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Abstract

The development of high-performance catalysts for electrochemical water splitting continues to 

drive advancements in sustainable hydrogen production. Ceria-based materials being potential 

catalysts owing to their remarkable redox behaviour, modulation of defects in ceria is an effective 

strategy for efficient electrocatalytic water splitting. Thus, aiming to study the creation of oxygen 

vacancies as a function of dopant concentration, this report demonstrates enhanced electrocatalytic 

water splitting by regulating defects in ceria via Nickel doping. Nickel-doped ceria creates a 

bifunctional electrocatalyst with enhanced activity for both oxygen and hydrogen evolution. This 

improvement stems from interfacial interactions between Ni and the CeO₂, which enhances 

oxygen vacancy defects in ceria. Mechanistic insights derived by a range of spectroscopic 

techniques reveal enhancement in oxygen vacancies in ceria with the increase in the concentration 

of dopant. Photoluminescence (PL) studies reveal suppressed charge recombination, indicating 
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efficient electron-hole separation facilitated by the defects. The defect regulated electrocatalytic 

performance has been established via electrocatalytic hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER) with the evolution of H2 and O2 quantitatively estimated, using 

Ni doped CeO2 and undoped CeO2. Notably, doping of Ni brings in significant reduction in 

overpotentials by 87 mV for oxygen evolution and 59 mV for hydrogen evolution. Alongside, 

current densities also experience substantial increase by 166 mA/cm2 for oxygen evolution and 96 

mA/cm2 for hydrogen evolution. The reduction in Tafel slope from 381 to 199 mV/dec for OER 

and from 334 to 217 mV/dec for HER, indicates faster reaction kinetics. Chronoamperometric 

measurement reveals notable electrochemical stability of the electrocatalyst Ni doped CeO2. This 

study on defect-structure related electrocatalysis provides insight into the dopant regulated defect 

generation in ceria-based materials for designing electrocatalysts for effective water splitting.  

Keywords: Ni-doped CeO2, Ni/CeO2, Ceria, Oxygen vacancies, electrocatalysis, water splitting, 

hydrogen evolution reaction (HER), and oxygen evolution reaction (OER). 

 

1.0 Introduction

Fossil fuels such as coal, natural gas, and petroleum have long been crucial in fulfilling global 

energy requirements, supporting industries, transportation, and daily life. However, the growing 

global population and rapid industrialization have led to an overreliance on these non-renewable 

resources, raising concerns about future shortages1,2.  Experts predict that crude oil reserves may 

be exhausted within 40 to 50 years3, coal production is expected to peak between 2042 and 20624, 

and the demand for clean energy is projected to increase by 50% by 20305. Given these challenges, 

hydrogen has emerged as a promising alternative energy source due to its high energy yield and 

zero carbon emissions6,7,8. One of the most economical methods for producing hydrogen is steam 

reforming; however, it faces significant environmental challenges. These include the formation of 

significant amounts of carbonaceous byproducts, expansive methods, severe reaction conditions, 

and the dependence on an external heat transfer system to maintain the reaction9, 10,11. Additionally, 

producing 1 kilogram of hydrogen releases nearly 9 kilograms of carbon dioxide12. A more 

sustainable approach is electrochemical water splitting13, which involves two key reactions: the 

hydrogen evolution reaction (HER) to generate hydrogen and the oxygen evolution reaction (OER) 

to produce oxygen14,15,16. Despite its potential, the efficiency of this method is hindered by high 
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overpotentials, sluggish reaction kinetics, and the need for cost-effective and durable catalysts. 

Recent research has focused on semiconductor metal oxides as promising electrocatalysts for water 

splitting17,18,19,,20,21,22,23. Among these, cerium oxide (CeO2) has gained significant attention due to 

its exceptional redox properties, attributed to the coexistence of Ce3+ and Ce4+ oxidation states. 

This redox behavior facilitates the creation of oxygen vacancies in the CeO2 lattice, represented as 

Ce4+-Ov-Ce3+ (where Ov denotes an oxygen vacancy). These vacancies enhance the catalytic 

performance of CeO2 in various electrochemical applications24,25. Additionally, CeO2, being an n-

type semiconductor with a band gap of around 3.2-3.3 eV26. However, its wide band gap presents 

a limitation; the density of reactive charge carriers is insufficient for electrocatalytic reaction27. 

This necessitates the development of band gap-engineered ceria nanostructures with tailored 

electronic properties to enhance their suitability for electrocatalytic applications28,29,30. Recent 

advancements in ceria-based nanomaterials have focused on tuning the band gap and increasing 

surface defects to enhance light absorption and to minimize recombination of photogenerated 

electron (e⁻) and hole (h⁺) pairs. Ghosh et al. have demonstrated that incorporating defects into 

ceria heterojunction catalysts significantly improves their performance in hydrogen evolution. The 

improvement arises from their ability to capture a wider portion of the visible spectrum, facilitate 

more effective separation and migration of charge carriers, and adjust the electronic structure to 

favor the reaction process31. Our research group has recently demonstrated that incorporating silver 

into the ceria lattice effectively generates oxygen vacancies via defects, which in turn leads to a 

marked improvement in overall water-splitting performance32. Furthermore, CeO2 serves as an 

effective catalyst support, enabling the integration of metal or metal oxide nanoparticles (NPs) to 

form heterojunctions. The introduction of metal nanoparticles onto ceria (CeO2) surfaces forms 

well-defined metal-ceria interfaces, which are known to enhance interfacial charge transfer and 

thereby improve electrocatalytic performance in water-splitting reactions. These interfaces 

enhance electrical conductivity and catalytic activity by modifying the electronic structure of ceria 

and stabilising reactive intermediates. Among commonly used transition metals such as Ag, Au, 

Cu, Fe, and Ni, Ni stands apart due to its strong metal-support interaction with ceria 33,34,35,36,37,38. 
Doping Ni into ceria significantly increases the density of surface oxygen vacancies. These 

vacancies serve as critical active sites that enhance the water-splitting kinetics. Furthermore, the 

doped Ni modifies the electronic band structure of ceria by reducing its band gap, thus facilitating 

improved electrical conductivity and charge transport under electrochemical operating 
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conditions39,40. Notably, Ni is a ferromagnetic material, and its magnetic properties also contribute 

to the formation of triplet-state molecular oxygen (3O2) during the OER. Ni could provide a pool 

of spin-polarized electrons which promotes the formation of 3O2 by lowering the energy barrier 

required for the formation of triplet oxygen41,42,43. Thus, Ni doping in ceria can introduce a 

combination of, (i) structural defects (oxygen vacancies), (ii) electronic modifications (band gap 

narrowing), and (iii) spin-related phenomena (triplet O2 generation), all of which can 

synergistically improve the electrocatalytic activity of ceria for water splitting reactions. 

Though ceria-based catalysts have been studied for energy applications, comprehensive 

investigations into the nature of defects within ceria and their influence on electrocatalytic 

performance, especially in OER and HER, remain scarce. Most existing literature offers limited 

insight into the detailed structural analysis of these defects and their direct mechanistic 

contributions to catalytic performance44,45,46,47. Therefore, this study aims to address these gaps by 

providing an in-depth examination of the structural defects in ceria-based materials and exploring 

their specific roles in enhancing the water splitting kinetics. Further, there has been a very limited 

study on the effect of concentration of oxygen vacancies on electrocatalytic activities of the ceria-

based materials. To address this gap, herein we attempt to investigate the defect dependent 

electrocatalytic performance of ceria-based materials. We have synthesized the Ni-doped CeO2 

via a solvothermal method with varying nickel concentrations (1%, 5%, and 10%), to study their 

electrocatalytic performance for water splitting.  Compared to pristine CeO2, the Ni-doped CeO2 

samples exhibit progressively improved electrocatalytic activity with increasing concentration of 

Ni, owing to; (i) enhanced defect formation, (ii) improved charge transfer, and (iii) a greater 

density of active surface sites. Among all samples, the 10% Ni/CeO2 catalyst exhibits the most 

optimized electrocatalytic performance, achieving a notable reduction in overpotential of 87 mV 

for OER and 59 mV for the HER compared to pristine CeO2. Additionally, it shows substantial 

improvements in current density, with a 66% enhancement for OER and a 140% enhancement for 

HER. This enhancement highlights the crucial role of Ni concentration in tuning the 

electrocatalytic efficiency of ceria-based systems. Furthermore, characterization studies reveal that 

Ni incorporation induces defect states and lattice expansion due to charge imbalance, stemming 

from the variable oxidation states of Ni. These defects increase surface oxygen vacancies, which 

act as electron traps, suppressing recombination and promoting charge carrier separation. 

Additionally, the band gap decreases progressively with Ni content: from 3.31 eV for CeO2 to 
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3.23, 3.11, and 3.03 eV for 1%, 5%, and 10% Ni-doped CeO2, respectively. The synergistic 

interaction between Ni and CeO2 enhances the structural and electronic properties of Ni-doped 

CeO2, thereby improving its overall electrocatalytic activity. A plausible reaction pathway is 

proposed to elucidate the mechanistic role of Ni-doped CeO2 in facilitating both hydrogen and 

oxygen evolution, emphasizing the significance of doped metal and ceria interactions in advancing 

next-generation catalysts for sustainable hydrogen production.

2.0 EXPERIMENTAL SECTION 

2.1 Materials

During this research, all reagents used were commercially available and utilized without any 

further purification. Cerium nitrate hexahydrate (Ce(NO3)3·6H2O, 99%), sodium hydroxide 

(NaOH, 98%), ethanol (C2H5OH), methanol (CH3OH), Nickel foam (NF), potassium hydroxide 

(KOH), polyvinylidene fluoride (PVDF), carbon black, and methanol (CH3OH) were procured 

from Sigma-Aldrich India, while nickel nitrate hexahydrate (Ni(NO3)2·6H2O) was obtained from 

Merck India.

2.2 Preparation of Ni-doped CeO2  

The Ni-doped CeO2 were synthesized by a solvothermal method48, using cerium nitrate 

(Ce(NO3)3·6H2O) and nickel nitrate (Ni(NO3)2
.6H2O) as precursors. In a typical preparation 

method cerium nitrate and nickel nitrate were dissolved in 50 mL of methanol. The mixed solution 

was kept on constant magnetic stirring to make it homogeneous. 0.25 g of sodium hydroxide 

dissolved in 10 ml of methanol in a separate beaker, was added dropwise into the mixed solution 

with continuous stirring for 30 minutes. After being stirred, the mixed solution was transferred 

into a Teflon-lined stainless-steel autoclave and heated for 18 hours at 180 °C in an oven. The 

autoclave on naturally cooling to room temperature, the obtained colloidal solution was 

centrifuged at 8000 rpm for 5 minutes and washed with ethanol 3-4 times. Finally, the precipitate 

obtained was dried at 80 °C overnight and subsequently put for calcination at 250 °C for 2 hours 

to obtain Ni-doped CeO2 (Ni/CeO2). To study the effect of Ni concentration on the defects in CeO2, 

Ni doped CeO2 was prepared with varied concentration of Ni; 1% (6.6 mg), 5% (33.4 mg), 10% 

(66.8 mg) (Ni (NO3)2
.6H2O) was mixed into (1.0 g) Ce (NO3)3·6H2O. For comparison, CeO2 

nanoparticles were prepared by the same procedure, except the addition of nickel nitrate.
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2.3.Fabrication of electrodes for electrochemical measurements

The electrodes were fabricated using the drop-casting method, where CeO2 and Ni/CeO2 were 

applied onto Nickel foam (NF). The first electrode was prepared by drop-casting CeO2 as the active 

material, polyvinylidene fluoride (PVDF) as the binder, and carbon black as the conducting agent 

in a ratio of 85:10:5, respectively. Similarly, additional electrodes were prepared using Ni/CeO2, 

maintaining the same composition ratio. To study the effect of varied concentrations of dopant 

(Ni) on the electrocatalytic performance, electrodes were prepared with Ni/CeO2 with Ni 

concentrations 1%, 5%, and 10%. The Ni/CeO2 materials were coated onto Nickel foam, covering 

an area of 1 cm² using the drop-casting technique. After coating, the electrodes were placed in a 

vacuum oven at 80° C for 10 hours to ensure proper drying, followed by natural cooling to room 

temperature. The fabricated electrodes were designated as NF (bare Nickel Foam), NF/CeO2 

(CeO2-coated on Nickel Foam), NF/1% Ni/CeO2 (1% Ni doped CeO2 coated on Nickel Foam), 

NF/5% Ni/CeO2 (5% Ni doped CeO2 coated on Nickel Foam), and NF/10% Ni/CeO2 (10% Ni 

doped CeO2 coated on Nickel Foam).

2.4 Sample Characterizations

To study the structural and morphological features of the synthesized materials, multiple 

characterization techniques were considered.  Ni/CeO2 and CeO2 were characterized by Powder 

X-ray diffraction (PXRD) to understand the crystalline pattern of the composites using FEI Quanta 

200 F SEM diffractometer with Cu K radiation, (λ = 0.1542 nm) in the 2θ range of 20-90. 

Vibrational spectra of the samples were collected by using Nicolet™ iS50 Fourier-Transform 

Infrared (FTIR) Spectrometer in the wavelength range 500−4000 cm−1 with KBr pellets. To 

understand the optical behavior of the materials, UV-visible absorbance spectra were recorded by 

Spectrophotometer Shimadzu 1800, and UV–vis diffuse reflectance spectra (DRS) using Agilent 

Cary 5000. Raman spectroscopy (Laser Raman Spectrometer Model Invia II) was carried out to 

study defects in the materials. The morphological character of the Ni/CeO2 and CeO2 were 

examined using Field Emission Scanning Electron Microscopy (FESEM) with Oxford-EDX 

system IE 250 X Max 80 (FEI Quanta 200 F SEM). The elemental composition of the samples 

was analyzed by Energy Dispersive X-ray spectroscopy (EDX). Moreover, to gain a thorough 
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insight into packing pattern of Ni/CeO2, high resolution transmission electron microscopy 

(HRTEM) images were collected using Transmission Electron Microscope TECNAI G20 HR-

TEM 200kV. Thermogravimetric analysis (TGA) was performed on HiRes1000 RT to 1100C with 

heating rate of 10 o/min to determine thermal stability of the materials. Surface area, pore size and 

pore volume were analyzed by the Autosorb-iQ XR system (Quantachrome Instruments). Before 

measurement, the samples underwent degassing at 150 °C for 10 hours under high vacuum 

conditions (~1 × 10-5 bar) to eliminate any physiosorbed contaminants. The adsorption–desorption 

isotherms were then acquired at 77 K using liquid nitrogen to maintain a stable cryogenic 

environment for precise analysis. The surface elemental oxidation state and composition was 

analyzed by X-ray photoelectron spectroscopy (XPS) using a Kratos Axis Supra Plus XPS 

equipped with a monochromatic Al Kα X-ray source (1486.6 eV). The high-resolution data was 

charge corrected to the reference C 1s signal at 284.5 eV. The photoluminescence (PL) analysis 

was performed at ambient condition using a Horiba Yvon PTI QuantaMaster (8450-11) 

spectrophotometer, where a nano-LED was utilized as the excitation light source. The electron 

spin resonance (ESR) spectra of the powdered samples were obtained using a JEOL JES-X320 X-

band spectrometer operating at room temperature. The measurements were performed under the 

following conditions: a microwave frequency of 9.17 GHz, modulation frequency of 100 kHz, 

scan range of 1300 mT, and a center field of 3270.00 G. Electrochemical measurements, including 

Linear Sweep Voltammetry (LSV), electrochemical impedance spectroscopy (EIS), and 

Chronoamperometry, were performed in an alkaline medium using a CS350 Corr-Test 

electrochemical workstation (Potentiostat) under a standard three-electrode configuration. A 

Platinum (Pt) electrode served as the counter electrode, while an Ag/AgCl electrode was the 

reference electrode. To ensure consistency in potential values, they were converted to the 

reversible hydrogen electrode (ERHE) using the Nernst equation49. All electrochemical 

measurements were performed in a 1 M KOH solution, which served as the electrolyte. The 

quantification of hydrogen (H2) and oxygen (O2) gases was conducted in a tightly sealed Hoffmann 

apparatus.

3 Results and discussion. 

3.1 Structure, morphology and elemental analysis.

The prepared Ni-doped CeO2 (Ni/CeO2) and CeO2 were analyzed using UV-vis absorption spectra 

(Fig. 1a). The band observed at a wavelength of 301 nm is characteristic of CeO2 nanoparticles50. 
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However, in the spectrum of the doped CeO2, with increased concentration of Ni dopant, the band 

shifts towards the visible region. It exhibits a red shift in the absorption band from 301 nm to 323 

nm due to the absorption edge induced by the incorporation of Ni 51 (Fig. S1 ESI). The peak 

shifting in doped CeO2 indicates a decrease in the band gap and crystallite size52,53,54. Furthermore, 

the interaction of Ni with the ceria lattice induces the formation of oxygen vacancies and enhances 

the reduction of Ce4+ to Ce3+. The increased presence of Ce3+ species gives rise to localised 

electronic states that emerge near the conduction band, which ultimately leads to a reduction in the 

energy band gap in doped ceria55. The direct energy band gap (Eg) of Ni/CeO2 and CeO2 was 

calculated using UV-vis diffuse reflectance spectroscopy (DRS) using the Kubelka-Munk (K-M) 

function. To minimize the effects of light scattering in the DRS spectra and ensure accurate band 

gap measurements for solid materials, the Kubelka-Munk (K-M) function was utilized. The band 

gap plot obtained from the K-M function relates to the energy of the photons. The Eg values for 

CeO2 and Ni-doped CeO2 were specifically determined from the point where a linear fit of the 

Kubelka-Munk function intersects the abscissa axis, using Eq. αhv = A (hv—Eg)n/2.

Where α is the absorption coefficient, A is a constant, h is Planck's constant, ν denotes the 

frequency of light, and Eg corresponds to the band gap energy56. The DRS spectra reveals that the 

estimated band gap energies (Eg) 3.03, 3.11, 3.23 and 3.31 eV for 10%, 5%, 1% Ni/CeO2 and 

CeO2, respectively (Fig. 1b). The observed reduction in band gap in Ni doped CeO2 can be 

attributed to the incorporation of Ni in the CeO2 lattice facilitating electron excitation from the 

conduction band to the valence band, which is consistent with findings in the literature57,58. Also, 

the incorporation of Ni ions leads to the creation of interstitial sites, because Ni2+/Ni3+ ions replace 

Ce4+ in the CeO2 lattice. These interstitial sites introduce defect or impurity energy levels between 

the valence and conduction bands of CeO2, facilitating the electron transition59. 

To confirm the formation of Ni-doped CeO2 from structural characteristics, powder X-ray 

diffraction (PXRD) analysis was conducted in the 2θ range 20 to 80°. The eight peaks observed at 

2θ angles, 28.4, 32.9, 47.5, 56.3, 59.0, 69.3, 76.7, and 78.8 correspond to the (111), (200), (220), 

(311), (222), (400), (331), and (420) planes of CeO2 crystals (Fig. 1c). The sharpness of these XRD 

peaks in the synthesized nanoparticles indicates the formation of a crystalline phase with no 

impurities or secondary phases detected within the instrumental limits and these peaks match with 

the cubic fluorite structure of CeO2 (JCPDS card data 34-0394)60. No additional diffraction peak 

Ni was observed after the addition of Ni into CeO2. However, there is a decrease in the peak 
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intensity and broadening of the peaks, on increasing the concentration of dopant (1, 5 and 10%) 

Ni in CeO2 (Fig. S2a ESI). This indicates the formation of crystal defects around the dopant atoms. 

Also, the substitution of Ni ions appears to have inhibited the growth of CeO2 nanoparticles and 

thus degraded their crystal quality61. Moreover, there is a reduction in crystallite size, which is 

evident from the change in full-width at half-maximum (FWHM)62. Compared to pristine CeO2, 

the FWHM of the (111) peak is higher in Ni-doped ceria. Further, in Ni-doped CeO2, the FWHM 

of the (111) peak increases with an increase in the concentration of Ni. This suggests that the 

incorporation of Ni into the CeO2 lattice can be attributed to the creation of defects in doped ceria63. 

Besides an increase in the FWHM, there is a slight downshift of the (111) peak in Ni-doped CeO2 

compared to pristine CeO2 (Table-1). The crystallite size of pristine ceria and doped ceria was 

estimated by the Scherrer equation 64, D = Kλ / βCosθ, where D represents the crystallite size, K is 

a dimensionless shape factor, often taken as 0.98 for spherical crystals, λ denotes the wavelength 

of the X-ray (typically 1.54 Å for copper Kα radiation), β is the full-width at half-maximum 

(FWHM) of the peak (111) and θ is the Bragg angle (half of the 2θ angle where the peak occurs). 

The crystallite size of ceria was calculated to be 8.35 nm for pristine CeO2 nanoparticles and 3.77, 

3.67 and 3.66 nm for 1, 5 and 10% of Ni-doped CeO2, respectively. 

Additionally, incorporation of Ni of concentration up to 10%, into CeO2, the X-ray diffraction 

(XRD) patterns typically show no extra peaks, indicating that Ni ions are successfully integrated 

into the CeO2 matrix without forming separate phases. This suggests substitutional doping of Ni 

into the CeO2 lattice and the formation of a single-phase material. However, when the 

concentration of Ni exceeds 10%, diffraction peaks corresponding to the NiO begin to appear65, 

indicating the formation of a secondary phase (NiO) in addition to the CeO2 structure,66 which is 

shown in Fig. S2b and c ESI.  

Table 1: Detailed values of (111) peak position, FWHM, and crystallite size of CeO2 and Ni doped 

CeO2.

Materials Peak position 

(2θ) 

FWHM Crystallite size 

(nm)

10% Ni/CeO2 28.70 2.34 3.66

5% Ni/CeO2 28.71 2.33 3.68

1% Ni/CeO2 28.69 2.27 3.77
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CeO2 28.74 1.02 8.35

  

Fig. 1 (a) UV−vis absorption spectra, (b) Calculated band gap energy using UV–Vis DRS by 

Kubelka-Munk (K-M) function, (c) PXRD spectra and (d) Raman spectra for CeO2 and 1,5,10% 

Ni/CeO2.

The Raman spectroscopy is a non-destructive technique to characterize nanomaterials and the 

defects in them.  So, to ascertain the oxygen vacancy formed in CeO2 due to Ni doping, Raman 

spectra of CeO2 and Ni-doped CeO2 were measured in the range of 100-1020 cm-1 shown in Fig. 

1d. Pristine CeO2 typically exhibits a prominent Raman peak at 462 cm-1, corresponding to the 

Raman-active vibrational mode (F2g), a characteristic of the fluorite structure67.  1, 5, and 10% Ni 
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doped CeO2 displayed a strong Raman peak in this region, confirming the preservation of the 

fluorite structure of ceria. Additionally, the appearance of the bands in the region, 530-660 cm-1 

corresponds to a defect-induced mode (D)68, which is associated with the oxygen vacancies56 (Fig. 

S3b ESI). The D bands (highlighted with a pink region), which are not so prominent in the pristine 

CeO2, indicate an increase in oxygen vacancies with an increase in the concentration of the dopant 

Ni. Moreover, the intensity of the characteristic F2g peak for Ce-O at 462 cm-1 decreases with 

increase in the concentration of dopant, Ni in CeO2. Besides, the F2g peak also suffers downshift 

towards lower wavenumber from 462 cm-1 (CeO2) to 458 cm-1 for 10% Ni-doped CeO2 (Fig. S3a 

ESI). The decrease in intensity and downshift of the F2g peak suggest an increase in oxygen 

vacancies in Ni/CeO2. The increase in oxygen vacancy in CeO2 is represented by an increase in 

Ce3+ concentration. Compared to pristine CeO2, there is an increase in Ce3+ in Ni-doped CeO2, 

which is also confirmed from the expansion of the crystal lattice. The incorporation of dopant Ni 

has led to an increase in the concentration of Ce3+ ions in ceria, resulting in a notable expansion of 

the crystal lattice. This expansion is attributed to the larger ionic radius of Ce3+ compared to Ce4+ 

69. The lattice expansion is further evidenced by the observed decrease in the Full Width at Half 

Maximum (FWHM) of the F2g peaks in doped CeO2. This reduction in FWHM indicates an 

increase in crystallite size, which is consistent with the lattice expansion caused by the higher 

proportion of Ce3+ ions. The presence of more Ce3+ ions not only affects the lattice parameters but 

also influences the overall crystal structure and properties of the doped ceria materials. These 

structural changes have significant implications for the materials' oxygen storage capacity and 

crystallite size. The crystallite sizes of CeO2 and doped CeO2 were calculated by the equation70,71 

Γ (cm-1) = 5 + 51.8/ d(nm), where Γ represents the Half width at Half Maximum (HWHM), and d 

is the crystallite size in nanometers for CeO2 and Ni-doped CeO2 samples. The crystallite size was 

determined to be 12.04 nm for pristine CeO2, and 4.84 nm, 4.71 nm, and 4.50 nm for 1%, 5%, and 

10% Ni-doped ceria, respectively. The difference in the crystallite sizes obtained from X-ray 

Diffraction (XRD) and Raman studies can be ascribed to the fundamental differences in the 

underlying principles of these techniques. The Scherrer analysis, based on X-ray diffraction 

(XRD), provides an estimate of the coherent diffraction domain size, which may be affected by 

factors such as lattice strain, instrumental broadening, and defects within the crystal structure. In 

contrast, Raman spectroscopy determines crystallite size through phonon confinement effects, 

which are more sensitive to local structural ordering and short-range interactions. 
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Furthermore, the broad band observed at 530-660 cm-1 in the Raman spectra confirms the highly 

disordered nature of doped CeO2. To analyze the broad band range at 530-660 cm-1, it was 

deconvoluted using a Gauss fitting, resulting the calculated area under the band (Fig. 2). The under 

area of bands increased (Table 2), on increasing the concentration of Ni into CeO2 which 

corresponds to the oxygen vacancies (Fig. 2). Moreover, increase in the oxygen vacancies and 

lattice disorder, ultimately leads to an increase in surface defects. Additionally, the observed ratio 

of the integrated area of the D band to that of the F2g peak (ID/ IF2g) serves as an indicator of the 

relative concentration of oxygen vacancies on the surface of doped CeO2 and pristine CeO2. A 

notable increase in the (ID/IF2g) ratio is observed for the doped CeO2, suggesting a higher density 

of oxygen vacancies compared to pristine CeO2. The calculated ID/IF2g ratio is 0.006, 0.033, 0.116, 

and 0.316 for CeO2 and 1%, 5%, 10% Ni/CeO2, respectively, as illustrated in Table 2 and Fig. 2. 

This enhanced ID/IF2g ratio can be attributed to the strong interfacial interactions between Ni and 

CeO2, which promote defect formation in doped ceria.  
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Fig.2 Deconvolution of Raman Spectra for (a) CeO2 and (b), (c), & (d) for 1%, 5%, 10% Ni/CeO2, 

respectively.

Table 2: Detailed values of F2g peak position, HWMH, crystallite size, total area of D band, and 

calculated ratio of ID/IF₂g in Raman spectra for CeO2 and Ni-doped CeO2.

Materials Peak position 

(cm-1)

HWHM Crystallite 

size (d)

Total area of 

the D band

ID/IF₂g 

10% Ni/CeO2 458 16.5 4.50 nm 157521.5 0.316

5% Ni/CeO2 459 16.0 4.71 nm 118805.6 0.116 

1% Ni/CeO2 459.3 15.7 4.84 nm 108283.6 0.033

CeO2 462 9.3 12.04 nm 1.14 0.006

(b)(a)

(d)(c)
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Further, to ascertain the formation of oxygen vacancies in Ni-doped CeO2 (Ni/CeO2), the 

photoluminescence (PL) spectra of CeO2 and Ni-doped CeO2 (Ni/CeO2) were measured in the 

wavelength range of 200–800 nm using an excitation wavelength of 532 nm, as shown in Fig. 3a. 

The PL emission intensities of pristine CeO2 and Ni/CeO2 display distinct trends, reiterating the 

doping of Ni in CeO2. Compared to Ni/CeO2, pristine CeO2 exhibits higher PL intensity at 

wavelength 532 nm, corresponding to its larger bandgap energy (Eg = 3.31 eV). Further, the PL 

intensity decreases with Ni doping in CeO2. As the Ni concentration increases, the PL peak 

intensity decreases progressively, following the trend: CeO2 > 1% Ni/CeO2 > 5% Ni/CeO2 > 10% 

Ni/CeO2. This decline in PL intensity with increasing Ni doping can be attributed to the increase 

in defects, such as oxygen vacancies (Ce+3), on the surface of CeO2 72,73. Notably, the 10% Ni/CeO2 

sample exhibits the lowest emission intensity, indicating a higher concentration of oxygen 

vacancies, which suggests that electron-hole recombination is effectively suppressed74. The 

suppression in the recombination of electron-hole is due to their efficient separation, which can be 

attributed to the interaction between Ni and CeO2, resulting in the superior electrocatalytic 

efficiency of 10% Ni/CeO2
75. 

Fig. 3. PL (a) and EPR (b) spectra (inset calculated g-values) of CeO2 and 1,5,10% Ni/CeO2.
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Electron Paramagnetic Resonance (EPR) is a non-invasive analytical method that examines the 

resonant energy absorption of electrons in materials when exposed to microwave electromagnetic 

radiation. Through EPR spectroscopy, the unpaired electrons within materials can be detected. 

Typically, unpaired electrons are localized at defects, dangling bonds, or dopant centers. So, to 

further ascertain the presence of defects in Ni-doped CeO2 (Ni/CeO2), the electron paramagnetic 

resonance (EPR) analysis was conducted at room temperature for pristine CeO2 and Ni/CeO2 

samples with varying nickel content (1%, 5%, and 10%) (Fig. 3b and Fig. S5 ESI). Compared to 

pristine CeO2, Ni/CeO2 exhibited EPR pattern with additional bands. The bands observed in the 

EPR spectra of CeO2 and 1,5,10% Ni/CeO2 at g values of 2.028, 2.028, 2.029 and 2.029, 

respectively, are attributed to the cubic sites of Ce3+ or physiosorbed oxygen molecules76 . 

Additionally, the bands appearing at g values in the range 2.07-2.15 in Ni/CeO2, are attributed to 

the O2- species and Ce3+-O⁻-Ce4+ defect sites77,, which are absent in pristine CeO2 (Fig. S5 ESI), 

confirming the enriched defects in Ni/CeO2. Collectively, the findings from PXRD, Raman 

spectroscopy, XPS, PL and EPR analyses confirm the increase in oxygen vacancy defects on 

doping CeO2 with Ni and the oxygen vacancy defects in the doped CeO2 increase on increasing 

the dopant, Ni concentration. 

3.2 Morphological analysis

3.2.1 FESEM and EDX analysis

To investigate the shapes and sizes, the synthesized Ni/CeO2 was analyzed using a Field Emission 

Scanning Electron Microscope (FESEM). The FESEM image of Ni/CeO2 depicted in (Fig. 4a) 

shows spherical morphology. It is found that the material is composed of Ce, Ni and O in desired 

amounts with no other impurities detected in the samples. The elemental mapping and chemical 

compositions of the Ni/CeO2 studied by EDX are shown in Fig. 4b and 4c. Fig. 4b shows that cerium 

(Ce), nickel (Ni) and oxygen (O) are uniformly distributed. The EDX spectrum shows the presence 

of 73.72% cerium, 3.72% nickel, and 22.56 % oxygen, as detailed in the table (inset in Fig. 4c). 
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Fig. 4 (a) FESEM image, (b) overlay of O + Ce + Ni and (c) EDX spectra and corresponding 

chemical composition analysis of Ni/CeO2.

3.2.2 HRTEM analysis 

To study the microstructure of Ni-doped CeO2, High-Resolution Transmission Electron 

Microscopy (HRTEM) analysis was conducted.  HRTEM images of pristine CeO2 and Ni/CeO2 

particles are shown in Fig. 5a and Fig. S7a ESI.  In the HRTEM image (Fig. 5b), the observed 

lattice fringe spacing of 0.312 nm corresponds to the (111) plane of CeO2, confirming the presence 

of a well-defined crystalline structure. Notably, no distinct lattice fringes attributable to nickel 

were detected, suggesting that the prepared material exists in a single-phase structure without 

separate nickel crystallites, and this observation matches with the result obtained from X-ray 

diffraction analysis, where no additional peak corresponding to Ni was observed. The selected area 
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electron diffraction (SAED) pattern of Ni/CeO2, shown in Fig. 5c, reveals the distinct ring pattern 

with bright dots. These patterns confirm the polycrystallinity of the synthesized nanomaterial. The 

d-values (interplanar spacings) for each ring from the large to the small ring in the SAED pattern 

for Ni/CeO2 were calculated to verify the presence of cerium oxide. The calculated d-values, 0.311, 

0.189, 0.156, and 0.123 nm, correspond to the crystal planes (111), (220), (222) and (331) of CeO2, 

respectively.   The d-spacing values closely align with those calculated from the X-ray diffraction 

(XRD) pattern of the CeO2. The Ni/CeO2 nanoparticles are estimated to be between 6-10 nm in 

size (Fig. S7b ESI), which is also in agreement with the values calculated from the X-ray 

diffraction (XRD) pattern. 

Fig. 5 (a) Low-resolution TEM image, (b) HRTEM images with the lattice fringes, and (c) the 

selected area electron diffraction (SAED) sequence of Ni/CeO2.

3.3 X-ray photoelectron spectroscopy (XPS)

To evaluate the chemical composition, oxidation states and surface oxygen vacancies of the 

synthesized materials, X-ray photoelectron spectroscopic (XPS) analysis was carried out. In order 

to understand the effect of Ni on CeO2, XPS spectra of Ni/CeO2 were compared with those of 

pristine CeO2. The XPS survey spectra of Ni/CeO2 (Fig. 6a) confirm that the material consists of 

Ce, O, and Ni, with peaks in the binding energy ranges of 877-920 eV (Ce 3d), 527-535 eV (O 

1s), and 840-890 eV (Ni 2p) 78,48. The high-resolution data were calibrated using the C 1s signal at 

284.5 eV as a reference79. To investigate the oxidation states of Ce, the high-resolution Ce 3d core 

XPS spectra in the range from 877 to 920 eV were deconvoluted and fitted. 

The eight peaks present in XPS spectra of Ce 3d, labeled as V, V′, V″, V‴, U, U′, U″ and U‴ 

correspond to the binding energies (eV) 916.6, 906.3, 903.3, 900.8, 898.3, 888.3, 885.2, and 882.3 
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shown in Fig. 6b. These binding energy values of Ce 3d agree with the previously reported 

studies80,81. Among them, two peaks appearing at 882.3 eV (U‴) and 903.3 eV (V″) correspond to 

Ce3+ 3d5/2 and Ce3+ 3d3/2, whereas the other peaks at 898.3 eV (U) and 916.6 eV (V) are attributed 

to the Ce4+ 3d5/2 and Ce4+ 3d3/2, respectively82. The presence of both Ce3+ and Ce⁴⁺ peaks in the 

Ce 3d spectra of CeO2 confirms that these oxidation states coexist within the nanomaterial. The 

presence of Ce3+ and Ce4+ oxidation states causes the formation of defects, i.e., oxygen vacancies 

in the CeO2 lattice, due to the interconversion between Ce3+ and Ce4+.

The oxygen vacancy is commonly associated with the loss or migration of oxygen atoms, which 

plays an important role in catalytic reactions 83,84. The formation of oxygen vacancies on the 

surface of ceria is influenced by the dopant. It was observed that Ni doping changes the 

concentration of oxygen vacancies in ceria. In the Ni/CeO2 composite, the Ce 3d XPS spectra 

reveal a noticeable decrease in the Ce4+ peak intensity along with a corresponding rise in Ce3+ peak 

intensity compared to pristine CeO2 (Fig. S4a and b ESI). This rise in the Ce3+ peak intensity 

corresponds to an increase in oxygen vacancy in Ni/CeO2, which can be attributed to the 

incorporation of Ni into the CeO2 lattice. The proportion of Ce3+ can be quantified by calculating 

the ratio of the combined integrated areas of Ce3+ peaks to the total integrated area of all peaks of 

Ce 3d in the form of the percentage of Ce3+ (Eq. 4)85 and is shown in Table S1 ESI 86. 

The Ce3+ content was found to be 25.17% and 14.39% for the Ni/CeO2 and pristine CeO2, 

respectively (Table S1 ESI). The higher Ce3+ content in Ni/CeO2 compared to pristine CeO2 

suggests higher oxygen vacancies in Ni/CeO2, which can be attributed to the interfacial charge 

transfer between Ni and CeO2. To further ascertain the extent of oxygen vacancies in Ni/CeO2, the 

O 1s photoelectron spectra of Ni/CeO2 and pristine CeO2 (Fig. S4c and d ESI) were deconvoluted 

and compared. The main peaks around 529.9 eV and 532.1 eV (Fig. S4d ESI) correspond to lattice 

oxygen (OL) (Ce+4-O2-) and oxygen vacancy (OV) (Ce+3-O2-), respectively87. The intensities of the 

peak corresponding to oxygen vacancy are higher for Ni/CeO2 compared to pristine CeO2, confirms 

enhancement of oxygen vacancies in Ni/CeO2. This result corroborates with the observation from 

Ce 3d peaks and agrees with the previous studies29,48. Additionally, the ratio of area under the 

peaks (OV/OL) corresponding to oxygen, O 1s in CeO2 and Ni/CeO2 were determined to be 0.6 and 

1.9, respectively, as shown in Table S2 ESI. The higher OV/OL indicates a 3.1-fold increase in 
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oxygen vacancies in Ni/CeO2. Besides Ce, the presence of Ni is also ascertained from the peaks 

observed at 855.9 eV and 873.3 eV corresponding to Ni 2p3/2 and Ni 2p1/2, respectively, while the 

peaks at 861.3 eV and 868.7 eV represent the satellite peaks, as illustrated in Fig. 6c. These 

observed peaks for Ni match with the reported literature 88,89. 

Fig. 6 The XPS survey of CeO2 and Ni/CeO2 (a). Deconvoluted spectra of Ce 3d (b) and Ni 2p 

Ni/CeO2 (c).

3.4 Surface area measurement

To study the surface properties of the materials, such as surface area, pore diameter, and pore 

volume, the Brunauer-Emmett-Teller (BET) measurement was conducted.  Nitrogen adsorption-

desorption isotherm (Fig. 7a) was used to analyse the surface area and pore size distribution of 

pristine CeO2 and Ni/CeO2. From the isotherm, the porous feature of the materials is revealed from 

the steep increase in the curve at higher relative pressures. The pristine CeO2 showed a surface 

area of 36.0 m2/g, a total pore volume of 0.15 cm3/g, and an average pore diameter of 7.5 nm. After 

the addition of Ni, the surface area increased to 39.9 m2/g, the pore volume increased to 0.21 cm3/g, 

and the pore diameter decreased to 5.4 nm. These changes in surface characteristics are attributed 

to the integration of Ni on CeO2. The improved surface features facilitate the electrocatalytic 

activity in Ni/CeO2
90.
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Fig. 7 (a) N2 adsorption-desorption isotherms and (b) TGA analysis of CeO2 and Ni/CeO2. 

3.5 Thermal stability evaluation

Thermogravimetric analysis (TGA) was conducted between 30 °C and 800 °C at a heating rate of 

10 °C/min to assess the thermal stability of both Ni/CeO2 and pristine CeO2. The thermograms 

(Fig. 7b) reveal two phases of weight loss. The first phase shows a rapid 21% weight loss between 

30 oC and 283.3 °C, attributable to the removal of water molecules physically adsorbed on the 

Ni/CeO2 surface (Fig. 7b). The second phase exhibits a 9% weight loss between 283.03 °C and 

628.6 °C, likely due to the thermal decomposition of residual nitrate species originating from 

precursor salts and possible interactions involving Ni and Ce ions 91. After 628.03 °C, the Ni/CeO2 

catalyst shows minimal weight loss, indicating stability up to 800°C. The weight losses were 

observed to be approximately 26% for Ni/CeO2 and 30% for CeO2. Notably, pristine CeO2 loses 

more weight compared to the Ni/CeO2, suggesting that the addition of Ni enhances the thermal 

stability of the electrocatalyst.

3.6. Oxygen Evolution Reaction:

To evaluate the electrocatalytic performance of the materials and to understand the effect of 

incorporating Ni into CeO2, electrodes of Ni-doped CeO2 (Ni/CeO2) and undoped CeO2 were used 

in the oxygen evolution reaction (OER). The electrocatalytic performance for the OER of the 

electrodes, including (Nickel Foam) NF, NF/CeO2, NF/1%Ni/CeO2, NF/5%Ni/CeO2, and NF/10% 

Ni/CeO2, was investigated in a 1M KOH solution using an Ag/AgCl and Pt as reference and 
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counter electrodes, respectively. The linear sweep voltammogram for the OER performance of NF, 

NF/CeO2, NF/1%Ni/CeO2, NF/5%Ni/CeO2, and NF/10%Ni/CeO2 is shown in Fig. 8a. At a current 

density of 10 mA/cm2, the overpotentials for NF, NF/CeO2, NF/1%Ni/CeO2, NF/5%Ni/CeO2, and 

NF/10%Ni/CeO2 were 442 mV, 406 mV, 384 mV, 357 mV, and 319 mV, respectively (as shown 

in Fig. 8b). There was a reduction in the overpotential when CeO2 was incorporated in bare NF, 

confirming the catalytic role of CeO2. The overpotential value got further reduced with Ni/CeO2 

compared to undoped CeO2, indicating the effect of the dopant Ni. To understand the effect of the 

concentration of Ni, a varied amount of Ni was taken in Ni/CeO2. Notably, the overpotential got 

further reduced with an increase in Ni content in Ni/CeO2. There was a significant reduction in 

overpotential for the Ni/CeO2 electrode with 10% Ni content compared to undoped CeO2. 

Similarly, the current density is also influenced significantly by an increase in Ni content in 

Ni/CeO2. Fig. 8c illustrates the current density for NF, NF/CeO2, NF/1%Ni/CeO2, NF/5%Ni/CeO2, 

and NF/10%Ni/CeO2 at an applied potential of 2.4 V vs RHE. The corresponding values of the 

current densities were 78 mA/cm2, 100 mA/cm2, 104 mA/cm2, 115 mA/cm2, and 166 mA/cm2, 

respectively (as shown in Fig. 8c). The values of overpotential and current density show enhanced 

OER activity for Ni/CeO2 compared to undoped CeO2. Incorporating CeO2 onto NF enhanced the 

OER activity of NF/CeO2 by reducing the overpotential by 36 mV and increasing the current 

density by 22 mA/cm2. The OER activity was further improved by incorporating Ni into CeO2. 

NF/1%Ni/CeO2 exhibited an additional 22 mV reduction in overpotential and a 4 mA/cm² increase 

in current density compared to NF/CeO2. Interestingly, varying concentrations of Ni were also 

found to influence the electrocatalytic performance of the material. Further improvements were 

observed with increasing nickel content. NF/5%Ni/CeO2 enhanced the OER performance, with a 

reduction in the overpotential by 27 mV and an increase in the current density by 11 mA/cm2 

compared to NF/1%Ni/CeO2. The best performance was observed for NF/10%Ni/CeO2, where the 

overpotential was significantly reduced by 38 mV, and the current density increased by 51 mA/cm2 

compared to NF/5%Ni/CeO2. Moreover, there was a remarkable decrease of 123 mV in the 

overpotential and a significant enhancement of 66 mA/cm2 in the current density for 

NF/10%Ni/CeO2 compared to the NF/CeO2 (undoped CeO2). Fig. 8d represents the Tafel slope 

for OER for NF, NF/CeO2, NF/1%Ni/CeO2, NF/5%Ni/CeO2, and NF/10%Ni/CeO2, which were 

found to be 427 mV/dec, 381 mV/dec, 352 mV/dec, 286 mV/dec and 199 mV/dec, respectively. 

The Tafel slope, an important kinetic parameter that determines the overpotential necessary to 
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increase the current density, was significantly reduced by 48% with NF/10%Ni/CeO2 compared to 

NF/CeO2. The reaction mechanism for the OER can be given by the equation below92; 

A + OH- ⇌ A - OH + e-

A - OH + OH- ⇌ A - O + H2O + e-

A - O + OH- ⇌ A - OOH + e-/2A – O + OH- ⇌ 2A + O2 + 2e-

A - OOH + OH- ⇌ O2 + H2O + e- + A

Here, A represents the active site.

Fig. 8 (a) LSV curves, (b) overpotential (vs. RHE) at a current density of 10 mA/cm2, (c) current 

density at a potential of 2.4 V, and (d) Tafel slope, for OER for NF, NF/CeO2, NF/1%Ni/CeO2, 

NF/5%Ni/CeO2, and NF/10%Ni/CeO2. 
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Table 3: Summary of OER performance with electrocatalysts. 

Oxygen Evolution Reaction (OER)

Electrocatalysts Overpotential (mV) 

at 10 mA cm-2 

Current densities

(mA cm-2)

Tafel slope

(mV dec−1)

NF 442 78 472

NF/CeO2 406 100 381

NF/1%Ni/CeO2 384 104 352

NF/5%Ni/CeO2 357 115 286

NF/10%Ni/CeO2 319 166 199

3.7. Hydrogen Evolution Reaction (HER)

After investigating the OER performance, the electrocatalytic activity for HER of the electrodes, 

including NF, NF/CeO2, NF/1%Ni/CeO2, NF/5%Ni/CeO2, and NF/10%Ni/CeO2, was also 

examined under the same experimental conditions. The LSV curves for the HER performance of 

NF, NF/CeO2, NF/1%Ni/CeO2, NF/5%Ni/CeO2, and NF/10%Ni/CeO2, are shown in Fig. 9a. The 

overpotentials calculated at a current density of 10 mA/cm² for NF, NF/CeO2, NF/1%Ni/CeO2, 

NF/5%Ni/CeO2, and NF/10%Ni/CeO2, were 418 mV, 271 mV, 263 mV, 228 mV, and 212 mV, 

respectively, as shown in Fig. 9b. It was observed that, there was a reduction in the overpotential 

with CeO2 compared to bare NF proving the catalytic activity of CeO2. The overpotential got 

further reduced with Ni/CeO2, suggesting the improvement in catalytic activity on the introduction 

of dopant Ni in CeO2. It’s worth noting that the overpotential got further reduced with Ni/CeO2 on 

increasing Ni content. For NF/10%Ni/CeO2, there was a significant reduction in the overpotential 

compared to undoped CeO2. Similarly, the effect of Ni doping was found to be significant in the 

current density. Fig. 9c illustrates the current density at a potential of -0.6V for NF, NF/CeO2, 

NF/1%Ni/CeO2, NF/5%Ni/CeO2, and NF/10%Ni/CeO2. The values of current densities for NF, 

NF/CeO2, NF/1%Ni/CeO2, NF/5%Ni/CeO2, and NF/10%Ni/CeO2, were 22 mA/cm2, 40 mA/cm², 

45 mA/cm2, 64 mA/cm2, and 96 mA/cm2, respectively (as shown in Fig. 9c). The current density 

got increased with CeO2 and the increase was more prominent with Ni/CeO2 having 10% Ni 

content. The reduction in the overpotential and increase in the current density confirm the 

enhancement in the catalytic activity of the Ni/CeO2 compared to undoped CeO2. The highest HER 
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performance was observed for NF/10%Ni/CeO2, where the overpotential decreased by 59 mV, and 

the current density increased significantly by 56 mA/cm2 compared to undoped CeO2.  Fig. 9d 

represents the Tafel slope (HER) for NF, NF/CeO2, NF/1%Ni/CeO2, NF/5%Ni/CeO2, and 

NF/10%Ni/CeO2. The values of Tafel slopes for NF, NF/CeO2, NF/1%Ni/CeO2, NF/5%Ni/CeO2, 

and NF/10%Ni/CeO2 were found to be 432 mV/dec, 334 mV/dec, 306 mV/dec, 279 mV/dec, and 

217 mV/dec, respectively.  The Tafel slope got reduced by 215 mV/dec for NF/10%Ni/CeO2 

compared to bare NF, indicating improved charge transfer kinetics in Ni/CeO2. The best-

performing electrode, NF/10%Ni/CeO2, exhibited the lowest overpotentials (319 mV for OER and 

212 mV for HER) and the highest current densities (166 mA/cm2 for OER and 96 mA/cm2 for 

HER). These results demonstrate that the incorporation of Ni in CeO2 and increasing Ni content 

significantly enhance the electrocatalytic performance of OER and HER. The reaction mechanism 

for HER can be given by the equations below93;

A+H2O + e- → A-Had + OH-

2(A-Had) →2A + H2

2(A-Had) + H2O →2A + 2e- + H2 + H2O
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Fig. 9 (a) LSV curves, (b) overpotential (vs. RHE) at a current density of 10 mA/cm2, (c) current 

density at a potential of -0.6 V, and (d) Tafel slope, for HER for NF, NF/CeO2, NF/1%Ni/CeO2, 

NF/5%Ni/CeO2, and NF/10%Ni/CeO2.

Furthermore, the stability of NF/10%Ni/CeO2 was examined using chronoamperometric 

measurements over 45 minutes. The constant potential of 1.48 V (vs RHE) was applied to the 

electrode, and the corresponding current was plotted with respect to time. Fig. S6b ESI shows the 

chronoamperometric curves for NF/10%Ni/CeO2. For comparison, the chronoamperometric curve 

of NF/CeO2 has also been provided.

Table 4: Summary of HER performance with the electrocatalysts. 

Hydrogen Evolution Reaction (HER)
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Electrocatalysts Overpotential (mV) 

at 10 mA cm-2 

Current densities

(mA cm-2)

Tafel slope

(mV dec−1)

NF 418 22 432

NF/CeO2 271 40 334

NF/1%Ni/CeO2 263 45 306

NF/5%Ni/CeO2 228 64 279

NF/10%Ni/CeO2 212 96 217

3.8. Electrochemical Stability and Gas Evolution Performance of Ni/CeO2 Electrodes

The electrochemical durability of the NF/10%Ni/CeO2 electrode was evaluated through 

chronoamperometric analysis over a period of 6 hours. During this test, a constant potential of 1.48 

V (vs RHE) was maintained, and the variation in current density with time was continuously 

recorded. The corresponding chronoamperometric response (Fig. S6b ESI) reveals a stable current 

profile, indicating good operational stability of the electrode under prolonged anodic conditions.

Further, to assess the stability of oxygen vacancies before and after the electrochemical 

measurements, Raman spectroscopy was carried out on the Ni/CeO2 electrode (Fig. S8). The 

electrode was fabricated via a drop-casting method using a catalyst (Ni/CeO2), polyvinylidene 

fluoride (PVDF), and carbon black in a weight ratio of 85:10:5, respectively. The Raman spectrum 

of Ni/CeO2 displays a strong peak at approximately 457 cm-1, which corresponds to the F2g 

vibrational mode, a signature feature of the fluorite crystal structure of ceria. In addition, a broad 

defect-related band is observed in the range of ~560-660 cm-1, which is commonly attributed to 

oxygen vacancy-induced lattice distortions in CeO2. Importantly, post-electrocatalytic Raman 

analysis reveals that the intensity of this defect-associated band remains largely unchanged, with 

no noticeable decrease after the electrochemical study. This indicates that the oxygen vacancies 

are retained and are not significantly diminished during the electrocatalytic process. These 

observations demonstrate that the defect structure of ceria is robust with respect to electrocatalytic 

performance. In addition to stability assessment, the evolution of hydrogen (H2) and oxygen (O2) 

gases was quantitatively examined for the Ni-doped CeO2 (Ni/CeO2) electrode using gas 
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quantification techniques. These measurements were conducted at the respective onset potentials 

associated with the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). For 

OER evaluation, a potential of 1.48 V (vs RHE) was applied, whereas HER measurements were 

performed at -0.6 V (vs RHE). The amounts of H2 and O2 generated were monitored over time 

intervals of 20, 40, 60, 80, 100, and 120 minutes, as illustrated in Fig. 10a and 10b. The obtained 

results demonstrate that the Ni/CeO2 electrode is capable of sustained gas evolution for both HER 

and OER processes. The consistent production of gases over time highlights the catalytic activity 

of the material, while also suggesting that Ni incorporation into the CeO2 lattice plays a significant 

role in enhancing OER performance.

Fig. 10 (a) Comparison study of Raman spectra of nickel foam and Ni/CeO2 electrodes recorded 

before and after electrocatalytic performance, highlighting the preservation of the characteristic 

defect-induced bands associated with oxygen vacancies and (b) Evaluation of Faradaic efficiency 

for the Ni/CeO2 electrode during hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER).
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The Faradaic efficiency for hydrogen (𝐹.𝐸.𝐻2) and oxygen (𝐹.𝐸.𝑂2) was calculated following the 

equations94.

𝐹.𝐸.𝐻2 =  
𝑉𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 
 = 

𝑉𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
2
4

  𝑄
𝐹

 𝑉𝑚
 …………….(5)

𝐹.𝐸.𝑂2 =  
𝑉𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 
 = 

𝑉𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
2
4

  𝑄
𝐹

 𝑉𝑚
……………..(6)

In these calculations, Q denotes the total charge, F is the Faraday constant, and Vm represents the 

molar volume of the gas.

The Ni/CeO2 electrode exhibited high Faradaic efficiencies reached up to 95.1% for hydrogen 

evolution and around 90% for oxygen evolution. These values indicate efficient charge utilization 

and demonstrate a promising electrochemical performance of the electrode, with minimal energy 

losses during the conversion process.

4.0. Proposed Mechanism for OER and HER

Based on the results of structural characterization and the electrocatalysis experiments, the 

enhancement in OER performance for the Ni-doped CeO2 electrode, NF/10%Ni/CeO2, can be 

attributed to the increased concentration of oxygen vacancies due to the interaction of Ni and CeO2. 

Ni doped in CeO2 enhanced the oxygen vacancies, which are crucial in improving electrocatalytic 

performance (Fig.11). A higher concentration of oxygen vacancies leads to an increase in active 

sites, thereby accelerating the OER process and reducing the required overpotential. Additionally, 

the incorporation of Ni induces the enhancement of spin-triplet O2, which facilitates electron 

transfer by modulating the spin states, reducing spin-state energy barriers, and further improving 

reaction kinetics. On the other hand, for NF/CeO2 and NF/1%Ni/CeO2, the enhancement in 

performance was relatively modest, as the lower Ni content resulted in fewer defects, i.e. oxygen 

vacancies. With only 1% Ni incorporation, the number of oxygen vacancies was not sufficient to 

induce a significant catalytic improvement, which is evident from the smaller reduction in 

overpotential and the slight increase in current density. This observation is further supported by 

X-ray Photoelectron Spectroscopy (XPS) and other structural characterizations, which confirm 
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that oxygen vacancy formation is more pronounced at higher Ni concentrations. Similarly, the 

enhanced HER performance observed for NF/10%Ni/CeO2 can be attributed to the lower charge 

transfer resistance (Rct), as confirmed by EIS measurements (Fig. S6a ESI). A lower Rct signifies 

improved electron transport at the electrode-electrolyte interface, facilitating faster charge transfer 

and reducing the energy barrier for the HER process. The increased Ni content in CeO2 enhances 

electrical conductivity and provides more active sites, which effectively reduces the impedance, 

allowing for efficient charge transport. This reduction in charge transfer resistance further justifies 

the significant decrease in overpotential and the increase in current density observed for 

NF/10%Ni/CeO2. 

Fig. 11 Mechanism of the electrocatalytic water splitting.

Table 5: Comparison of overpotential values for HER and OER at a current density of 10 mA/cm2 

in 1M KOH solution, as reported in the literature, for different CeO2-based catalysts.

Electrocatalysts Reaction Overpotential (mV) @ 10 mA/cm2 Ref.

Ni/Ceria HER 588 95
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Ni/Ceria-rGO HER 208 52

CeO2/Ni/NC HER 320 96

NF/10%Ni/CeO2 HER 212 This work

Ce-NiO-E OER 382 97

(Ni-Fe-Co-Ce) Ox OER 410 98

Ni-Ce/NC OER 530 99

CeO2/Ni/NC OER 390 64

20%Ni+Fe-CeO2 OER 380 100

NF/10% Ni/CeO2 OER 319 This work 

5.0. CONCLUSIONS

In the quest for an efficient electrocatalyst, this study reports the design of ceria-based materials 

for the evolution of hydrogen and oxygen by electrocatalytic water splitting. While attaining 

significant improvement in electrocatalytic performance for nickel-doped ceria (Ni/CeO2), it 

demonstrates how the increase in concentration of dopant increases oxygen vacancy defect in 

ceria, and an increase in defect in ceria enhances the electrocatalytic performance of Ni/CeO2. We 

reported the preparation of Ni/CeO2 that produced oxygen vacancy defects in ceria. Compared to 

pristine CeO2, higher oxygen vacancies in Ni/CeO2 confirmed the effect of the incorporation of Ni 

in CeO2. Dopant concentration-dependent oxygen vacancy generation was ascertained. Generation 

of oxygen vacancies was verified by Raman spectroscopy, XPS, photoluminescence and EPR 

studies. Oxygen vacancies in Ni/CeO2 were quantified by Raman spectroscopy studies. Detailed 

structural insights were derived from XRD, Raman, XPS, EDX, FESEM and HRTEM analysis. 

Stability of the catalyst was evaluated by TGA and Chronoamperometry. Ni/CeO2 was evaluated 

to be an effective electrocatalyst for the evolution of hydrogen and oxygen by water splitting, using 

linear sweep voltammetry. A significant reduction in overpotentials by 87 mV for oxygen 

evolution and 59 mV for hydrogen evolution was observed for Ni/CeO2 compared to pristine CeO2. 

Besides, there was a notable increase in current densities by 166 mA/cm2 for oxygen evolution and 

96 mA/cm2 for hydrogen evolution. Also, the faster reaction kinetics were observed from the 

reduction in Tafel slope from 381 to 199 mV/dec for OER and from 334 to 217 mV/dec for HER. 

Electrochemical impedance spectroscopy (EIS) analysis revealed that the Ni/CeO₂ electrocatalyst 

exhibited the lowest charge transfer resistance, indicating enhanced interfacial charge transport 
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and superior electrocatalytic activity. The electrocatalytic performance of Ni/CeO2 was found to 

be affected by the increase in concentration of dopant. Ni/CeO2 with 10% nickel exhibited optimal 

performance, with substantial reductions in overpotential and a marked increase in current density 

with improved charge carrier dynamics. The enhanced electrocatalytic performance was attributed 

to the incorporation of Ni into ceria causing; (i) increased oxygen vacancy defects in Ni/CeO2, (ii) 

enhancement of spin-triplet O2, (iii) low charge transfer resistance (Rct) facilitating electron 

transport at the electrode-electrolyte interface, (iv) enhancement in electrical conductivity and (v) 

reduction in impedance. This study concluded the synergistic interaction between Ni and CeO2, 

defining the critical role of dopant concentration for modulating oxygen vacancy, which results in 

designing efficient water-splitting catalysts.
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