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1 Introduction

Unique features of the nanostructures cause that they 
have been in the spotlight in recent years [1–3]. In this 
regard, one of attractive area that has been revolution-
ized by the arrival of nanostructures is energy issues. Due 
to the increasing needs for energy in societies as well as 
the increasing environmental problems, issues related to 
energy, and especially its storage, have attracted a great 
deal of attention in recent years. In this regard, electro-
chemical capacitors have gained special attention due to 
their unique characteristics including high energy density, 
amazing reversibility, long life span and their fast charge/
discharge ability as compared with the conventional capaci-
tors [4–9]. Due to the unique characteristics of supercapaci-
tors, they have found several technological applications like 
in electric vehicles, memory back-up systems, uninterrupt-
ible power supplies, DC power systems and mobile devices 
[10–13]. Among the various capacitors, supercapacitors 
have revealed the maximum capacity per unit volume val-
ues and highest energy density [14–17].

Unique features of lanthanide cations such as special 
chemical, optical and electronic characteristics arising 
from the presence of electrons in their 4f orbitals, furnish 
them with a variety of technological applications in differ-
ent fields like supercapacitor, catalyst and photocatalysts, 
X-ray detector systems, and many other fields [18–21]. In 
this work, we report the synthesis of nano-sized  Eu2(WO4)3 
particles through hydrothermal procedure, as simple, flex-
ible, and facile route. Further, the supercapacitive per-
formance of the electrodes were evaluated using various 
methods.

Abstract Nano-sized europium tungstate particles were 
prepared by reacting europium nitrate hexahydrate and 
sodium tungstate solutions, and the structures, morphol-
ogy and optical properties of the product were evalu-
ated by XRD, FT-IR, SEM, and UV–Visible techniques. 
The  Eu2(WO4)3 nanoparticles were evaluated as potential 
materials for constructing supercapacitor electrodes using 
the results of cyclic voltammetry, galvanostatic charge/
discharge (GCD) and electrochemical impedance spec-
troscopy and the electrodes were found to have a specific 
capacitance (SC) value of 347 F g−1 in a 2.0 M  H2SO4 elec-
trolyte at a scan rate of 2 mV s−1. The electrodes were fur-
ther studied at the GCD at a current density of 1 A g−1, and 
the SC of the building material was found to be 282 F g−1. 
The cycling durability of the electrodes was also found to 
be excellent. After 4000 cycles the SC values of the elec-
trodes were found to reach 129%. The preparation method 
and the resulting nano-particles, were hence found to be 
promising for high performance energy applications.
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2  Experimental

2.1  Characterization

Analytical grade chemicals were obtained and were used as 
received. A Bandeline 3000 sonicator (MS 72, Germany), 
was used at 20 kHz, 60 W cm−2 by directly immersing in 
the reaction solutions. The X-ray diffraction (XRD) studies 
were conducted using a Philips-X’Pert Pro instrument with 
a Ni-filtered Cu Kα radiation, in the range of 10 < 2θ < 80. 
A LEO-1455VP with an energy dispersive X-ray spectro-
scope was used to obtain the scanning electron microscopy 
images. The UV–Vis studies were conducted on a Shi-
madzu scanning UV–Vis diffuse reflectance spectrometer. 
Eventually IR studies were performed using a Bruck Equi-
nox 55 instrument through the KBr pellet procedure.

2.2  Synthesis of  Eu2(WO4)3 nanoparticles

Eu2(WO4)3 nanoparticles (EWNPs) were prepared through 
a hydrothermal reaction between the solutions so the cation 
and anion. To perform the synthesis solutions of as received 
analytical grade Eu(NO3)3·6H2O and  Na2WO4·2H2O 
(Merck Company). To obtain the product 0.01 M tungstate 
and europium solutions were prepared and used for the 
synthesis. In a series of experiments 0.2 g of SDS, Triton 
X-100, and PVP were used as templates. These templat-
ing species were dissolved in the anion solution in cases 
where they were used. The next step involved adding the 
europium solution to the tungstate solutions, while the mix-
ture was being constantly stirred under ambient conditions, 
and the resulting suspension was transferred to an autoclave 
and thermally treated at 180 °C in an electric oven for 18 h. 
After the thermal treatment the resulting white powder was 
separated by centrifuging, repeatedly washed with water 
and ethanol and finally dried at 80 °C for 120  min. The 
results obtained under various reaction conditions are sum-
marized in Table 1.

2.3  Electrochemical assessments

A three-electrode set-up connected to a PGSTAT302N 
Autolab workstation was used for most electrochemical 
evaluations. A 2.0 M aqueous solution of sulfuric acid was 

used as the electrolyte. The working electrodes were made 
using 3 mg of a 65/20/10/5 (wt) mixture of EWNPs/carbon 
black/graphite/PTFE in ethanol. The active material was 
coated on a 1 cm2 stainless steel element and pressured up 
to 10 MPa, before drying at 80 °C in a vacuum oven for 4 h. 
The counter and reference electrodes were a Pt foil and an 
Ag/AgCl electrode.

Normal and continuous cyclic voltammetry (CV and 
CCV), galvanostatic charge/discharge (GCD), and elec-
trochemical impedance spectroscopy (EIS) tests were per-
formed using the electrochemical setup. The EIS evalua-
tions were performed between 100 µHz and 100 kHz under 
open circuit potentials at a 10 mV potential. The SC values 
based on the cyclic voltammograms were determined using 
the following equation [22, 23]:

In this equation dV shows the voltage differential, ν and 
m are the scan rate (V s−1) and mass of the electrode mate-
rial, V1 and V2 are the initial and final voltages (V). The 
SC values can be calculated from the GCD data using the 
equation below:

in which I is the symbol for the charge/discharge current 
(A), and ∆t and V are the discharge time (s) and potential 
drop (V), respectively.

3  Results and discussion

3.1  Characterization of prepared nanoparticles

The SEM images of the nanostructures prepared in the 
presence and absence of the different templating agents 
are presented in Fig. 1a–d. As shown different surfactants 
have various effects on morphology of resulted products. 
Figure 1 indicates synthesis condition without usage of any 
template resulted urchin-like europium tungstate. Applying 
SDS as surfactant in synthesis condition caused to prepa-
ration particles with size around 50–200 nm. Also, use of 

(1)SC =
i

mv
=

∫
V
2

V
1

i(V) dV

mvΔV

(2)SC =
IΔt

ΔV

Table 1  Synthesis conditions 
for the preparation of 
 Eu2(WO4)3 nanostructures

Sample no. Europium (III) 
concentration (M)

Eu3+:WO4
2− 

molar ratio
Tempera-
ture (ºC)

Time of 
reaction (h)

Template Morphology

1 0.01 1:1 180 18 – Urchin-like
2 0.01 1:1 180 18 SDS Particle
3 0.01 1:1 180 18 PVP Coral-like
4 0.01 1:1 180 18 Triton X-100 Flake-like
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Fig. 1  SEM images of as-prepared europium tungstate nanostructures with hydrothermal method and, a without template, b with SDS, c with 
PVP, d Triton x-100

Fig. 2  XRD pattern of europium tungstate nanoparticles synthesized by hydrothermal method
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PVP and Triton-X100 caused to growth coral- like and 
flake-like europium tungstate, respectively. These results 
prove that the various agents caused the formation of prod-
ucts with different morphologies, i.e. particles, urchin-like 
and coral-like.

The composition of europium tungstate nanoparti-
cles prepared by the hydrothermal process in the absence 
of the templating agents (sample no. 1) was studied by 
XRD. The results (Fig. 2) show that the indexed diffraction 
peaks in the pattern of the sample fully comply with the 
XRD pattern of monoclinic structure of europium tungstate 
 [Eu2(WO4)3] (JCPDS card no. 022-0287). On the other 
hand, the average particle size of the obtained  Eu2(WO4)3 
was estimated by the Scherrer equation [24, 25]:

where λ is the wavelength of the X-ray radiation and for Cu 
Kα equals 1.54059 Å, β is the width of the diffraction line 
at its half maximum intensity, and θ is the peak position 

D =
0.9 �

� Cos�

angle. The results show that the average particle size of the 
 Eu2(WO4)3 is about 24 nm.

To further study the composition and structure of 
products, FT-IR spectra of sample no. 1 were obtained 
(Fig.  3). The peaks around 544, 722, 795, 833 and 
956 cm−1 can be attributed to the stretching and bending 
vibrations of W–O–W and O–W–O in monoclinic euro-
pium tungstate. Further the peaks at 3451 and 1635 cm−1 
are related to the vibrations of the surface-absorbed water 
and hydroxyl groups, and that at 3568 cm−1 is due to the 
stretching vibration of the O–H bond in the product struc-
ture [26–29].

Also the UV–Vis spectrum of the dispersion of the 
solid product in water (Fig. 4) shows a maximum absorp-
tion peak of the nanoparticles to occur at 220  nm. This 
can be attributed to the small size of the nanoparticles 
[30–32].

Fig. 3  FTIR spectrum of europium tungstate nanostructures (sample 
no. 1)

Fig. 4  UV–Vis spectrum of as-prepared europium tungstate nano-
structures (sample no.1) Fig. 5  a CVs of the  Eu2(WO4)3 electrode at different scan rates of 5, 

10, 20, 30, 50, 75 and 100 mV s−1 in a potential range of −0.4–0.3 V 
in 2.0 M  H2SO4 aqueous electrolyte, b Specific capacitance as a func-
tion of the sweep rates for the  Eu2(WO4)3 electrode
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3.2  CV and CCV

CV data can be used to determine critical information on 
the super-capacitive behavior of materials. The CV curves 
in Fig.  5a, were obtained using the described electro-
chemical setup, using the EWNP-based electrodes between 
−0.4–0.3  V (vs. Ag/AgCl) at scan rates between 5 and 
100  mV  s−1. The resulting curves are very close mirror 
images and also reveal rapid current changes upon voltage 
reversals, which forms quasi-rectangular shapes and sym-
metric I-V responses, indicating the ideal pseudo-capacitive 
behavior by the active electrode materials.

The SC/scan rate profile of the  Eu2(WO4)3 electrodes 
illustrated in Fig.  5b, shows a drop of 131  F  g−1 (from 
347 to 216  F  g−1) in the SC of the EWNP-based work-
ing electrodes upon increasing the scan rate from 2 to 
200 mV s−1. This is evidently due to the fact that lower 
scan rates (and hence higher scan times) provide the elec-
trolyte ions with ample time for diffusing into the inner 

sites of the electrode material, which actually increases 
the surface area available for the redox reactions. A 
reverse trend is consequently expected at higher scan 
rates, at which the ions merely have the time for inter-
acting with the outer surface of the material. Therefore 
increasing the scan rate leads to the observed decrease in 
the overall SC of the electrode material.

CCV can, on the other hand, provide clearer informa-
tion on the charge storage behavior of capacitors dur-
ing potential cycles [33–35] and its long-term stabil-
ity. The three-dimensional CCVs results obtained using 
of EWNP-based electrodes in the scan rate window of 
200 mV s−1, shown in Fig. 6a, clearly show the changes 
in the CVs over the number of potential cycles. The plot 
of SC versus the number of cycles is provided in Fig. 6b. 
As shown in Fig.  6c, the SC of the EWNP-based elec-
trodes actually reached 129% of its original value after 
4000 potential cycles at 200 mV s−1.

Fig. 6  a 3D-CCV curves of the  Eu2(WO4)3 electrode measured 
at scan rate 200  mV  s−1, b Variation of the specific capacitance 
of the  Eu2(WO4)3 electrode as a function of number of cycles at 

200 mV s−1, and c CV curves of the  EuWO4 electrode measured at 
scan rate 200 mV s−1 for first and 4000th. cycle
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3.3  Charge/discharge evaluations

GCD constitutes a reliable technique for assessing the 
super-capacitive behavior of the materials under controlled 
conditions. These studies were performed using a two-elec-
trode system composed of the above-mentioned working 
electrodes and an Ag/AgCl reference in the potential win-
dow of −0.4–0.3 V (vs. Ag/AgCl). Figure 7a contains the 
GCD curves of the EWNP-based electrodes at current den-
sities ranging from 1 to 16 A g−1. All curves, are equilateral 
triangular in shape, which indicates good reversibility and 
ideal capacitive behavior of the electrode material.

The SC versus current density profile of the elec-
trode material is further in Fig. 7b. The results show only 
a 32.6% decrease in the SC value even at 32 A g−1. This 
can be interpreted as an indication of the good capacitive 
retaining tendency of the material especially at high current 
densities, which very well complies with the CV results.

Using the Ragone plot, the power performance of the 
material was further studied. The Ragone or power density/
energy density plots obtained for the material (Fig. 8) were 
drawn using the energy and power density values obtained 
from the GCD results at different current densities. The 
highest energy density was found to be 27.4 W h Kg−1 at a 
power density of 350 W Kg−1, which by far exceeds those 
reported for similar electrodes in aqueous media [36–38].

3.4  Electrochemical impedance spectroscopy (EIS)

EIS can help obtain important information on the super-
capacitive behavior and the resistance of electrode mate-
rials. The results obtained at open circuit potentials in the 
range of 0.1–105  Hz were plotted as the Nyquist curves 

Fig. 7  a Charge/discharge curves of the  Eu2(WO4)3 electrode at dif-
ferent charge/discharge current densities between −0.4 and 0.3 V in 
2.0 M  H2SO4 aqueous electrolyte, b variation of SC at different cur-
rent density for the  Eu2(WO4)3 electrode

Fig. 8  Ragone plots obtained for the  Eu2(WO4)3 electrode

Fig. 9  Impedance spectra of the  Eu2(WO4)3 electrode, measured at 
an AC amplitude of 10 mV, in 2.0 M  H2SO4 aqueous electrolyte
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(Fig.  9). These curves include semicircles at high, and 
straight lines at lower frequencies.

For the equivalent circuit of the plots (inset of Fig. 9), 
Rs, Rct, Cdl, Zw, and CF represent the solution and charge-
transfer resistance values, the double layer capacitance, and 
Warburg impedance, respectively [39]. The  Rs of the elec-
trode was determined to be 1.6 Ω. The Rct (charge transfer 
resistance at the electrode/electrolyte interface) value was 
calculated using the diameter of the semicircular sections 
(the inset of Fig.  9 shows the expanded high frequency 
region), and was found to be 6.2  Ω. This low value indi-
cates the facility of the electrochemical reaction at the 
interfacial region. Cdl, on the other hand, is the capacitance 
of the electrical double layer at the interface, while CF is 
the pseudo-capacitance of the faradic reaction. These val-
ues were 0.43 and 422  mF, respectively. The ZW, which 
reflects the frequency dependence of the diffusion of ions 
to the electrode surface [40, 41], was also found to be ideal 
as reflected by the nearly vertical line. This was also con-
sistent with the CVs and GCD results.

4  Conclusion

Eu2(WO4)3 nanoparticles were synthesized through a 
hydrothermal method based on the application of aqueous 
media and the XRD studies confirmed the high purity of the 
sample. Further evaluations by SEM, UV–Vis, and FT-IR 
techniques were made to characterize the nano-structured 
product. The  Eu2(WO4)3-based electrode showed a high 
specific capacitance of 347 F g−1 at scan rate of 2 mV s−1. 
Moreover, an excellent rate performance was also observed 
during the continuous 4000 cycles.  Eu2(WO4)3-based elec-
trodes showed good stability in CCV tests and after 4000 
cycles the SCs of the electrodes reached 129% of the origi-
nal values, at a scan rate of 200 mV s− 1. This high stability 
suggests that the prepared electrode could be potential elec-
trode materials for supercapacitors.

Funding The authors are gratefully acknowledged the finan-
cial support provided by Iran National Science Foundation (Project 
94019559).
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