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A B S T R A C T

Ceria co-doped with Ni and Mg (Ni, Mg@CeO2) was examined for its electrochemical performance, showing 
impressive power density and cyclic stability in the fabricated device. The material was synthesized using an 
easy, low-cost solution combustion method. Two different materials were studied to evaluate the impact of co- 
doping: pristine CeO2/AC (M − 1) and Ni, Mg@CeO2 composite with AC (Activated Carbon) (M − 2). Structural 
analysis confirmed the face-centered cubic (FCC) structure of CeO2 through X-ray diffractometry (XRD). The 
structural and optical properties were characterized by using field-emission scanning electron microscopy 
(FESEM) and photoluminescence (PL) spectroscopy, respectively. The electrochemical behavior was tested with 
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy 
(EIS), revealing the pseudocapacitive nature of the ceria-based electrodes. As an electrode material, CeO2/AC 
(M − 1) achieved a higher specific capacitance (Cs) of 244.4 F/g at 0.5 A/g, while Ni, Mg@CeO2/AC (M − 2) 
showed 197.6 F/g at the same current. In a full-device setup, Ni, Mg@CeO2//AC (M − 2) reached a Cs of 63.3 F/g 
at 0.5 A/g, along with excellent cycling stability, retaining 100.4 % coulombic efficiency over 5000 GCD cycles. 
The hybrid device based on Ni, Mg@CeO2//AC displayed a maximum specific energy of 18.3 Wh/kg and a 
specific power of 467.5 W/kg at 0.5 A/g.

1. Introduction

The development of sustainable, non-polluting renewable energy 
systems and advanced energy storage technologies is critical, as fossil 
fuels, our primary energy source, may be depleted within decades [1,2]. 
Depleting reserves, along with growing climatic and environmental 

concerns, have compelled us to reevaluate traditional energy generation 
methods and seek viable alternatives [3]. The transition to renewable 
energy has increased the demand for efficient and reliable energy stor
age solutions. As non-renewable resources diminish, attention has shif
ted to enhancing energy storage devices [4,5]. Among available energy 
storage technologies, supercapacitors and batteries offer distinct 
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advantages and limitations, making their optimization and integration 
essential for a sustainable energy future [6,7]. Batteries offer high en
ergy density, while supercapacitors provide high power density [8–10], 
prompting researchers to investigate hybrid systems that incorporate 
both advantages [11]. This has led to extensive studies on hybrid 
supercapacitor designs to address the limitations of conventional energy 
storage technologies [12].

Supercapacitors, also known as electrochemical capacitors, are a 
particular kind of energy storage device that has exceptional charac
teristics such as a long-life cycle, high specific power (up to 10 kW/kg), 
ultra-fast charging-discharging rate, and excellent reversibility [13,14]. 
Metal oxides and conductive polymers are also being considered as 
electrode materials due to their pseudo-capacitance nature that is based 
on the underlying redox reaction [15]. Cerium oxide has been studied 
extensively in composite forms [16] and as a co-doped material [17]. 
Cerium oxide doped with Cr atoms exhibits a Cs of 42.6 F/g at 5 mV/s 
[18]. The effects of electrolytes, including NaCl, KCl, Na2SO4, and 
K2SO4, have been investigated using ceria as the electrode material. A 
maximum Cs of 523 F/g at a 2 mV/s rate has been found for NaCl with 
82 % retention after 2000 cycles [19].

Cerium oxide-based electrode materials are famous due to their 
resistance to corrosion, notable physical and chemical properties, and 
durability in both chemical and biological environments [20]. The 
conducting polymers have also been used for electric energy storage 
purposes [21]. Carbon-based materials like graphene/CeO2, Co3O4/g
raphene, and metal/Au nanoparticles exhibit elevated specific capaci
tance, making them valuable choices for electrode materials. In EDLC 
capacitors, the storage of energy arises from the gathering of charges at 
the interfacial region between electrode material and electrolyte, 
whereas in redox capacitors, a battery-like oxidation-reduction reaction 
takes place. The electrode materials frequently utilized in pseudo ca
pacitors consist of metal oxides such as RuO2 [22], Co3O4 [23], MoO2 
[24], MnO2 [25], and NiO [26].

Porous CeO2 synthesized through combustion achieves a 
Cs¼134.6 F/g and retains 92.5 % cyclic stability after 1000 cycles at 
1 A/g [27]. Employing the hydrothermal route, hexagonal nanoplates of 
ceria have been produced that exhibited the highest Cs of 644 F/g at 0.5 
A/g [28]. The super capacitive performance of Ni-doped CeO2 was 
evaluated, revealing specific capacitances of 235 F/g (pure CeO2), 
351 F/g (1 % Ni-doped), 382 F/g (3 % Ni-doped), 577 F/g (5 % 
Ni-doped), and 417 F/g (7 % Ni-doped) at a 2 A/g rate [29]. Ni-doped 
ceria nanospheres combined with polyaniline revealed remarkably a 
Cs = 866 F/g at 1 A/g and energy density of 120.3 Whk/g [30]. 
Mg-doped CeO2 demonstrates a Cs of 130 F/g at 1 A/g [31]. In contrast, 
Ag-decorated CeO2/reduced graphene oxide (rGO) composites show a 
significantly higher Cs of 710.42 F/g at a 0.2 A/g [32]. Ceria quantum 
dots doped with Ni-Co hydroxide nanosheets yield an exceptional Cs of 
1370.7 F/g at 1 A/g with 90.6 % retention after 4000 cycles [33].

Ceria, in combination with other materials [34], has also been 
studied for use as an electrode of a supercapacitor. It has been reported 
that the Ce1-xNixO2 (x = 0.1), developed by the combustion method, 
shows a specific capacitance of 446 F/g with 96.1 % stability after 2000 
GCD cycles [35]. CeO2 and NiO in composite form have revealed specific 
capacitance and energy densities of 8.418 mF/g and 1.052 mF/g × v2, 
respectively [36]. Due to the synergistic redox nature and conducting 
behavior, CeO2/CNTs showed a Cs of 818 F/g at 1 mV/s [37]. In a 
similar case, where instead of CNT-activated carbon has been used, a 
composite of CeO2/AC displays Cs = 162 F/g [38]. The graphitic 
carbon-coated hollow CeO2 spheres (H-CeO2@GC) exhibit a surface 
area of 153 m2/g and enhanced electrochemical behavior, 
including a notable Cs¼501 F/g at 1 A/g [39]. Modification of the 
electrolyte also affects supercapacitive performance. For example, 
adding 0.2 M of K4[Fe (CN)6] as a redox additive to 3 M KOH electrolyte 
enhances the electrode ZnO/CeO2 nature. The maximum specific 
capacitance is 1069 F/g at 5 mV/s with a maximum energy density of 
39.6 Wh/kg at 3A/g [40]. There is already much work done on ceria in 

different conditions and combinations. After a careful survey, it has been 
found that the co-doping of Ni and Mg in the cerium oxide has not yet 
been studied.

Doping of more than one element or multimetal/nonmetal alloys can 
lead to effects different from the host material. The co-doped ceria has 
shown better features as compared with the ceria with one metal [41]. 
Theoretically based on DFT, the co-doping of In3+, Sm3+ in CeO2 showed 
that the ionic conductivity as a function of local structures [42]. The 
system of Ce0.78Fe0.02Cu0.20O2 was synthesized via the co-precipitation 
approach, revealing saturation magnetization of 1.3× 10− 2 emu/g 
[17]. In other systems, BaBi4Ti4O15 as a multielement–doped electrode 
material exhibits excellent 76 J/cm3 energy density [43]. Also, 
Ge0.59Au0.02Ag0.11Sb0.13Pb0.12Bi0.01Te as a thermoelectric system 
showed a thermal conductivity of 0.22 W/mK and zT = 2.0 at 780 K 
[44]. A NaNi0.40Mn0.40Ti0.13Fe0.06Al0.01O2 (NaNMTFA) is a complex 
alloy developed for the solid-solution reactions for large voltage window 
[45]. As same above, LiFePO4 is famous for the cathode in battery 
configuration due to physical and chemical stability and long lifespan 
[46]. Conductive MOF combined with MXene as an electrode has shown 
super capacitive performance as of 416.6 F/g at 0.5 A/g [47]. Similarly, 
the conductive MOF when introduced to the Ni, NiCo and Co etc. 
revealed there outstanding super capacitive performance and stability 
[48]. In short, metal or metal oxides along with the doped elements 
inspire new features of base materials for certain applications. There
fore, it is strongly expected that the co-doping of Ni and Mg affect the 
ceria in terms of its physical and chemical properties.

Already, pristine CeO2 has been studied in literature very well. In this 
study, the solution combustion approach is utilized to synthesize highly 
porous Ni,Mg co-doped cerium oxide nanostructures for supercapacitor 
electrodes. It is observed that porous ceria (CeO2) with spherical 
morphology has better retention and maximum energy density when co- 
doped with Ni and Mg and is further considered as a composite with 
activated carbon.

2. Synthesis of electrode material

Precursors of purity>99 % were bought from Sigma-Aldrich and 
used to synthesize the desired electrode materials based on the 
exothermic redox reaction involved in the solution combustion 
synthesis.

2.1. Electrode material M − 1 (CeO2 with activated carbon)

(NH4)2[Ce (NO3)6] was dissolved in 50 mL deionized water (DIW) 
and heated at 90 ᴼC for a few minutes. Separately, the activated carbon 
in 20 mL of DIW was heated at 90 ᴼC, and then the prepared suspension 
was added to (NH4)2[Ce (NO3)6] solution. At this stage, oxalic acid was 
added to the earlier solution and further heated at 90 ᴼC. The DIW 
evaporated, leading to a gel-like material after 3 h. At the end of the 
combustion process, ignition, burning, and production of fumes, all 
these processes were noticed. Eventually, the powder was left that was 
heated at 400 ᴼC for 2 h in open air to achieve FCC CeO2. The obtained 
material was crushed to produce a refined powder.

2.2. Electrode material M − 2 (Ni, Mg@CeO2)

To prepare 5 wt% Ni and 5 wt% Mg co-doped CeO2 material, certain 
amounts of Ni (NO3)2⋅6H2O and Mg (NO3)2⋅6H2O as precursors were 
dissolved in 20 mL DIW independently and heated for a few min. A host 
solution was prepared by 90 wt% (NH4)2[Ce (NO3)6] into 50 mL DIW 
and heated at 90 ᴼC. Both Ni (NO3)2⋅6H2O and Mg (NO3)2⋅6H2O solu
tions were poured into the host solution simultaneously and heated for a 
few minutes at 90 ᴼC. At this stage, after the addition of oxalic acid, the 
resultant mixture was kept at 90 ᴼC till the evaporation of water left a 
gel-like material. In the end, the powder was developed and was sintered 
at 400 ᴼC for 2 h to get the Ni, Mg@CeO2 phase.
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2.3. Electrode material M − 3 (Ni, Mg@CeO2/AC)

In addition to the steps involved in the preparation of material M − 2, 
AC (Activated Carbon) was added to develop Ni, Mg@CeO2/AC com
posite. Finally, sintering of the material was done at 400 ᴼC for 2 h and 
pulverized using a mortar and pestle.

All three samples were sintered at 400 ᴼC, relatively at low temper
atures to attain low crystallinity in the end samples. This was considered 
to keep the agglomeration effect low to have large surface for the acti
vation process during the charge storing process.

The underlying chemistry of the synthesis process is explained in the 
following equations and Fig. 1.

For CeO2/AC 

(NH4)2[Ce(NO3)6] +AC ̅̅̅̅̅̅̅→
Oxalic acid CeO2

/

AC↓+ 3NO2 ↑ +
1
2
O2↑ 

4NO2 +O2 + 2H2O ̅̅̅̅̅̅̅→
Oxalic acid 4HNO3 

For Mg, Ni@CeO2 

Ni(NO3)2 +Mg(NO3)2 +(NH4)2[Ce(NO3)6] ̅̅̅̅̅̅̅→
Oxalic acid

(Mg,Ni)@CeO2↓

+7NO2 ↑ +
5
2
O2↑ 

4NO2 +O2 + 2H2O ̅̅̅̅̅̅̅→
Oxalic acid 4HNO3 

For (Mg, Ni)@CeO2/AC 

Ni(NO3)2 +Mg(NO3)2 +(NH4)2[Ce(NO3)6]

+AC ̅̅̅̅̅̅̅→
Oxalic acid

(Mg,Ni)@CeO2

/

AC↓+7NO2 ↑ +
5
2
O2↑ 

4NO2 +O2 + 2H2O ̅̅̅̅̅̅̅→
Oxalic acid 4HNO3 

2.4. Electrode development

A slurry was prepared for the fabrication of a working electrode by 
mixing M − 1 (active material), polyvinylidene fluoride (PVDF) binder, 
and activated carbon conducting agent (80/10/10) in N-methyl pyrro
lidone (NMP) solvent. For homogenization, magnetic stirring was done 
overnight at 200 rpm. A piece of nickel foam measuring 1 × 1.5 cm2 was 
cleaned by sonication in nitric acid, DIW, and ethanol, then drying was 
done in an oven for 3 h. The synthesized slurry was subsequently drop- 
cast onto the pretreated nickel foam and dried at 60 ◦C. The mass 
loading was 4 mg/cm2. A similar procedure was followed for the fabri
cation of the M − 2 electrode. Moreover, for constructing a hybrid de
vice, a slurry of activated carbon (AC) was prepared using the same 
composition, and Eq. (1) was utilized to balance the mass and charge of 
the two electrodes [49]. The mass of AC was calculated as 4 mg. 

m+

m−

=
Cs− × ΔV−

Cs+ × ΔV+

Eq 1 

Where m signifies mass, m+ is the mass of the positive electrode and m- 
is the mass of the negative electrode, Cs represents specific capacitance, 
and ΔV is the potential window.

3. Characterizations

An X-ray diffractometer was used for the powder XRD measure
ments, which were performed using a CuKα-1 X-ray source with a 
wavelength of 1.54056 nm. The infrared Fourier Transform spectra of 
the prepared samples were recorded using Shimadzu’s IR Prestige-21, 
covering the wavenumber range of 4000-400 cm− 1. For the inelastic 
scattering measurements of photons by the materials, an I-Raman USA 
system was employed. The maximum operational power was 50 mW, 
with a 532 nm laser integrated into the Raman setup.

4. Results and discussion

4.1. X-ray diffraction analysis

The measured X-ray diffraction profiles of M − 1, M − 2, and M − 3 
are presented in Fig. 2b–d. The diffraction peaks at 28.3

◦

, 32.9
◦

, 47.3
◦

, 
56.0

◦

, 59.6
◦

, 69.0
◦

, and 76.7
◦

, correspond (111), (200), (220), (311), 
(222), (400), and (331), respectively, indicating the face-centered cubic 
phase of CeO2 with JCPDS card no. 01-075-0076 [38]. Peak shifting in 
the (111) peak is noticed for both M − 2 and M − 3 due to Ni and Mg 
co-doping in the Ce-O matrix, as sketched in Fig. 2b1-d1. The lattice 
parameter and crystallite size are given in Fig. 2e.

The fused hexagonal layered structure [50] of activated carbon (AC) 
provides a surface for the heterogeneous crystallization of the CeO2. Due 
to the similar close-packed nature of the crystal structures of CeO2 and 
AC, there is a favorable situation that CeO2 adsorbs on the AC surface, 
leading to improved crystallinity (Fig. 2d) and spherical morphology of 

Fig. 1. A combustion-based synthesis scheme for Ni,Mg co-doped ceria (M − 2).

Fig. 2. XRD patterns and effect of co-doping. (a) Standard CeO2 diffraction 
peaks according to JCPDS card, (b) Composite of CeO2 with AC as M − 1, (c) co- 
doped CeO2 with Ni and Mg as M − 2, (d) Composite of Ni and Mg co-doped 
CeO2 and AC as M − 3, (b1) Lattice of CeO2, (c1) Expansion of CeO2 matrix 
due to Ni and Mg interstitial doping, (d1) Contraction of CeO2 matrix due to Ni 
and Mg doping, i.e., substitutional doping, and (e) Lattice parameters.
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the end particles (Cf. SEM images). Concerning doping, the possibilities 
are as follows. i) Ni and Mg are doped independently in the CeO2 
matrices, ii) Ni and Mg are doped together in the CeO2 matrix, and iii) Ni 
and Mg are doped into the CeO2 matrix via substitutional or interstitial 
modes. For Ni,Mg co-doped CeO2 composite with AC, the doping of 
atoms seems to be interstitial, leading to an increase in the net volume of 
the unit cell (Fig. 2c1). Hence, the shifting of the peak to the left is seen 

for M − 2 and the increased lattice parameters. But, for M − 3, being 
smaller in size of Ni and Mg as compared to the Ce, the volume of a 
doped unit cell is less than compared of the pristine (Fig. 2d1).

4.2. Photoluminescence spectroscopy

Fig. 3 shows the spectra of photoluminescence (PL) measurements of 

Fig. 3. PL spectra of Cerium oxide co-doped with Ni and Mg.

Fig. 4. FESEM images and particle size distributions of M − 1 (a, a1, a2), M − 2 (b, b1, b2) and M − 3 (c, c1, c2). Visible particle size distributions (a1-c1) are 
obtained considering images at the scale of 100 nm.
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Ni, Mg co-doped CeO2 for the range of 400–550 nm. For CeO2 in M − 1, 
the PL emission peak is observed at 505.8 nm and the excitation peak at 
254 nm. Similarly, for M − 2, the emission and excitation peaks are at 
503.8 nm and 252 nm, respectively. Also, for M − 3, these are 498.1 nm 
and 250 nm as emission and excitation peaks, respectively. The PL 
spectra exhibit band gap energies of 2.45, 2.47, and 2.48 eV for M − 1, 
M − 2, and M − 3 that lie in the visible-blue region. Peak shift to a lower 
wavelength is due to Ni, Mg co-doping in the CeO2 matrix [51]. The 
increasing particle size makes the recombination process weaker; 
consequently, the excitation process takes place at a reduced speed. The 
intensity of the spectra is higher for M − 1 and M − 3 due to the spherical 
symmetry, which means a lower number of defects. There is a red shift in 
the semi-intense PL spectra for three different CeO2-based materials 
showing the variations in the oxygen vacancies, crystallite boundaries 
and poor crystallinity (Cf. Fig. 2). The increasing particle size causes the 
recombination process to get weaker; consequently, the excitation pro
cess takes place at reduced speed [52].

4.3. FESEM analysis of electrode material

Based on the scanning electron micrographs, the morphology and 
size distribution of M − 1, sintered at 450 ◦C, is shown in Fig. 4a–a2. The 
average particle size of 53 nm (Fig. 4a1) is obtained for M − 1 using 
ImageJ software. Similarly, by applying ImageJ software, the average 
particle sizes of 43 nm and 50 nm are calculated for M2 (Fig. 4b1) and 
M3 (Fig. 4c1), respectively. Ceria particles in spherical shape are present 
in the FESEM images. The spherical appearance leads to a better surface- 
to-volume ratio significant for the electrochemical processing while 
using it as electrode materials. A FESEM image of activated carbon (AC) 
in Fig. 5 shows the rough surface of carbon.

4.4. Electrochemical analysis

The electrochemical performance of M − 1 and M − 2 electrodes was 
evaluated through CV, GCD, and EIS using both three-electrode and two- 
electrode configurations [53,54]. In the three-electrode mode, a 1 M 
KOH aqueous electrolyte was employed, whereas Ag/AgCl served as the 
reference electrode and a platinum wire as the counter electrode.

4.4.1. Cyclic voltammetry
The CV measurements for both M − 1 and M − 2 at a scan rate limit 

of 5–50 mV/s with the potential window 0–0.5 V are shown in Fig. 6a 
and b. The presence of sharp oxidation and reduction peaks in the CV 
curves of both samples suggests Faradaic behavior [55]. Furthermore, 
the increased peak area and current with the increase in sweep rates 
exhibit pseudocapacitive behavior [56]. By evaluating the anodic peak 

current as a function of v1/2, the calculated regression coefficient (R2) verifies 
the reversibility of the redox reactions at the electrode surface. Both M − 1 
and M − 2 displayed a regression coefficient of 0.99 (approximately 
equal to 1), indicating high reversibility [57] of prepared samples as 
shown in Fig. 6c and d. Moreover, the b-value is determined by 
employing the power law as 

i= avb Eq 2 

Where ‘a’ and ‘b’ are variables, i’ is the peak current, and ‘v’ denotes the 
scan rate. The b-value is very useful in determining the electrode ma
terials’ capacitive and battery-like nature. Through the graph between 
the log of peak current and the log of scan rate, the b-value, as the slope 
of the plot, is evaluated. The b-value between 0 and 0.5 indicates the 
battery-like nature of the material. If the b-value ranges between 0.8 and 
1.0, the electrode material is good for capacitive applications. While for 
b-value between 0.5 and 0.8, a pseudocapacitive attribute to a mixture 
of capacitive and diffusive characteristics [58]. Electrode based on 
M − 1 has a b-value of 0.85, which shows that CeO2 is capacitive and 
stores charge mainly through the EDLC mechanism, whereas M − 2 has a 
b-value of 0.56, which corresponds that the material is predominantly 
battery-like (Fig. 6e and f). It may be attributed to the fact that M − 2 
stores charge mainly through Faradaic redox reactions due to the 
interconversion of dopant ions in it.

The comparative CV curves in Fig. 7a show high current and area 
under the curve, confirming the good electrochemical properties of M-2. 
The Dunns method indicates M − 2 is predominantly diffusion- 
controlled at low scan rates but with the increase scan rate the capaci
tive contribution is enhanced. When evaluating a material for high- 
power application, it is important to investigate how the material be
haves at high scan rate and whether its composition facilitates kinetics. 
Therefore, Dunn’s method is further employed on M − 2 to determine 
quantitatively the capacitive and diffusive contribution of the electrode 
material. Capacitive contribution indicates the presence of EDLC 
behavior, while diffusive contribution indicates redox behavior [53]. 
Dunn’s method exhibited that the diffusion-controlled mechanism 
stands out to be a significant energy storage mechanism in M-2. Fig. 7b 
shows cyclic voltammograms for M − 2, affirming its capacitive, diffu
sive, and overall contribution. Fig. 7c shows that the sample has only 
17 % capacitive contribution and 83 % diffusive contribution at 5 mV/s. 
The capacitive contribution continuously increased with an increase in 
scan rate and reached up to 40 % at a 100 mV/s scan rate. The values of 
capacitive and diffusive contributions determined through Dunn’s 
method by following the b-value confirm the pseudocapacitive nature of 
M-2. Specific capacitance of 111.9 F/g and 220.3 F/g for M − I and 
M − 2 were also calculated from CV curves which, showed a decrease 
with increasing scan rate.

4.4.2. Galvanostatic charge discharge (GCD)
GCD was employed at current densities with a limit of 0.5–2.5 A/g, 

discretely determined the charge capacity of M − 1 and M-2. The dis
charging curves for M − 1 and M − 2, displayed in Fig. 8a and b, show 
non-linear behavior with intermediate plateaus, indicating the presence 
of Faradaic redox reactions at the electrode surface. In correspondence 
with the CV, plateaus were more pronounced in the case of M − 2 
compared to M − 1, indicating that M − 1 exhibits capacitive dominant 
energy storage, whereas M − 2 stores charge primarily through a diffu
sive mechanism. The preservation of the shape of GCD profiles 
confirmed the stability of the samples as well as significant reversibility. 
By Eq. (3) [59], specific capacitances were calculated. 

Cs =
2 i

∫
Vdt

m × V2 Eq 3 

Here, 
∫

Vdt denotes the area under the discharge curve, i/m denotes 
current density, and V is the switching potential. Fig. 8c shows that 
M − 2 has a significantly larger area under the curve and, therefore, 

Fig. 5. FESEM image of Activated Carbon AC.
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higher capacitance compared to M-1. M − 2 shows a maximum Cs of 
244.4 F/g at 0.5 A/g as compared to 197.6 F/g of M-1. Fig. 8d shows the 
change in specific capacitances with the increase in current density.

4.4.3. Electrochemical impedance spectroscopy (EIS)
To understand the kinetics of electrochemical reactions depending 

on their internal resistance and charge storage mechanisms, EIS was 

employed in a 0.1–100 kHz frequency range. Fig. 8e and f shows Nyquist 
plots and their fitted equivalent circuits for M − 1 and M − 2, respec
tively. The EIS spectrum for both M − 1 and M − 2 displayed a very small 
semicircle in a high-frequency region which is indicative of charge 
transfer resistance (Rct), confirming the transfer of charge at electrode 
electrolyte interface (Faradaic redox reactions), while a linear curve in 
low-frequency region is indicative of the Warburg impedance (Wd) 

Fig. 6. (a) CV curves for M − 1 and (b) M − 2, (c) Linear regression coefficient for M − 1 and, (d) M − 2, (e) b-value for M − 1 and (f) M-2.
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demonstrating continuous diffusion of ions through pores of electrode 
and pseudocapacitive behavior of electrode material. Moreover, both 
samples show a small equivalent resistance (Esr). M − 1 shows a small Esr 
of 0.74 Ω with Rct of 61.7 Ω, while M − 2 has Esr of 1.2 Ω with Rct of 
48.2 Ω. The decrease in the Rct of M − 2 as compared to M − 1 advocated 
the positive effect of Mg and Ni ions doping on CeO2.

4.5. Asymmetric hybrid device assembly

Electrochemical as well as structural characterization confirmed that 
the doping of divalent ions (Ni2+ and Mg2+) in CeO2 results in improved 
electrochemical properties of M-2. Hence, the best-performing sample 
M − 2 was then utilized for the fabrication of an asymmetric hybrid 
device. A hybrid device was fabricated by combining the M − 2 cathode 
as a positive electrode against the activated carbon (AC) anode as a 
negative electrode (Ni, Mg@CeO2//AC).

4.5.1. Electrochemical analysis of hybrid device
CV analysis was conducted over a range of discrete scan rates 

(10 mV/s to 60 mV/s). The combined operational window for both 
M − 2 and activated carbon was selected and utilized (0 mV–1450 mV). 
Fig. 9a shows that cyclic voltammograms for the hybrid device are 
quasi-rectangular in shape with significant anodic and cathodic peaks. 

The change in the shape of CV curves indicates the integration of the 
battery-like behavior of M − 2 and the EDLC behavior of activated car
bon. Furthermore, the maintenance of the shapes of voltammograms 
validates good stability and exceptional rate capability.

The b-value of 0.72 is determined by the slope of the plot of the log of 
peak current versus the log of scan rates, which confirms the integration 
of EDLC behavior (Fig. 9b) [60]. Capacitive and diffusive contributions 
can also be estimated by Dunn’s method. Results of Dunn’s method, as 
shown in Fig. 9c, are in correspondence with the calculated b-value and 
CV curves. The increase in the value of capacitive contributions of the 
hybrid device as compared to the simple M − 2 sample is attributed to 
the capacitive behavior of the negative activated carbon electrode. The 
device showed a 28 % capacitive contribution and 72 % diffusive 
contribution at a 10 mV/s scan rate, as shown in Fig. 9d.

The working of the hybrid device, as shown in Fig. 10, is explained as 
follows. Since the M − 2 material-based hybrid supercapacitor has one 
electrode of the prepared co-doped ceria and the other one is taken as 
activated carbon. In the hybrid mode, the supercapacitor device exhibits 
a synergistic process of charge storage. The AC electrode plays its role in 
terms of charge transport, while the Ni, Mg co-doped CeO2/AC whereas 
the metal oxide contributes to charge storage via redox reactions. This 
combination results in superior specific capacitance and higher energy 
density compared to conventional supercapacitors. The pore structures 

Fig. 7. (a) Comparative CV curves for M − 1 and M − 2, (b) Diffusive and capacitive contributions for M − 2 at 20 mV/s scan rate, and (c) percentage for both 
diffusive and capacitive contributions for M − 2 at various scan rates. (d) Specific capacitance calculated from CV curves of M − 1 and M-2.
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of the metal oxide-based electrode and the AC electrode are critical for 
the ion adsorption. The charge accumulation is also between the 
capacitor electrode and electrolyte interface, leading to an effect on the 
overall conductivity. Further, the bonds of AC with the co-doped ceria 
may also sufficed passages for the fast electron dynamics [61]. Thus, the 
charge storage performance is improved.

GCD analysis was employed at various current densities (0.5 A/g to 3 
A/g), and specific capacitance, energy density, and power density were 
estimated for the hybrid device. The plateaus in the middle of profiles, as 
shown in Fig. 11a, confirmed the occurrence of Faradaic redox reactions. 
The device exhibited a specific capacitance of 63.3 F/g at 0.5 A/g, which 
continuously decreases with the increase in current density, as shown in 
Fig. 11b. This is attributed to the fact that at higher current density, 
diffusion of electrolyte ions is restricted to the surface only, which ul
timately results in a lower utilization of electrode material [62]. Specific 
energy and specific power were also calculated using Eqs. (4) and (5), 
respectively. 

E=
i
∫

Vdt
m × 3.6

− − − − − Eq 4 

P=
E × 3600

td
Eq 5 

Here, i/m, 
∫

Vdt, and td denote the current density, the area under the 
discharge curve, and the discharge time, respectively. The fabricated 
hybrid device exhibits a maximum specific energy of 18.2 Wh/kg. 
Whereas 467.5 W/kg is the specific power at 0.5 A/g. Plotting specific 
energy and specific power against the current densities is shown in 
Fig. 11c, which depicts that the specific energy has a direct relation with 
current density, while specific power changes inversely with an increase 
in current density.

The stability and practical benefit of the fabricated device is assessed 
by applying 5000 continuous GCD cycles, as shown in Fig. 11d, which 
shows that the sample has a coulombic efficiency of 100.4 % over 
consecutive 5000 GCD cycles, placing it as an exceptional electrode 

Fig. 8. (a) GCD profiles for M − 1, (b) GCD profiles for M − 2, (c) Comparison between GCD curves of M − 1 and M − 2, (d) Cs vs. current density, (e) Nyquist Plot 
with fitted equivalent circuit for M − 1 and (f) Nyquist Plot with fitted equivalent circuit for M-2.
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material for energy storage. Since the hybrid device is run for 5000 GCD 
cycles at a current density of 10 A/g. At higher current density, the 
coulombic efficiency is usually recorded over 100 might be due to the 
system delay, redox shuttle and activation of Ni/Mg co-doped CeO2 
creates an abundance of vacancies to enhance ionic conductivity. During 

GCD cycling, a beneficial surface reconstruction enables the electrolyte 
intercalation into the vacancy-rich regions, exposing more accessible 
redox active sites from both Ni and Ce, which increase charge storage 
capacity over time. Moreover, the ELC-based AC electrode serves as an 
efficient reversible counter electrode and provides rapid kinetics, which 

Fig. 9. (a) CV for M-2//Activated Carbon, (b) b-value for M-2//Activated Carbon, (c) Capacitive and diffusive contributions for M-2//Activated carbon at 20 mV/s 
scan rate, and (d) percentage contributions for M-2//Activated carbon at various scan rates.

Fig. 10. Working of the hybrid supercapacitor device based on Ni, Mg co-doped ceria. The battery-like electrode and capacitor-like electrode both contribute to the 
final capacitance of the device.
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creates a low-stress environment for the M − 2 electrode. It also com
pensates for a slower diffusion-controlled Faradaic process. The syner
gistic effect enables the M − 2 electrode to safely activate and improve 
its performance, slightly exceeding the intrinsic material degradation 

over time. As far as the device shows a constant value of coulombic ef
ficiency, the device stability can be adjudged. The EIS analysis validates 
the superior performance and good electrical conductivity of the fabri
cated hybrid device. Nyquist plots before and after stability of the device 

Fig. 11. (a) GCD curves for M-2//Activated Carbon, (b) specific capacitance of M-2//Activated Carbon device, (c) Specific Energy and Specific Power for M-2// 
Activated Carbon device, (d) Cyclic stability for M-2//Activated Carbon and (e) Nyquist plots and fitted equivalent circuits for M-2//Activated Carbon device before 
and after stability.
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with their fitted equivalent circuits are shown on Fig. 11e. Both Esr and 
Rct decrease after stability, which confirms its good cyclic stability. 
There was no significant difference between the Esr of the hybrid device 
(1.48 Ω and 1.45 Ω). However, the Rct of 2.83 decreased to 2.17 Ω after 
the stability of the device. Current outcomes are compared with the 
literature in Table 1 as

Metal–organic frameworks (MOFs) have been widely explored and 
applied in many fields. However, the poor electrical conductivity of 
many traditional MOFs greatly limits their application in electrochem
istry, especially in energy storage [65,66]. In this study, a typical cMOF 
(Ni-HHTP, HHTP = 2,3,6,7,10,11-hexahydroxytriphenylene) was com
pounded with MXene nanosheets and a series of composites, namely 
MXene@Ni-HHTP-x (x = 1–8), were obtained. As a result, when 
MXene@Ni-HHTP-2 was assembled as a positive electrode material in 
an asymmetric supercapacitor, it achieved a specific capacitance of 
416.6 F/g at 0.5 A g− 1, manifesting a good performance in energy 
storage.

5. Conclusion

In this study, CeO2 has been successfully utilized as a base material 
for developing high-performance electrodes through a facile solution 
combustion synthesis. To investigate the influence of dopants, Ni and 
Mg were co-doped into the CeO2 matrix, and their electrochemical ef
fects were systematically studied. The synthesized materials exhibited 
spherical morphology with a well-defined face-centered cubic (FCC) 
crystal structure. Notably, the co-doped Ni, Mg @ CeO2 (M − 2) 
demonstrated superior charge storage capability, delivering a specific 
capacitance of 244.4 F/g at 0.5 A/g, compared to 197.6 F/g for 
undoped CeO2 (M − 1). Furthermore, the assembled supercapacitor 
device, configured by Ni, Mg@ CeO2/AC (M-2), achieved an impressive 
specific energy of 18.3 Wh/kg and specific power of 467.5 W/kg at 
0.5 A/g while maintaining exceptional cycling stability, evidenced by a 
Coulombic efficiency of 100.4 % over 5000 GCD cycles.
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