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Abstract. Perovskite (PVSK) has been considered as a promising material for electrochemical energy storage devices.
In this paper, the conduction mechanism of rare earth europium-doped perovskite material, Pb1-xEux (Zr0.60Ti0.40)1-x/4O3
as an electrode material for solar cell as well as supercapacitor has been studied. The structural and electrical properties
were studied at room temperature for different compositions of Eu-doped PVSK, x = 0.00, 0.03, 0.06 and 0.09. Europiumdoped PVSK was prepared via solid-state technique in the higher range of temperature. Structural and surface morphologies were done by X-ray diffraction and SEM. The electrical property has been studied via CIS technique at different
frequencies. Study of ac conductivity and impedance analysis affirms PVSK as a potential material for the electrode of
photo supercapacitor, a device which helps in the conversion of light energy into electrical and which also helps in energy
storage mechanism.
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Introduction

The global energy crisis and need for clean energy have led
the researchers all over the world to find alternative devices
for energy storage [1,2] and conversion. Solar cell [3,4] is a
device which absorbs light energy and converts it into
electrical energy. Depending upon the materials used, the
solar cell has gone through a series of generations change.
According to the report of National Renewable Energy Lab
(NREL) [5,6], among the multi-junctional cells with three
junctions (concentrator), the efficiency increased from
34.1% in the year 1999 to 43.5% in the year 2012. For
single junction (GaAs) using thin film crystal, the efficiency
increased from 25% in the year 2005 to 28.2% in the year
2011, whereas crystalline Si cells using silicon
heterostructure, the efficiency increased from 22% in 2001
to 23% in 2008. The efficiency got elevated from 10.1 to
17.3% for the thin film technologies using nano micro polysilicon for the years 1998–2002. The emerging photovoltaic
cells include dye-sensitized cells using titanium oxide with
the dye sensitizer, organic cells consisting of polymers,
organic tandem cells, silicon thin film cells and advanced
nanotechnology-based quantum dots [7]. For the dye sensitized cell, the increment in efficiency was 8% in 1991 and

11.4% in 2011. In heterojunction technology, graphene is
doped with silver nanowires which are used for the silicon
photovoltaic cell with an efficiency of 4.03%, whereas the
efficiency of carbon nanotube having the diameter \1 nm
with graphene was 15.2%. Wide use of solar cells in different areas like rooftops, solar power plants, satellites can
be seen. Still the solar industries face major problems of
storing charges other than combating to increase the power
conversion efficiency (PCE ). Hence, there is an urgent need
for energy storing devices which can be integrated with
solar cell. Super capacitors [8–13] store energy mainly at
the electrode–electrolyte interface of the active material
greater than the conventional capacitors. This is made
possible by using high surface area electrode materials. The
supercapacitors like hybrid capacitors [14–16] have gained
important position in terms of their high-power density.
Photo supercapacitor is a device which combines the
solar cell or photovoltaic cells [17,18] with either battery or
supercapacitors [19,20]. It utilizes the renewable solar
energy for electrical conversion via solar cell and then, it
stores energy with the help of batteries [21,22] or supercapacitors, as a result, photo supercapacitor is a device
which has integrated energy storing device with energy
conversion device. At present, dye-sensitized solar cell
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(DSSC) battery [23–27] or DSSC supercapacitor is available. With lithium-ion battery, this device gets charged up
to 3 V in 8 min with an efficiency of 0.82%, and the efficiency of silicon-based photo supercapacitor is 2.1%.
DSSC-based photo supercapacitor [28–30] suffers low
charging voltage and the self-discharging of supercapacitors
[31,32] due to internal resistance is another problem. Based
on the above information, it can be proposed that PVSK will
be a promising electrode material for solar cell and supercapacitor. In this paper, a thorough investigation about the
conduction mechanism has been studied which will help
energy conversion as well as energy storage. A detailed
study of the grain boundaries (GBs), activation energy,
impedance and modulus properties, is being done for the
material Pb1-xEux(Zr0.60Ti0.40)1-x/4O3 with Eu doping as 0,
3, 6 and 9%.

2.

Rare-earth perovskite material

The general formula for the perovskite material is ABY3,
where ‘A’ and ‘B’ are two cations, whereas Y is an anion
consisting of oxides as well as halides. In fuel cells, rareearth perovskites oxide is applied as catalysts for methanol
oxidation and oxygen reduction [33–36] in alkaline medium. They have unique properties that the dimensions of
unit cell can be varied. Rare-earth perovskites, such as
lanthanides play a key role in photocatalytic and energy
production process in the form of catalysts by improving the
thermal stability of catalytic oxides, as it enhances the
catalytic efficiency by increasing oxygen uptake and redox
capabilities [37]. The rare-earth cations [38–45] like ytterbium and ytterbium into the lattice of CexZr1-x O2 solid
solutions have significantly affected the crystalline structure
[46], thermal stability, oxygen mobility and redox properties [47,48]. The general formula for the radii of perovskite
is
pﬃﬃﬃ
RA þ RO ¼ t 2ðRB þ RO Þ:
ð1Þ
RA, RB and RO are the ionic radii of the A site, B site
cations and anion, respectively. The distortion constant t,
known as tolerance factor is an indicator for the stability of
the structure and measures the distortion degree of a
perovskite.
Table 1 shows the calculated values of rare-earth materials [49,50] with reference to Pb?2. It is observed that the
value of tolerance factor [51–55] is \1 which is the
Table 1.

necessary condition of perovskite. Several reports have
been done with Gd, Nd, La and Sm, but very less reported
work has been done for europium-doped PVSK. Table 2
shows the tolerance factor of the material under investigation for Eu-doped PVSK.
In recent years, a considerable number of research has
been done related to double perovskite A2(BB0 )O6 where A
is cation for alkali metal and B, B0 are cations of transition
metals of the periodic table. The main reason for this to
become a promising energy material is that it is characterized by high oxygen vacancy concentrations [56,57], for
e.g., Y2NiMnO6, La2NiMnO6, etc. The new era of solar
cells and supercapacitor begins with hybrid perovskites or
composite perovskites. To enhance the energy density and
increase the specific capacitance, perovskite electrodes can
be composited with oxide based on redox potential to store
charge while charging. As a result, the specific capacitance
will increase, adding Mn, Co and Ni in the material can
enhance its physical properties to be measured. The resistance plays a key role in obstructing the enhancement of
power density and energy density perovskite material as
energy storage devices like batteries or supercapacitors is
mainly due to good catalytic activity mainly because of
oxygen reduction, good electrical conductivity and durability. Further, ion migration through the sublattice of perovskite materials allows it to be used as an electrode for
solar cell as well as supercapacitor. Metal halide is used as
anodes lithium batteries. The size and morphology of the
crystal of perovskite oxide are dominant features for its
electrochemical performance. Structuring the perovskites
with proper doping either on A or B sites of the lattice helps
to control the nanocrystal porosity and defect in the lattice
which will lead to an increased specific capacitance with
promising capability and stability in comparison with other
materials.

3.

Experimental technique

Perovskite material ceramic test with chemical composition Pb1-xEux(Zr0.60Ti0.40)1-x/4O3 has been arranged
by the high temperature solid-state response strategy
utilizing mixing oxides; PbO, ZrO2 and TiO2. For the
process of calcination and sintering, extra amount of lead
oxide was taken to compensate loss in lead. Oxides
of a well-blended ingredient in an alcoholic medium
were calcined to an optimized temperature range of

Tolerance factor of rare-earth element material with reference to Pb2?.

Rare-earth element

Gd

Nd

Y

La

Eu

Pr

Dy

Tb

Tolerance factor
Rare-earth element
Tolerance factor

0.89254
Sm
0.87421

0.84809
Lu
0.97424

0.95244
Gd
0.89254

0.79282
Tm
0.96322

0.88328
Yb
0.97424

0.83153
Er
0.95244

0.92152
Ho
0.94191

0.91165
Pm
0.85662
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Tolerance factor of Eu-doped PVSK.

Eu content

RPb

REu

RZr

RTi

RA

RB

RO

Tolerance factor

0
0.03
0.06
0.09
tavg = 1.008169

119
119
119
119

95
95
95
95

72
72
72
72

100
100
100
100

119
118.28
117.56
116.84

83.2
82.576
81.952
81.328

1.4
1.4
1.4
1.4

1.006484
1.007899
1.009335
1.010794

800–1400 K for 10 h with an interval of 50°C. Using
polyvinyl alcohol as binder, the calcined powders were
converted into pellets. These pellets were, then, sintered
at an optimized temperature of 1450 K for 10 h. Structural analysis of the powders was obtained through XRD.
Impedance spectroscopy analysis was done through CIS
technique.
3.1

Structural analysis

XRD report shows that the Eu-doped PVSK has sharp
peaks, in some places, peaks are split with the presence of
pyrochlore in a composition of x = 0.03. Average crystallite
of Eu-doped PVSK was found to be 52.25 nm.
Result of SEM is shown in figure 1 of the electrode
material. It is seen that uniform size of grain is being
formed and separated by GBs and it depends on the different compositions of europium doping.
3.2

Measurement of electrical behaviour

Complex impedance spectroscopy (CIS) is an effective
technique to characterize the electrical parameters of the

Figure 1.

XRD and SEM of Eu-doped PVSK.

material with the interface having electrodes in different
ranges of frequency and temperature. The experiment is
done for the behaviour of electrode and/or electricity conduction of the material. It studies about the electrical
properties of bound or free charges of the material under
investigation which can be ionic, semiconductors, electronics and insulator dielectric. The basic purposes are to
determine their properties, interrelation and dependence
under controlled conditions.
Phase sensitive millimetre (PSM N4L; model 1735) is
used to measure the electrical properties of Eu-doped PVSK
in the range of frequency of 102–106 Hz (signal amplitude
1.5 V). It has a variac connected to a temperature measuring
device within a range of room temperature to 450°C. In this
technique, the amplitude and phase shift of real and imaginary parts of impedance are measured by applying simple
frequency voltages or current at the interface using fast
Fourier transform analysis. The commercial instruments are
connected to computers which measure the impedance
automatically. Wide range of frequency is covered using
this technique. In this technique, impedance and phase shift
are measured by applying a sinusoidal signal of low
amplitude across the sample and the output response is
compared with the input signal.
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3.3

Boundaries activation energy and grain

GB is mainly the interface between two grains, or crystallites of the materials and its planar defect greatly
affects the electrical and thermal conductivities of cells by
changing the electronic band structure. Perovskite solar
cells have high absorption coefficient, longer carrier
mobility, longer diffusion length of electrons as well as
holes with high defect tolerance. Structural disorders at
GBs [58,59] form defect states; actually, degrading the
optoelectronic quality and stability of perovskite solar cell
thus, affecting its photovoltaic performance. For supercapacitors, power conversion efficiency and atomistic
defects at GB [59,60] induce structural disorders, such as
dangle bond between the cations and anions at the
boundaries. Yin and co-workers investigated structural
disorders at GBs on electrical quality of the materials.
GBs can reduce the energy band gap by enhancing the
electron phonon coupling to accelerate the nonradioactive
charge recombination loss. GB in silicon thin films, creates the energy states between conduction and valence
bands. Thus, using as a recombination site, Yun et al [60]
found that in PVSK GBs help in charge separation and
collection. It is being observed that irregular current–
voltage characteristics of PVSK were due to charge carriers trapping and detrapping effects, polarization and due
to ion migrations. In this category, ion migration plays a
very dominating role on hysteresis behaviour of PVSK
solar cells. The defect existence provides the medium for
ion migrations which depends upon the activation energy.
It arises due to defect density which an ion should possess
to overcome from its initial position to the site of
neighbouring vacancy. This energy depends on the crystal
structure, ion radius and valence state of ions. Ionic
mobility plays a critical and important impact on stability
and durability of the devices. The choice of PVSK as an
energy material is attributed to its dielectric relaxation
process owing to dynamic A cation. The activation energy
of Pb?2 and I- are 2.31 and 0.84 eV, respectively; low
value of activation energy shows the mobility ion at room
temperature in short time.

3.4

AC conductivity

PVSK materials exhibit ionic conductivity because the ions
are weakly bound semiconductors which may be intrinsic or
extrinsic based on the defects in oxygen vacancy, due to
variation in stoichiometry and gives rise to electron/hole
conductivity. An alternating current I is generated across a
capacitor when, an alternating current emf E is applied as I
= jxCoV. The dielectric conductivity or ac conductivity of
the dielectric can be deduced from the real part of current
density passing through it. Values of rac and Ea of the
material at high temperature (i.e., in para-electric phase)
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were calculated from Arrhenius equation:


Ea
:
r ¼ xee0 tan d ¼ r0 exp
KT

ð2Þ

Nature of conduction mechanism influences the activation energy of charge carriers which is important for the
electrode material of solar cell as well as supercapacitors.
For the same temperature and the conductivity, the activation energy of the carriers in the electronic conductivity is
larger than that in ionic conductivity as it decreases with
increasing anion radius at high temperature which is mainly
due to polarizability. Ea of the europium-doped PVSK
compounds above and below Tc is shown in table 3. It gives
the information regarding the dependence of activation
energy on ionization level mainly due to oxygen vacancy,
the value of activation energy of the samples is \1 eV
confirms the vacancies of single ions of oxygen, Ea value
[1 eV is due to double ionized oxygen vacancies. Eudoping plays a remarkable role in the activation energy, as it
increases the value of activation energy, still the value is
\1 eV showing the availability of free charge carrier hopping conduction mechanism. The activation energy
decreases on increasing the frequency (below Tc), and
hence, corresponding value of conductivity also decreases
(above Tc).
From figure 2, the change in ac conductivity (rac) of the
Eu-doped PVSK compounds with temperature at selected
frequencies is given which shows the increasing trend of the
value of rac with increase in temperature, a well-defined
peak has been observed for x = 0.09. It supports thermally
activated transport properties of the materials obeying the
Arrhenius equation (2). Further, it is seen that the bulk
resistance of materials decreases as temperature increases
thus, supporting the behaviour of negative temperature
coefficient resistance behaviour of Eu-doped PVSK. In the
higher temperature region, known as transition temperature
(Tc), it has been observed that conductivity is nearly independent of the change in frequency mainly due to dispersion
phenomenon and polarizability of the material. At higher
temperatures and lower frequencies, all the curves appear to
merge, indicating the occurrence of frequency independent
dc conduction of the materials.
Table 3.
Eu content
0
0.03
0.06
0.09

Activation energy (in eV) of Eu-doped PVSK.
Frequency (kHz)

Ea (BTc) (eV)

Ea (CTc) (eV)

1
10
1
10
1
10
1
10

0.65
0.70
0.15
0.35
0.18
0.25
0.19
0.48

0.13
0.14
0.30
0.68
0.19
0.47
0.38
0.94
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Variation in Eu-doped PVSK-ac conductivity with temperature.

Impedance analysis

The variations of real part of the impedance (known as
Bode plot) [61–69] for some of the samples were studied.
Variation of impedance can be seen in terms of temperature
and frequency for Eu-doping as 0, 3, 6 and 9% of the PVSK
material for photo supercapacitor which is more pronounced for 9%, indicating that doping of Eu plays an
important role in ions mobility.
According to figure 3, an arc appears at low temperature
for x = 0.00 and 0.06. The formation of arc as a complete
circle or semicircle gives the value of bulk resistance whose
information is very essential for the ion mobility required

for the electrode of PV cells as well as supercapacitors
showing its dependence on relaxation mechanism as well as
frequency range. Presence of two semicircles gives the bulk
(grain) property as it consists of resistance and capacitance
combined in parallel, it gives the information of presence of
grain interior as well as the boundaries of grain. The low
frequency semicircle is due to the GB effect. The absence of
third semicircle suggests that the electrode-material interface contributions to impedance are negligible. The analysis
of the curves shows that the semicircle exhibits some
depression degree instead of a semicircle centred on the
abscissa axis. This decentralization or non-Debye type
relaxation obeys Cole–Cole’s formally, where the depressed
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Figure 3.
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Eu-doped PVSK: imaginary impedance graph vs. frequency.

semicircle represents typically a phenomenon with a spread
of relaxation time. This finding from the experiments is of
great use as in photo supercapacitor electrode, whether it is
PV cells or supercapacitors, the electrical mechanism
depends a lot on the resistance offered by the grains as well
as GB. The bulk resistance of Eu-doped PVSK samples is
found to depend on percentage of Eu3? content and also on
Zr/Ti ratio. Though in these cases, maximum value of bulk
resistance has been found when Eu3? content is x = 0.06
(i.e., 6%). Moreover, we get to understand the key role of
oxygen vacancies of the proposed material other than this, it
gives the idea of defect mobility arising due to polarization
phenomenon.

3.6

Electric modulus analysis

The concept of complex electric modulus [38,39] is used to
study space charge relaxation phenomena which is widely
used today to analyse ionic conductivities and is helpful in
characterization phenomenon. It is found that the complex
impedance analysis (Z0 vs. Z00 ) is useful in the determination
of bulk resistance of materials, but for smaller resistances, it
is not effective. Thus, electrical response of proposed
material for photo supercapacitor in which the dc component is large when compared to the ac component can be

better understood by re-plotting the impedance data in the
modulus formalism [70–73]. To plot modulus graph, following equations were used:
1
;
e
¼ M 0 þ M 00 ;

M ¼

¼ M 0 þ jM 00 ;
2
3
2
3
0
00
e
e
o5 þ j4n
o5;
¼ 4n
ðe0 Þ2 þðe00 Þ2
ðe0 Þ2 þðe00 Þ2
¼ xCZ 00 þ jxCZ 0 ;

ð3Þ

where x ¼ 2pf and C = eo Ad ; e0 = permittivity of free space,
A = area of the electrode and d = thickness. M0 and M00 are
the real and imaginary parts of complex electric modulus. Z0
and Z00 are the real and imaginary parts of impedance
analysis.
The polarizations in photo supercapacitor are due to the
bulk and GB contributions to electric response. Eu-doped
PVSK possesses huge resistance due to GB and less crystal
resistance. In the complex modulus formalism, elements
with smallest capacitance are studied. Thus, the modulus
representation gives a better picture of polarization phenomena than the impedance spectra. The electric modulus
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Eu-doped PVSK: imaginary modulus graph vs. frequency at different temperatures.

representation detects the polarization of electrodes as well
as conductivity relaxation time needed for our energy
storing devices giving the advantage of getting information
about the other interfacial effects in solid electrolyte as it is
more susceptible for the changes in the atomic ordering. To
get the proper information, impedance data has been
replotted at the same temperature in the modulus formalism
and is more sensible and effective due to the atomic
ordering. Modulus spectroscopy plot is helpful in separating
components with same resistance, but variable
capacitances.
Figure 4 shows imaginary part of electric modulus (M00 )
of Eu-doped PVSK compounds under consideration of
frequency at different temperatures. Figure 4 also shows
well-resolved asymmetric peaks both at low and high frequencies. Low frequency peak shows that the ions mobility
take place over long distances required for the electrode,
whereas high frequency peak gives the limitation of confinement of ions in their potential, well thus, indicating the
presence of hopping mechanism. The relaxation peaks that
appear in imaginary part is due to the dipolar relaxation or
to the dielectric conduction mainly arising due to the oxygen vacancies thus, creating electric dipole. This frequency
spectrum determines the range in which charge carriers are
mobile over long distances. In the high temperature region,

polarization of electrode is negligible as M00 tends to zero at
low frequencies. Shifting of peak position towards higher
frequencies takes place as temperature and concentration of
Eu-doping increases, thus confirming thermally activated
nature dependence on relaxation time. The observed
asymmetry in the broadening of peak exhibits the spread of
relaxation times arising due to non-Debye mechanism with
different time constants. The main reasons accountable are
random orientation and presence of more than one phase in
the proposed material. Hence, the modulus analysis helps in
getting a good grasp over the conduction mechanism needed for the conversion of solar energy into electrical energy
in PV cells as well as in the storage device for
supercapacitors.

4.

Conclusion

To manufacture photo supercapacitors, an integrated ‘photo
charging’ energy system is required. For this purpose,
electrodes of different materials are mainly used by multiple
solar cell industries as well as for super-capacitors, as the
storage part. In the Eu-doped PVSK, it is observed that with
the doping of rare-earth material, the conductivity of the
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electrode is greatly enhanced which results in improving the
power conversion efficiency. The value of tolerance factor
is *1 which shows the stability of the material used. Further, the activation energy is also within the range required
for ion migrations. The impedance analysis shows how the
GB is dependent on the variation of temperature as well as
frequency. In this, semiconducting material, GBs play a
significant role because traps are shallow with an increased
efficiency with small grains. Through the modulus formalism, it is observed that there is a variation in the peak
symmetry which exhibits the spread of relaxation times
along with different time constants. Hence, it is seen that the
Eu-doped PVSK with different dopings, is the most
promising material for photo supercapacitor electrode
material either for solar cell or supercapacitors because it is
cheap, thermally stable, has profound conduction mechanism, enhanced surface area and above all easy to
manufacture.
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