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Abstract
In this present work, the double perovskite  Y2NiMnO6 nanostructures had been successfully synthesized through the hydro-
thermal route. Using various characterization techniques, the structural, morphological, impedance, dielectric, electrochemi-
cal, and magnetic properties were analyzed. The monoclinic (P21/n) structure of the prepared  Y2NiMnO6 was confirmed using 
powder X-ray diffraction. Results from the scanning electron microscope showed the formation of  Y2NiMnO6 nanostructures. 
TEM image of  Y2NiMnO6 nanoparticles revealed d-spacing of 0.56 nm and selected area electron diffraction pattern showed 
(311) plane for  Y2NiMnO6. Fast Fourier transform (FFT) analysis was performed on the lattice fringes and the diffraction 
spots indexed to the cubic spinel. The dielectric, impedance, modulus, and AC conductivity of the synthesized double per-
ovskite  Y2NiMnO6 were studied in the frequency range of 100 Hz–5 MHz at room temperature. The effect of grain and grain 
boundary was analyzed by the Nyquist plot. The presence of non-Debye type of relaxation was confirmed from the dielectric, 
impedance, and modulus studies. The elaborated studies of complex impedance spectra provided the basis to understand 
the electrical properties, which had strong relations with the microstructure and resistive nature of the prepared material. 
The electrochemical behavior of the prepared  Y2NiMnO6 with three-electrode system was found to have pseudocapacitive 
nature with the specific capacitance value 8.633 F/g for 0.5 M KOH, 75.476 F/g for 1 M KOH, and 78.201 F/g for 2 M KOH 
at the scan rate of 10 mV/s. The specific capacitance values were improved by increasing the concentration of electrolyte. 
The vibration sample magnetometer of the synthesized  Y2NiMnO6 shows the paramagnetic behavior at room temperature.
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1 Introduction

In recent years, eco-friendly and clean energy have gained 
worldwide attention due to the increasing concerns about 
global warming and other environmental issues associated 
with the consumption of fossil fuels. Presently, new func-
tional materials are extensively investigated and a remarka-
ble development was seen. Perovskites drive interest because 
of their wide energy applications [1]. Perovskite materials 
with the general formula  ABO3 (where A is an alkaline 
earth cation and B is the transition metal cation) are widely 

studied by researchers for emerging energy applications [2]. 
Kumari et al. have synthesized pure  BiFeO3 nanoparticles 
and reported their microstructural, magnetic, electric, and 
magnetocapacitance properties with good results.  SrHfO3 
perovskite material was synthesized by Zitouni et al. [3] and 
reported with a good bandgap. Many rare-earth-based per-
ovskite materials were also widely studied by the research-
ers for their structural, morphological, optical, dielectric, 
magnetic, and electrical properties. Xukeer et al. reported 
the perovskite material  YFe1−XMnXO3 with enhanced gas 
sensing performance [4]. As a result, perovskite materials 
have gained interest because of their multiferroic, ferromag-
netic, ferroelectric, dielectric, and magnetoelectric coupling 
properties [5]. Double perovskite structure derived from per-
ovskite structure, with the general formula  A2B2O6 (where 
A is an alkaline earth cation which coordinates with twelve 
oxygen anions and is larger in size and B is the transition 
metal cation which coordinates with six oxygen anions 
and is smaller in size). The double perovskite structure is 
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formed, when the A-site is partially substituted as A and A′ 
(AA′B2O6) or when the B-site is partially substituted as B 
and B′  (A2BB′O6). The presence of two rare-earth elements 
in A-site or the presence of two transition metal elements in 
B-site of a double perovskite material can provide greater 
flexibility and stability than a single perovskite material 
composed of one A cation and one B cation. These remark-
able features of adjustable structural properties of double 
perovskite materials paved the way for obtaining perovs-
kite oxides with better functional performances [6]. Also, 
the presence of defects tuned the material’s properties into 
desirable effects. Oxide double perovskite nanostructures 
were competitive alternatives to low-cost functional mate-
rials with high efficiency and stability to replace the state 
of the art materials. Among the double perovskite materi-
als,  R2NiMnO6 had turned out as an excellent material due 
to its multiferroic behavior, which contributes to memory 
and magnetic storage devices [7]. R.J.Booth et al. investi-
gated the structural, magnetic, and dielectric properties of 
 R2NiMnO6 and got excellent results [8]. Macedo Filho et al. 
reported the spin coupling effect of  Y2NiMnO6 with the bet-
ter results than other double perovskite materials [9]. Jie Su 
et al. showed the multiferroic behavior of  Y2NiMnO6 [10]. 
In this study, double perovskite  Y2NiMnO6 (YNMO) nano-
structures were synthesized by a hydrothermal route. Hydro-
thermal synthesis is one of the most commonly used solution 
reaction-based methods for the preparation of nanomaterials. 
In hydrothermal synthesis, the formation of nanomaterials, 
including their shape and size, can be controlled by the vari-
ation in the temperature and pressure conditions. Hydrother-
mal synthesis can generate nanomaterials that are not stable 
at elevated temperatures. The compositions of nanomaterial 
to be synthesized can be well controlled in hydrothermal 
synthesis with less loss of materials [11]. In most cases, 
formulations to prepare double perovskites are complicated 
and need harsh reaction conditions like high temperatures, 
in most of the cases. Great efforts are dedicated to devel-
oping rationally engineered double perovskite materials by 
controlling morphologies through the preparation methods. 
Only few reports are available for double perovskite materi-
als in energy storage applications. For further explorations, 
the prepared YNMO double perovskite material is investi-
gated here with potential for next generation magnetic and 
electric energy storage applications. Impedance spectros-
copy provides information about grain, grain boundary, and 
relaxation frequency. Dielectric characteristics of materials 
are considered to be highly influenced by the effect of grain 
and grain boundaries, and provides information about the 
complex electrical parameters such as impedance, dielectric, 
AC conductivity, and modulus [12]. Prepared YNMO nano-
structures are investigated as cathode electrode for super-
capacitor applications. The electrochemical performances 
of YNMO are explored by cyclic voltammetry curve with 

change in concentration of the electrolyte at different scan 
rates. Impact of impedance, dielectric, and magnetic prop-
erties on the prepared YNMO is analyzed to improve their 
electrochemical energy storage properties.

2  Experimental procedure

As starting materials, Y(No3)3·6H2O, Ni(No3)3·6H2O, and 
 C4H6MnO4.4H2O were dissolved in 40 ml of double distilled 
water and stirred for 15 min with a magnetic stirrer. The 5 M 
NaOH solution was added to the mixture under continuous 
stirring to adjust the pH and then stirred for 30 min until the 
solution turned brown. Then the mixture was transferred to 
a Teflon-lined autoclave and heated at 200 °C for 24 h. After 
it cools down to room temperature naturally, the obtained 
product was collected and washed several times with double 
distilled water, ethanol, and acetone in equal proportions. 
The washed sediments were then dried in an oven at 70 °C 
for 24 h. The resulting powder was calcined at 950 °C for 1 h 
in a furnace to get the double perovskite YNMO.

3  X‑ray diffraction spectroscopy

To determine the phase and structure of YNMO, powder 
X-ray diffraction (PXRD) using  CuKα radiation (PANa-
lytical, λ = 1.5418 Å) with 2θ ranging from 20° to 80° is 
directed at the synthesized sample. The pattern is shown 
in Fig. 1. The diffraction peaks in XRD pattern observed at 
Bragg’s angles (2θ) 32.89°, 42.27°, 47.96°, 53.29°, 60.30° 
were indexed to a monoclinic structure with space group 
P21/n to diffraction planes (112), (202), (023), (131), (204). 
The obtained lattice parameters using X’pert Hi Score plus 

Fig. 1  X-ray diffraction pattern
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software were a = 5.338 Å, b = 5.695 Å, and c = 7.696 Å, 
which are in good agreement with the reported results [13].

The tolerance factor t to determine the perovskite struc-
ture is calculated from,

where rY, rNi, rMn, and rO denote the ionic radii of yttrium, 
nickel, manganese, and oxide. It was reported that for t 
close to 1, a cubic perovskite structure is obtained. A tilt 
and rotation of the octahedral structure is obtained when the 
tolerance factor lies between 1.00 ≥ t ≥ 0.97 then structure 
becomes tetragonal and if t ≤ 0.97, then structure becomes 
distorted and may undergo a monoclinic or orthorhombic 
structure [14]. Here, for the YNMO nanostructure, the cal-
culated tolerance factor is less than 0.97. So, it is in good 
agreement with the monoclinic P21/n structure, which 
agrees with the reported results [13, 15]. Using the Scher-
rer equation, the calculated average value of crystalline size 
(D) is 32.7 nm, dislocation density (δ) = 0.0108  nm2, and 
microstrain (ξ) = 3.557 lines/m2.

4  Scanning electron microscopy 
with elemental analysis

Scanning electron microscopy is an important tool in study-
ing structure, shape, and size of the prepared nanostructures. 
Figure 2 shows the SEM images of the prepared YNMO 
sample observed using the Jeol JSM 6390 Scanning Electron 
Microscope. This image shows the formation of irregular 
clusters of nanostructure with varying sizes, along with the 
formation of a few nanocubes. The elemental analysis of the 

(1)t = 1∕
√

2
�

rY + rO
�

∕

�
�

rNi + rMn

�

2
+ rO

�

prepared sample was investigated by the EDAX technique 
(Fig. 3) and it confirms the presence of all the elements in 
appropriate proportion for the formation of double perovs-
kite YNMO without any impurities. The weight percent and 
atomic percent of the elements present in the sample are 
shown in Table 1.

Fig. 2  SEM image of  Y2NiMnO6 at different magnifications

Fig. 3  Elemental analysis of  Y2NiMnO6

Table 1  Elemental composition of  Y2NiMnO6

Element Weight % Atomic %

Y 33.32 11.14
Ni 14.06 7.12
Mn 12.17 6.59
O 40.45 75.16
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5  High‑resolution transmission electron 
microscopy

Transmission electron microscopy is used to further investi-
gate the morphology and microstructure of  Y2NiMnO6 nan-
oparticles. Figure 4a, b of the HRTEM analysis suggests that 
the higher and lower magnified  Y2NiMnO6 nanoparticles 
grow along the (111) crystallographic direction (c axis). The 
TEM image of a  Y2NiMnO6 nanoparticles (Fig. 4c) reveals 
a d-spacing of 0.56 nm. HRTEM of the corresponding 
selected area electron diffraction pattern may be attributed 
to the (311) plane for  Y2NiMnO6. Fast Fourier transform 
(FFT) analysis (Fig. 4d) is performed on the lattice fringes 
and the diffraction spots are well indexed to the cubic spinel. 
The (111) and (311) oriented crystallographic peaks are well 
matching the existing XRD analysis.

6  Impedance study

Complex impedance spectroscopy (CIS) is a powerful tech-
nique to investigate the microstructural and electrical prop-
erties of a synthesized sample. The impedance measurement 

is done on the sample to differentiate the grain, grain bound-
ary, and electrode responses [16]. This complex impedance 
(Z) has a real part (Z′) and an imaginary part (Z″) as,

The real and imaginary parts of impedance are deter-
mined from the following Eqs. (3 and 4),

and

where Z is the complex impedance value (synthesized 
YNMO is pelletized and the values are taken from the 
HIOKI Hi Tester LCR Meter in the frequency range of 
100 Hz–5 MHz), d (0.0016 m) is the thickness of the pellet, 
and φ is the phase angle.

In Fig. 5a Z′ versus Frequency, it is found that the value 
of Z′ (real part of impedance) decreases with the increase 
in frequency. The value of Z′ decreases rapidly up to the 
frequency range of 1 MHz and above 1 MHz it is slowly 

(2)Z = Z
� + iZ
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Fig. 4  a, b High and lower 
magnified TEM image for 
 Y2NiMnO6 and randomly 
distributed particles in various 
sizes. c The calculated d-spac-
ing images of  Y2NiMnO6. d 
The corresponding selected area 
electron diffraction pattern
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decreasing. It is observed that the value of Z′ is frequency 
dependent. And it also shows the conductive nature of the 
material because the rise in AC conductivity with frequency 
corresponds to the electron hopping mechanism. As a result, 
as the frequency increases, the impedance decreases [17]. In 
case of Z″ (imaginary part of impedance) versus frequency 
(Fig. 5b), at a particular frequency (below 0.5 MHz), the 
value of Z″ attains the maximum. This indicates the presence 
of a relaxation or resonance peak in the material. Relaxation 
occurs due to the immobile charges or vacancies in the die-
lectric material and the main reason for the resonance peak 
is due to the matching of frequencies between the applied 
AC frequency and the hopping frequency of charge carri-
ers [18]. The frequency at which Z″ reaches its maximum 
value is called the relaxation frequency (fr). The inverse of 
fr is known as relaxation time [19]. Between the frequency 
range of 0.5 and 5 MHz, the value of Z″ slowly decreases 
and remains constant.

7  Nyquist plot

Figure 6 displays the Nyquist plot, which describes the vari-
ation of Z′ with Z″ at room temperature with respect to fre-
quency. The semicircular nature of the low-, medium-, and 
high-frequency regions gives information about the effect 
of grain (bulk) and grain boundaries in the complex imped-
ance plot by the separate semicircle curves [20]. According 
to the Debye relaxation type, the center of the semicircle 
coincides with the real impedance axis, that is Z′. Here in 

this plot, it is observed that the center of the semicircle does 
not coincide with the real impedance axis Z′. So, it falls into 
the non-Debye type of relaxation. This may be due to some 
imperfections in the sample during synthesis [21].

The semicircle in Fig. 6 indicates the effect of the grain 
boundary, and the curve next to the semicircle indicates the 
grain effect. ZSimp3.20 software is used to fit the semicir-
cle with the theoretical one and to determine the equivalent 
circuit. The equivalent circuit is obtained by the series con-
nection of parallel capacitances (C) and resistances (R). The 

Fig. 5  a Plot of real part of impedance (Z′) versus frequency, b plot of imaginary part of impedance (Z″) versus frequency

Fig. 6  Nyquist plot for  Y2NiMnO6 and equivalent circuit (with fit-
ting)
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series arrangement of two CQR (Q-constant phase element, 
which is indicated as CPE in the circuit) is manifested by the 
Nyquist plot, which describes the effect of grain and grain 
boundary. The constant phase element (CPE) is introduced 
to the circuit to represent the deviation in the Debye-type 
relaxation (non-Debye type relaxation) [20]. As a result of 
this (Table 2), it is confirmed that the grain boundary is more 
resistive than the grain.

8  Dielectric study

The frequency variation (100 Hz–5 MHz) of the dielectric 
constant (K) and dielectric loss (tanδ) of the sample at room 
temperature was studied using the HIOKI Hi Tester LCR 
Meter to observe the dielectric performance of YNMO.

The dielectric constant (K) signifies amount of energy 
that can be stored in the dielectric material. In the presence 
of an applied AC field, the electrical energy loss as heat 
during the polarization in the dielectric material is called 
dielectric loss (tanδ) [16].

The dielectric constant and dielectric loss are deter-
mined using the formula,

where Cp is the parallel capacitance, d is the thickness of the 
pellet, Ɛo is the permittivity of free space, and A is the area 
of the pellet [22, 23].

From Fig.  7a, b, it is confirmed that the dielectric 
constant (K) and dielectric loss (tanδ) decrease with an 
increase in the frequency. The Maxwell–Wagner model 
explains the nature of frequency-dependent dielectric 
properties of the material. This model explains that the 
dielectric materials have poorly conducting grain bound-
aries and highly conducting grains, which is confirmed 
by the fitted CPE circuit’s Table 2. At lower frequencies, 
grain boundaries are more effective and at higher frequen-
cies, the grains are more effective [21]. This is because 
of the hopping of electrons between Ni and Mn cations, 
which cannot go beyond the variation in frequency [24].

(5)K = Cpd∕�oA

(6)tan δ = Z
�∕Z�� = K

��∕K� = M
��∕M�

Table 2  Fitted parameters for equivalent circuit in Nyquist plot

Chi-squared = 0.0013 (error)

Parameters Grain boundary Grain

Resistance (Ω) Rb = 5.138E11 Rgb = 5.337E7
Capacitance (F) Cb = 2.047E−30 Cgb = 5.529E−14
Constant phase element, 

CPE (S  sn)
2.805E−9 1.392E−11

Frequency power (n) 0.4976 0.532

Fig. 7  a, b Plot of dielectric constant (K) and dielectric loss (tanδ) with frequency in MHz (Inset of a, b plot of K and tanδ with frequency in 
Hz)
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At high-frequency region, electrons are more active in 
grain, and at low-frequency regions, electrons are more 
active in grain boundaries during electrical conductivity. 
Therefore, grain boundaries have a more resistive nature 
than the grain itself. So both the values of K and tanδ 
are maximal in the low-frequency region because a large 
amount of energy is needed to transfer electrons. And, in 
the high-frequency region for both K and tanδ, minimum 
amount of energy is needed to transfer the charge carrier 
and for the alignment of dipoles [20]. The relaxation peak 
is present in the lower frequency region of the dielectric 
loss graph, which is known as the relaxation frequency 
(fr) and the inverse of fr is called relaxation time [22]. This 
is because the electrons in dielectric materials take some 
time to rearrange themselves. It is noted that the dielec-
tric loss also depends on the relaxation of the dielectric 
material.

The effects of temperature on dielectric constant (K) 
and dielectric loss (tanδ) are depicted in the plot of K 
and tanδ with frequency at different temperatures of 
the synthesized YNMO. From Fig. 8a, b it is noted that 
below 100 °C, the values of K and tanδ are independent 
of frequency and above 100 °C, the values of K and tanδ 
are dependent on frequency. The increase in K and tanδ 
values at higher temperatures may be due to the distribu-
tion of charge carriers, the generation of defects or an 
unknown impurity present in the prepared sample [25].

9  AC electrical conductivity

Electrical conductivity is the study of the physical properties 
of a material with the effect of an electric field. Electrical 
conductivity in dielectric materials is associated with the 
movement of free ions or charge under the applied electric 
field. Based on the types of ions (cations/anions) or charge 
carriers (electrons/holes), the electrical conductivity in the 
dielectric material is categorized as an ionic or electronic 
conductor [25].

From the obtained dielectric data, the formula for AC 
conductivity is given by [13],

where σAC is AC conductivity, ω is angular frequency, and 
Ɛo is permittivity in free space.

From Fig. 9, it is clear that the conductivity increases as 
frequency increases. At low frequencies, the conductivity is 
frequency independent. This is because of the random dif-
fusion of charge carriers due to hopping. At higher frequen-
cies, conductivity increases with an increase in frequency 
that is frequency dependent due to dispersion of charge car-
riers. To understand this mechanism, Jonscher power law is 
used [16, 26],

where σt(ω) is total conductivity, σDC is the DC conductivity 
term and it is frequency independent (f > 100 kHz), σ1(ω) α 
ωn which gives rise to the conductivity at higher frequencies 

(7)�AC = ��oK tan δ

(8)�t(�) = �DC + �1(�) = �DC + A�n

Fig. 8  a Variation of dielectric constant (K) and b dielectric loss (tanδ) at different temperature with frequency in MHz (Inset of a, b variation of 
K and tanδ at different temperature with frequency in KHz)
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and it is the reason for dispersion of the charge carrier, A is 
the strength of the polarizability, exponent term n can lie 
between 0 < n < 1.

10  Electrical modulus analysis

The electrical modulus analysis is defined by the grain, grain 
effect, conductivity, and relaxation behavior [16]. The complex 
function of electrical modulus is,

(9)M = M
� + iM

��

The real part of electrical modulus (M′) and the imaginary 
part of electrical modulus (M″) can be determined from the 
formula [23],

and

where Co = ƐoA/d (Ɛo is permittivity in free space, A is the 
area of the pellet, and d is the thickness of the pellet).

In the M′ plot (Fig. 10a), we noted that there is a gradual 
increase in M′ with increase in frequency. The value of M′ 
is nearly zero in the low-frequency region. This is due to the 
short-range mobility of charge carriers during the conduc-
tion process and the insufficient restoring force for the flow 
of charge carriers, so that the value of M′ is very small.

In M″ plot (Fig. 10b), we observed the presence of peak. 
It increases with a rise in frequency, attains maximum value 
at a particular frequency, and then suddenly decreases. This 
indicates the presence of relaxation in the dielectric material 
because of the hopping of electrons [20].

In Fig. 11, the variations in the imaginary parts of imped-
ance Z″ and M″ as a function of frequency give information 
about the low capacitance and high resistance and it also 
differentiates between the relaxation peak which is due to 
short-range flow or long-range flow of charge carriers. If 
there is a mismatching of peaks between Z″ and M″, it con-
firms the short-range flow, and a match of peaks confirms 
the long-range flow of charge carriers. From the studied 
sample, it is noted that the peaks are mismatched. So, it 

(10)M
� = �C

o
Z
��

(11)M
�� = �C

o
Z
�

Fig. 9  Plot of AC conductivity (σAC) versus frequency

Fig. 10  a Plot of M′ versus frequency and b plot of M″ versus frequency
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belongs to the short-range flow of charge carriers and the 
non-Debye relaxation type [20].

11  Electrochemical measurement

The cyclic voltammetry (CV) of synthesized YNMO nano-
structures is analyzed using a BioLogic SP-50 electrochemi-
cal instrument at different scan rates using a three-electrode 
system. The three-electrode system was composed of a 
counter electrode (platinum rod), a reference electrode (Ag/
AgCl), a working electrode and KOH as an electrolyte. The 
working electrode was fabricated by taking 85 wt% of active 
material (YNMO), 10 wt% carbon black, and 5 wt% polyvi-
nylidene fluoride (PVDF) as a binder, mixed with N-methyl-
2-pyrrolidinone (NMP) to get slurry formation and coating 
it evenly on the nickel foam substrate (geometrical working 
area is  1cm2) and drying it for several hours [13].

The rectangular curve in the CV graph represents the 
electric double layer capacitor but in this CV graph, the 
appearance of redox peaks confirmed the presence of 
faradic redox reaction that manifests the pseudocapacitive 
behavior of the synthesized YNMO [20]. The reason for the 
peak is due to the faradic redox reaction of (B/B′)-O/(B/B′)-
O-OH (where B = Ni and B′ = Mn), i.e.,  (Ni2+/Ni3+),  (Mn2+/
Mn3+), and  (Mn3+/Mn4+) ions with OH as a supporting ion 
in YNMO.

The effect of electrolyte on cathodic and anodic peaks can 
be observed in CV (Fig. 12a–c) by changing the concentra-
tion of KOH solution (0.5 M, 1 M, and 2 M) at different scan 
rates. For all three (0.5 M, 1 M, and 2 M) solutions of KOH, 
there is a shift in cathodic and anodic peaks toward lower 
potentials, indicating the lower charge/discharge potential 
of electrode in increasing concentration of KOH solution 

[27]. And also, the faradic redox process is controlled with 
the enhancement of scan rates due to the development of 
overpotential. It is observed that the highest point of the 
anodic peak increases with an increase in scan rates. This is 
because the formation of a diffusion layer on the electrode 
surface is thick due to the longer time span at lower scan 
rates. For higher scan rates, the formation of the diffusion 
layer is thin due to the shorter time span. Therefore, faradic 
redox reaction is a rate-controlled process; that is, at lower 
scan rates, bulk  OH− ions diffusion dominates and surface 
effect dominates at higher scan rates due to the formation 
of a thin diffusion layer on the electrode surface [28, 29].

From the CV graph, specific capacitance (Cp) can be cal-
culated using the following equation,

where A denotes the integral area enclosed by the CV curve, 
m is the mass coated on the nickel foam, ν is scan rate, and 
∆V is the potential window. The specific capacitance (Cp) 
calculated from the CV curves are tabulated (Table 3).

The calculated values of Cp and scan rates are plotted in 
Fig. 12d–f. And it confirmed that the value of Cp decreases 
with an increase in scan rate. This shows that the active 
material contribution is greater in lower scan rates and this 
behavior is also due to the bulk  OH− ions diffusion as men-
tioned above [27] (Table 4).

It is noted that a maximum specific capacitance of 78.6 
F/g was measured for the synthesized YNMO nanostructures 
when 2 M KOH was used as the electrolyte, which is slightly 
higher than any reported value of specific capacitance for the 
same material [13]. This suggests that the YNMO nanostruc-
ture could be useful in energy storage like supercapacitors.

12  Magnetic properties

Figure 13 shows the M–H loop of the YNMO nanostructure. 
The room-temperature hysteresis loop exhibits paramagnet-
ism with a very small coercive field and remnant magnet-
ization. Due to the larger surface area of nanostructures, 
overall magnetization is reduced. It should also be noted 
that loops barely close and do not truly saturate, even at 
high fields. This has been reported for epitaxial LCMO thin 
films as evidence of spin glass-like behavior as observed 
for LCMO ceramics synthesized by standard solid-state 
reactions [31]. The jog in magnetization at zero field was 
also been observed in YNMO as depicted in Fig. 13 [31]. It 
should be noted that YNMO exhibits a bi-loop feature, as 
shown in the inset of Fig. 13 and this bi-loop is reported in 
 Ca2FeReO6 double perovskites as well. [32]. However, evi-
dence of second magnetic phase in YNMO is not observed 
and the bi-loop magnetization jump near zero field is due 

(12)Cp = A∕(m�ΔV)

Fig. 11  Variation of Z″ and M″ with frequency
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Fig. 12  a–c Cyclic voltammetry graph of  Y2NiMnO6 in 0.5 M solution of KOH, 1 M solution of KOH, and 2 M solution of KOH. d–f Plot of 
specific capacitance versus scan rate for 0.5 M KOH, 1 M KOH, and 2 M KOH
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to the presence of multiple magnetic domains with differ-
ent coercivity as discussed in the reported results [33]. The 
saturation moment is much smaller and known anti-site 
defects [32]. It cannot be ruled out that these nanostructures 
exhibit some fraction of surface plasmon resonance sites, 
some disorder, and/or large fractions of anti-site disorder 
that result in low-specific saturation magnetization. This 

may be due to the magnetic impurity [34]. This may arise 
from the existence of oxygen deficiency, which promotes the 
appearance of oxygen vacancies,  Mn3+/Mn4+ mixed valence 
state, and anti-site disorder of  Mn4+ and  Ni2+ in the samples. 
Besides, the anti-site defects have a remarkable influence 
on the magnetic properties of double perovskites, since the 
 Mn4+–O–Mn4+ and  Ni2+–O–Ni2+ exchange interactions 
are weak ferromagnetic [35], which prevent the complete 
saturation of magnetization. Specifically, anti-site disorder 
leads to antiferromagnetic couplings, while the predominant 
 Mn4+–O2−–Mn4+ of the ordered structure is paramagnetic 
[33]. This result coincides with the reported results [15, 36]. 
The hysteresis loop appeared at 2 Oe, with remnant mag-
netization (Mr) at 2.017E−4 emu/g and coercive field (Hc) 
at 3.836E−2 Oe.

13  Conclusion

In summary, the YNMO nanostructures are synthesized via 
hydrothermal method. The powder X-ray diffraction con-
firms the formation of a monoclinic structure with a P21/n 
space group and a particle size of 32.7 nm. The scanning 

Table 3  Calculated specific capacitance values

Scan rates 
(mV/S)

Specific capacitance, Cp (F/g)

0.5 M–KOH 1 M–KOH 2 M–KOH

10 8.633 75.476 78.201
20 8.533 61.042 64.869
30 8.494 51.863 56.330
40 8.337 45.684 51.373
50 8.262 41.168 47.568
60 8.222 37.823 44.707
70 8.194 35.212 42.467
80 8.161 33.187 40.485
90 8.147 31.556 39.042
100 8.135 30.201 37.815

Table 4  Comparison table of 
specific capacitance value with 
other work

S. no. Composition Synthesis/morphology Cp (F/g) References

1. Y2NiMnO6 Hydrothermal/nanowires 77.76 [13]
2. Dy2NiMnO6 Hydrothermal/mesoporous spheres 395.2 [30]
3. Y2NiMnO6 Hydrothermal/nanostructure 78.6 Present work

Fig. 13  Room-temperature 
M–H loop of  Y2NiMnO6 nano-
structures (Inset of this figure 
M–H loop of  Y2NiMnO6 at 
lower scale)
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electron microscope reveals the formation of the YNMO 
nanostructure. EDAX spectra confirm the presence of Y, 
Ni, Mn, and O without any other impurities. The imped-
ance, modulus, and dielectric studies of the prepared YNMO 
were analyzed with a change in frequency. Impedance and 
dielectric studies confirmed the presence of relaxation fre-
quency of non-Debye relaxation type that arises due to the 
hopping of electrons. Nyquist plot revealed electrical behav-
ior with the effect of grain and grain boundary. AC elec-
trical conductivity study showed the frequency-dependent 
curve with an increase in conductivity and an increase in 
frequency because of the dispersion of the charge carri-
ers. Room-temperature magnetic characterization revealed 
paramagnetic behavior of YNMO at room temperature. The 
electrochemical analysis of synthesized YNMO confirmed 
pseudocapacitive nature with enhanced specific capacitance 
with an increase in concentration of KOH, 8.633 F/g for 
a 0.5 M solution of KOH, 75.476 F/g for a 1 M solution 
of KOH, and 78.201 F/g for a 2 M solution of KOH. Fur-
ther detailed studies at various temperatures are needed for 
a better understanding of the nature of the magnetic state 
and the dynamic characteristics observed here for YNMO 
nanostructures. The increased value of specific capacitance 
enables the YNMO nanostructures, a potential candidate for 
energy storage applications.

Data availability statement Datas pertaining towards characterisations 
are already included in the manuscript. Further datas shall be provided 
on request due to privacy.
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