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Abstract 

Due to its good chemical stability and outstanding redox properties, CeO2 has been 

regarded as a promising electrode material for supercapacitors, but its specific capacity 

is quite low which restricts its wide-range applications. To enhance its specific capacity, 

in this study, specially designed mesoporous Zr-doped CeO2 nanostructures with large 

surface area, extraordinarily high porosity and abundant oxygen vacancies were 

fabricated using a hydrothermal method and an assisted calcination process. The 

synthesized mesoporous CeO2-Zr-1 nanostructures (with an atomic ratio of Ce:Zr = 

10:1) were composed of nanocrystals with an average size of 6.7 nm, and had a large 

surface area of 81.0 m2 g-1, and abundant mesopores with a volume of 0.2108 cm3 g-1. 

In 2 M KOH electrolyte, the CeO2-Zr-1 electrode generated a much larger specific 

capacity (448.1 C g-1) than that of the pristine CeO2 (249.3 C g-1) at a current density 

of 1 A g-1. An asymmetric supercapacitor of CeO2-Zr-1//activated carbon produced a 

high energy storage density of 23.3 Wh kg-1 at 398.5 W kg-1, and an excellent long-term 

cycling stability with 96.4% capacity retention after 6000 cycles. 

Key words: CeO2, Hydrothermal, Mesoporous, Supercapacitor, Capacity 
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1. Introduction 

Because of rapid depletion of fossil fuels and severe environmental pollution, clean 

and highly-efficient energy storage devices are greatly demanded. Supercapacitor, as 

one of the most promising clean and renewable energy storage techniques, has 

advantages such as high power density, short charging time, high rate capacity and good 

cycling stability [1-4]. In recent years, many metal oxide nanomaterials have been 

explored as the supercapacitor electrode materials [5], including RuO2 [6], Co3O4 [7, 

8], NiO [9, 10], MnO2 [11, 12], CuO [13], SnO2 [14, 15], V2O5 [16], Fe3O4 [17, 18], α-

Fe2O3 [19], TiO2 [20] and CeO2 [21, 22]. Among them, CeO2 is an eco-friendly 

electrode material with low toxicity and excellent chemical stability, and can be 

operated in various acidic and alkaline electrolytes [23-26]. Furthermore, the fast 

transition between Ce(III) and Ce(IV) oxidation states makes the CeO2 a promising 

electrode material for supercapacitors [27]. 

Accordingly, various CeO2 nanostructures have been prepared to improve their 

electrochemical performance, such as nanospheres [21], nanorods [22, 28, 29], 

nanowires [21], nanoparticles [27, 30] and porous nanostructures [31], etc. However, at 

present the specific capacity produced from these CeO2 nanostructures reported in 

literature are still quite low. For examples, CeO2 nanorods exhibited a specific 

capacitance of 162.47 F g-1 at the current density of 1 A g-1 in the 3 M KOH electrolyte 

[22]. The CeO2 nanospheres showed a specific capacitance of 142.5 F g-1 at the current 

density of 0.25 A g-1 in the Na2SO4 electrolyte [27]. The porous CeO2 exhibited a 

specific capacitance of 134.6 F g-1 at the current density of 1 A g-1 in the 1 M KOH 
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electrolyte [31]. 

In order to enhance its capacity, the CeO2 has been modified using carbon 

nanomaterials. For examples, Deng et al [32] reported that composite of CeO2 

nanoparticles/multi-wall carbon nanotubes showed an enhanced large specific 

capacitance of 455.7 F g-1 at the current density of 2 A g-1 in the 1 M KOH electrolyte, 

while the specific capacitance of pristine CeO2 nanoparticles was only 73.7 F g-1. 

Padmanathan et al [29] reported that the carbon coated CeO2 nanorods achieved a large 

specific capacitance of 644 F g-1 at a current density of 0.5 A g-1 in the 3 M KOH 

electrolyte. Another method to enhance the specific capacitance of CeO2 is doping with 

metal ions. For example, Murugan et al [26] prepared Co doped CeO2 nanoparticles 

using a microwave synthesis method, and showed a much larger specific capacitance 

of 573 F g-1 than that of pure CeO2 nanoparticles (235 F g-1) at a current density of 2 A 

g-1 in the 1 M KOH electrolyte. The specific capacitance of Ni doped CeO2 

nanoparticles was also reported to increase to 577 F g-1 from the 235 F g-1 of pure CeO2 

nanoparticles at the current density of 2 A g-1 in the 1 M KOH electrolyte [30]. Although 

the specific capacities of these modified CeO2 based electrode materials have been 

remarkably improved, these values are still not good enough for the practical 

applications [33, 34]. Therefore, it is still a great challenge to further optimize the CeO2 

nanostructures for achieving high specific capacity. 

It is well known that the large surface area, abundant pores and hierarchical 

nanostructures are beneficial to their good electrochemical performance of electrode 

materials [35, 36]. Therefore, in order to obtain good electrochemical performance, it 
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is believed that design and fabrication of CeO2 hierarchical nano-architectures with 

small nanocrystal size, large surface area and extraordinary porosity should be the best 

solution. Because Zr4+ the same valence state and similar ionic radii with Ce4+ ions, 

some Ce4+ ions can be substituted by Zr4+ ions in the CeO2 in the synthesis process, 

which is facilitates to obtain the CeO2 with small nanocrystal size, large surface area 

and extraordinary porosity [37]. Accordingly, in this study, we designed and fabricated 

mesoporous Zr-doped CeO2 nanostructures using a hydrothermal method and an 

assisted calcination process in order to achieve high supercapacitor performance. The 

mesoporous Zr-doped CeO2 nanostructures achieved extraordinary porosity, small 

nanocrystal size and large surface area. The extraordinary porosity and hierarchical 

nano-architecture can shorten the diffusion paths of the electrolyte and facilitate the 

efficient utilization of the active materials for enhancing the faradaic reactions. The 

small nanocrystals size and large surface area provide abundant active sites for the 

Faradaic redox reactions. 

 Our results using this specially designed electrode material showed that the 

mesoporous CeO2-Zr-1 nanostructure (with atomic ratio of Ce:Zr=10:1) exhibited a 

significantly enhanced specific capacity of 448.1 C g-1 at a current density of 1 A g-1. 

An asymmetric supercapacitor (ASC) based on CeO2-Zr-1//activated carbon (AC) was 

further made and showed an energy storage density of 23.3 Wh kg-1 at 398.5 W kg-1, 

and a good long-term cycling stability with only 3.6% capacity loss after 6000 cycles. 

2. Experimental Section 

2.1 Synthesis and characterization of mesoporous Zr-doped CeO2 nanostructures 
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Mesoporous Zr-doped CeO2 nanostructures with different Zr concentrations were 

synthesized using a hydrothermal method and an assisted calcination process. Firstly, 1 

mmol ZrO(NO3)2·2H2O, 10 mmol Ce(NO3)3·6H2O and 5 mmol NaNO3 were dissolved 

in 80 mL deionized water. Secondly, 20 mL of ammonia water (27 wt%) and 2 mL of 

hydrogen peroxide were successively added drop-by-drop into the above solution under 

a continuous stirring to form a reddish-brown sol. Thirdly, this sol was transferred into 

a Telfon-lined stainless autoclave (with a volume of 120 mL) for the hydrothermal 

reaction at 100 oC for 20 hrs. After the hydrothermal process, the precipitates were 

collected by filtering and washing using deionized water, and then dried at 60 oC for 10 

hrs. Finally, the above precipitates were calcined at 500 oC in air for 4 hrs to obtain 

mesoporous Zr-doped CeO2 nanostructure sample with an atomic ratio of Ce:Zr = 10:1 

(named as sample of CeO2-Zr-1). Similarly, by changing the addition amounts of 

ZrO(NO3)2·2H2O in the above preparation processes (e.g., 0, 0.5 and 1.5 mmol), 

samples of the pristine CeO2, CeO2-Zr-0.5, and CeO2-Zr-1.5 were also prepared. 

Crystalline structures of the pristine CeO2 and CeO2-Zr nanostructures before and 

after calcination processes were analyzed using X-ray diffraction (XRD, Cu Kα 

radiation, D/MAX-2500, Japan). Transmission electron microscope (TEM, JEM-

2200FS, Japan) and scanning electron microscope (SEM, Inspect F50, USA) were used 

to characterize the morphologies of samples. X-ray photoelectron spectroscope (XPS, 

Al Kα radiation, Kratos Axis-Ultra DLD, UK) was used to analyze the chemical states 

of elements and surface element composition. The specific Brunauer−Emmett−Teller 

(BET) surface areas, pore volumes and pore diameter distribution were obtained using 
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the N2 adsorption/desorption isotherms of samples, which were measured using 

nitrogen physisorption apparatus (JW-BK122W, JWGB SCI. TECH. China) at 77 K.  

2.2 Electrochemical measurement 

Zr-doped CeO2 (16 mg), acetylene black (2 mg) and polytetrafluoro-ethylene (2 mg) 

were mixed with 1.5 mL ethanol to form a slurry, which was coated onto a clean nickel 

foam and dried in a vacuum oven at 50 oC overnight. The mass loading of CeO2-Zr on 

a working electrode was about 2 mg cm-2. Electrochemical measurements were 

conducted at room temperature using an electrochemical workstation (CHI 660E, 

Shanghai Chenhua instrument Co., Ltd.) in 2 M of KOH electrolyte. The 

electrochemical test including cyclic voltammetry (CV), galvanostatic 

charge/discharge (GCD) and electrochemical impedance spectroscopy (EIS) were 

performed using a three electrode cell configuration including a working electrode (Zr-

dope CeO2/Ni foam electrode), a counter of electrode (platinum foil) and a reference 

electrode (Hg/HgO electrode). 

3. Results and discussion 

3.1 Characterization of pristine CeO2 and CeO2-Zr-1 

XRD spectra of the samples of pristine CeO2 and CeO2-Zr-1 are shown in Fig. 1. All 

the diffraction peaks in these spectra are identified to be (111), (200), (220), (311), (222), 

(400), (331) and (420) crystal planes of the cubic fluorite phase CeO2 crystals (JCPDS 

NO. 34-0394), and no peaks of ZrO2 are observed in the spectrum of CeO2-Zr-1 , 

suggesting that the Zr4+ ions are doped inside the CeO2 crystal lattice structure. Because 

of the similar ionic radii of Zr4+ (0.072 nm) and Ce4+ (0.087 nm) ions, some Ce4+ ions 
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in the CeO2 were substituted by Zr4+ ions to form a substitutional solid solution [37]. 

After addition of Zr ions, the intensity of CeO2 peaks becomes deceased and the peaks 

become broader, indicating the decrease of its crystal sizes. According to the Scherrer 

formula (1), the average crystallite diameter (L) of these CeO2 crystallites can be 

estimated. 

L= Kλ/(βcosθ)                           (1) 

where, λ=0.15406 nm, K=0.89, θ is the diffracting angle, and β is the half peak width. 

The obtained average crystallite sizes of CeO2 and CeO2-Zr-1 are 11.5 and 6.7 nm, 

respectively. The reason why the average crystallite sizes of the CeO2 decrease after 

addition of Zr ions is mainly due to the fact that doping of Zr4+ prevents the fast growth 

of CeO2 crystallites during their synthetic process. The smaller nanoparticle sizes mean 

that there are abundant active sites on the surfaces of these nanoparticles, which are 

beneficial to the faradaic reactions and can enhance electrochemical performance of the 

supercapacitor. 

Both the pristine CeO2 and CeO2-Zr-1 consist of numerous nanocrystals as shown in 

Fig. 2 (the TEM images) and SEM images (see Fig. S1，ESI). The obtained average 

diameters from TEM analysis are about 12.1 nm and 7.1 nm for the pristine CeO2 and 

CeO2-Zr-1 respectively, which are in good agreements with the results from XRD 

analysis. The SAED patterns shown in Figs. 2c and 2d clearly demonstrate that both 

the pristine CeO2 and CeO2-Zr-1 nanocrystals have a cubic fluorite phase structure with 

good crystallization. From the high resolution (HR)-TEM images shown in Fig. 2b, the 

lattice spacing of pristine CeO2 is estimated to be ~0.329 nm, which corresponds to the 
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(111) plane of the cubic fluorite phase CeO2 crystals. Because of the smaller ionic radius 

of Zr4+ (0.072 nm) than that of Ce4+ (0.087 nm), the Zr4+ ions occupy the lattice sites of 

the Ce4+ ions and form Zr-doped CeO2 nanocrystals in the synthetic process. Therefore, 

the CeO2-Zr-1 nanocrystals have a smaller lattice spacing (~0.326 nm, shown in Fig. 

2e) for the (111) plane of the cubic fluorite phase CeO2 than that of the pristine CeO2 

nanocrystals. 

Fig. 3 shows the N2 adsorption/desorption isotherm of the pristine CeO2 and CeO2-

Zr-1. The typical type-IV adsorption/desorption isotherms with hysteresis loops 

indicate that both the CeO2 and CeO2-Zr-1 have mesoporous structures in nature [38]. 

The pore size distributions are centered at ~2.6 nm and ~2.7 nm for the CeO2 and CeO2-

Zr-1, respectively (see the insets in the Fig. 3), which clearly proves the formation of 

mesoporous structures. These mesopores are mainly accumulated at the spaces among 

numerous nanoparticles. Results showed that both the CeO2 and CeO2-Zr-1 have large 

pore volumes of 0.2077 cm3 g-1 and 0.2108 cm3 g-1. Calculated based on the N2 

adsorption isotherms, the BET surface areas of the CeO2 and CeO2-Zr-1 are 78.2 m2 g-

1 and 81.0 m2 g-1, respectively. Obviously, both the CeO2 and CeO2-Zr-1 have formed 

mesoporous nanostructures with large surface areas and pore volumes. Furthermore, 

results also show that the CeO2-Zr-1 has much larger surface areas and pore volumes 

than those of the pristine CeO2. The formation of abundant mesopores is beneficial for 

the effective ion transport, and the large surface areas provide numerous active sites for 

the faradaic reactions, both of which can significantly enhance the electrochemical 

performance of supercapacitors. 
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Fig. 4a shows the Ce 3d XPS spectra of pristine CeO2 and CeO2-Zr-1. The peaks of 

Ce 3d5/2 and Ce 3d3/2 spin-orbit components are denoted as V and U, respectively. The 

peaks with symbols of V, V’’, V’’’ and U, U’’, U’’’ are corresponding to those of Ce (IV) 

3d5/2 and 3d3/2 states, respectively [39]. There are another pairs of peaks of V’ and U’ in 

the Ce 3d XPS spectra, which are the characteristics of Ce (III) 3d5/2 and 3d3/2 states 

[40]. Therefore, there are both Ce (IV) and Ce (III) species on the surfaces of both 

pristine CeO2 and CeO2-Zr-1. Calculated based on the integral peak areas, the obtained 

percentages of Ce (III) among the total Ce species are 16.1% and 17.7% on the surface, 

for the pristine CeO2 and CeO2-Zr-1, respectively. The existence of Ce (III) species 

indicates there are numerous oxygen vacancies generated on the surface of CeO2 and 

CeO2-Zr-1 nanoparticles [40]. 

As shown in Fig. 4b, two obvious peaks can be observed in the O 1s XPS spectra of 

both CeO2 and CeO2-Zr-1. The peak centered at the lower binding energy of 529.4 eV 

belongs to the lattice oxygen in the CeO2 crystals, whereas that centered at the higher 

binding energy of 531.1 eV belongs to the oxygen vacancy [40]. It is obvious that the 

peak area at 531.1 eV of CeO2-Zr-1 is much higher than that of CeO2. By calculating 

the integral ratio of the peak areas, the oxygen vacancy percentage within the total 

oxygen species on the surface of CeO2-Zr-1 is as high as 45.3% on the surface of CeO2-

Zr-1, and this value is much larger than that of pristine CeO2 (35.2%), indicating that 

there are more oxygen vacancies formed on the surface of CeO2-Zr-1 than that on the 

pristine CeO2. The abundant oxygen vacancies on the surface can improve the electrical 

conductivity and enhance the electrochemical reactions [7, 27, 41]. As shown in Fig. 
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4c, the pairs of peaks at 182.2 and 184.6 eV are attributed to the binding energies of Zr 

3d5/2 and Zr 3d3/2 characteristic signals, meaning that there are Zr (IV) species on the 

surface of CeO2-Zr-1. 

3.2 Electrochemical performance of pristine CeO2 and CeO2-Zr electrodes 

The cyclic voltammetry (CV) curves at a scan rate of 50 mV s-1 for both the CeO2 

and CeO2-Zr electrodes are shown in Fig 5a. It is obvious that there are a pair of 

prominently redox peaks for all the CV curves, which are mainly attributed to the 

reversible conversions of redox reactions between Ce(IV) and Ce(III) [24]. The 

corresponding chemical reaction can be summarized using the following equation [42]: 

CeIVO2 + K+ + e− ↔ CeIIIO·OK                          (2) 

There are apparent difference in the closed areas covered by the CV curves, which 

reveals that the addition of Zr in CeO2 results in apparent changes of the 

electrochemical performance. The largest CV integral area of CeO2-Zr-1 electrode 

indicates that it possesses the largest specific capacity than those of the pristine CeO2, 

CeO2-Zr-0.5 and CeO2-Zr-1.5. 

The galvanostatic charge-discharge curves (GCD) of CeO2 and CeO2-Zr-1 within a 

potential window of 0－0.5 V were measured at a current density of 1 A g-1 and the 

results are shown in Fig. 5b. There are obvious potential platforms formed in the 

charge/discharge processes for all working electrodes due to the Faradaic redox reaction 

processes [43, 44], which is analogous to that of a battery type material [45][46]. In the 

discharge process, all the CeO2-Zr electrodes show much longer discharge times than 

that of the pristine CeO2 electrode, which suggests that the doping of Zr ions in CeO2 
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crystals can effectively enhance the specific capacity. Among them, the CeO2-Zr-1 

electrode has the longest discharge time, indicating its largest specific capacity. 

The specific capacity value C (C g−1) of working electrodes can be calculated based 

on the following formula [47, 48]:  

                        C(C 𝑔−1) =
𝐼×∆𝑡

𝑚
                        (3) 

where, I (A), Δt (s), and m (g) are corresponding to the discharge current, the discharge 

time and the active material mass loading, respectively. The calculated specific 

capacities are 249.3, 258.4, 448.1 and 287.0 C g-1 at the discharge current of 1 A g-1 for 

pristine CeO2, CeO2-Zr-0.5, CeO2-Zr-1 and CeO2-Zr-1.5 electrodes, respectively. 

Obviously, the doping of Zr ions in CeO2 crystals significantly enhances the specific 

capacity of CeO2 electrode. The CeO2-Zr-1 electrode shows the largest specific capacity 

of 448.1 C g-1, which is 1.8 times than that of pristine CeO2 electrode. For the CeO2-

Zr-1.5, too many Ce ions were replaced by Zr ions, the involved Ce ions in reversible 

Faradaic redox reactions significantly decreased. Therefore, CeO2-Zr-1.5 electrode 

shows a less specific capacity than CeO2-Zr-1. 

Table 1 summarizes the electrochemical performance of CeO2 based various 

electrode materials for supercapacitors obtained from literature, and also the CeO2-Zr-

1 electrode developed in this work. Compared with most of the previously reported 

pristine CeO2 electrode materials (including the CeO2 nanospheres [21], CeO2 

nanowires [21], CeO2 nanoparticles [26], porous CeO2 [31] and CeO2 nanorods [28, 49]) 

listed in Table 1, the CeO2-Zr-1 electrode developed in this work has a larger specific 

capacity. Although it is reported that the dumbbell CeO2 [50] and CeO2 nanobars [51] 
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presented higher specific capacitance values through addition of a K4Fe(CN)6 redox-

active additives in the KOH electrolyte, their specific capacitance values were only 235 

and 502 F g-1 in the KOH electrolyte without K4Fe(CN)6 redox-active additive. 

Furthermore, the specific capacitance of those hybrid CeO2 active materials doped with 

CNTs [1, 32, 52, 53], graphene [23, 54, 55], Fe2O3 [56], CeS2 [57] and NiO [58] are all 

less than that of the CeO2-Zr-1 electrode in this study. The high specific capacitance of 

the Zr-doped CeO2 can be attributed to its unique nanostructure. Firstly, the abundant 

mesopores can provide numerous channels for fast electrolyte ion transport and shorten 

the ion-transport distance. Secondly, its large specific surface area and extraordinary 

porosity can offer plentiful active sites and provide efficiently contacts between Zr-

doped CeO2 and electrolyte ions. Thirdly, the abundant oxygen vacancies on the surface 

of Zr-doped CeO2 can improve the electrical conductivity [7, 27, 41]. All of the above 

can facilitate the faradaic reaction of Zr-doped CeO2 electrode material with electrolyte, 

and thus achieve high specific capacitance [50, 59]. 

Fig. 5c shows the CV curves of CeO2-Zr-1 electrode measured at 5, 10, 20, 30 and 

50 mV s-1. With the increase of sweep rate, both the reduction peak and oxidation peak 

are shifted to the higher and lower potential, respectively, due to the electrode 

polarization [43, 44]. However, the shapes of these CV curves don’t show apparent 

differences, indicating their good electrochemical reversibility and stability. In addition, 

the redox peak currents are clearly increased with the increase of scan rates, which 

indicates the redox reactions at the interfaces between the CeO2-Zr-1 electrode and 

KOH electrolyte are much faster and more efficient during charge/discharge processes 
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[60]. The electrodes using CeO2, CeO2-Zr-0.5 and CeO2-Zr-1.5 all exhibit the similar 

results as shown in Fig. S2. 

The GCD curves of CeO2-Zr-1 electrode obtained at different charge/discharge 

current densities from 1 to 10 A g-1 are shown in Fig. 5d and the other GCD curves for 

electrodes using CeO2, CeO2-Zr-0.5 and CeO2-Zr-1.5 are shown in Fig. S3. The 

corresponding specific capacity of all pristine and CeO2-Zr electrodes calculated based 

on the GCD curves are shown in Fig. 5e. It can be seen that the CeO2-Zr-1 electrode 

exhibits much larger capacity than the pristine CeO2 and other CeO2-Zr electrodes even 

at a high current density of 10 A g-1. 

Based on the EIS results, Nyquist plots of CeO2 and CeO2-Zr-1 electrodes in the 

frequency range from 0.01 Hz to 100 kHz are shown in Fig. 5f. The nearly semicircular 

shape in the high frequency range and the straight line in the low frequency region 

demonstrate the typical capacitive behavior of CeO2 and CeO2-Zr-1 electrodes [61]. 

The semicircle curve in Fig. 5f at the high frequency range can be used to obtain the 

interfacial Faradaic charge transfer resistance (Rct) [62]. The calculated Rct value (0.48 

Ω) of the CeO2-Zr-1 electrodes is only 18.8% that of the CeO2 (2.56 Ω), which means 

the CeO2-Zr-1 electrolyte will show much faster Faradaic redox reactions at the 

electrode/electrolyte interfaces. Therefore, the CeO2-Zr-1 electrode exhibits a larger 

specific capacity than the pristine CeO2 electrode. 

3.3 Electrochemical performance of CeO2-Zr-1//AC asymmetric supercapacitor  

(ASC) 

In order to demonstrate the practical supercapacitor application using the CeO2-Zr-1 
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electrode, an asymmetric supercapacitor (ASC) device was assembled using the CeO2-

Zr-1 as the positive electrode and activated carbon (AC) as the negative electrode. The 

ACS device was tested in 2 M KOH electrolyte. To achieve the optimal electrochemical 

performance, the mass ratio between CeO2-Zr-1 and AC was set as 1:2.8, calculated 

according to the charge balance Equation (4) [61, 63]: 

𝑚+

𝑚−
=

𝐶−×∆𝑉−

𝐶+×∆𝑉+
                         (4) 

where, m (mg), C (F g-1), and ΔV (V) are the loaded mass, the specific capacitance, and 

the potential window of CeO2-Zr-1 based on positive electrode and AC based on 

negative electrode, respectively. 

Fig. 6a shows the CV curves of the CeO2-Zr-1 and AC electrodes measured in a three 

electrode cell configuration. The potential window of -1~0 V for AC electrode and the 

potential window of 0－0.6 V for CeO2-Zr-1 electrode indicate that the ASC device can 

work at a potential window from 0 to 1.6 V. Fig. 6b presents the CV curves of the CeO2-

Zr-1//AC ACS (scan rate: 50 mV s-1) at various potential windows in 2M KOH solution. 

When the operation potential is increased up to 1.6 V, the oxidation and reduction peaks 

appear, suggesting that the strong redox reactions occur on the surface of the CeO2-Zr-

1 electrode. Fig. 6c shows the GCD curves measured at 1 A g-1 at various potential 

windows from 0.8 to 1.6 V. The shape of GCD curves is well maintained even at a high 

operating potential of 1.6 V, which proves that the CeO2-Zr-1//AC ASC can be 

successfully operated in the potential window of 0－1.6 V. 

Fig. 6d displays the CV behaviors of the assembled CeO2-Zr-1//AC ASC at the scan 

rates from 5 to 50 mV s-1 and the potential windows of 0－1.6 V. These broad redox 
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peaks demonstrate the pseudocapacitive behavior of the device. With increase of the 

scan rates, no obvious change of the shape of CV curves is observed and the redox 

peaks are similar, revealing the excellent reversible redox reactions occurred at the 

electrodes.  

The GCD curves of the CeO2-Zr-1//AC ASC at different current densities are shown 

in Fig. 6e. Based on the total loading mass of the CeO2-Zr-1 and AC, the total specific 

capacity of the ASC device is calculated to be 97.0 C g-1 at a current density of 1 A g-1. 

It is 56.8 C g-1 at the increased current density of 8 A g-1 as shown in Fig. 6f, revealing 

a good rate capacity of the CeO2-Zr-1//AC ASC device. The energy density (E, Wh kg−1) 

and power density (P, W kg−1) can be calculated based on the GCD curves according to 

the following eqations [64, 65]: 

                      E =
0.5𝐶×∆𝑉

3.6
                               (5) 

                       P =
3600𝐸

∆𝑡
                                (6) 

I which C (C g-1) is the total specific capacity of ASC device, ΔV (V) is the potential 

window during the charge–discharge test, Δt (s) is the discharge time. Fig. 7a shows the 

Ragone plots (energy density vs. power density) of CeO2-Zr-1//AC ACS. The ASC 

device exhibits a maximum energy density of 23.3 Wh kg-1 and a power density 398.5 

W kg-1 at a current density of 1 A g-1. Even at the high power density of 6080 W kg-1, it 

still remains a high energy density of 11.99 Wh kg-1, which demonstrates the good 

power capability of CeO2-Zr-1//AC ACS. Remarkably, compared with other CeO2 

based ASCs reported in the literature as illustrated in the Fig. 7a, the energy and power 

densities of CeO2-Zr-1//AC device in this study are much higher, e.g., better than those 
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of CeO2 nanorods (5.1 Wh/kg at 250 W/kg) [66], CeO2/CeS2 (21.2 Wh/kg at 303 W/kg) 

[57] and CeO2 nanoparticles (12.68 Wh/kg at 100 W/kg) [27]. Furthermore, the 

electrochemical performance of this CeO2-Zr-1//AC ASC device is superior to those of 

many transition metal oxides based ASC devices, such as MnO2@Ni//AC (7.66 Wh kg-

1 at 600 W kg-1) [67], Mn3O4/Ni(OH)2//AC (15.3 Wh kg at 168.8 W kg-1) [68], NiO-

Au//AC (18 Wh kg at 350 W kg-1) [69], MnO2//AC (18.2 Wh kg at 200 W kg-1) [70]. 

The cycling stability of CeO2-Zr-1//AC ACS device was measured up to 6000 cycles 

by continuous charging-discharging at 6 A g-1, and the corresponding total specific 

capacity are shown in Fig. 7b. After 6000 cycles, the specific capacity remains 96.4% 

of its initial value, demonstrating an outstanding long-term cycling stability. The 

formation of mesoporous nanostructure and the reduced size of nanocrystals of CeO2-

Zr-1 can effectively accommodate the volume change of nanoparticles during the 

charge/discharge cycle processes [41]. Therefore, the CeO2-Zr-1 is a good electrode 

material to fabricate ASC devices with a high power density and outstanding long-term 

cycling stability. 

4. Conclusion 

In brief, mesoporous Zr-doped CeO2 nanostructures were synthesized using a 

convenient hydrothermal method and an assisted calcination process for high-

performance supercapacitor application. The CeO2-Zr-1 exhibits a specific capacity of 

448.1 C g-1 at the current density of 1 A g-1 in the 2M KOH electrolyte, which is almost 

1.8 times higher than that of pristine CeO2. The CeO2-Zr-1//AC ACS device exhibits a 

high energy value of 23.3 at a power density of 398.5 W kg-1. In addition, the ASC 
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device shows an outstanding long-term cycling stability with 96.4% capacity retention 

even after 6000 cycles. The good electrochemical performance of the CeO2-Zr-1 

electrode material can be attributed to the extraordinary porosity, small nanocrystal size 

and large surface area. Therefore, the mesoporous Zr-doped CeO2 nanostructures 

electrode material has good application promise in supercapacitor and energy storage 

device. 
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Fig. S1: SEM image of (a) pristine CeO2 and (b) CeO2-Zr-1 samples. Fig. S2: CV curves 

measured at multiple scan rates: (a) CeO2, (b) CeO2-Zr-0.5 and (c) CeO2-Zr-1.5 

electrodes. Fig. S3: GCD profiles at different current densities: (a) CeO2, (b) CeO2-Zr-

0.5 and (c) CeO2-Zr-1.5 electrodes. 
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Table Caption 

Table 1 Summary of the electrochemical performance of CeO2 based electrode 

materials for supercapacitors. 

Figure Captions 

Fig. 1 XRD spectra of the pristine CeO2 and CeO2-Zr-1. 

Fig. 2 (a) TEM, (b) HRTEM images and (c) SAED of pristine CeO2; (d) TEM, (e) 

HRTEM images and (f) SAED of CeO2-Zr-1.  

Fig. 3 N2 adsorption isotherms and pore size distributions of (a) pristine CeO2 and (b) 

CeO2-Zr-1.  

Fig. 4 (a) Ce 3d, (b) O 1s XPS spectra of pristine CeO2 and CeO2-Zr-1, (c) Zr 3d XPS 

spectrum of CeO2-Zr-1. 

Fig. 5 (a) CV curves at a scan rate of 50 mV s-1 and (b) GCD curves at a current density 

of 1 A g-1 for the CeO2, CeO2-Zr-0.5, CeO2-Zr-1 and CeO2-Zr-1.5 electrodes, (c) 

CV curves measured at multiple scan rates and (d) GCD profiles at different 

current densities for the CeO2-Zr-1 electrodes, (e) specific capacity at various 

current densities of the CeO2, CeO2-Zr-0.5, CeO2-Zr-1 and CeO2-Zr-1.5 

electrodes and (f) EIS Nyquist plots for the CeO2, and CeO2-Zr-1 electrodes (the 

potential vs (Hg/HgO) is 0.5 V). (Inset: the magnified section at high frequency 

region). 

Fig. 6 (a) CV curves of AC and CeO2-Zr-1 electrodes measured in three electrode 

system at a scan rate of 10 mV s-1; (b) CV curves (scan rate: 50 mV s-1) and (c) 

GCD curves (current density: 1 A g-1) of the CeO2-Zr-1//AC ACS at different 
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potential windows; (d) CV curves of the CeO2-Zr-1//AC ACS device at various 

scan rates, (e) GCD curves and (f) corresponding specific capacity of the CeO2-

Zr-1//AC ACS at different current densities. 

Fig. 7 (a) Ragone plot of the CeO2-Zr-1//AC ACS device (energy density vs power 

density) and comparison with those reported devices in the literature, (b) Cycling 

stability of the CeO2-Zr-1//AC ACS device at 6 A g-1. 
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Table 1 Summary of the electrochemical performance of CeO2 based electrode 

materials for supercapacitors. 

Electrode materials 

Current 

density or 

scan rates  

Specific 

capacity 

Potential 

window 

(V) 

Electrolyte Ref. 

CeO2 nanorods 1 A g-1 162.47 F g-1 -0.1-0.45 3M KOH [49] 

Porous CeO2 1 A g-1 134.6 F g-1 0-0.45 1M KOH [31] 

CeO2 nanorods 1 A g-1 149.5 F g-1 0.05-0.5 2M KOH [28] 

CeO2 nanospheres 6.3 A g-1 372.6 F g-1 0-0.45 3M KOH [21] 

CeO2 nanoparticles 0.25 A g-1 142.5 F g-1 0-0.8 1M Na2SO4 [27] 

Hexagonal CeO2 2 A g-1 457 F g-1 0-0.8 NaCl [71] 

Carbon coated CeO2 nanorods 0.5 A g-1 644 F g-1 0-0.35 3M KOH [29] 

Hexagonal CeO2/CNTs 5mA cm-2 289 F g-1 0-2 0.5M Na2SO4 [52] 

CeO2 nanoparticles/MCNTs 1 A g-1 455.6 F g-1 0-0.45 6M KOH [32] 

CeO2 chunks/CNTs 1mV s-1 818 F g-1 0.3-0.81 2M KOH [53] 

Hollow sphere CeO2/MCNTs 0.5 A g-1 450.5 F g-1 0-0.5 6M KOH [1] 

Graphene/CeO2 nanocrystals 10 mV s-1 110 F g-1 -0.3-1.0 1M H2SO4 [23] 

RGO/CeO2-PANI 1 A g-1 454.8 F g-1 0-0.6 0.5M H2SO4 [59] 

CeO2 nanocrystals/RGO 2 A g-1 282 F g-1 0-0.5 3M KOH [54] 

CeO2/N-RGO 2mV s-1 230 F g-1 -0.2-0.5 6M KOH [55] 

Ag/CeO2/RGO 0.2 A g-1 710.42 F g-1 -0.3-1.0 3M KOH [72] 

Porous NiO-CeO2 1 A g-1 305 F g-1 0-0.45 3M KOH [58] 

CeO2/Fe2O3 nanospindles 5mV s-1 142.6 F g-1 -0.3-0.3 6MKOH [56] 

Mesoporous CeO2/CeS2 1 A g-1 420 F g-1 0-0.5 0.1M KOH [57] 

Ni-CeO2 nanospheres 1 A g-1 201 F g-1 -0.2-0.8 1M Na2SO4 [73] 
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Co-CeO2 nanoparticles 2 A g-1 573 F g-1 0-0.45 1M KOH [26] 

Ni-CeO2 nanoparticles 2 A g-1 577 F g-1 0-0.45 1M KOH [30] 

Mesoporous CeO2-Zr-1  1 A g-1 
448.1 C g-1 

(905.4 F g-1) 
0-0.5 2M KOH 

This 

work 

Note: PANI: polyaniline; CNTs: carbon nanotubes; RGO: reduced graphene oxide 
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Fig. 1 XRD spectra of the pristine CeO2 and CeO2-Zr-1 
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Fig. 2 (a) TEM, (b) HRTEM images and (c) SAED of pristine CeO2; (d) TEM, (e) 

HRTEM images and (f) SAED of CeO2-Zr-1.  
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Fig. 3 N2 adsorption isotherms and pore size distributions of (a) pristine CeO2 and 

(b) CeO2-Zr-1.  
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Fig. 4 (a) Ce 3d, (b) O 1s XPS spectra of pristine CeO2 and CeO2-Zr-1, (c) Zr 3d 

XPS spectrum of CeO2-Zr-1. 
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Fig. 5 (a) CV curves at a scan rate of 50 mV s-1 and (b) GCD curves at a current 

density of 1 A g-1 for the CeO2, CeO2-Zr-0.5, CeO2-Zr-1 and CeO2-Zr-1.5 electrodes, 

(c) CV curves measured at multiple scan rates and (d) GCD profiles at different 

current densities for the CeO2-Zr-1 electrodes, (e) specific capacities at various 

current densities of the CeO2, CeO2-Zr-0.5, CeO2-Zr-1 and CeO2-Zr-1.5 electrodes 

and (f) EIS Nyquist plots for the CeO2, and CeO2-Zr-1 electrodes (the potential vs  

(Hg/HgO) is 0.5 V). (Inset: the magnified section at high frequency region). 
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Fig. 6 (a) CV curves of AC and CeO2-Zr-1 electrodes measured in three electrode 

system at a scan rate of 10 mV s-1; (b) CV curves (scan rate: 50 mV s-1) and (c) GCD 

curves (current density: 1 A g-1) of the CeO2-Zr-1//AC ACS at different potential 

windows; (d) CV curves of the CeO2-Zr-1//AC ACS device at various scan rates, (e) 

GCD curves and (f) corresponding specific capacity of the CeO2-Zr-1//AC ACS at 

different current densities. 
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Fig. 7 (a) Ragone plot of the CeO2-Zr-1//AC ACS device (energy density vs power 

density) and comparison with those reported devices in the literature, (b) Cycling 

stability of the CeO2-Zr-1//AC ACS device at 6 A g-1. 

 


