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A B S T R A C T   

Batteries and supercapacitors are trending energy storage devices nowadays but the low energy density of 
supercapacitors and modest power density of batteries limit their applications for practical usage. Recently a new 
class of energy storage devices called supercapattery has emerged as an ultimate energy storage device which 
shows a hybrid storage mechanism of both battery and supercapacitor. In the present work, CeO2-based binary 
and tertiary composites have been prepared by the facile hydrothermal method, characterized by different 
techniques, and applied as an electrode in supercapacitors and supercapattery. The X-ray diffraction patterns and 
EDX confirm the successful synthesis of tertiary composites with the average crystallite size of 26 nm while the 
SEM images show the randomly orientated nanosheets of CeO2 loaded with ZnO and ZnWO4 over it. The XPS 
spectrum depicts the presence of variable oxidation states of cerium (Ce+2 and Ce+4) in the tertiary composites. 
The electrochemical performance shows the highest specific capacity (496.9 Cg− 1) for tertiary composite. The 
supercapattery device is fabricated by using mixed (AC/Ternary composite) as a working electrode and AC as a 
cathode which is separated by filter paper. The evaluation of capacitive and battery mechanisms shows the 
dominant feature of diffusive and surface-controlled processes at lower and high scan rates respectively due to 
varying diffusion time of electrolyte species. The fabricated device shows the energy density and power density 
of 56.92 Whkg− 1 and 2000 Wkg− 1 at a current density of 0.5 mAg− 1 respectively with 88 % cyclic stability and 
82 % coulombic efficiency.   

1. Introduction 

The rapid evolution of modern energy storage devices is offering 
ample options for traditional ways such as oil, coal, natural gas, and 
nuclear resources coal for energy harvesting [1,2]. The traditional en
ergy sources create an alarming situation for the environment due to 
carbon emission, therefore, it is the need of the hour to investigate new 
environment-friendly energy sources such as wind energy, solar energy, 
lithium battery, and hydrogen energy [3–10]. Batteries and capacitors 
are conventional energy storage devices, however, have certain draw
backs i.e. low power density and energy density and reduced cyclability 

[11–13]. Due to these limitations, supercapacitors have gained much 
attention thanks to their high-power density and rapid charging 
[14–19]. Supercapacitors have better cyclability, low maintenance, 
environmental-friendly, and long-life cycle than other energy storage 
devices [20]. 

The electrode is the key component in any energy storage instru
ment. The electrode material contributes effectively to the charging- 
discharging process of the supercapacitor. Based on the charging- 
discharging mechanisms, supercapacitors are categorized into two 
groups; electrical double-layer capacitors and pseudo capacitors 
[21,22]. In a double-layer capacitor, electrodes are usually made up of 
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carbon or carbon derivatives (Graphene, Fluorene, etc.) and separated 
by an inert porous sheet. The accumulation of positive and negative 
charges at the electrode interface makes enhanced surface area Helm
holtz and diffusion layers which results in high power density. Whereas, 
for pseudo-capacitors, activated carbon electrode is generally mixed 
with metal oxides to increase the specific capacitance. For pseudo- 
capacitance, a Faradic charge mechanism occurs between the electro
lyte and porous electrode through a redox reaction. In recent years, a lot 
of pristine and composite nanomaterials have been proposed as elec
trode materials e.g. RuO2, MnO2 [23,24] for pseudo-capacitor. The 
carbon-based electrode material is one of the most fascinating materials 
for supercapacitor applications due to its large surface area which ulti
mately provides a higher ion transfer ratio in the electrolyte [25]. A lot 
of metal oxides with graphene composites such as r-GO/CeO2, GO/NiO 
[26], GO/CuO [27], rGO/TiO2 [28], GO/MnO2 [29] have been pre
sented due to the excellent electrical properties, simple synthesis, and 
environment-friendly nature. Although supercapacitors have enormous 
potential for energy storage, less energy density is one of the major 
causes which limits their practical use. Recently, a new hybrid energy 
storage device, supercapattery is getting attention because that uses the 
principle of both supercapacitor and battery. In this device, the cathode 
(usually made up of carbonaceous material) is used to provide high 
energy density while the anode (pseudo behavior materials) for high 
power density. The supercapattery device not only provides higher 
power density but also offers comparatively higher energy density than 
the supercapacitor [30]. 

Cerium oxide (CeO2) nanoparticles (NPs) are one of the potential 
materials for supercapacitor applications due to their binary transition 
state (Ce (IV)/Ce(III)) [31]. This binary transition state causes the rapid 
redox reaction in cerium and electrolyte ions. CeO2 NPs depict higher 
retention rate, excellent recyclability, low toxicity and high catalytic 
property [32–34]. The only disadvantage of CeO2 is its low conductivity 
which limits its practical applications. [35]. Several attempts have been 
made to increase the conductivity and specific capacitance of CeO2. For 
example, Jeyaranjan et al. [36] synthesized the ternary hierarchical 
microspheres structure PANI/rGO/CeO2 composite having a specific 
energy density of 46.27 Whkg− 1 and power density of 850 Wkg− 1 with a 
92 % retention rate. Prasanna et al. [37] modified the electrical con
ductivity of pristine CeO2 by increasing the oxygen vacancies via the 
combustion method which showed a specific capacitance of 134.6 Fg− 1. 
Ojha et al. prepared CeO2 modified MnO2/RGO nanorods which 
depicted the higher specific capacitance (648 Fg− 1) than pristine MnO2 
[38]. CeO2/ZnO composites have been reported for several applications 
such as sensing [39], photocatalytic degradation [40], and super
capacitors [41]. Arunpandiyan et al. [42] reported the CeO2/ZnO 
composites as electrode materials with specific capacitance and energy 
density of 1069 Fg− 1 and 39.6 Whkg− 1 respectively. Xie et al. [43] re
ported the CeO2/ZnO composites for oxidation of carbon monoxide. 
Similarly, Qiao et al. [44] achieved the maximum power density of 
1055 mW cm− 2 for solid oxide fuel cell applications. 

Several studies have shown that ZnWO4 is highly stable as electrode 
material in energy storage devices. For example, Dhanush et al. [45] 
attained a 92 % retention rate for graphene-modified zinc tungstate 
electrodes in supercapacitor applications. Soultati et al. [46] observed 
the enhanced stability of pristine ZnO when it is modified with ZnWO4 
for usage as an electron extraction layer in organic solar cells. Recently, 
tungstate-based ternary nanocomposites are also being used due to their 
enormous properties. Sedighi et al. [47] prepared ternary Ce2W2O9/ 
CoWO4/Porous carbon-based electrodes and achieved 70 % more power 
density (660 mAhg− 1) as compared to the binary Ce2W2O9/CoWO4 
composites. Similarly, Kumar et al. [48] reported WS2/FeCo2O4/acti
vated carbon composites for high-performance battery grade anode 
material with 98 % retention for supercapacitor applications. Ali et al. 
[49] studied the diffusion and surface-controlled mechanism for porous 
zinc-based MOF material for supercapattery application. The hierar
chical type fabricated electrodes have a maximum capacity of 172 C/g 

along with an excellent energy density and power density of 38.05 Wh/ 
kg and 240 W/kg respectively. By following the same approach, Pra
bakaran and co-worker [50] studied the supercapattery behavior of 
tungstate-based materials (rGO-CuWO4) which depicts the maximum 
specific capacity of 158.1 C g− 1 at 2 Ag− 1. Although remarkable progress 
has been achieved by the authors to get maximum energy density and 
power density, the charge storage mechanism is required to be further 
analyzed. In the present work, low-cost and fine thin nano-sheets of 
CeO2 composited with ZnO and ZnWO4 have been prepared for super
capattery application by using a simple hydrothermal route. The basic 
motive of the study was to integrate the electrochemical properties of 
CeO2/ZnO composite with highly stable ZnWO4 to achieve the 
maximum power density, energy density, and stability. The fabricated 
supercapattery device provides the maximum energy density and power 
density of 56.92 Whkg− 1 and 2000 Wkg− 1 respectively with 88 % 
retention capability and 82 % coulombic efficiency. 

2. Experimental section 

2.1. Materials 

All the materials of analytical grade were purchased through a local 
supplier and used as received without any further purification. For the 
preparation of all derivatives of Zinc, Zinc acetate dihydrate 
(C4H6O4Zn⋅2H2O, Purity 98 %) was used. Similarly, for the preparation 
of composite materials, cerium (III) chloride heptahydrate (CeCl3⋅7H2O, 
purity 99 %) and sodium tungstate dihydrate (Na2WO4⋅2H2O, Purity 98 
%) were used as primary precursors. While other chemicals like cetyl- 
trimethylammonium bromide (CTAB, Purity 99 %), sodium hydroxide 
(NaOH, Purity 99 %), and potassium hydroxide (KOH, Purity 99 %) were 
used as secondary materials. For the preparation of electrodes, Nickel 
foam (6 mm thickness, 99.5 % purity) was used. 

2.2. Preparation of electrode materials 

Cerium oxide nanomaterials (CeO2) were prepared by using the 
hydrothermal method. Cerium chloride heptahydrate (0.5 M) was dis
solved into 100 ml distilled water and stirred for 15 min. The pH was 
maintained at 13 by adding 0.5 M NaOH solution. After constant stirring 
for 1 h, 0.5 g of CTAB was added as a stabilizing agent. The final pre
pared solution was shifted into Teflon lined autoclave for hydrothermal 
treatment at 220 ◦C temperature for 16 h. The color of the synthesized 
product changed from white to sand white which indicated the suc
cessful reaction. The suspension so formed, was then washed and dried. 
The final product was further annealed at 500 ◦C temperature for 2 h and 
collected for further use in the synthesis of composites [51]. The pristine 
ZnO and ZnWO4 were prepared by the same method by using zinc ac
etate and sodium tungstate dihydrate as precursors. For binary com
posites, the CeO2 and ZnO were mixed with a 1:2 wt% ratio, and tertiary 
composites were prepared by mixing CeO2, ZnO, and ZnWO4 with a 
ratio of 1:2:3 wt% respectively under hydrothermal treatment. 

2.3. Characterization tools 

To investigate the structural composition, analysis was carried out by 
using a general-purpose X-Ray diffractometer (pXRD) DRON-8 with Cu 
kα = 0.154 nm and angle range 2θ = 20◦–80◦. The morphology of the 
synthesized materials was studied by using SEM (FEI, model Nove 
NanoSEM 450). Similarly, optical properties were studied by using 
Photoluminescence spectroscopy. Surface and functional analysis were 
performed by X-ray photoelectron spectroscopy (PHI-VersaProbII, PHI, 
Chanhassen, MN, USA) under a high vacuum (10− 7 Pa). The formulas 
(1)–(3) are used for the structural analysis; 

Crystallite size (Scherrer's formula) D =
kλ

βcosƟ
(1) 
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Williamson − Hall equation βcosƟ =
kλ
D

+ 4εsinθ (2)  

Level of crystallinity;Crystallinity (%)

=
Area of crystalline peaks

Area of all peaks (crystalline + amorhous)
× 100 (3)  

where D is crystallite size, k is the shape factor, λ is the wavelength of X- 
rays (0.154 nm), β is full width at half maximum, and θ is the corre
sponding peak position in degrees. 

2.4. Electrochemical measurements 

The electrochemical characterization was performed by using three 
and two-electrode systems. The Ag/AgCl2 and platinum wire was used as 
reference and counter electrodes respectively. The 2 M potassium hy
droxide (KOH) solution was used as an electrolyte. Cyclic voltammetry, 
galvanostatic charging-discharging, and electrochemical impedance 
spectroscopy characterizations were performed by using the CS310 
Electrochemical workstation. 

2.5. Preparation of electrodes 

The electrodes were prepared by using the synthesized material, 
activated carbon, and polyvinyl alcohol (PVA) in a 16:3:1 ratio. The 
mixture was initially blended well by the continuous addition of PVA 
solution. The slurry-like mixture was then spin-coated (100 rpm for 5 
min) over the nickel foam. The advantage of spin coating over the other 
methods is the penetration of materials more efficiently into the pores of 
Ni foam. The coated Ni foam was then annealed at 100 ◦C for 10 min. 
The digital photographs of different steps performed for electrode 
preparation are shown in (Fig. 1). 

3. Results and discussion 

3.1. Materials characterization 

Structural studies were carried out to confirm the phases of different 
composite materials. The XRD patterns of CeO2, CeO2/ZnO, and CeO2/ 
ZnO/ZnWO4 composites are shown in Fig. 2. In the case of cerium oxide, 
all the diffraction peaks matched with the JCPDS Card # 01-081-079. 
The peaks observed at diffraction angles 28.54◦, 33.07◦, 47.47◦, 
57.33◦, 59.07◦, 69.40◦, 76.68◦ and 79.06◦ correspond to (111), (200), 
(220), (311), (222), (400), (331) and (420) planes respectively [52]. The 
structure corresponds to the cubic phase with Fm3m space group. The 
narrow width of peaks corresponds to the higher crystallinity of the 
material. In the case of CeO2/ZnO composites, both peaks for CeO2 and 
ZnO are depicted in the spectrum, however, CeO2 peaks are slightly 
shifted indicating the formation of composite materials. The peaks of 
ZnO are matched with the JCPDS card # 01-076-0704 having a 

hexagonal structure whereas CeO2 peaks are matched with the same 
cubic phase. The tertiary composites indicate the presence of CeO2, ZnO, 
and ZnWO4 diffraction peaks in the spectrum. The ZnWO4 peaks are 
located at 36.3◦, 58.8◦, 68◦, and 79.1◦ belong to (021), (300), (320), and 
(014) planes respectively with monoclinic phase and JCPDS card # 01- 
073-0554. The different structural parameters have also been calculated 
using relations (Eqs. (1)–(3)) provided in the Experimental section. 
Table 1 provides the value of crystallite size calculated by Debye- 
Scherrer's formula (highest intensity peak in each case), Williamson Hall 
plot, and level of crystallinity of the synthesized materials. Debye- 
Scherrer's method shows the crystallite size of pristine CeO2, CeO2/ZnO, 
and CeO2/ZnO/ZnWO4 composites as 25, 44, and 31 nm respectively. 
Williamson Hall method counts the crystal defects present in the ma
terial for crystallite size determination that have a certain effect due to 
strain induced in the lattice. The crystallite size determined by the 
Williamson-Hall method for CeO2/ZnO composite is 21 nm which shows 
that crystal defects induce compressive stress in the atomic layers and 
shrink the crystallite size. Additionally, the presence of excess volume 
near grain boundaries (Ce3+) also induces a stress field which results in a 
decrease in crystallite size [53]. In the case of pristine CeO2 and tertiary 
composite, crystallite sizes increase to 32 nm and 52 nm respectively as 

Fig. 1. Step-by-step procedure of the preparation of electrodes.  

Fig. 2. XRD patterns of CeO2, CeO2/ZnO, and CeO2/ZnO/ZnWO4 composites in 
the range of 20◦ to 80◦ using Cu Kα X rays with wavelength 1.54 Å. 

Table 1 
Crystalline size and percentage crystallinity of all the materials.  

Samples Crystallite size (nm) Level of 
crystallinity (%) 

Debye-Scherrer's 
method 

Williamson-Hall 
method 

CeO2  25  32  62 
CeO2/ZnO  44  21  65 
CeO2/ZnO/ 

ZnWO4  

31  52  69  
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compared to Scherrer's formula, indicating the crystal expansion due to 
the crystal imperfections. The percentage crystallinity is also deter
mined for different materials and it is observed that tertiary composites 
have the highest crystallinity (69 %) as compared to binary composites 
(65 %) and pristine CeO2 (62 %) nanomaterials (Table 1). 

The scanning electron microscopy images of pristine CeO2, binary 
and ternary composites are shown in Fig. 3. Fig. 3a shows two- 
dimensional nanosheets with random orientation i.e. vertically and 
horizontally aligned. The pristine ZnO and ZnWO4 have aggregate-like 
irregular morphologies (Fig. 3(b–c)). For binary composite (ZnO/ 
CeO2), particles are mostly agglomerated which are loaded over each 
other (Fig. 3d) and have flake-like morphologies. Whereas, in the case of 
tertiary composites, most of the nanosheets are decorated by ZnO and 
ZnWO4 nanoparticles (Fig. 3e). The presence of 2D sheet-like mor
phologies of CeO2 provides a large surface area for redox reaction and 
more exposed oxygen vacancies which result in enhanced specific 
capacitance of the prepared material [54]. The small granules of ZnO 
and ZnWO4 embedded on 2D nanosheets also provide more surface 
defects in the composite materials. The direct interface of 2D nanosheets 
can promote electrons transportation rate between the electrode and 
electrolyte thus providing more conductive pathways [55]. The chemi
cal composition of the tertiary composite materials is further confirmed 
by EDX analysis (Fig. 3f). The presence of Ce, Zn, W, and C peaks further 
supports the XRD results. The presence of carbon peak is due to the 
substrate used for SEM analysis. The wt% and at.% of different elements 
are determined and provided in Table 2. The high at.% of Ce and Zn 
species is favorable for fast redox reactions. The increased number of 
redox atoms facilitates the high ions conductivity which results in less 
charge transfer time [56]. The chemical distribution of different ele
ments in the tertiary composites is further confirmed by EDX chemical 
mapping. The maps for different elements show the homogenous 
chemical distribution in the tertiary composites (Fig. 4(a–f)). 

The photoluminescence (PL) spectra of pristine CeO2 and its com
posites are recorded with 350 nm excitation wavelength and shown in 
Fig. 5. Intensity is significantly increased for binary and tertiary com
posites which may be attributed to the rapid excitonic recombination 
[57]. The first excitation peak is observed at 414 nm in all cases which is 
due to the transition by Ce 4f to O 2p [58]. The PL spectrum shows the 
oxygen vacancy mediation in the case of CeO2. The wide spectrum of 

CeO2 might be due to the defects present in the energy levels below the 
4f band of oxygen vacancies. The higher PL intensity in the case of the 
binary and tertiary composite may be linked with the higher capacity to 
store oxygen vacancies due to the different transition states of Ce (III and 
IV) and Zn (II and III) [59]. In the case of tertiary composites, maximum 
PL intensity is observed with an additional peak near 510 nm that may 
be correlated with the blue emission band [60]. The presence of a second 
peak in the tertiary composites is attributed to the presence of tungstate 
species [61]. 

The surface elemental analysis with valance state study for tertiary 
composites is conducted through XPS and shown in Fig. 6. All the pri
mary elemental peaks are present in the survey spectrum which further 
confirms composite formation (Fig. 6a). The Auger peaks are observed at 
496.35 eV and 837 eV corresponds to Zn LMM and Ce MNN [62]. In 
tertiary composites, the B-site metal ions (Ce, Zn) with variable oxida
tion states are present. The oxidation/reduction state of oxygen atoms 
facilitates the rapid transfer of electrons which supports the battery-type 
behavior [63,64]. The variable oxidation states of cerium ions are 
confirmed as shown in the high-resolution spectrum of Ce 3d (Fig. 6b). 
The characteristic peaks of Ce4+ 3d5/2 are present at binding energies of 
887.21 eV and 883.12 eV. Similarly, the satellite peaks for Ce3+ 3d3/2 
are present at 898.74 eV, 909.34 eV and 917.12 eV. The relative per
centage of different reduction states of cerium ions is calculated by using 
the formulas (4)–(5) [65]. 
[
Ce4+] =

[
Ce4+]/[[Ce4+]+

[
Ce3+] ] (4)  

and 

Fig. 3. SEM images; (a) CeO2, (b) ZnO, (c) ZnWO4, (d) CeO2/ZnO composites, (e) CeO2/ZnO/ZnWO4, (f) EDX spectrum of tertiary composite.  

Table 2 
Weight% and atomic% of different elements present in the tertiary composites 
determined by EDX.  

Element Weight% Atomic% 

C  4.38  16.91 
O  13.89  40.24 
W  2.31  1.12 
Ce  37.65  12.1 
Zn  41.77  29.63  
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[
Ce3+] =

[
Ce3+]/[[Ce4+]+

[
Ce3+] ] (5) 

The calculated percentage for Ce3+ and Ce4+ is 40 % and 60 % 
respectively. The tetravalent state of cerium ions may be due to the rapid 
oxidation with oxygen species [66]. This shows that tetravalent va
cancies are more dominant in the formation of the tertiary composite. 
Similarly for ZnO, the characteristic peaks of Zn 2p3/2 and Zn 2p1/2 are 
present at 1021.73 eV and 1044.97 eV binding energies respectively 
which indicates the Zn2+ oxidation state of zinc ions (Fig. 6c) [67]. The 
core level tungstate species (W 4f) deconvolute into two peaks at 34.12 
eV and 36.56 eV which can be assigned to W 4f7/2 and W 4f5/2 respec
tively (Fig. 6d) [68]. The binding energies for lattice oxygen and oxygen 
vacancies are located at 529.21 and 532.10 eV respectively (Fig. 6e) 
[65]. The percentage of lattice oxygen and oxygen vacancies are equal, 
calculated by the same method as described above. 

3.2. Electrochemical studies 

The charge storage nature and capacitive behavior were studied by 
cyclic voltammetry (CV) curves. The optimum potential window in all 
cases was from 0 to 0.7 V. The CV curves for different materials-based 
electrodes are shown in Fig. 7a–c. The samples were analyzed by vary
ing scan rates ranging from 5 mV/s to 50 mV/s. The non-rectangular 
shape and sharp redox peaks of CV curves in all the cases depict the 
pseudo-capacitive nature of the materials [69]. In the case of pristine 
CeO2, oxidation and reduction peaks in the redox reaction may be 
attributed to the double valance state of cerium ions (Ce+3 and Ce+4) 
(Fig. 7a). The variable oxidation states of cerium ions are mainly 
responsible for the reversible reaction in the CV curve [70]. The addition 
of ZnO in CeO2 significantly enhances the integral CV area, evidencing 
the successful incorporation of Zinc ions with the Cerium ions (Fig. 7b). 
This incorporation may also cause additional benefit of less dissolution 
of Cerium ions in the electrolyte and enhances the conductivity as re
ported by [51,71]. Of the three materials, oxidation and reduction 
currents of tertiary composites are highest (±62 mA) at a scan rate of 50 
mV/s (Fig. 7c). Even at higher scan rates, no significant change in the 
shape of CV is observed except the shifting of redox peak towards the 
further anodic and cathodic potential. This shift may be attributed to 
concentration polarization and electrochemical polarization [72]. 

The specific capacity of the material is calculated by using the 
following relation (6). 

Qs =
∫ Va

Vc
I × VdV

m × S
(6) 

Qs = specific capacity (Cg− 1), m = mass loaded (mg), S = scan rate, 
∫

Vc
VaI × dV = Area under the curve. 
The minimum specific capacity is observed for CeO2 which is 85.18 

Cg− 1 at a scan rate of 5 mV/S. The binary and tertiary composites have 
specific capacities of 202 Cg− 1 and 496.9 Cg− 1 respectively at a scan rate 
of 5 mV/S. The specific capacity decreases from a low scan rate to a fast 
scan rate due to more diffusion time for electrolytic ions to penetrate the 
pores of the material. At fast scan rates, only surface atoms of the 
electrode take part in the redox reaction, consequently, decreasing the 
specific capacity [73]. The improved specific capacity might be due to 
the synergy effect. The specific capacity in the case of CeO2/ZnO 

Fig. 4. EDX chemical mapping: (a) SEM image of the selected area, chemical maps of (b) Ce, (c) Zn, (d) W, (e) O, (f) Overlay image of the chemical maps.  

Fig. 5. Photoluminescence spectra of synthesized materials using laser light 
with an excitation wavelength of 350 nm. 
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composite may be linked with the increase in the number of valance 
states [74]. The larger surface area and high porosity of the CeO2/ZnO 
composite can also lead to a higher specific capacity [71]. The high 
redox nature of nano ZnO is due to its variable valence state changes 
(transition between Zn (II)/Zn (III)). The surface defects may also be 
responsible for the pseudocapacitive nature of the ZnO [75]. Similarly, 

in the case of tertiary composites, WO4
− 2 remains inactive during the 

reaction but increases the conducting channels for electrolytic ions 
which increases specific capacity [76]. The Zn (II) oxidation state is also 
responsible for the fast reversible reaction and pseudo-capacitive nature 
of the material along with variable Ce oxidation states [77]. In ternary 
composites, the presence of ZnO species provides more nucleation sites 

Fig. 6. XPS analysis of tertiary composite; (a) XPS survey scan of tertiary composite, High-resolution spectra of (b) Ce 3d, (c) Zn 2p, (d) W 4f, (e) O 1s.  
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and enhances the surface area, ultimately yielding in stable structure 
than pristine materials. The possible charge storage mechanism is shown 
in Fig. 8. Keeping in view the above discussion it can be concluded that  

I. The nanosheet-like morphology provides a larger specific area for 
reaction, thus offering more active sites for redox reactions.  

II. The presence of CeO2 with ZnO material not only increases the 
specific capacity of pristine CeO2 but also increases the stability 
of the material as reported by [51].  

III. The presence of tungstate species increases the conducting 
channels of the material which lowers the electrochemical series 
resistance (ESR) and increases the specific capacity. 

The comparative CV curves of nickel foam and different materials 

Fig. 7. CV curves of (a) CeO2, (b) CeO2/ZnO, (c) CeO2/ZnO/ZnWO4, (d) specific capacitance at different scan rates, (e) comparison of CV curves of different 
materials with Ni foam at scan rate 30 mV/s. 
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deposited on nickel foam at a scan rate of 30 mV/S are shown in Fig. 7e. 
The nickel foam has negligible contribution towards the charge storage 
mechanism and acts just as a current collector whereas deposited ma
terial offers CV response at the given scan rate. The possible contribution 
might consist of the following steps [78]; 

First, adsorption of K+ ions at the electrode interface, and secondly, 
intercalation/deintercalation of K+ ions in the pores and on the surface 
of CeO2 nanosheets. 

The faradic and non-faradic processes may involve the following 
reactions 

Faradic : CeIVO2 +K+ + e− ↔ CeIIIO⋅O K+ (Diffusive)

Non − faradic : (CeO2) surface+K+ + e− ↔ (CeO2⋅K+) surface (Capacitive)

The current contribution due to faradic and non-faradic mechanisms 
for each material can be evaluated by plotting the graph (Ip vs υ1/2) and 
(Ip vs υ) respectively. 

For faradic or diffusion-controlled mechanisms, the Eqs. (7)–(8) can 
be used 

Fig. 8. The possible charge storage mechanism of CeO2/ZnO/ZnWO4 tertiary composites.  

Fig. 9. Diffusion/faradic controlled mechanisms differentiation; Ip vs υ1/2 plot, (Inset: Ip vs υ), (a) CeO2, (b) CeO2/ZnO, (c) CeO2/ZnO/ZnWO4, (d) Randles-Sevcik 
plot for tertiary composite. 
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Ip∝υ1/2 (7)  

or 

Ip = Akn3/2χ(Dυ)1/2 (8) 

This is called the Randles-Sevcik equation. 
Where Ip = peak current, A = Area of electrode, n = no of electrons in 

redox reaction, D = diffusion coefficient, k = 2.69 × 105 Cmol− 1 V− 1/2, 
χ = concentration of electro-active species, υ = scan rate (mV/s). 

Similarly, for non-diffusion or capacitive mechanisms, the Eq. (9) is 
used; 

Ip∝υ (9) 

The graphs are plotted (Ip vs υ1/2) and (Ip vs υ) to determine the 
battery grade and capacitive nature of the material and are shown in 
Fig. 9a–c. The correlation coefficients are obtained by applying linear 
fitting to the data. The inset graphs in each case show the capacitive 
response while the main graph depicts the diffusion response of the 
material. In each case (capacitive and diffusion controlled), the value of 
R2 provides the dominant mechanism of charge storage. For CeO2, the 
value of R2 = 0.9927 and 0.9933 which means that both processes 
contribute equally to the electrochemical signal (Fig. 9a). Similarly, for 
CeO2/ZnO composite, R2 = 0.9981 and 0.9643 for diffusion controlled 
and surface capacitive response respectively which depicts the dominant 
feature of battery grade material (Fig. 9b). For tertiary composite, R2 =

0.9985 and 0.9526 for battery grade (diffusion-controlled process) and 
surface capacitive response respectively (Fig. 9c). The highest value of 
R2 for faradic response indicates that tertiary composite is the best 

battery grade material among the three materials. [79]. The linear trend 
is also observed between peak current (Ip) and υ1/2 for both anodic and 
cathodic peaks which is evident in the high reversibility and stable na
ture of the material as shown in Fig. 9d. 

3.2.1. Evaluation of capacitive and diffusion controlled current for tertiary 
composite 

The charge storage mechanism varies with the applied scan rate and 
current density. To evaluate the charge storage mechanism at different 
scan rates, Donn's model provides us with a new way to probe the 
different charge storage mechanisms. The current distribution was 
evaluated by using CV curves for scan rates from 10 to 30 mV/s scan 
rates [80]. The trend of the charge storage mechanism is evaluated by 
using the power law (10)–(12); 

Ip = a υb (10)  

or 

Log Ip = Log a+ b Log(υ) (11)  

or 

Log Ip
Log υ = b+Log(a) (12)  

where Ip = peak current and υ = scan rate, a = constant, b = constant. 
The linear fit between the log (Ip) and Log (υ) provides the nature of 

the charge of charge storage mechanism. The slop of Log Ip
Log υ provides the 

value of b while the y-intercept gives the Log a. There will be non- 

Fig. 10. Charge storage mechanism; (a) Graph between log (peak current) and log (scan rate) to find the value of b, (b) relationship between peak potential versus ln 
(scan rates), (c) Relationship between log (scan rate) versus log (oxidation and reduction peak currents), (d) Variation of b value at different fixed potentials. 
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diffusion or capacitive behavior for b = 1, while b = 0.5 represent the 
diffusion controlled or intercalation process. The linear fit between the 
log (peak current) and log (scan rate) provides b = 0.54 which indicates 
the battery grade nature of the material and is consistent with the earlier 
reported results [81] (Fig. 10a). The linear trend between the peak po
tential and ln (scan rate) also supports the above results indicating the 
superior ions charge transfer due to intercalation (Fig. 10b) [82]. The 
values of b are determined by plotting a graph between current and scan 
rates at different fixed potentials ranging from 0.22 V to 0.47 V 
(Fig. 10c). The value of b is 0.96 at the lowest potential which decreases 
with the rise in potential. The lowest value of b (0.57) is observed at a 
peak potential of 0.37 V and then increases again with peak potential 
(Fig. 10d). This variation indicates that current arises from a non- 
diffusion process which linearly changes into a diffusion-controlled 
process with the rise in scan rate. At peak potentials, maximum cur
rent is attributed to diffusion-controlled process which is due to fast 
intercalation (ion-exchange process) [83]. 

In general, both types of current exist during a complete scan process 
as also observed in our previous discussion. To quantify the intercalative 
and non-diffusive current, the following Eqs. (13)–(15) are used [84]. 

I(V) = Icap + Idiff (13)  

I(V) = K1v+K2 v1/2 (14)  

or 

I(V)
/

v1/2 = K1 v1/2 +K2 (15) 

Thus, by plotting the graph between the I(V)/v1/2 and v1/2, value of 

K1 and K2 can be determined from the slope and y-intercept of the fitted 
line respectively as shown in Fig. 11a. It is obvious from Fig. 11b that 
with an increase in scan rate, intercalation current dominates over the 
capacitive current which is mainly due to the less time available for 
diffusion into host lattices. Therefore, at higher scan rates, redox pseudo 
behavior or intercalation is responsible for the charge storage mecha
nism [82]. The separation potential between the redox peaks is 
increased with scan rates which might be due to polarization effects 
(Fig. 11c) [72]. 

3.2.2. Galvanostatic charging discharging (GCD) 
The charge storage properties of synthesized materials are further 

studied by using GCD at current densities of 0.5 mAg− 1, 1 mAg− 1, 3 
mAg− 1, and 5 mAg− 1. GCD curves of different samples are shown in 
Fig. 12(a–c). From the GCD curves, it is obvious that pristine CeO2 and 
CeO2/ZnO composite depict rectangular shape curves while CeO2/ZnO/ 
ZnWO4 composite has triangular shape behavior (Fig. 12(a–c)). The 
triangular pattern of spectrums is an indication of a battery-like charge 
storage mechanism [73]. The highly conductive tungstate species in 
ternary composites may be responsible for the negligible potential drop 
which yields high energy density [85]. The plateaus region in the dis
charging curve of CeO2 and CeO2/ZnO may be attributed to the polar
ization and ohmic contributions of the material which is also responsible 
for the shift in redox potential with an increase in current density as 
shown in (Fig. 12(a–b)) [73]. The specific capacity is also calculated 
from each discharge curve by using the relation (16) 

Qs =
I × △t

m
(16) 

Fig. 11. Charge storage mechanism; (a) graph between i/v1/2 and v1/2 to find the value of K1 and K2, (b) Distribution of current at different scan rates, (c) separation 
of peak potential versus scan rate. 
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△t = discharging time, I = current density (A), m = mass loaded. 
The highest specific capacity is observed for tertiary composite (336 

Cg− 1) while the minimum specific capacity (33 Cg− 1) is observed for 
pristine CeO2 at a current density of 1 Ag− 1. Fig. 12d shows the trend of 
specific capacity as a function of current density. The specific capacity 
decreases significantly due to rapid reaction at the electrode interface 
thus providing less diffusion of OH− 1 ions into pores with an increase in 
current density. The enhancement in the specific capacity for tertiary 
composite may be attributed to the synergic effects. The presence of 
tungstate ions (WO4

− 2) at the surface provides additional protection from 
direct exposure of redox species to electrolyte solutions and also en
hances conductivity [55]. The presence of WO4

− 2 ions increases the 
recombination time of electrons, hence, providing efficient charge 
transfer [86]. 

3.2.3. Electrochemical impedance spectroscopy (EIS) 
To elucidate the charge process and resistance offered by the elec

trodes, EIS is performed by varying the frequency from 0.01 to 100 kHz. 
The Nyquist plot is drawn between real impedance (Z′) versus imaginary 
impedance (− Z′′) (Fig. 13). In the high-frequency region (inset Fig. 13), 
a small circumference of the circle is observed for tertiary composites 
which indicates the capacitive nature of the material. In the case of 
CeO2, no semicircle is observed which may be due to the rough surface 
of the electrode or the presence of a non-uniform electric field at the 
interface of the electrode [69]. The binary (CeO2/ZnO) and tertiary 
(CeO2/ZnO/ZnWO4) composites have almost equal Equivalent Series 
Resistance (ESR) of 0.63 Ω and 0.65 Ω while CeO2 has the highest ESR 
value of 0.81 Ω. The larger value of ESR of CeO2 may be due to the 

resistive interface of the electrode. As ESR is the combined effect of 
solution resistance, electrode-electrolyte interface, and electrode resis
tance, the lowest value of tertiary composite depicts its highly conduc
tive nature, consistent with the results discussed in the CV and GCD 
[72]. The mesoporous nature of the electrode allows the electrolytic ions 

Fig. 12. GCD curves of (a) CeO2, (b) CeO2/ZnO, (c) CeO2/ZnO/ZnWO4, (d) Comparative specific capacity of different materials.  

Fig. 13. Nyquist plots of CeO2 nanosheets, CeO2/ZnO, and CeO2/ZnO/ZnWO4 
composite, inset: Higher frequency region and equivalent electrical circuit 
model fitting for tertiary composites. 
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(OH− 1) to interact with the atoms inside the pores thus providing more 
conducting channels for the transportation of electrons. The linear part 
in the lower frequency region is called Warburg diffusion impedance 
(W) associated with the diffusion of ions. The equivalent circuit is shown 
in the inset Fig. 13 where Rs, Rct, and C depict the solution resistance, 
charge transfer resistance and capacitor respectively. 

3.3. Supercapattery performance of tertiary composites 

Since tertiary composite has the highest specific capacity and best 
faradic nature, therefore, it is further decided to use it for supercapattery 
application. Activated carbon (AC) and tertiary composites on Ni foam 
and Whatman filter paper 42 were used as negative, positive, and sep
arators respectively in 2 M KOH electrolyte. The potential window for 
AC lies from − 1 to 0 V while for ternary composite 0–0.7 V. Hence for 
the optimum performance of the cell, the potential window was selected 
from − 1 to 0.7 V. 

For the best performance, it is suggested to balance the charge 
transfer ratio at cathode and anode, and can be done by using the 
relation (17); 

m+

m−

=
Q−

Q+

=
C− V−

C+V+

(17)  

where C− , V− , C+, and V+ are the specific capacitance of the negative 
electrode, the potential window of the negative electrode, the specific 
capacitance of the positive electrode, and the potential window of the 
positive electrode respectively. 

The CV is performed on constructed supercapattery for scan rates 
from 5 mV/s to 30 mV/s as shown in Fig. 14a. No significant change is 
observed even at faster scan rates which shows the high rate capability 
of the material. It is also noted that during the negative part of the scan, 
a small reduction peak is observed which may be attributed to the small 
pseudo-capacitive behavior of the material [87]. Similarly, the quasi 
rectangular nature of CV depicts the characteristic double layer capac
itor type behavior of the device [88]. The existence of both types of 
mechanisms is indicating the active participation of both AC and tertiary 
composite electrodes. The individual CV curves of activated carbon and 
ternary composite at a scan rate of 30 mVs− 1 are shown in Fig. 14b. 

Furthermore, the energy density and power density are determined 
by using GCD curves. The shape of the GCD curves of the device is 
neither completely triangular nor rectangular (Fig. 14c). A small hump 
is present in the discharging curve as denoted in the GCD curve which 
shows the pseudo-capacitive behavior while the quasi triangle shape 
depicts the double layer capacitor behavior [73], consistent with the CV 
curves (Fig. 14a). The longest discharge time is obtained at the lowest 
current density due to the high diffusion time of electrolytic ions. 
Moreover, the potential window does not amend both at high and low 
current densities which is evident in the negligible interfacial resistance 
[89] (Fig. 14c). The highest power density of 2000 Wkg− 1 corresponds 
to an energy density of 56.92 Whkg− 1 obtained at a current density of 
0.5 mA/g. The comparison of obtained power and energy densties with 
previous reports is provided in Table 3. In the EIS, the high-frequency 
region provides the ESR value of 0.96 Ω which shows the high con
ductivity of the system and hence efficient charge transfer (inset 
Fig. 14d). The linear part in the low-frequency region (Warburg 

Fig. 14. (a) CV curve of supercapattery, (b) CV curve of ternary composite and activated carbon (AC), (c) GCD curve at various current densities, (d) EIS spectrum of 
the supercapattery (inset: high-frequency region). 
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resistance) is inclined more towards the − Z′′ indicating the capacitive 
nature of supercapattery [90] (Fig. 14d). Fig. 15a shows the schematic 
representation of the supercapattery and its working. The Ragone plot 
with the comparison of previously reported results is shown in Fig. 15b. 

Stability is one of the important factors for device fabrication. The 
potential remains almost constant before and after 5500 cycles which 
depicts the high cyclic performance of the device as shown in Fig. 15c. 
The specific capacity retention and coulombic efficiency are determined 
for 5500 charging-discharging cycles. The coulombic efficiency is 
calculated by using Eq. (18); 

Coulombic efficiency (%) =
Δtd

Δtc
× 100 (18)  

where Δtd and Δtc discharging and charging time. 
There is 88 % retention in specific capacity (Fig. 15d) and 82 % 

coulombic efficiency is observed after 5500 cycles (inset Fig. 15d). The 
improved cyclic performance may be attributed to the cooperation of 

tungstate species (WO4
− 2) which not only provide highly conductive 

channels but also enhance the stability [95] of the device. 
In the end, to distinguish the diffusion and surface-controlled ca

pacity contribution, Donn's method is applied as suggested by [96]. 
Fig. 16(a–c) shows the contribution of both surface and diffusion- 
controlled capacity at a scan rate of 10 mV/s, 20 mV/s, and 30 mV/s 
for supercapattery. At 10 mV/s, the capacitive contribution is 28 % of 
the total capacity while 72 % is based on the diffusion-controlled 
mechanism (battery grade mechanism), whereas, at 20 and 30 mV/s, 
the capacitive contribution increases, and the battery type mechanism 
reduces. The rising trend of the surface-controlled mechanism shows the 
dominant feature of capacitive behavior at higher scan rates which is 
due to less diffusion time for electrolytic ions (OH− 1). At a faster scan 
rate, the higher capacitive response is also linked with the major 
contribution from surface-bound atoms than the inner atoms (Fig. 16d). 
The contribution of both mechanisms (surface charge adsorption and 
Faradaic electrochemical reactions) at higher and lower scan rates 
provide evidence of the successful fabrication of the supercapattery 
device. 

4. Conclusion 

In the present study, CeO2 nanosheet composited with ZnO and 
ZnWO4 nanomaterials and studied their potential as an electrode in 
energy storage devices (supercapacitor and supercapattery). The highest 
specific capacity was obtained (496.9 Cg− 1) for tertiary composite at a 
scan rate of 5 mVs− 1. Due to its high specific capacity, the material was 
used as an electrode in the fabrication of a supercapattery device which 
showed the highest energy and power density as compared to previously 

Table 3 
Comparison of energy density and power density with reported literature.  

Material Energy density 
(Whkg− 1) 

Power density 
(Wkg− 1) 

Reference 

CeO2/C/MoS2  34.55  666.7 [91] 
Ag@CeO2/AC  70  750 [92] 
CeO2/rGO  20  500 [93] 
Co/NiWO4  42.2  1047.7 [94] 
CoWO4/Co3O4/AC  57.8  750 [55] 
CeO2/ZnO/ZnWO4/ 

AC  
56.92  2000 This work  

Fig. 15. (a) Schematic illustration of assembled supercapattery device, (b) Ragone plot and comparison with earlier reported literature, (c) GCD cycle of first 500 and 
last 500 cycles, (d) The percentage retention and coulombic efficiency before and after 5500 cycles. 
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reported results. The presence of surface-controlled and diffusion- 
controlled mechanisms confirmed the asymmetric nature of the super
capattery device. The fabricated devices showed cyclic retention and 
coulombic efficiency of 88 % and 82 % respectively, showing the stable 
nature of the material. Thus, from the above-stated results, it can be 
concluded that 2D materials with tungstate species could be a promising 
candidate for the utilization of electrode materials for supercapattery 
devices. 
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