. The v, v'', v''', u, u'' and u''' peaks 

represent the 3d104f0 state of Ce4+, and the v0, v', u0 and u' peaks represent the 3d104f1 state 

of Ce3+.19,26,37 The intensities of these peaks increased with the increasing Ce content in 

NiyCe100-yOx samples. The concentration of Ce3+ and Ce4+ can be estimated according to 

the relative areas of the corresponding peaks. The major valence state of Ce was 4+, Ce3+ 

were also detected for NiyCe100-yOx samples. It is commonly known that the oxygen 

vacancy defects will be formed with the appearance of Ce3+ to maintain electrostatic 

balance according to the equation 1. 

4𝐶𝑒4+ + 𝑂2− → 4𝐶𝑒4+ + 2𝑒−/□ + 0.5𝑂2 → 2𝐶𝑒4+ + 2𝐶𝑒3+ + □ + 0.5𝑂2     (2.1) 

 

□  represents the empty position by the removal of 𝑂2− from the lattice (i.e. oxygen 

vacancy defect). It suggests that the oxygen vacancy defects formed for the NiyCe100-yOx 

samples, which is consistent with the Raman results. 

 

2.3.4 Electrochemical performances of NiyCe100-yOx catalysts 
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Figure 2.4 (a) Polarization curves of NiyCe100-yOx catalysts for the OER with a scan rate 

of 10 mV/s. (b) Tafel plots obtained from the steady-state polarization curves with a scan 

rate of 1 mV/s. (c) Current density at OCP vs CV scan rate for NiyCe100-yOx samples. The 

slope of current density at OCP vs scan rate stands for the double-layer capacitance. (d) 

Nyquist plots of NiyCe100-yOx samples obtained at 1.55 V vs RHE. The inset is the 

electrical equivalent circuit. 

 

To test the electrochemical performance of NiyCe100-yOx catalysts, the polarization 

curves of these catalysts (Figure 2.4a) were obtained using Linear Sweep Voltammetry 

(LSV). The overpotentials of the catalysts for the current density of 10 mA/cm2 are listed 

in Table 2.1. The Ni10Ce90Ox catalyst showed the lowest current density for the applied 
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potentials, and had the largest overpotential of 363 mV for the current density of 10 

mA/cm2. The overpotentials for the Ni75Ce25Ox and Ni50Ce50Ox catalysts were 338 mV 

and 341 mV to obtain the current density of 10 mA/cm2, which were lower than that of 

other samples. The Tafel slope results of NiyCe100-yOx catalysts were shown in Figure 2.4b 

and Table 2.1. The Ni75Ce25Ox and Ni50Ce50Ox catalysts had the same lowest Tafel slope 

of 66 mV/decade. An electrocatalyst with a low Tafel slope will have a small kinetic 

barrier for electron and mass transfer.9,38 This indicates that the transfer barriers of 

electron and mass in the Ni75Ce25Ox and Ni50Ce50Ox catalysts are lower than other 

NiyCe100-yOx catalysts.  

The double-layer capacitance can be used to estimate the electrochemically active 

surface area (ECSA) of each sample.15,39 In order to know the double-layer capacitance, 

we first obtained CV curves of the capacitance current in the non-Faradaic voltage region 

(a 0.1 V potential range centered on the OCP) for several different scan rates (Figure 2.5). 

The rate of change in the current at OCP with respect to the scan rate corresponds to the 

double-layer capacitance.40 For this reason, the current at OCP was plotted against the 

scan rate for the NiyCe100-yOx catalysts, and a line of best fit was fitted for each catalyst’s 

data set, as shown in Figure. 2.4c. The double layer capacitance was 12.3 mF, 14.5 mF, 

20.6 mF, 19.5 mF, 10.7 mF and 7.1 mF for the Ni95Ce5Ox, Ni90Ce10Ox, Ni75Ce25Ox, 

Ni50Ce50Ox, Ni25Ce75Ox and Ni10Ce90Ox samples, respectively. The ECSA can be 

calculated according to the formula ECSA = CDL/Cs, where a specific capacitance of Cs = 

0.040 mF cm-2 was used in this work.15 The calculated ECSA values for the NiyCe100-yOx 

catalysts as well as other relevant electrochemistry parameters are summarized in Table 

1. The ECSAs of the Ni75Ce25Ox and Ni50Ce50Ox catalysts are similar and larger than that 

of other NiyCe100-yOx catalysts. This is consistent with the observed current densities, as a 
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larger ECSA means a sample has more active sites and therefore can catalyze more 

reactions at once and sustain a large current. 

The charge transfer resistance (RCT) of the NiyCe100-yOx catalysts were obtained from 

their Nyquist plots, as shown in Figure 2.4d. As shown in Table 2.1, the RCT of the 

NiyCe100-yOx catalysts decreased firstly and then increased with the increasing Ce content 

in the catalysts, and the Ni50Ce50Ox catalyst had the lowest RCT of 7.5 Ω at an applied bias 

of 1.55 V vs RHE. The Ni75Ce25Ox catalyst also showed a low RCT of 9.9 Ω. However, 

the RCT of the Ni10Ce90Ox (31.8 Ω) catalyst was much higher than other NiyCe100-yOx 

catalysts. The small mass-transfer resistance of the Ni75Ce25Ox and Ni50Ce50Ox catalysts 

stands for their favorable OER kinetics.  

For the Ce-based catalysts, the oxygen mobility can be promoted by the generated 

oxygen vacancy defects, resulting an improved ionic conductivity.26 Also, the oxygen 

vacancy defects can be act as the OER active sites to catalyze the water oxidation 

reaction.21 Therefore, the larger concentration of oxygen vacancy defects result in the 

lower Tafel slopes, small mass-transfer resistance and larger ECSAs of the Ni75Ce25Ox 

and Ni50Ce50Ox catalysts, which account for the higher OER activities for these two 

catalysts. 
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Figure 2.5 Cyclic voltammograms of (a) Ni95Ce5Ox, (b) Ni90Ce10Ox, (c) Ni75Ce25Ox, (d) 

Ni50Ce50Ox, (e) Ni25Ce75Ox and (f) Ni10Ce90Ox catalysts tested in a region with non-

Faradaic process of the voltammogram with the scan rate of 5 mv/s, 10 mv/s, 25 mv/s, 50 

mv/s and 100 mv/s. 
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Table 2.1. Electrochemistry active surface area (ECSA), Tafel slope, mass-transfer 

resistance (RCT) and the overpotential (η) for the current density of 10 mA/cm2 for 

each catalyst investigated in 1 M KOH  

Catalyst ECSA/cm2 Tafel slope RCT η for 10 mA/cm2 

Ni95Ce5Ox 307.5 cm2 68 mV/decade 18.2 Ω 351 mV 

Ni90Ce10Ox 362.5 cm2 68 mV/decade 12.6 Ω 350 mV 

Ni75Ce25Ox 515 cm2 66 mV/decade 9.9 Ω 338 mV 

Ni50Ce50Ox 487.5 cm2 66 mV/decade 7.5 Ω 341 mV 

Ni25Ce75Ox 267.5 cm2 68 mV/decade 21 Ω 356 mV 

Ni10Ce90Ox 177.5 cm2 73 mV/decade 31.8 Ω 363 mV 

 

2.3.5 Stability of NiyCe100-yOx catalysts  

 

  

Figure 2.6 Potential trace of the Ni95Ce5Ox and Ni75Ce25Ox catalysts obtained by fixing 

the current density for electrolysis at 10 mA/cm2. The electrolyte was 1 M KOH (pH ≈ 

14). 

 

Controlled-current water electrolysis (Figure. 2.6) was performed to analyze the 
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stability and long-term performance of the Ni95Ce5Ox and Ni75Ce25Ox catalysts. With a 

fixed current density of 10 mA/cm2, the potential for the Ni95Ce5Ox catalyst decreased 

clearly during the 25-hour water electrolysis process, while the potential for the 

Ni75Ce25Ox catalyst remained stable at 1.57 V vs RHE for more than 100 h. This indicates 

that the NiyCe100-yOx catalyst with high Ce content is more stable than the NiyCe100-yOx 

catalyst with low Ce content during long-term water electrolysis. 
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2.4 Conclusions 

In summary, a series of NF/NiO/NiyCe100-yOx catalysts were synthesized through the 

simple dip-coating and annealing methods. The oxygen vacancy defects are formed 

successfully in all the NiyCe100-yOx catalysts, and the concentration of oxygen vacancy 

defects for Ni75Ce25Ox and Ni50Ce50Ox catalysts are larger than other NiyCe100-yOx 

catalysts. This results in the larger electrochemically active surface areas for Ni75Ce25Ox 

and Ni50Ce50Ox catalysts because of the abundant active sites offered by the defects. The 

rich oxygen vacancy defects also improve the ionic conductivity so that a lower Tafel 

slope of 66 mV/decade is obtained for Ni75Ce25Ox and Ni50Ce50Ox catalysts. The 

improved ionic conductivity also results in the small mass-transfer resistance of 

Ni75Ce25Ox and Ni50Ce50Ox catalysts, which is favorable for their OER kinetics. Therefore, 

the Ni75Ce25Ox and Ni50Ce50Ox catalyst exhibit higher OER activity than other NiyCe100-

yOx catalysts with the overpotential of 338 mV and 341 mV for the current density of 10 

mA/cm2. Additionally, the NiyCe100-yOx catalyst with high Ce content (Ni75Ce25Ox) is 

more stable than the NiyCe100-yOx catalyst with low Ce content (Ni95Ce5Ox) during long-

term water electrolysis with a fixed current density of 10 mA/cm2. 
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3. Synthesis of NiCeOx catalysts through thermal 

diffusion of Ni for oxygen evolution reaction 

3.1 Introduction 

Using the NF substrate as the source of nickel for the synthesis of nickel-based 

catalysts has seldom been reported. By doing this, the advantages of NF can be retained, 

and the NF forms a strong connection with the surface catalyst which is good for the long-

term stability of the catalyst. 

The NF/NiO/NiyCe100-yOx catalysts with defects have been successfully synthesized 

and shown good OER performance. In this chapter, NF will be used directly as the 

substrate instead of NF/NiO in order to simplify the synthesis process and reduce the 

material costs, which is beneficial for industry application. Moreover, the adhesion 

between the top catalyst layer and the substrate will be stronger. 

In this work, a series of NiCeOx with different dip-coating times (NiCeOx-Y) were 

synthesized directly on commercially available nickel foam (NF) using a simple, low-

cost, environmentally friendly and reproducible synthesis method that consists of first 

dip-coating the NF in a cerium pre-cursor and then annealing the sample at 400 °C. With 

the dip-coating times increasing from 1 to 15, the thickness of the surface layer, the 

concentration of formed oxygen vacancy defects and the OER performance remain 

constant increasing for NiCeOx-Y catalysts. For the NiCeOx-20 catalyst, the increased Ce 

content leads to the decrease of the oxygen vacancy defects, resulting in the lower OER 

performance than the NiCeOx-15 catalyst. 
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3.2 Experimental Section  

3.2.1 Synthesis of NiCeOx catalysts with varying thickness on Ni foam substrate 

Preparation of the NiO catalyst: A 10 x 15 mm2 Nickel Foam (NF, >99.99%, MTI 

Corporation) substrate with a thickness of 0.08 mm was firstly cleaned by acetone (99%, 

Wako) in an ultrasonic bath for 5 min. Then the NF was rinsed by deionized water for 

three times. Subsequently, the NF was dried in air, and annealed for 2 h with a heating 

rate of 2 °C/min at 400 °C in a muffle furnace. 

Preparation of the NiCeOx catalyst: A cerium precursor solution was first synthesized 

by dissolving Ce(NO3)3 ∙ 6H2O (99.99%, Aldrich) in a mixture of 0.3 M citric acid (98%, 

Wako) and ethanol.1 The prepared solution was then deposited onto a cleaned NF 

substrate (using the same cleaning method described above) by dip-coating. Finally, the 

sample was annealed in the same manner as the NiO catalyst. A series of NiCeOx-Y 

(NiCeOx-1, NiCeOx-2, NiCeOx-5, NiCeOx-8, NiCeOx-10, NiCeOx-15, NiCeOx-20) 

catalysts were prepared using the previous methods, and Y stood for the dip-coating times. 

 

3.2.2 Structural characterization 

A field emission Scanning electron microscope (SEM, JEOL JSM 7600 FA) was 

used for the measurements of SEM. A Renishaw inVia Raman Microscope system was 

used to acquire the Raman spectra at room temperature. A ×100 objective and a 532 nm 

excitation laser were used. A PHI 5000 VersaProbe (ULVAC-PHI) with an Al Kα X-ray 

source (1486.6 eV) was used to obtain the X-ray photoelectron spectroscopy (XPS). The 

pass energies of 117.4 eV and 23.5 eV were used for the electron analyzer to analyze the 

wide scans and narrow scans, respectively. 
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3.2.3 Electrochemical measurements 

A cylindrical glass cell with a standard three-electrode configuration was used for 

the electrochemical measurements. A Pt wire and a Ag/AgCl electrode were used as the 

counter electrode and the reference electrode, respectively. The working electrode was 

NF/NiCeOx-Y, hereafter simply referred to as the NiCeOx-Y electrode. A potentiostat 

(Princeton Applied Research, VersaSTAT 4) was used to perform the electrochemical 

measurements. The potentials were calibrated against the RHE according to the following 

equation: (ERHE = EAg/AgCl + 0.059 pH + E0
Ag/AgCl), where EAg/AgCl is the potential 

difference measured between the Ag/AgCl electrode and the working electrode, E0
Ag/AgCl 

(0.1976 V at 25 °C) is the standard electrode potential for a Ag/AgCl electrode, pH is the 

pH of the electrolyte solution, and ERHE is the calibrated potential. The electrolytes used 

were saturated with oxygen before and during the OER experiments. 

The polarization curves were collected through linear sweep voltammetry (LSV), 

and the scan rate was 10 mV/s. Controlled-current water electrolysis was performed using 

a chronopotentiometric technique.2 The solution resistance Rs (~ 2 Ω), determined using 

the electrochemical impedance spectroscopy (EIS) technique,2 was used to correcte the 

iR drop across the solution. Unless otherwise stated, all given potentials are vs RHE and 

corrected for the iR drop across the electrolyte. Cyclic voltammetry (CV) was used to 

determine the electrochemical capacitance of the samples presented in this paper.2,3 The 

potential was swept in a range from 0.05 V above the open-circuit potential (OCP) to 

0.05V below the OCP in a static solution with five different scan rates: 0.005, 0.01, 0.025, 

0.05 and 0.1 V s-1. The working electrode was held for 10 s at each end of the potential 

sweep before continuing to the next sweep. All experiments were performed at room 

temperature.  
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3.3 Results and Discussion 

3.3.1 Morphologies of NiCeOx catalysts with varying thickness 

 

 

Figure 3.1 SEM images of (a) the Ni, (b) NiO, (c) NiCeOx-1 and (d) NiCeOx-15 samples. 

 

Morphology of the Ni foam (NF) substrate is shown in Figure 3.1a. Holes with sizes 

varying from several nanometers to a few hundred nanometers were observed on the 

surface of Ni. NiO sample was prepared by annealing Ni substrate in the muffle furnace 

for 2 hours with the elevating rate of 2 °C/min. The surface of NiO consisted of small 

nanocrystals, as shown in Figure 3.1b. The NiCeOx-Y samples were synthesized by 

depositing a cerium salt solution on NF and then annealing the sample in air to form a 

NiCeOx layer on top of the NFs. The synthesis difference among the series NiCeOx-Y 

samples was the times of dip coating. The morphology of NiCeOx-1 and NiCeOx-15 

samples were shown in Figure 3.1c and Figure 3.1d. With increasing the dip-coating times, 



Chapter 3  Synthesis of NiCeOx catalysts through thermal diffusion of Ni for oxygen 
evolution reaction 

60 

 

the thickness of the deposited NiCeOx surface layer increased. Cracks, that are believed 

to have formed as a result of a combination of thermal stress in the layer and the release 

of gas produced by the decomposition of nitrate ions during the annealing process, were 

also observed. 

 

3.3.2 Oxygen vacancies of NiCeOx catalysts with varying thickness 

 

 

Figure 3.2 (a) XPS spectra of the NiO, NiCeOx-1, NiCeOx-8, NiCeOx-15 and NiCeOx-20 

samples. (b) Ce 3d spectra of the NiCeOx-15 and NiCeOx-20 samples. The peak labeled 

a in the XPS spectra is ascribed to the Ni 2p peak. 

 

XPS was carried out on NiO, NiCeOx-1, NiCeOx-8 and NiCeOx-15 and NiCeOx-20 

samples to analyze the surface element information of the samples. As shown in Figure 

3.2a, the observed XPS peaks in the NiO sample could be attributed to the Ni 2p3/2 peak 

(854.1 eV), the Ni 2p1/2 peak (872.5 eV) and the intense satellite peaks (861.3 eV and 

879.9 eV) characteristic of NiO.4 Additional Ce 3d peaks, associated with CeO2, were 

also observed for other NiCeOx-Y samples. This indicates that the cerium oxide has been 
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formed successfully on the surface of the NiCeOx-Y samples. The Ce 3d band is 

composed of ten individual peaks, that are labeled on Figure 3.2b as v, v'', v''', u, u'', u''', 

v0, v', u0 and u'. The v, v'', v''', u, u'' and u''' peaks represent the 3d104f0 state of Ce4+, and 

the v0, v', u0 and u' peaks represent the 3d104f1 state of Ce3+.4–6 Based on the relative areas 

of the Ce3+ and Ce4+ peaks, it was possible to determine that the Ce3+ concentration is 

37% for the NiCeOx-15 sample and 34% for the NiCeOx-20 sample. The increase in the 

concentration of Ce3+ is a result of the reduction of Ce4+ by the removal of lattice O2- 

anions via oxygen vacancy generation.5 It suggests that more oxygen vacancy defects 

formed in the NiCeOx-15 sample when compared with the NiCeOx-20 sample. The much 

more dip-coating times lead to more cerium salt deposited onto Ni foam substrate, 

resulting in the high Ce content of the NiCeOx-20 sample than that of the NiCeOx-15 

sample. According to the results in chapter 2, the concentration of oxygen vacancy defects 

will decrease when the Ce content is higher than 25%. This may be the reason why the 

concentration of oxygen vacancy defects in the NiCeOx-20 sample is lower than that in 

the NiCeOx-15 sample. 
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Figure 3.3 Raman spectra of the NiCeOx-1, NiCeOx-8, NiCeOx-15 and NiCeOx-20 

samples. 

 

Figure 3.3 shows the Raman spectra of the NiCeOx-1, NiCeOx-8, NiCeOx-15 and 

NiCeOx-20 samples. A broad peak around 582 cm-1 (D band) was observed for all the 

NiCeOx-Y samples. Crystalline CeO2 is known to have a strong F2g Raman peak at 464 

cm-1 related to its crystalline structure.7 The presence of ions with the oxidation states 

lower than Ce4+ in the CeO2 has been shown to induce a Raman band, known as the D 

band, from 500 to 700 cm-1.7–9 This band is associated with the presence of oxygen 

vacancy defects created in the non-stoichimometric CeO2-y by the 3+ coordinated ions. In 

addition to the introduction of the D band, the F2g band will be weakened and becomes 

asymmetric and broad.10 In the Raman spectra of the NiCeOx-Y samples, there were no 

F2g band, which suggests that there is no crystalline CeO2 with a fluorite structure in the 

deposited layers.11 The strong intensity of the peak seen at 582 cm-1 (D band) indicates 

the formation of a large number of oxygen vacancy defects within the NiCeOx layer. The 
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oxygen vacancy defects should be related to the presence of Ce3+ because of the 

incorporation of Ni into CeO2, as suggested by the literature7,8,11. Furthermore, the 

amorphous structure of the NiCeOx-Y layers contributes to the broadness of the peak.10,11 

With the increasing of dip-coating times, the peak area of 582 cm-1 increased firstly, and 

then decreased for the NiCeOx-Y samples. The peak area of the NiCeOx-15 sample is the 

largest among the samples, indicating that the concentration of oxygen vacancy defects 

of NiCeOx-15 is the largest. The peak area of 582 cm-1 for the NiCeOx-20 sample was 

lower than that of the NiCeOx-15 sample, suggesting the lower concentration of oxygen 

vacancy defects. This is in consistent with the XPS results. 

 

3.3.3 Electrochemical performances of NiCeOx catalysts with varying thickness 

 

 

Figure 3.4 (a) Polarization curves of NiCeOx-Y samples for the OER with a scan rate of 

10 mV/s. The electrolyte was 1 M KOH. (b) Nyquist plots of the NiCeOx-1, NiCeOx-8, 

NiCeOx-15 and NiCeOx-20 samples obtained at 1.5 V vs RHE. The inset shows the 

electrical equivalent circuit. 
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To test the OER activity of the NiCeOx-Y samples, the polarization curves of the 

samples were obtained using Linear Sweep Voltammetry (LSV), as shown in Figure 3.4a. 

The NiCeOx-1 and NiCeOx-2 samples showed the similar current density for the applied 

potentials. For the applied potentials, the current density of other NiCeOx-Y samples 

(from NiCeOx-5 to NiCeOx-20) were higher than NiCeOx-1 and NiCeOx-2 samples, and 

NiCeOx-15 exhibited the best current density. The overpotential (η) at the current density 

of 10 mA/cm2 of NiCeOx-Y samples were listed in Table 3.1, and following the sequence 

η (NiCeOx-1) ≈ η (NiCeOx-2) < η (NiCeOx-5) ≈ η (NiCeOx-8) < η (NiCeOx-10) < η 

(NiCeOx-15) > η (NiCeOx-20). NiCeOx-15 had the lowest overpotential of 295 mV for 

the current density of 10 mA/cm2. The charge transfer resistance (RCT) of the NiCeOx-1, 

NiCeOx-8, NiCeOx-15 and NiCeOx-20 catalysts were obtained from their Nyquist plots, 

as shown in Figure 3.4b. The RCT of the NiCeOx-Y catalysts decreased firstly and then 

increased with the increasing dip-coating times. The NiCeOx-15 catalyst had the lowest 

RCT of 12 Ω at an applied bias of 1.5 V vs RHE. The NiCeOx-8 and NiCeOx-20 catalysts 

showed the similar RCT of 20.1 and 19.6 Ω, and the RCT of NiCeOx-1 (77.8 Ω) was much 

larger than other catalysts. The small mass-transfer resistance of the NiCeOx-15 catalyst 

is favorable for the OER kinetics.  
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Figure 3.5 Cyclic voltammograms of (a) NiCeOx-1, (b) NiCeOx-2, (c) NiCeOx-5, (d) 

NiCeOx-8, (e) NiCeOx-10, (f) NiCeOx-15 and (g) NiCeOx-20 samples were performed in 

a region with non-Faradaic process of the voltammogram with the scan rates of 5 mv/s, 

10 mv/s, 25 mv/s, 50 mv/s and 100 mv/s for the OER. The electrolyte was 1 M KOH. (h) 

Current density at OCP vs CV scan rate for the NiCeOx-Y samples. The slope of current 

density at OCP vs scan rate represents the double-layer capacitance. 

 

To know the double-layer capacitance, we first obtained CV curves of the 

capacitance current in the non-Faradaic voltage region (a 0.1 V potential range centered 

on the OCP) for several different scan rates (Figure 3.5a-3.5g). The rate of change in the 

current at OCP with respect to the scan rate corresponds to the double-layer capacitance.12 

For this reason, the current at OCP was plotted against the scan rate for the NiCeOx-Y 

samples, and a line of best fit was fitted for each sample’s data set, as shown in Figure 

2.4h. The double layer capacitance was 10.4 mF, 10.9 mF, 22.3 mF and 21.1 mF, 30.4 mF, 

40.4 mF and 29.7 mF for the NiCeOx-1, NiCeOx-2, NiCeOx-5, NiCeOx-8, NiCeOx-10, 

NiCeOx-15 and NiCeOx-20 samples, respectively. The ECSA can be calculated according 

to the formula ECSA = CDL/Cs, where a specific capacitance of Cs = 0.040 mF/cm2 was 
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used in this work.2 The calculated ECSA values for the four samples as well as other 

relevant electrochemistry parameters are summarized in Table 3.1. The ECSA of NiCeOx-

1 and NiCeOx-2 were found to be similar and the lowest among the NiCeOx-Y samples. 

NiCeOx-5 and NiCeOx-8 samples also had the similar ECSA, and their ECSA nearly twice 

that of NiCeOx-1. For NiCeOx-10 and NiCeOx-20 samples, their ECSA were about third 

times that of NiCeOx-1. The NiCeOx-15 sample owed the largest ECSA, which was forth 

times that of NiCeOx-1. This is consistent with the observed current densities (JNiCeOx-15 

> JNiCeOx-20 ≈ JNiCeOx-10 > JNiCeOx-8 ≈ JNiCeOx-5 > JNiCeOx-2 ≈ JNiCeOx-1), as a larger ECSA means 

a sample has more active sites and therefore can catalyze more reactions at once and 

sustain a large current. 

 

Table 3.1. Double-layer capacitance (CDL), electrochemically active surface area 

(ECSA) and overpotential (η) at the current density of 10 mA/cm2 of NiCeOx-Y for 

OER Investigated in 1 M KOH 

Catalyst CDL/cm2 ECSA/cm2  η/mV 

NiCeOx-1 10.4 mF 260 cm2 337 

NiCeOx-2 10.9 mF 272.5 cm2 334 

NiCeOx-5 22.3 mF 557.5 cm2 321 

NiCeOx-8 21.1 mF 527.5 cm2 317 

NiCeOx-10 30.4 mF 760 cm2 307 

NiCeOx-15 40.4 mF 1010 cm2 295 

NiCeOx-20 29.7 mF 742.5 cm2 305 
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3.4 Conclusions 

In summary, a series of NiCeOx catalysts with dip-coating times from 1 to 20 

(NiCeOx-Y, Y is the dip-coating times) were successfully synthesized using a simple dip-

coating/annealing method. With the largest number of oxygen vacancy defects, the 

NiCeOx-15 catalyst have the largest electrochemically active surface area, the lowest 

mass-transfer resistance and the lowest overpotential of 295 mV for 10 mA/cm2, 

indicating the OER activity of the NiCeOx-15 catalyst is the best among the NiCeOx-Y 

catalysts. 
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4. Oxygen vacancy-rich NiCeOx catalyst for water 

electrolysis 

4.1 Introduction 

In the last chapter, the NiCeOx-Y catalysts with oxygen vacancy defects were 

reported to be synthesized directly on NF successfully. The NiCeOx-15 catalyst showed 

the best OER activity among the NiCeOx-Y catalysts. However, the reason for the 

formation of oxygen vacancy defects in NiCeOx-Y catalysts need be further investigated, 

and the relationship between oxygen vacancy defects and the OER performance lacks of 

direct experimental evidence.  

In this work, the formation of the NiCeOx top layer of the NiCeOx catalyst has been 

explained. During the annealing step, Ni atoms diffuse from the NF substrate into the 

deposited layer, forming an amorphous NiCeOx layer through thermal diffusion. The 

incorporation of Ni into CeO2 induces a large number of oxygen vacancies. The oxygen 

vacancies are shown to enhance the catalytic activity of the NiCeOx catalyst by supplying 

an abundance of active sites and improving the ionic conductivity, allowing it to 

outperform noble metal OER catalysts. Furthermore, the NiCeOx catalyst is found to be 

extremely stable, making it viable as an electrocatalyst in industrial scale water splitting.   
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4.2 Experimental Section 

4.2.1 Synthesis of NiCeOx and NiO/CeO2 catalysts 

For NiO catalyst, a 10 x 15 mm2 Nickel Foam (NF, >99.99%, MTI Corporation) 

substrate with a thickness of 0.08 mm was firstly cleaned by acetone (99%, Wako) in an 

ultrasonic bath for 5 min. Then the NF was rinsed by deionized water for three times. 

Subsequently, the NF was dried in air, and annealed for 2 h with a heating rate of 2 °C/min 

at 400 °C in a muffle furnace. For NiO/CeO2 catalyst, a cerium precursor solution was 

first synthesized by dissolving Ce(NO3)3 ∙ 6H2O (99.99%, Aldrich) in a mixture of 0.3 M 

citric acid (98%, Wako) and ethanol.1 The prepared solution was then deposited onto a 

prepared NiO by dip-coating. Finally, the sample was annealed in the same manner as the 

NiO catalyst. For NiCeOx catalyst, a cleaned NF (using the same cleaning method 

described above) instead of NiO as the substrate and the synthesis method are the same 

with that of NiO/CeO2. 

 

4.2.2 Structural Characterization of NiCeOx and NiO/CeO2 catalysts 

A field emission Scanning electron microscope (SEM, JEOL JSM 7600 FA) was 

used for the measurements of SEM. A diffractometer (Rigaku Co. Ltd, SmartLab, Japan) 

with Cu Kα radiation (dwelling time = 2 s, incident angle = 0.5°, step size = 0.02°, λ = 

1.541 Å) was used for the colleting of grazing incidence X-ray diffraction data. A 

Renishaw inVia Raman Microscope system was used to acquire the Raman spectra at 

room temperature. A ×100 objective and a 532 nm excitation laser were used. A PHI 5000 

VersaProbe (ULVAC-PHI) with an Al Kα X-ray source (1486.6 eV) was used to obtain 

the X-ray photoelectron spectroscopy (XPS). The pass energies of 117.4 eV and 23.5 eV 
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were used for the electron analyzer to analyze the wide scans and narrow scans, 

respectively. The cross-sectional TEM samples were prepared using a FIB-SEM (JEOL 

JIB 4600F). High resolution TEM images, diffraction patterns and scanning transmission 

electron microscopy (STEM) images were measured with a JEOL JEM-2800. STEM-

EDS (line EDS at below 1 nm resolution) was measured using an X-MAX 100TLE SDD 

detector (Oxford Instruments). 

 

4.2.3 Electrochemical measurements of NiCeOx and NiO/CeO2 catalysts  

A cylindrical glass cell with a standard three-electrode configuration was used for 

the electrochemical measurements. A Pt wire and a Ag/AgCl electrode were used as the 

counter electrode and the reference electrode, respectively. The working electrode was 

NF, NiO, NiO/CeO2 and NiCeOx catalysts. A potentiostat (Princeton Applied Research, 

VersaSTAT 4) was used to perform the electrochemical measurements. The potentials 

were calibrated against the RHE according to the following equation: (ERHE = EAg/AgCl + 

0.059 pH + E0
Ag/AgCl), where EAg/AgCl is the potential difference measured between the 

Ag/AgCl electrode and the working electrode, E0
Ag/AgCl (0.1976 V at 25 °C) is the standard 

electrode potential for a Ag/AgCl electrode, pH is the pH of the electrolyte solution, and 

ERHE is the calibrated potential. The electrolytes used were saturated with oxygen before 

and during the OER experiments, and nitrogen before and during the HER and full water-

splitting experiments. 

The polarization curves were collected through linear sweep voltammetry (LSV) 

with a scan rate of 10 mV/s. The LSV measurement was repeated for at least 10 times to 

obtain a stable result. Controlled-current water electrolysis was performed using a 

chronopotentiometric technique.2 The solution resistance Rs (~ 2 Ω), determined using 
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the electrochemical impedance spectroscopy (EIS) technique,2 was used to correcte the 

iR drop across the solution. Unless otherwise stated, all given potentials are vs RHE and 

corrected for the iR drop across the electrolyte. Cyclic voltammetry (CV) was used to 

determine the electrochemical capacitance of the samples presented in this paper.2,3 The 

potential was swept in a range from 0.05 V above the open-circuit potential (OCP) to 

0.05V below the OCP in a static solution with five different scan rates: 0.005, 0.01, 0.025, 

0.05 and 0.1 V s-1. The working electrode was held for 10 s at each end of the potential 

sweep before continuing to the next sweep. All experiments were performed at room 

temperature. 
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4.3 Results and Discussion 

4.3.1 Elements distribution across the NiCeOx catalyst 

 

 

Figure 4.1 (a), (b) SEM images of the NiCeOx sample with different magnifications; (c) 
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the cross-sectional STEM image of the top NiCeOx layer (the upper part) and the NiOx/NF 

substrate (the lower part) of the NiCeOx sample. The dark gap between the NiCeOx layer 

and NiOx/NF substrate was created during the cutting of the cross-section with a FIB and 

is not present in the original material. Elemental mapping of the STEM image shown in 

(c) are given for Ce (d), Ni (e) and O (f); (g) elemental line profiles for Ce, Ni and O 

across a scan line indicated by the dashed white line shown in (c). The inset table shows 

the elemental composition at the five locations numbered in (c). The resolution of the line 

EDS is finer than 1 nm. 

 

 

Figure 4.2 The cross-sectional SEM image of the NiCeOx sample. 

 

The NiCeOx sample was synthesized by depositing a cerium salt solution on NF 

(Figure 4.1a) and then annealing the sample in air to form a NiCeOx layer on top of the 

NF, as can be seen in Figure 1a. From the cross-sectional SEM image of the sample 

(Figure 4.2), the thickness of the NiCeOx layer was found to vary from several hundred 

nanometers thick to several micrometers thick. Cracks, that are believed to have formed 

as a result of a combination of thermal stress in the layer and the release of gas produced 
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by the decomposition of nitrate ions during the annealing process, were also observed. 

The cracking of the layer resulted in gaps between portions of the layer where the 

underlying substrate was exposed. Upon SEM characterization of these areas of the 

substrate (Figure 4.1b), the substrate surface morphology was found to be extremely 

similar to that of the NiO sample (Figure 3.1). 

A cross-sectional STEM image of the NiCeOx sample, prepared by FIB-TEM, is 

shown in Figure 4.1c. The upper and lower bright regions in Figure 4.1c represent the 

NiCeOx layer and NF/NiO substrate respectively, with the dark region between these two 

being a gap that was created during the FIB cutting process. STEM EDS was then used 

to determine elemental composition of the cross-sectional sample. Figures 4.1d, 4.1e and 

4.1f illustrate the Ce, Ni and O distribution in the cross-sectional sample. In the top layer, 

all the three elements (Ce, Ni and O) were detected. Understandably, within the gap only 

trace amounts of O – from carbonaceous compounds created during the FIB cutting 

process – are detected. Below the gap, a thin layer (about 100 nm thick) composed of 

only Ni and O can be observed. The rest of the sample was found to contain only Ni. The 

above results show that the sample is composed of a NiCeOx top layer, a thin NiOx middle 

layer, and a Ni base layer (the NF substrate). In Figure 4.1g, the concentration of each 

element as a function of the distance along the dashed line of Figure 4.1c, starting from 

the top of the NiCeOx layer, is illustrated. Figure 4.1g shows that although the Ni, Ce and 

O concentrations remain relatively constant throughout most of the NiCeOx film, at the 

interface between the NiCeOx layer and the NiOx layer (just before the gap in the graph), 

the Ni concentration increases while the Ce concentration decreases. This is further 

supported by the concentration values reported for areas 1, 2 and 3 in the inset table of 

Figure 4.1g. The elemental concentrations of Ni, Ce and O in areas 1 (NiCeOx layer 
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surface), 2 (NiCeOx layer), 3 (the interface of NiCeOx and NiOx layer), 4 (NiOx layer) and 

5 (Ni substrate) of Figure 4.1c are shown in the inset of Figure 4.1g. The distribution of 

Ni atoms in the NiCeOx layer, and the increase in the Ni concentration close to the 

interface suggests that Ni atoms from the substrate diffused into the top layer and mixed 

with the deposited Ce during the annealing process, resulting in the formation of the 

NiCeOx layer. 

 

4.3.2 Structure characterization of the NiCeOx and NiO/CeO2 catalysts 

 

 

Figure 4.3 HRTEM images of (a) the NiCeOx layer, (b) the NiCeOx/NiOx interface and 

(c) the NiOx layer as defined in Figure 1c. Insets show the selected area electron 

diffraction (SAED) patterns of the area imaged in each HRTEM image. 

 

HRTEM images of the NiCeOx layer (Figure 4.2a), NiCeOx/NiOx interface (Figure 

4.2b) and NiOx layer (Figure 4.2c) were taken, along with an SAED pattern (insets) for 

each region. Figure 4.2a and the corresponding inset indicate that the NiCeOx layer is 

amorphous in structure. Similarly, the interface between the NiCeOx layer and the NiOx 

layer shows no signs of crystallinity. The HRTEM image of the NiOx layer in Figure 4.2c 

shows a clear ordered structure, with one inter-planar spacing of 2.1 Å and another inter-



Chapter 4  Oxygen vacancy-rich NiCeOx electrocatalyst for water electrolysis 

78 

 

planar spacing of 2.41 Å; these match the inter-planar spacings of the (200) and (111) 

planes of NiO, respectively. Furthermore, the diffraction spots for the (200), (111), (220) 

and (311) planes of NiO could be distinguished in the SAED pattern (Figure 4.2c inset), 

supporting the conclusion that the NiOx intermediate layer is composed of polycrystalline 

NiO. The presence of polycrystalline NiO may have formed due to the higher Ni 

concentration in this layer, which is consistent with the distribution of Ni atoms shown 

by STEM EDS results. The amorphous structure of NiCeOx may indicates the uniform 

mixture of Ni and Ce atoms. 

 

 

Figure. 4.4 (a) X-ray diffraction patterns and (b) Raman spectra of the Ni, NiO and 

NiCeOx samples. 

 

XRD measurements were performed on the Ni, NiO and NiCeOx samples to examine 

the crystal structure of the three samples of Ni, NiO and NiCeOx, and are shown in Figure 

4.4a. For the Ni sample, only peaks associated with Ni (JCPDS 65-2865) were found. The 

annealed NiO sample had an additional four peaks, the (111), (200), (220) and (311) peaks, 

which were attributed to NiO (JCPDS 65-2901). For the NiCeOx sample, a single weak 



Chapter 4  Oxygen vacancy-rich NiCeOx electrocatalyst for water electrolysis 

79 

 

peak corresponding to the (200) plane of NiO was found; it is believed that this peak is 

from the polycrystalline NiOx intermediate layer. No peaks for ceria were found, 

suggesting that Ni and Ce mixed uniformly in the top layer and formed an amorphous 

NiCeOx. 

 

4.3.3 Oxygen vacancies in the NiCeOx catalyst 

Figure 4.4b shows the Raman spectra of the Ni, NiO, NiO/CeO2 and NiCeOx samples. 

The peaks at 546 cm-1, 1093 cm-1 and 1511 cm-1 in the NiO sample spectrum were 

attributed to the one-phonon TO/LO mode of NiO, the two-phonon 2LO mode of NiO 

and the two-magnon mode of NiO, respectively 4. For the NiCeOx sample, three peaks of 

224 cm-1, 582 cm-1 and around 1160 cm-1 are observed. Crystalline CeO2 is known to 

have a strong F2g Raman peak at 464 cm-1 related to its crystalline structure 5. In addition, 

the Ce-O bond has a 2LO (second-order longitudinal) mode at 1160 cm-1 5,6. The presence 

of ions with the oxidation states lower than Ce4+ in the CeO2 has been shown to induce a 

Raman band, known as the D band, from 500 to 700 cm-1 5,7,8. This band is associated 

with the presence of oxygen vacancy defects created in the non-stoichimometric CeO2-y 

by the 3+ coordinated ions. In addition to the introduction of the D band, the F2g band 

will be weakened and becomes asymmetric and broad 9. In the Raman spectrum of the 

NiCeOx sample, there is no F2g band, which suggests that there is no crystalline CeO2 

with a fluorite structure in the layer 6. The strong intensity of the peak seen at 582 cm-1 

(D band) indicates the formation of a large number of oxygen vacancy defects within the 

NiCeOx layer.  The oxygen vacancy defects should be related to the presence of Ce3+ 

because of the incorporation of Ni into CeO2, as suggested by the literature 5–7. 

Furthermore, the amorphous structure of NiCeOx contributes to the broadness of the peak 
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6,9. The peak at 224 cm-1 is related to Ce-OH vibrations which result from surface defects. 

Different types of hydroxyl groups originate from the dissociation of surface adsorbed 

water and doubly bridging hydroxyl groups on reduced ceria are detected in the Raman 

spectra 10,11. The Raman peak at 1160 cm-1 is observed; however, it has a very low 

intensity compared to the D band. This indicates that the Ce-O bond has been weakened, 

and suggests that electron transfer from Ni to the Ni-Ce-O bond has occurred 5,6. The 

NiO/CeO2 sample on the other hand, only peaks associated with NiO were observed 

because NiO substrate disturbed the diffusion of Ni. This clearly demonstrates that the 

oxygen vacancy defects in NiCeOx layer are induced by the incorporation of Ni into CeO2. 

 

 

Figure 4.5. (a) XPS spectra of Ce 3d and Ni 2p of NiO, NiO/CeO2 and NiCeOx. (b) Ce 

3d spectra of the NiO/CeO2 and NiCeOx samples. The peak labeled a in the XPS spectra 

is ascribed to the Ni 2p peak. 

 

XPS was carried out on NiO, NiO/CeO2 and NiCeOx samples to further analyze the 

electron interactions between nickel and cerium oxide, and the results are shown in Figure 

4.5 and Figure 4.4c. The observed XPS peaks in the NiO sample could be attributed to 
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the Ni 2p3/2 peak (854.1 eV) and the Ni 2p1/2 peak (872.5 eV) of NiO.12 Additional intense 

satellite peaks (861.3 eV and 879.9 eV) characteristic of NiO were also observed, as 

shown in Figure 4.5. This confirms that the NiO sample is indeed composed of NiO. In 

the NiO/CeO2 sample, a weak Ni 2p signal, associated with NiO, was observed. It is 

believed that this is due to cracks in the CeO2 film exposing the underlying NiO. For both 

the NiO/CeO2 and NiCeOx samples, Ce 3d peaks were observed. The Ce 3d band is 

composed of ten individual peaks, that are labeled on Figure 3c as v, v'', v''', u, u'', u''', v0, 

v', u0 and u'. The v, v'', v''', u, u'' and u''' peaks represent the 3d104f0 state of Ce4+, and the 

v0, v', u0 and u' peaks represent the 3d104f1 state of Ce3+.12–14 The band energies of v0, v', 

u0 and u' for the NiO/CeO2 sample are 880.6 eV, 883.9 eV, 898.8 eV and 905.5 eV, and 

the band energies are 880.5 eV, 883.6 eV, 898.6 eV and 904.9 eV for the NiCeOx sample. 

Based on the relative areas of the Ce3+ and Ce4+ peaks, it was possible to determine that 

the Ce3+ concentration is 24% for NiO/CeO2 sample and 37% for the NiCeOx sample. 

The increase in the concentration of Ce3+ is a result of the reduction of Ce4+ by the removal 

of lattice O2- anions through the formation of oxygen vacancy.13 This, along with the 

change in the band energies for the NiCeOx sample, indicates that there are strong 

electronic interactions between the nickel and cerium oxide in the NiCeOx sample.15 This 

suggests that the electron interactions between the nickel and cerium oxide in NiCeOx 

results in Ce4+ ions being reduced to Ce3+ and the formation of oxygen vacancies. 

 

4.3.4 OER activities of the NiCeOx and NiO/CeO2 catalysts 
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Figure 4.6 (a) Polarization curves of Ni, NiO, NiO/CeO2 and NiCeOx samples for the 

OER with a scan rate of 10 mV s-1. The inset shows the overpotential for a current density 

of 10 mA/cm2 (black) and 50 mA/cm2 (red). (b) Current density at OCP vs CV scan rate 

for the Ni, NiO, NiO/CeO2 and NiCeOx samples. The slope of current density at OCP vs 

scan rate represents the double-layer capacitance. (c) Nyquist plots of Ni, NiO, NiO/CeO2 

and NiCeOx samples obtained at 1.50 V vs RHE. The inset shows the electrical equivalent 

circuit. (d) Potential trace of the NiCeOx sample obtained by fixing the current density for 

electrolysis at 10 mA/cm2. The electrolyte was 1 M KOH (pH ≈ 14). 
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Table 4.1. Double-layer capacitance (CDL), electrochemically active surface area 

(ECSA) and mass-transfer resistance (RCT) for each catalyst investigated in 1 M 

KOH 

Catalyst CDL/cm2 for OER 
ECSA/cm2 for 

OER 
RCT/Ω 

Ni 1.19 mF 29.75 174 

NiO 1.31 mF 32.75 370 

NiO/CeO2 10.8 mF 270 36 

NiCeOx 40.4 mF 1010 12 

  

To test the electrochemical activity of the samples prepared, the polarization curves 

of the samples (Figure 4.6a) were obtained using Linear Sweep Voltammetry (LSV). The 

Ni sample showed the lowest current density for the applied potentials, and had the largest 

overpotential of 400 mV for the current density of 10 mA/cm2. The NiO sample exhibited 

a slightly better performance, with an overpotential of 380 mV for 10 mA/cm2. The 

overpotential of 10 mA/cm2 for NiO/CeO2 was 360 mV. The best performance was shown 

by the NiCeOx sample which had a low overpotential of only 295 mV to obtain the current 

density of 10 mA/cm2. The electrochemically active surface area (ECSA) of each sample 

was estimated by the double-layer capacitance.2,16 In order to know the double-layer 

capacitance, we first obtained CV curves of the capacitance current in the non-Faradaic 

voltage region (a 0.1 V potential range centered on the OCP) for several different scan 

rates (Figure 4.7). The rate of change in the current at OCP with respect to the scan rate 

corresponds to the double-layer capacitance.17 For this reason, the current at OCP was 

plotted against the scan rate for the four samples, and a line of best fit was fitted for each 

sample’s data set, as shown in Figure 4.6b. The double layer capacitance was 1.19 mF, 
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1.31 mF, 22.1 mF and 40.4 mF for the Ni, NiO, NiO/CeO2 and NiCeOx samples, 

respectively. The ECSA can be calculated according to the formula ECSA = CDL/Cs, 

where a specific capacitance of Cs = 0.040 mF cm-2 was used in this work.2 The calculated 

ECSA values for the four samples as well as other relevant electrochemistry parameters 

are summarized in Table 4.1. The ECSA of NiO was found to be only slightly larger than 

that of Ni, while the ECSA of NiO/CeO2 was much larger than both. The ECSA of NiCeOx 

was nearly 31 times that of NiO and twice that of NiO/CeO2. This is consistent with the 

observed current densities (JNiCeOx >> JNiO/CeO2 > JNiO > JNi), as a larger ECSA means a 

sample has more active sites and therefore can catalyze more reactions at once and sustain 

a large current. 
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Figure 4.7 Cyclic voltammograms of (a) Ni, (b) NiO, (c) NiO/CeO2 and (d) NiCeOx 

measured in a region with non-Faradaic process of the voltammogram with the scan rates 

of 5 mv/s, 10 mv/s, 25 mv/s, 50 mv/s and 100 mv/s for OER. 

 

The charge transfer resistances (RCT) of the samples were obtained from their 

Nyquist plots (Figure 3c). As shown in Table 1, the RCT of NiO/CeO2 (36 Ω) was much 

smaller than Ni (174 Ω) and NiO (370 Ω), and NiCeOx had the smallest RCT of only 12 

Ω at an applied bias of 1.5 V vs RHE. The high oxygen storage capacity and good 

ionic/electronic conductivity of CeO2 surface layer of NiO/CeO2 result in the sharp 

decrease of RCT compared with pure NiO.15,18,19 The smallest RCT of NiCeOx indicates the 

oxygen vacancy defects in CeOx can further promote the mobility of lattice oxygen and 

enhance the ionic conductivity.20 Thus, NiCeOx has the lowest mass-transfer resistance, 

suggesting favorable OER kinetics. The strong electronic interactions between nickel and 

cerium oxide induced the oxygen vacancy defects in NiCeOx, as shown by the XPS and 

Raman results. The large number of oxygen vacancy defects supply an abundance of 

electrochemically active OER sites and decrease the mass-transfer resistance, resulting in 

the large electrochemically active surface area and high OER performance of NiCeOx. 

When the lower performance of the NiO/CeO2 sample – which did not show any evidence 

of defects within the CeO2 in its Raman spectrum – is considered, the importance of 

oxygen vacancy defects for Ce-containing in achieving a high OER performance is 

abundantly clear. 

   

4.3.5 OER stability of the NiCeOx catalyst 
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Figure 4.8 SEM images of the NiCeOx catalyst after 100-hour stability test with the 

current density of 10 mA/cm2. 

 

Controlled-current water electrolysis (Figure 4.6d) was performed to test the 

stability and long-term performance of the NiCeOx sample. With a fixed current density 

of 10 mA/cm2, the potential remained stable at 1.54 V vs RHE for more than 100 h. SEM 

images of the NiCeOx sample after the 100-hour stability test are shown in Figure 4.8. 

The morphology remained nearly the same as the fresh NiCeOx sample. The OER 

performance of NiCeOx compared to that of other OER metal oxide catalysts reported 

recently (Table 4.2), including precious metals, Ni-based and Co-based catalysts. In 

addition to the NiCeOx having an initial activity and the activity after a 100-hour 

continuous test comparable to that of other OER metal oxide catalysts, the NiCeOx sample 

outperforms other metal oxide catalysts in terms of stability. NiCeOx-Au (Ni:Ce 95: 5) 

was reported to have a low overpotential of 280 mV for a current density of 10 mA/cm2, 

but the overpotential increased with the testing time and end up with 310 mV during a 2-

hour stability test 14. The long-time stability (over 100 h) of our NiCeOx sample may be 

attributed to the high Ce concentration (Ni:Ce 52:48) and the synthesis method (NF 

substrate as the source of nickel). It is noted that the overpotential for 10 mA/cm2 was 

above 470 mV for the reported NiCeOx-Au (Ni:Ce 50:50). The low overpotential (295 

mV) of our NiCeOx sample is attributed to the large number of active sites induced by the 
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abundant oxygen vacancy defects. The low overpotential and long-term stability of 

NiCeOx achieved in this work make it an ideal OER catalyst. 

 

Table 4.2. Overpotential (η) and the testing time (T) of stability at the current density 

of 10 mA/cm2 of recently reported metal oxide catalysts for OER. Metal oxide 

catalysts are listed below when a stability test is available. 

catalyst ηt=0/V T/h ηt=T/V Electrolyte Ref. 

NF/NiCeOx 0.31 100 0.31 1 M KOH This work 

IrOx 0.32 2 1.05 1 M NaOH 2 

IrO2-(i) 0.38 2 0.43 1 M NaOH 25 

RuO2 0.38 2 0.43 1 M NaOH 25 

Ru-(a) 0.29 2 0.32 1 M NaOH 26 

NF/NC-IrO2 0.31 30 0.32 1 M KOH 27 

NiOx 0.42 2 0.41 1 M NaOH 2 

NiO-(i) 0.43 2 0.42 1 M NaOH 25 

NiCeOx 0.43 2 0.44 1 M NaOH 2 

NiCeOx-Au 0.28 2 0.31 1 M NaOH 14 

NiCoOx 0.38 2 0.36 1 M NaOH 2 

NiCuOx 0.41 2 0.44 1 M NaOH 2 

NiFeOx 0.35 2 0.38 1 M NaOH 2 

NiyFe1-yOx/C 0.28 6 0.28 0.1 M KOH 28 

NiLaOx 0.41 2 0.46 1 M NaOH 2 

LiNiO2 0.41 2 0.39 1 M NaOH 25 

LaNiO3 0.45 2 0.55 1 M NaOH 25 

NiCoO2 0.39 2 0.44 1 M NaOH 25 

NiFe2O4 0.51 2 1.27 1 M NaOH 25 

Ni-Co oxide 0.37 2.8 0.38 1 M NaOH 29 

CoOx-(a) 0.39 2 0.42 1 M NaOH 2 

CoOx-(b)  0.42 2 0.44 1 M NaOH 2 

CoO 0.45 2 0.58 1 M NaOH 25 

Co3O4 0.50 2 0.52 1 M NaOH 25 

Porous Co3O4 0.52 2.3 0.52 1 M KOH 30 

Co3O4/MCNT 0.41 V at 20 mA/cm2 for 2.5 h 1 M KOH 31 

Co3O4/C nanowires 0.29 30  0.31 0.1 M KOH 32 
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Au/NiCo2O4 0.36 2 0.36 1 M KOH 33 

CoO/N-doped 

graphene 

0.34 2 0.38 1 M KOH 34 

LiCoO2 0.47 2 0.50 1 M NaOH 25 

CoCr2O4 0.38 2.8 0.56 1 M KOH 35 

CoCr2O4/CNS 0.35 2.8 0.39 1 M KOH 35 

ZnxCo3-xO4 0.32 2 0.32 1 M KOH 36 

Fe2O3 1.24 2 1.28 1 M NaOH 25 

NF@NC-CoFe2O4/C 

NRAs 

0.24 30 0.24 1 M KOH 27 

NF@NC-CoFe2O4/C 0.32 30 0.32 1 M KOH 27 

NF@NC-CoFe2O4 0.35 30 0.36 1 M KOH 27 

Mn3O4 0.43 2 0.42 1 M NaOH 25 

 

4.3.6 Overall water electrolysis activity of the NiCeOx catalyst 

 

 

Figure 4.9   (a) Polarization curves for HER with a scan rate of 10 mV s-1 and (b) 
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current density at OCP vs scan rate for Ni, NiO and NiCeOx (1 M KOH electrolyte with 

a pH ≈ 14). (c) Comparison of the HER performance of the NiCeOx sample to the 

reported cerium-based catalysts.18–21 320 mV is the overpotential for the current density 

of 1.5 mA/cm2 for Ni0.9Ce0.1. (d) Performance of the electrolyser held at 20 mA/cm2 for 

100 h at room temperature. The electrolyte was changed at 72h, resulting in a slight dip 

in the performance. Inset: schematic of the two-electrode configuration, which uses the 

same NiCeOx sample as the anode and cathode in a 6 M KOH solution. 

 

 

Figure 4.10 Cyclic voltammograms of (a) Ni, (b) NiO and (c) NiCeOx were measured in 

a region with non-Faradaic process of the voltammogram with the scan rates of 25 mv/s, 

50 mv/s, 100 mv/s, 250 mv/s and 500 mv/s for HER. 

 

Table 4.3. Double-layer capacitance (CDL) and electrochemically active surface 
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area (ECSA) for Each Catalyst Investigated in 1 M KOH 

Catalyst CDL/cm2 for HER ECSA/cm2 for HER 

Ni 0.182 mF 4.55 

NiO 0.276 mF 6.90 

NiCeOx 0.371 mF 9.28 

 

To determine if the NiCeOx would be suitable as a bifunctional catalyst for the full 

water-splitting reaction, the HER performances of the Ni, NiO and NiCeOx samples were 

further tested. As shown in Figure 4.9a, the hydrogen evolution ability of NiCeOx sample 

was the best among the three samples. The overpotential for a current density of 10 

mA/cm2 was 237 mV, 218 mV and 170 mV for the Ni, NiO and NiCeOx samples, 

respectively. The slopes of the curves in Figure 4.9b represent the double-layer 

capacitances of the samples, and from it the ECSA of each sample can be calculated. The 

ECSA values of the three samples are listed in Table 4.3. The ECSA of the NiO sample 

was slightly larger than that of the Ni sample and the ECSA value of the NiCeOx sample 

was much larger than the other two. This is consistent with the measured electrocatalytic 

activity of the three samples. The HER performance of the NiCeOx is compared to that of 

the other Ce based catalysts reported in the literature, as shown in Figure 4.9c.21–24 For a 

current density of 10 mA/cm2, the overpotential of NiCeOx (our sample) was the lowest 

among the reported results and even lower than one using a precious metal (Pt-Ce). 

Finally, NiCeOx was used as both the anode and cathode in a two-electrode configuration 

to test the overall water splitting ability of the catalyst (Figure 4.9d). During a 100-hour 

water electrolysis test in a 6 M KOH electrolyte, with a fixed current of 20 mA/cm2, the 

potential increased slightly before stabilizing at around 1.85 V. This result indicates 

NiCeOx is a stable overall water splitting catalyst, and NiCeOx is the first reported Ce-

based bifunctional electrocatalyst for overall water splitting.   
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4.4 Conclusion 

In summary, an amorphous NiCeOx layer was synthesized on nickel foam directly 

using a simple two-step dip-coating/annealing method. Ni atoms from the nickel foam 

substrate transfer to the top layer and mix with deposited Ce to form an amorphous 

NiCeOx layer. The electronic interactions between the Ni atoms and cerium oxide results 

in a oxygen vacancy-rich NiCeOx layer that has a very high electrochemically active 

surface area and a low mass-transfer resistance, resulting the high OER performance. The 

NiCeOx catalyst, with the low overpotential of 295 mV for 10 mA/cm2 and the stability 

of over 100 hours, outperforms the listed benchmark precious metal, Ni-based and Co-

based catalysts. This makes it one of the best OER catalysts ever reported. The excellent 

performance and low-cost, environmentally friendly and reproducible synthesis method 

of NiCeOx catalyst make it suitable for industry application. In addition, the HER activity 

of NiCeOx is the best among the reported Ce-based catalysts, including Pt-Ce. The stable 

performance of the NiCeOx catalyst in a two-electrode configuration suggests it is a good 

candidate as a bifunctional catalyst for the overall water splitting. This work opens a way 

to develop Ce-based OER catalysts with high efficiency and stable performance by 

introducing defects. Ce-based catalysts have the potential to be robust bifunctional 

catalysts for overall water splitting.  
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5. Conclusions 

The research goal of the work in the thesis is about the synthesis of a noble-metal 

free water electrolysis catalyst with high activity and long-term stability in a simple 

method. Ni-based catalysts are considered as the good candidates for noble-metal oxygen 

evolution catalysts because their good activities and low cost. Defects can improve the 

OER performance of an electrocatalyst, and oxygen vacancy defects are easily formed in 

Ce-based catalysts. Therefore, we plan to combine the advantages of Ni- and Ce-based 

catalysts by designing the Ni and Ce mixed oxide (NiCeOx) catalyst to achieve the 

research goal. 

Firstly, a series of NiyCe100-yOx (Ni95Ce5Ox, Ni90Ce10Ox, Ni75Ce25Ox, Ni50Ce50Ox, 

Ni25Ce75Ox and Ni10Ce90Ox) with different Ni/Ce ratio are synthesized on NF (Nickel 

Foam)/NiO substrate with simple dip-coating and annealing methods. Oxygen vacancy 

defects are formed successfully in all the NF/NiO/NiyCe100-yOx (simply referred to 

NiyCe100-yOx) catalysts. The concentration of oxygen vacancy defects for Ni75Ce25Ox and 

Ni50Ce50Ox catalysts are larger than other NiyCe100-yOx catalysts, resulting in the lower 

Tafel slope, larger ECSAs, lower charge-transfer resistance and higher OER activities of 

these two catalysts. 

Secondly, NF is used directly as the substrate instead of NF/NiO in order to simplify 

the synthesis process and reduce the material costs. A series of NiCeOx with different dip-

coating times (NiCeOx-Y) are synthesized directly on commercially available nickel foam 

(NF) using a simple, low-cost, environmentally friendly and reproducible synthesis 

method that consists of first dip-coating the NF in a cerium pre-cursor and then annealing 
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the sample at 400 °C. With the dip-coating times increasing from 1 to 15, the thickness 

of the surface layer, the concentration of formed oxygen vacancy defects and the OER 

performance remain constant increasing for NiCeOx-Y catalysts. For the NiCeOx-20 

catalyst, the increased Ce content leads to the decrease of the oxygen vacancy defects, 

resulting in the lower OER performance than the NiCeOx-15 catalyst. The NiCeOx-15 

shows the best OER performance with the lowest overpotential of 295 mV for 10 mA/cm2, 

and the applied potential remains constant for over 100 h for the fixed current density of 

10 mA/cm2
.  

Finally, the reason of the formation of the oxygen vacancy-rich NiCeOx top layer in 

the NiCeOx (simply referred to NiCeOx-15) catalyst has been studied in detail. Ni atoms 

from the nickel foam substrate transfer to the top layer and mix with deposited Ce 

uniformly to form an amorphous NiCeOx layer through thermal diffusion. The strong 

electronic interactions between nickel and cerium oxide induced the oxygen vacancy 

defects in NiCeOx. The large number of oxygen vacancy defects supply an abundance of 

electrochemically active OER sites, resulting in the large electrochemically active surface 

area (ca. 34 times that of NF). The oxygen vacancy defects also promote the mobility of 

lattice oxygen and enhance the ionic conductivity, resulting in the low mass-transfer 

resistance of NiCeOx. These bring in the high OER performance of NiCeOx. The excellent 

performance and low-cost, environmentally friendly and reproducible synthesis method 

of NiCeOx catalyst make it suitable for industry application. In addition, the HER 

(hydrogen evolution reaction) activity of NiCeOx is the best among the reported Ce-based 

catalysts, including Pt-Ce. The stable performance of the NiCeOx catalyst in a two-

electrode configuration suggests it is a good candidate as a bifunctional catalyst for the 

overall water splitting. This work might open a new avenue for developing Ce-based 
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OER catalysts with high efficiency and stable performance by introducing defects. Nickel 

foam can be used directly as the source of nickel for the synthesis of Ni-based catalysts 

through the thermal diffusion of Ni atoms.    
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Appendix. Cu-based nanowires for electrocatalytic oxygen 

evolution 

6.1 Introduction  

A wide range of environmental problems, such as acid rain and the greenhouse 

effects, are exacerbated by the ongoing use of fossil fuels [1–4]. Water splitting is 

regarded as a potential way to produce hydrogen energy, which is an alternative to fossil 

fuels. The demand for clean and sustainable energy has inspired researchers to focus on 

water splitting technology. The oxygen evolution reaction (OER) is a crucial step in the 

water splitting reaction due to its more complex and sluggish reaction dynamics [5–9]. 

For many years, researchers have been endeavoring to find suitable anode materials for 

the OER. An ideal anode material should have a small overpotential, have a high 

efficiency, be abundant in the earth, and most importantly have long-term stability [10,11]. 

Till now, Co-[12–16] and Ni-[17–19] based electrodes have been studied broadly for use 

in OER because of their high activity and good stability. However, the high performance 

is usually achieved in combination with other materials or by using substrates with large 

surface areas. This increases the complexity of the fabrication of the electrodes, and their 

costs. 

Cu-based catalysts [20–26] have been widely used to solve environmental and 

energy related problems. In particular, Cu2O has been widely studied as a potential low-

cost catalyst for solar H2 generation [27–29]. The first time a copper-based catalyst was 

applied to electrolytic water oxidation was in 2012, when a copper-bipyridine catalyst 

was reported [30]. Following this, the role of Cu(II) ions in water oxidation was 
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investigated thoroughly [10,31], and it was shown that water can be oxidized by Cu(II) 

ions dissolved in weakly basic electrolytes [31]. Anodic corrosion of the copper electrode 

could be prevented by the formation of a compact film directly from the Cu(II) in the 

electrolyte. However, the improved performance required the addition of  Cu(II) ions 

into the electrolyte [10,32]. To solve this problem, copper oxide (Cu-Bi thin film) was 

synthesized and used for water oxidation. This catalyst sustained a steady current density 

of 1.2 mA/cm2 (overpotential η = 660 mV) for 11 h [32] and did not require the addition 

of extra Cu(II) ions. However, the relatively low current density and high overpotential 

of the catalyst are unsatisfactory. The poor water oxidation performance of these Cu-

based catalysts may be caused by a lack of the active species in the Cu-based catalysts. 

Recently, Cu(OH)2 was reported to be active for the OER in a 0.1 M NaOH electrolyte 

[33]. However, the Cu(OH)2 material is not stable in a high pH solution and the 

morphology of the electrode after stability test was not displayed in the report. A solid 

understanding of the behavior of Cu-based materials during the OER process remains 

elusive: it is unclear which phase is the dominant active phase in Cu-based catalysts and 

what governs the stability of Cu-based catalysts.                                                                                                                                                                            

In this work, the OER activities of Cu(OH)2, Cu2O, CuxO and CuO nanowires with 

varying degrees of crystallinity are investigated. CuO is found to be the active phase for 

the OER, and increasing crystallinity could improve the catalytic activity. A sample with 

highly crystalline CuO nanowires achieves the best performance with a Tafel slope of 41 

mV/decade, an overpotential (η) of ~ 500 mV at ~ 10 mA/cm2 (without compensation for 

the solution resistance), and nearly 100% faradaic efficiency in a weakly basic Na2CO3 

solution (pH 10.8). Moreover, the current density of the electrode remains constant at ~ 

10 mA/cm2 for more than 15 h. The evolution of the chemical states and morphological 
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structure of the CuO electrode during and after the stability test is revealed and discussed, 

providing direct evidence of the stability of the CuO electrode. To the best of our 

knowledge, the CuO nanowires catalyst reported here has one of the best performances 

reported so far among the OER catalysts in weakly basic electrolytes.   

  



 

102 

 

6.2 Experimental Section 

Sample Synthesis 

Cu(OH)2 nanowires were directly grown from a copper foil using a simple wet 

chemistry method [34]. First, the copper foil (99.6%, Nilaco) with a size of 10 × 10 mm2 

and a thickness of 0.2 mm was cleaned in an ultrasonic bath for 5 min with acetone first 

and then ethanol. The foil was then rinsed three times with deionized water. Afterwards, 

the cleaned copper foil was treated by submersion in a mixture of 2.67 M NaOH (97.0%, 

Wako) and 0.133 M (NH4)2S2O8 (98.0%, Wako) kept at 5 °C for 15 min. Finally, the 

copper foil showing a blue color was picked up from the solution, washed by deionized 

water, and dried in air.  

CuxO nanowire layers were synthesized from as-prepared Cu(OH)2 nanowires, via a 

two-step annealing process. Cu(OH)2 nanowire layers were thermally treated at 120 °C 

for 2 h, and subsequently heated in air to either 150, 180, 210, or 250 °C for 3 h, with a 

heating rate of 5 °C/min. The samples were named according to the annealing temperature 

used in the second step (i.e. the A-150, A-180, A-210 and A-250 samples). 

 

Structural Characterization 

Scanning electron microscope (SEM) measurements were carried out on a field 

emission SEM (JEOL JSM 7600 performed using an X-MAX 100TLE SDD detector 

(Oxford Instruments). Scanning electron microscope (SEM) images were obtained from 

a field-emission SEM (JEOL JSM 7600 FA, Japan). Grazing incidence X-ray diffraction 

(XRD) patterns were recorded on an X-ray diffractometer (SmartLab, Rigaku Co. Ltd, 

Japan) with Cu Kα radiation (incident angle = 0.5°, λ = 1.541 Å, step size = 0.02 °, 
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dwelling time = 2 s). Raman spectra were collected on a Renishaw inViaTM Raman 

Microscope system with a 488 nm excitation laser (0.82 mW) directed through a × 100 

objective at room temperature. X-ray photoelectron spectroscopy (XPS) studies were 

carried out on a PHI 5000 VersaProbe (ULVAC-PHI) with an Al-Kα X-ray source (1486.6 

eV). The electron analyzer was operated at pass energies of 117.4 eV for the wide scans 

and 23.5 eV for the narrow scans. Transmission electron microscopy (TEM) and high-

angle annular dark-field (HAADF)-scanning transmission electron microscopy (STEM) 

observations were carried out with a JEM-2010 TEM (JEOL Co. Ltd., Japan) and an 

ARM-200CF TEM (JEOL Co. Ltd., Japan) operated at 200 kV, respectively. The HAAD-

STEM observations were acquired with a probe-forming aperture semi-angle of 22 mrad 

and a detection angle of 90-370 mrad.  

 

Electrochemical Measurements 

Electrochemical measurements were conducted in a cylindrical glass cell with a 

standard three-electrode configuration. The electrochemical measurements were 

conducted in a cylindrical glass cell with a typical three-electrode configuration. The 

fabricated nanowire electrodes were used as the working electrode, and the reference 

electrode and counter electrode were a Ag/AgCl electrode and a Pt wire, respectively. The 

applied potential of the working electrode was controlled using a potentiostat (VersaSTAT 

4, Princeton Applied Research). The potentials vs. Ag/AgCl reference electrode were 

converted to the reversible hydrogen electrode (RHE) using the Nernst’s equation (ERHE 

= EAg/AgCl + 0.059 pH + E0
Ag/AgCl), where EAg/AgCl is the measured potential against the 

reference electrode and E0
Ag/AgCl = 0.1976 V at 25 °C. The current density (J)–potential 

(V) curves and Tafel plots were obtained using controlled potential electrolysis in 1 M 
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Na2CO3 (pH 10.8), with a scan rate of 50 mV s-1 for the J–V curve and a scan rate of 1 

mV s-1 for Tafel plot. Prior to each experiment, the electrolyte was stirred and purged with 

N2 gas for 20 min.  N2 purging was continued in throughout the electrochemical 

measurements. The iR drop of the Tafel plots were corrected for the solution resistance, 

which was determined using the electrochemical impendence spectroscopy (EIS) 

technique [8]. EIS measurements were conducted in the same configuration as the other 

electrochemical measurements and under the potential corresponding to the current 

density of 10 mA/cm2, with the frequency ranging from 100 kHz to 1 Hz. Unless 

otherwise stated, all the potentials were reported vs. RHE without iR compensation and 

all experiments were performed at room temperature. An on-line micro-gas 

chromatograph (GC-3000A, Agilent) was used to record the amounts of generated O2 and 

H2 during the water oxidation reaction. The faradaic efficiency was calculated according 

to the ratio of the number of electrons in the detected oxygen/hydrogen molecules to the 

number of electrons injected by the current. 
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6.3 Results and Discussion 

 

Figure 6.1 (a) Schematic illustration of the synthesis procedures for the CuxO nanowire 

layers; SEM images of the (b) Cu(OH)2, (c) A-180 and (d) A-250 samples, with insets 

revealing the nanowires under higher magnifications. 

 

Through a wet chemistry process, as described in the experimental section and 

depicted in Figure 6.1a, we have prepared Cu(OH)2 nanowires (Figure 6.1b) from copper 

foil. The diameters of the Cu(OH)2 nanowires were as small as 56 nm. After annealing 

the Cu(OH)2 samples at 180 ºC (i.e. the A-180 sample) and 250 ºC (i.e. the A-250 sample), 

both samples still had a dense-nanowire morphology, although a slight increase in the 

diameter of the nanowires with increased annealing temperature was observed. 
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Figure 6.2 (a) X-ray diffraction patterns, (b) Raman spectra, and (c) XPS spectra of the 

obtained Cu(OH)2, as well as the A-150, A-180, A-210 and A-250 samples. 

 

The crystal structures of the various nanowires were examined by XRD, and the 

spectra are shown in Figure 6.2a. For the Cu(OH)2 nanowires, several strong peaks 

associated with copper hydroxide (JCPDS 13-0420) could be identified. Two additional 

small peaks that could be attributed to the copper substrate (JCPDS 04-0836) were also 

seen. After annealing, the copper hydroxide peaks disappeared. For the sample annealed 

at 150 ºC, low-intensity peaks ascribed to CuO (JCPDS 65-2309) were detected. For the 

samples annealed at 180 ºC or higher, the intensity of the CuO peaks was much stronger. 

The main peaks could be indexed to the (-111), (111), (-113), (-202) and (110) planes of 

CuO. For the samples annealed at 210 ºC and 250 ºC, additional peaks associated with 

the Cu2O phase (JCPDS 65-3288) were detected. This suggests that, upon annealing, the 

Cu(OH)2 sample transforms first to CuO at moderate annealing temperatures, and then to 

a mixture of CuO and Cu2O at higher temperatures. 

The Raman spectra of the different samples are displayed in Figure 6.2b. CuO has a 

C6
2h space group structure and each primitive cell contains two molecules. Among the 

nine zone-center optical phonon modes with symmetries 3Au + 3Bu + Ag + 2Bg [35], there 

are three Raman active modes (Ag + 2Bg) [36] for CuO. According to results in the 
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literature [36,37], we can assign the peak at 288 cm-1 to the Ag mode and the peaks at 334 

and 625 cm-1 to the Bg modes. For all samples except for the Cu(OH)2 and A-250 sample, 

only CuO vibrational modes were observed. For the A-250 sample, an extra peak at 149 

cm-1 related to the intrinsic Γ15
- IR active modes of the Cu2O phase [37,38] was observed. 

This suggests that in addition to CuO, Cu2O was also formed in the sample annealed at 

250 ºC. 

The surface states of the samples were analyzed using XPS. Figure 6.2c shows the 

XPS spectra of the samples. A set of peaks including the Cu 2p3/2 peak (934.3 eV) and the 

Cu 2p1/2 peak (954.3 eV) were observed. Meanwhile, additional intense satellite peaks of 

Cu(II) were also observed [39]. These peaks are ascribed to the standard peaks of 

Cu(OH)2. For those samples obtained after annealing, in addition to the intense satellite 

peaks ascribed to the binding energies of CuO, the Cu 2p3/2 and 2p1/2 peaks were identified 

to be at 933.3–933.6 eV and 953.3–953.7 eV, respectively [10,39]. 

In the transformation of copper hydroxide to copper oxide, the annealing 

temperature plays a key role. Annealing at 150 ºC for 3 h was insufficient for the 

formation of highly crystalline copper oxide, as evidenced by the XRD results (Figure 

6.2a). When the annealing temperature was increased to 180 ºC, CuO with a high degree 

of crystallinity was formed. An additional Cu2O phase was observed for the samples 

annealed at a temperature higher than 210 ºC. Previous reports have revealed that under 

an oxygen-moderate environment and a high annealing temperature, a Cu2O mid-layer 

can form from the oxidization of the copper substrate and the removal of oxygen from 

the CuO lattice [29,40]. This may be the reason why Cu2O were detected on the samples 

annealed at higher temperatures by XRD (Figure 6.2a). In contrast to XRD, only peaks 

ascribed to CuO were detected by XPS. As XPS is a surface characterization technique, 
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only the surface CuO was detected, and therefore the Cu2O mid layer is not detected. For 

Raman spectroscopy, since the probing depth of the Raman laser is between that of XRD 

and XPS, a weak Cu2O signal could be detected for the sample with the highest annealing 

temperature of 250 ºC. In summary, an annealing temperature of 180 ºC may be optimal 

to obtain nanowires with a pure CuO phase and high degree of crystallinity. 

 

 

Figure 6.3 (a) Cyclic voltammogram (CV) curves of Cu(OH)2, A-150, A-180, A-210 and 

A-250 samples for the OER without iR compensation with a scan rate of 50 mV s-1. (b) 

Tafel plots collected from the steady-state CV measurement at a scan rate of 1 mV s-1, 

which have been corrected for the iR drop of the solution. (c) Current density vs. time (J–

t) curve of the A-180 sample obtained by fixing the electrolysis potential at 1.77 V vs. 

RHE without iR correction. The electrolyte was 1 M Na2CO3 (pH ≈ 10.8).  

 

CV curves of the samples are shown in Figure 6.3a. The Cu(OH)2 sample showed 

the lowest current density among all samples, with a maximum current density of 0.64 

mA/cm2 at a potential of 1.88 V. Upon annealing, the current density of all of the samples 

increased drastically. The A-180 sample exhibited the highest OER activity. The current 

density was 5 mA/cm2 at 1.65 V (overpotential η = 0.42 V), 10 mA/cm2 at 1.73 V (η = 

0.5 V), and 37.64 mA/cm2 at 1.88 V (η = 0.65 V). The current density of the A-150 sample 
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was slightly lower, and the potentials required for 5 mA/cm2 and 10 mA/cm2 were 1.69 

V and 1.76 V, respectively. The current density for the A-210 and A-250 samples were 

very similar, which required 1.79 V and 1.80 V for 10 mA/cm2. For the Cu2O sample 

(Figure 6.4), the potential required for 10 mA/cm2 was 1.86 V, which was higher than that 

of the A-210 and A-250 samples, indicating that the Cu2O sample had the lowest OER 

activity among all of the samples.  

 

 

Figure 6.4 Cyclic voltammogram (CV) of Cu2O nanowires, which was prepared by 

annealing the Cu(OH)2 nanowires under high vaccum chamber (~ 10-5 Pa) at 500 °C for 

3 h, and the A-180 sample for OER without iR compensation with a scan rate of 50 mV 

s-1. 

 

In Figure 6.3b, the Tafel plots, OER current density as a function of the overpotential 

(log (i) vs. η), of the A-180, A-150 and A-210 samples are shown. The Tafel slopes for 

the A-180, A-150 and A-210 samples are 41, 49, and 66 mV/decade, respectively. The 

smallest Tafel slope of the A-180 sample provides an evidence for the superior OER 
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activity of this sample, as a small Tafel slope indicates a catalyst is of good quality and 

has a high activity [41]. Mass transfer is favorable in catalysts with high-aspect-ratio 

morphologies and high crystallinities, because such structures reduce scattering losses 

during electron transfer [42,43]. Smaller Tafel slopes generally indicate smaller internal 

barriers for electron and mass transport [32]. This may help to explain why the current 

density of the A-180 sample is larger than that of the A-150 sample. The formation of 

Cu2O at high annealing temperatures leads to a decrease in the current density and an 

increase in the Tafel slope, demonstrating that CuO performs better as an electrode for 

OER. Moreover, the dense nanowire morphology could reduce the scattering loss during 

the electron transfer process and offer a large surface area for the active species to take 

part in the OER. Overall, the A-180 sample, with a large surface area and a highly 

crystalline CuO active phase not only has the highest water oxygen ability among our 

samples, but also boasts one of the best results ever reported for Cu-based OER catalysts 

[10,30–32]. 
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Figure 6.5 The time-dependent hydrogen and oxygen evolution for the A-180 electrode 

in a three-electrode configuration with an applied potential of 1.77 V vs. RHE without iR 

correction. The solid curves labelled e-/2 and e-/4 stand for the theoretical amount for 

hydrogen and oxygen evolution which are generated at unity faradaic efficiency. The 

empty circles correspond to the recorded amount of hydrogen and oxygen gases detected 

during the measurement. The electrolyte was 1 M Na2CO3 (pH ≈ 10.8). 

 

 

Figure 6.6 (a) Raman spectra and (b) XPS spectra of the A-180 sample after 0, 5, 10, 15, 

and 20 h of the stability tests. 
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Controlled-potential water electrolysis test was done to verify the long-term 

performance and stability of the A-180 electrode, as shown in Figure 6.3c. With an 

applied potential of 1.77 V (η = 0.54 V), the current density remained nearly constant at 

10 mA/cm2 for more than 15 h. The small fluctuations in the current were attributed to 

the formation and detachment of O2 bubbles on the electrode surface. The corresponding 

gas evolution was analyzed by on-line micro-gas chromatography, as shown in Figure 6.5. 

For the 1-hour test, the amounts of hydrogen and oxygen gases produced were about 

103.8 μmol and 51.9 μmol, respectively, which correspond to a faradaic efficiency of 

nearly 100%. To investigate the stability of the electrode, SEM, Raman and XPS 

characterizations of the A-180 electrodes were carried out after using the electrodes for 5 

h, 10 h, 15 h and 20 h in the water electrolysis reaction. The Raman results (Figure 6.6a) 

showed that the vibrational peaks of CuO were preserved throughout the reaction [36,37]. 

For the XPS results, shown in Figure 6.6b, the peak values of 933.1–933.6 eV for Cu 2p3/2 

and 953.1–953.7 eV for Cu 2p1/2 were still consistent with the binding energies of CuO 

[10,39]. Moreover, after a test of 20 h, as shown in Figure 6.7, the A-180 electrode still 

had the optical appearance of CuO. 

 

 

Figure 6.7 Optical appearance of the A-180 sample at the beginning of the stability test 

(left) and at the end of 20 h of the stability test (right). 
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Figure 6.8 (a–c) SEM images of the A-180 sample after 5 h (a), 10 h (b) and 15 h (c) of 

the stability tests. (d–f) SEM images of the A-180 sample after 20 h of the stability test, 

with panel (e) showing the top-view morphology of the whole layer, and panel (d) and (f) 

showing the nanowire part and the clumps of nanosheets, respectively. 

 

 

Figure 6.9 Raman spectra of the A-180 sample after 20 h of the stability test. The tested 

parts include the nanowires and nanosheets, as shown in Figure 6e. 
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With increased electrolysis time, the morphology of the nanowires in the A-180 

sample remained unchanged, as can be seen in Figure 6.8. However, the nanowires tended 

to aggregate over time during the reaction (especially after 15 h), as confirmed by the 

magnified SEM images shown in the insets in Figure 6.8c–d. It is notable that after 20 h, 

nanosheet clumps were formed on some parts of the nanowire layer, as shown in Figure 

6.7f. A Raman spectrum of the nanosheets is shown in Figure 6.9. In addition to the CuO 

peaks described earlier, peaks at 699 cm-1 and 1385 cm-1 attributed to the ν4 and ν3 regions 

of CO3
2- and two more peaks at 1028 and 1061 cm-1 attributed to the ν1 symmetric 

stretching region of CO3
2- were also found [44]. In this regard, it is speculated that CO3

2- 

has been incorporated into the nanosheets and plays some role in their formation. 

 

 

Figure 6.10 TEM images (a, c) and HAADF-STEM images (b, d) of the A-180 sample 

before (a–b) and after the 15-hour stability test (c–d). Insets of (a) and (c) are SAED 

patterns. 
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TEM and HAADF-STEM characterizations were exploited to further study the 

reason for the morphological change of the A-180 sample. Bright-field TEM images of a 

single nanowire before and after the 15-hour stability test are shown in Figure 6.10a and 

Figure 6.10c. The selected-area electron diffraction (SAED) patterns (insets in Figure 

6.10a and Figure 6.10c) display similar diffraction spots corresponding to the monoclinic 

CuO phase for the samples before and after the 15-hour reaction [45]. However, some 

dark spots appeared in Figure 6.10d, whereas the contrast in Figure 6.10b was rather 

uniform. Since the intensity of the HAADF-STEM signal is sensitive to the sample 

thickness (if the atomic number of the materials is the same), a darker region suggests a 

thinner thickness. Given the dark regions distribute mostly in the middle of the nanowires, 

as exhibited in Figure 6.10d, it is likely that after the 15-hour water electrolysis reaction, 

some inner copper ions diffused to the outside, resulting in a decreased density or the 

emergence of porosity in these CuO nanowires. 

 

 

Figure 6.11 Nyquist plots of the A-180 sample before and after the 15-hour stability test. 

The inset shows the according equivalent circuit. 
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The electrochemical double-layer capacitance (Cdl) can be used to calculate the 

electrochemically active surface area (ECSA) according to the formula ECSA = Cdl/Cs, 

where Cs is the constant related to the sample properties and its surface under identical 

electrolyte conditions [8,46]. Figure 6.11 shows the EIS measurements of the A-180 

sample before and after the 15-hour stability test (namely A-180-15 h). The calculated Cdl 

for the A-180 and A-180-15 h samples were 0.026 mF cm-2 and 0.024 cm-2, respectively, 

suggesting the ECSA of the A-180 CuO electrode was nearly unchanged after the stability 

test. 

Based on the Raman and XPS results (Figure 6.6), it is clear that even after the 15-

hour reaction, the chemical composition of the A-180 sample does not change, and it is 

still composed of CuO. With this understanding, it could be supposed that during the 

electrolysis reaction, copper ions have diffused from the interior to the surface of the 

nanowires, leading to an increase in the porosity and a decrease in the density of the 

nanowires. The diffused copper ions may fuse individual nanowires together, resulting in 

the aggregation of nanowires, as illustrated in Figure 6.12 from panel a to panel b. The 

surface area of the active CuO species provided by the aggregated CuO nanowires is 

similar to the area provided by the non-aggregated nanowires, and therefore the current 

density remains stable despite the morphological change. 

The reason for the formation of the nanosheets after 20 h of the stability test is still 

under investigation. We propose a possible explanation: the nanosheets were formed 

directly from the nanowires, as illustrated in Figure 6.12. In the electrolysis process, 

copper ions diffuse from the interior to the surface of the nanowires and thus cause the 

aggregation of nanowires with decreased density (Figure 6.12a and Figure 6.12b). 

Afterwards, the aggregated CuO nanowires transform into nanosheets with the help of 
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CO3
2-, as illustrated in Figure 6.12b and Figure 6.12c. 

 

 

Figure 6.12 The morphological transformation process of CuO from nanowires to 

nanosheets during the reaction. 
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6.4 Conclusion 

The OER activities of Cu(OH)2, Cu2O, CuOx and CuO with varied degrees of 

crystallization were investigated experimentally. The nanowires composed of Cu(OH)2 

or Cu2O showed poor activity towards the OER in water electrolysis. With improved 

crystallinity and the formation of CuO, the OER activity increased drastically. The A-180 

sample showed the highest water splitting ability, the smallest Tafel slope of 41 

mV/decade and almost 100% faradaic efficiency, as a result of the large amount of the 

active species (i.e. crystalline CuO). After a 15-hour stability test, the chemical 

composition of the electrode remained unchanged, resulting in a stable current density 

over time. During the stable water electrolysis, especially after 10 hours of test, copper 

ions diffused from the interior to the surface of the nanowires, leading to a decrease in the 

density and an increase in the porosity of the nanowires. The diffused copper ions may 

deposit between individual nanowires, resulting in the connection and aggregation of the 

nanowires. These aggregated CuO nanowires could still provide a sufficient amount of 

the active species for the OER. This may be the reason why the current remained stable 

despite the morphological change. Finally, a new nanosheet morphology formed after 20 

hours of the stability test. This offers a novel methodology for the preparation of 

composites of nanosheets and nanowires from single-component nanowire templates. In 

conclusion, we have presented a facile and low-cost method for the synthesis of a highly 

efficient electrode for the OER using crystalline CuO as the active species, and explored 

the origin of the high efficiency and long-term stability. 
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