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Abstract
In this work we report, the structural, magnetic, and energy storage properties of double perovskite oxide Y2NiFeO6 syn-
thesized via wet chemical sol–gel process. The amorphous phase structure obtained at the synthesis temperature of 650 °C, 
turned to mixed cubic-hexagonal phase of Y2NiFeO6 at 850 °C, and subsequently to thermally stable mixed cubic-orthorhom-
bic phase at and above the temperature of 950 °C. The X-ray photoelectron spectra of thermally stable phase of Y2NiFeO6 
exhibited the presence of yttrium in Y3+ state, nickel in Ni2+/Ni3+ state and iron in Fe3+ state. The Y2NiFeO6 exhibited room 
temperature ferromagnetic behavior with Curie temperature at or above the room temperature. The highest specific capaci-
tance achieved via cyclic voltammetry in three-electrode system was 74.10 F/g at the scan rate of 5 mV/s. It has remarkable 
specific capacitance retention of ~ 95% after 5000 chargingdischarging cycles at the current density of 6 A/g. The energy 
storage parameters i.e., energy density and power density were ~ 3.93 Wh/kg and  ~ 810.03 Wkg−1, respectively at current 
density of 1 A g−1.
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1  Introduction

The properties of double perovskites, A2BB’O6, can be 
tailored by substituting different metal cations at B and B’ 
positions [1,2]. In this work yttrium, nickel and iron have 
been substituted in place of A, B, B’. The substitution of 
magnetic metals leads to magnetic behavior in the mate-
rial. The magnetic behavior of double perovskite has been 
pursued, as these materials have multifunctional properties 
such as magnetoresistance, spintronic, magnetocaloric effect 
and multiferroicity [3–7]. Materials with Sr at A position 
(Sr2CrWO6, Sr2FeCoO6) have been found to reveal giant 
magnetoresistive behavior which makes them good candi-
date for data storage application [6,7]. Some of the double 
perovskite oxides with yttrium at A position (Y2CoMnO6, 
Y2NiMnO6, Y2FeCoO6, Y2NiCoO6), studied for magnetic 
behavior, have recently being investigated for energy storage 
applications [8–11]. The substitution of multi-oxidation state 
transition metals is responsible for faradic reactions in these 
materials. Double perovskites with lanthanum at A position 
have been found to possess good energy storage performance 

because of high conductivity of lanthanum [12–14]. Besides, 
the oxygen deficient double perovskites found to have effi-
cient energy storage behavior as a result of bulk intercalation 
mechanism [15–18]. The double perovskite materials have 
been widely synthesized by wet chemical sol–gel, solvother-
mal, hydrothermal, solid-state reaction, flux method, and 
Pechini method etc. [14,19–23]. The wet chemical sol–gel 
synthesis method provides several advantages such as atomic 
level mixing of species, high yield at low reaction tempera-
ture, higher purity and enhanced homogeneity, etc. [21,24].”

The current work focuses on the structural, magnetic, 
and energy storage properties of novel double perovskite 
Y2NiFeO6. Here, Y2NiFeO6, has successfully been synthe-
sized first time by wet chemical sol–gel route. It has the 
Curie temperature at or above the room temperature which 
makes it a potential candidate for nanomagnetic application. 
Analysis of different experimental techniques used to inves-
tigate the energy storage behavior exhibited pseudocapaci-
tive nature of Y2NiFeO6 with remarkable cyclic stability of 
95% after 5000 charging–discharging cycles at the current 
density of 6 A/g.
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2 � Experimental

Wet chemical sol–gel process has been employed to syn-
thesize double perovskite oxide Y2NiFeO6. Yttrium nitrate 
hexahydrate (99.9%), nickel nitrate hexahydrate (99%), and 
iron (III) nitrate nonahydrate (98%) were used as precur-
sors, and citric acid monohydrate (99.5–102%) and ethyl-
ene glycol were used as additives. All the precursors were 
mixed in stoichiometric ratio in 50 ml of deionized water 
(Y(NO3)3  6H2O—10  mmol, Ni(NO3)2  6H2O—5  mmol, 
and Fe(NO3)2 9H2O—5 mmol). Citric acid monohydrate 
(40 mmol) was added slowly in the mixture with continuous 
stirring. Further, ethylene glycol (80 mmol) was added in the 
solution and stirred for 30 min. Afterward, the solution was 
stirred at the temperature of 180 ºC to obtain gel followed 
by drying in an oven for 15 h at 140 ºC. The sample was 
further decomposed in the furnace at different temperatures 
(650–1100 °C) to obtain Y2NiFeO6.

The X-ray diffraction was performed with Rigaku 
MiniFlex X-ray diffractometer in the angle (2ϴ) range 
of 10°–80°using Cu Kα1 radiation (λ = 1.54056 Å) at the 

scan speed of 2°/min. Particle size and morphology were 
observed by field emission electron microscopy (Hitachi 
HU-8010) at the operating voltage of 5 kV. Fourier trans-
form infrared spectroscopy (FTIR) was performed by Bruker 
Alpha platinum-ATR to understand the chemical bonding. 
The presence of different oxidation states of elements in the 
material was analyzed by X-ray photoelectron spectroscopy 
(XPS) spectra recorded using instrument (XPS, Omicron 
Nano Technology, ESCA +). Magnetic properties were stud-
ied by analyzing M–H curves (at 5, 50, and 100 K) and M–T 
curves (field cooled (FC) at 2 kOe and zero field cooled 
(ZFC)) recorded using superconducting quantum interface 
device (SQUID) magnetometer  (MPMS, XL, Quantum 
Design). Electrochemical experiments were performed in 
6 M KOH aqueous solution with Ag/AgCl and platinum 
(Pt) as reference and counter electrodes, respectively, using 
potentiostat/galvanostat (Biologic SP-150). The slurry for 
making the working electrode was prepared by dissolving 
mixture of Y2FeNiO6, acetylene black and polyvinylidene 
difluoride (PVDF) in the ratio of 8:1:1 in 20 ml of 1-methyl-
2-pyrrolidinone with continuous stirring on a magnetic 

Fig. 1   a X-ray diffraction pattern for sample synthesized at 650 °C, 850 °C, 950 °C and 1100 °C, b X-ray diffraction pattern for sample synthe-
sized at 950 °C, c The particle size distribution plot; (inset) FESEM for powder sample and d Fourier transform infrared spectrum of Y2NiFeO6
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stirrer for 15 h. Afterward, the working electrodes were pre-
pared by uniform drop casting of the slurry on nickel mesh 
of area 1 cm2 with mass loading of ~ 1 mg and subsequent 
evaporation afterward for 8 h in an oven at 80 °C.

3 � Results and discussion

3.1 � Structural and morphological analysis

Figure 1a shows the X-ray diffraction (XRD) patterns 
of the double perovskite oxide Y2NiFeO6 synthesized 
at 650–1100 °C. It is amorphous at the temperature of 
650 ºC. As the temperature increases, it starts crystalliz-
ing, and at 850 ºC, both cubic and hexagonal phases with 
space group symmetries as la

−

3(206) and P63/mmc (194) 
are formed [11,19]. With further increase of temperature 
to 950 ºC, the intensity of the peaks related to cubic phase 
increases. The hexagonal phase related peaks disappear 
and new peaks related to orthorhombic phase with Pnma 
(62) space group symmetry emerge, indicating conversion 

of hexagonal phase to orthorhombic phase at 950 °C. With 
increase of temperature further to 1100 ºC, the intensity 
of peaks related to cubic phase increases further, but that 
of peaks related to orthorhombic phase decreases slightly, 
suggesting a further slow conversion of orthorhombic 
phase to cubic phase. Therefore, to retain the low tem-
perature synthesis advantages such as less agglomeration 
of crystallites, smaller size and higher surface area, the 
thermally stable phase, synthesized at the temperature 
950 °C, was used for further investigation.

Figure 1b shows the XRD diffraction pattern of the 
sample synthesized at the temperature of 950 °C. All the 
Bragg planes corresponding to different peaks have been 
indexed [10,11,19–25]. The average crystallite size esti-
mated using Scherrer’s formula (Eq. 1) was found to be 
16 ± 2 nm, 26 ± 3 nm and 32 ± 3 for the samples synthe-
sized at 850 °C, 950 °C, 1100 °C, respectively [25].

(1)D =
0.9λ

� cos�
,

Fig. 2   X-ray photoelectron spectra of a 3d5/2 and 3d3/2 energy level of Y, b 2p3/2 and 2p1/2 energy level of Ni, c 2p3/2 and 2p1/2 energy level of Fe 
and d 1 s energy level of oxygen in O in Y2NiFeO6
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The tolerance factor (t) was calculated from the formula 
shown in Eq. 2 [14].

where RY, RNi, RFe, and RO represent the average ionic radii 
of elements Y, Ni, Fe and O, respectively. The estimated 
values for tolerance factor by considering the low and high 
spin states ionic radii for Ni3+ and Fe3+ are 0.869 and 0.9, 
respectively. The tolerance factor (t) between 0.7 and 0.9 
corresponds to orthorhombic symmetry. If the value of t is 
0.9 or close to 1, then structure becomes cubic. In our case, 
the calculated value of t supports the mixed orthorhombic 
and cubic symmetry, which is also confirmed from XRD 
patterns of high temperature stable phases.

Figure  1c shows the particle size distribution for 
Y2NiFeO6 powder sample, which is calculated from SEM 
image (inset of Fig. 1c). It reveals the formation of agglom-
erated grains of particle size between 75 and 325 nm. The 
average size calculated from SEM was 193 ± 7 nm. Figure 1d 
represents the Fourier transform infrared (FTIR) spectrum of 
Y2NiFeO6. Its inset shows that there is no moisture or other 
impurities present in the sample. All the bands appearing 
between 400 and 600 cm−1 represent internal BO6 modes 
present in the material. The broad peaks at 562 cm−1 and 
527 cm−1 represent the Ni–O stretching vibration of Ni–O6. 
The peak at 502 cm−1 corresponds to the stretching vibra-
tion of Ni-O6/FeO6. The modes between 436 and 490 cm−1 
were ascribed to the oxygen octahedral bending vibrations of 
Fe–O in Fe–O6 [11,26,27]. However, the band at 430 cm−1 
represents the deformation vibration mode of Ni–O–Ni [28].

(2)t =
RY + RO

√

2

��

RFe+RCo

2

�

+ RO

� ,

3.2 � X‑ray photoelectron spectroscopic analysis

X-ray photoelectron spectroscopy (XPS) has been used to 
study the oxidation states of different elements, Y, Fe, Ni 
and O, present on the surface of the Y2NiFeO6. The XPS 
spectra have been fitted using XPSPEAK4.1 software by 
subtracting Shirley background. Figure 2a represents the 
XPS spectra for yttrium. Peaks appearing at 156.64 eV 
and 158.23 eV correspond to Y3d5/2, and peaks appear-
ing at 158.98 eV and 160.70 eV correspond to Y3d3/2 
confirming the presence of Y3+ [14,29]. Figure 2b rep-
resents the high-resolution spectra for nickel between the 
binding energy 850 eV and 890 eV. The peaks for Ni2p3/2 
appear at binding energies (854.79 eV, 856.80 eV) and 
for Ni2p1/2 at binding energies (872.51 eV, 874.72 eV) 
with the corresponding satellite peaks at 862.70 eV and 
880.90 eV, respectively, representing the presence of Ni2+/
Ni3+ states [11]. Figure 2c shows the peaks of Fe2p3/2 at 
711.50 eV, and Fe2p1/2 at 724.90 eV with the satellite peak 
at 734.30 eV, representing the presence of iron in + 3 oxi-
dation state [14]. In Fig. 2d, the smaller peak at binding 
energy 528.25 eV corresponds to lattice oxygen (O2−). The 
high intensity peak at 530.2 eV is assigned to reduced oxi-
dation state of oxygen (O2

2−) or to the oxygen vacancies 
present on the surface of Y2NiFeO6 [11,30].

3.3 � Magnetic analysis

Figure 3a shows the variation of magnetic moment by cool-
ing the sample from 300 to 5 K without the application of 
magnetic field (zero field cooled) and with application of 
magnetic field (field cooled) of 2 k Oe. Figure 3b shows 

Fig. 3   a Variation of magnetic moment as a function of temperature with applied magnetic field of 2 kOe and b Variation of magnetic moment 
as a function of applied field at temperature of 5 K, 100 K and 300 K for Y2NiFeO6
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the variation of magnetic moment with applied magnetic 
field ( − 50 to 50 kOe) at different temperatures of 5 K, 
100 K, 300 K. The XPS study revealed the presence of Ni2+ 
(t2g

6eg
2)/Ni3+(t2g

5eg
2) and Fe3+(t2g

3eg
2) on the surface of 

Y2NiFeO6. The magnetism arises from the unpaired elec-
trons in 3d levels of nickel and iron. There is no contribution 

to magnetism from A site, because Y3+ has no unpaired elec-
trons. It was previously reported that the material with mag-
netic anisotropy is dominated by intrinsic long-range ferro-
magnetic property. Therefore, the temperature at which zero 
field cooled (ZFC) and field cooled (FC) curves bifurcate 
gives the magnetic phase transition from paramagnetic to 
ferromagnetic temperature [31]. From Fig. 3a, it is clear that 
Curie temperature (Tc) is at or above 300 K. Further cusps 
with FWHM < 10 K observed at around 50 K and 110 K in 
ZFC and FC represents the spin blocking temperature and 
some changes associated with domain structure [32]. The FC 
magnetization is continuously increasing with cooling the 
sample, which shows that the material is highly anisotropic. 
Therefore, it is difficult to rotate the spins in the preferred 
direction by applying small magnetic field. Hence, the mag-
netic moment has low value as clear from Fig. 3a. The pres-
ence of high anisotropy further confirms the dominance of 
ferromagnetic behavior [33].

From hysteresis curves shown in Fig. 3b, it is clear that 
material is showing ferromagnetic behavior at and below 
room temperature. It confirms that it has Curie tempera-
ture at or above the room temperature. The isothermal 
saturation magnetization has been increasing from 8.66 
to 10.25 emu/g with decrease of temperature from 300 
to 5 K. The value of remanence increases from 3.84 to 
4.36 emu/g and coercivity decrease from 9.84 to 6.92 kOe 
with decrease of temperature from 300 to 5 K (Fig. 3b). 
The isothermal saturation magnetization for Y2NiFeO6 is 
found to be larger than YFeO3 [34]. The Curie temperature 
at or above room temperature makes the material a good 
candidate for nanomagnetic applications. The high value 
of saturation magnetization and high coercivity (9.84 kOe) 
at room temperature may be promising for magnetic data 
storage applications [35,36]. Further investigation of the 
properties such as magnetocaloric effect, magnetoresist-
ance may reveal its potential towards application in mag-
netic refrigerants and spintronics [37,38].

3.4 � Energy storage analysis

Energy storage analysis was performed using different 
techniques of cyclic voltammetry (CV), galvanostatic 
charge–discharge (GCD) and electrochemical impedance 
spectroscopy (EIS) in a conventional three-electrode sys-
tem. Figure 4a represents the cyclic voltammetry (CV) 
curves performed in the potential range of (0.1–0.5 V) 
at different scan rates of (5–125 mV/s). The shape of 
the curves represents the pseudocapacitive behavior of 
Y2NiFeO6 representing the contribution from faradaic 
reactions. The oxidation and reduction reactions are due 
to presence of Ni and Fe. With the increase of scan rate, 
the cathodic and anodic peaks in CV shift toward more 

Fig. 4   a C–V curve for Y2NiFeO6 at different scan rates 
(5–125 mV/s), b C–V curve for Ni-Mesh and Y2NiFeO6 at scan rate 
of 25 mV/s, c variation of specific capacitance as a function of scan 
rate (calculated from CV curve)
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positive and negative potential indicating fast redox reac-
tion. It is important to note that increase of the scan rate 
does not alter the shape of CV curve. Such behavior of CV 
curve suggests the superior capacitive nature and enhanced 
rate capability [39].

The specific capacitance was calculated from CV curves 
using following equation [18]:

where ∆V represents the potential window, ʋ the scan rate, 
m stands for the mass of active material (g), ∫ Idv the area 
under the CV curve. The maximum value of the specific 
capacitance is 74.10 F/g at the scan rate of 5 mV/s. Figure 4b 

(3)Cs =
∫ IdV

2vmΔV
,

Fig. 5   a Galvanostatic charge–discharge curve at different current 
densities, b variation of specific capacitance (calculated from GCD) 
with current density, c variation of energy density and power density 
with current density, d variation of energy density with power den-

sity at different current densities (Ragone plot), e cyclic stability test 
for 5000 charging/discharging cycles, and coulombic efficiency and f 
electrochemical impedance spectrum (Nyquist plot) before and after 
cycling for Y2NiFeO6
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shows the CV curves for Ni mesh and Y2FeNiO6 at the scan 
rate of 25 mV/s for sake of comparison. It is clear from this 
figure that area under the curve for Ni mesh is very small as 
compared to Y2NiFeO6 electrodes and suggests a negligible 
contribution to capacitance. Figure 4c represents the varia-
tion of specific capacitance calculated from CV curves, as 
a function of scan rate. As the scan rate increases from 5 to 
125 mV/s the specific capacitance decreases from 74.10 to 
39.43 F/g. The decrease of specific capacitance is attributed 
to the unavailability of sufficient time for ions to get accom-
modated inactive material. This reduces the storage of ions 
in active material and, in turn, a decrease of capacitance.

Figure 5(a) represents the galvanostatic charge–discharge 
(GCD) graph at different current densities of 1 A/g, 2 A/g, 
3A/g, 4A/g and 6 A/g. It is clear from the figure that the 
discharging time is decreasing with the increase of current 
density. The important parameters to examine the energy 
storage performance of the material are specific capacitance, 
energy density, power density, and coulombic efficiency. All 
these parameters have been calculated from GCD via follow-
ing equations [17,18]:

(4)Csp =
I × td

m × ΔV
,

(5)Ed = Csptd
2∕2,

(6)Pd =
3600Ed

td
,

(7)� =

(

td
)

(

tc
) × 100,

 where I (mA) is current, ∆V (V) is the potential window 
and m (g) is mass of the active material of electrode and 
td, tc (s) are the discharging and charging times. The spe-
cific capacitance calculated from Eq. 4 is 38.84 F/g, 35.73 
F/g, 34.05 F/g, 32.94 F/g, and 31.36 F/g, respectively at the 
current density of 1 A/g, 2 A/g, 3 A/g, 4 A/g, and 6 A/g, 
respectively. Figure 5b represents the variation of specific 
capacitance calculated from GCD with current density. It 
shows that the specific capacitance decreases with increase 
of current density. Figure 5c represents the variation of 
energy density and power density with current density. As 
the current density increases from 1 to 6 A/g, the energy 
density decreases from 3.93 to 3.18 Wh/kg and the power 
density increases from 810.03 to 4860 W/kg. Figure 5d 
shows the Ragone plot exhibiting the variation of power 
density with energy density at different current densities. 
In Fig. 5e, black line represents the variation of Coulom-
bic efficiency with current density and red line represents 
the cyclic stability for 5000 cycles at the current density 
of 6 A/g. Coulombic efficiency was found to increase from 
93.66 to 99.65% with increase of current density from 1 
to 6 A/g. It suggests the occurrence of diffusion controlled 
redox reactions. Specific capacitance retention has been 
found to be ~ 95% after 5000 charging- discharging cycles. 
The high value of specific capacitance retention makes this 
material a good candidate for energy storage application. In 
addition, the comparison of electrochemical performance 
of Y2NiFeO6 with other yttrium-based double perovskite 
(Table 1) shows that this material has better electrochemi-
cal performance than others in terms of energy density, 
power density, and cyclic stability. The lanthanide-based 
double perovskites such as Sm2NiMnO6, and La2CuMnO6, 
La2ZnMnO6 show better specific capacitance than yttrium-
based double perovskites possibly due to high conductivity 
of lanthanides. The compound Y2CoNiO6 has been found to 

Table 1   Comparison of Y2NiFeO6 electrochemical performance with other double perovskites

S. no Electrode material Method of synthesis Specific capacitance 
(Fg−1)

Energy density 
(Whkg−1)

Power density (W 
kg−1)

Cyclic stability

1 Y2NiFeO6[Present 
work]

Wet chemical sol–
gel

74.10 at 5 mV/s 3.93 at 1A/g 810.03 at 1 A/g 95% at 6 A/g (5000 
cycles)

2 Y2CuMnO6 [18] Wet chemical sol–
gel

79.4 at 5 mV/s 0.439 at 0.25 A/g 123.75 at 0.55 A/g 75% at 0.5 A/g (1000 
cycles)

3 Y2NiMnO6 [17] Wet chemical sol–
gel

17.4 at 43.6 mA/g 0.197 at 10 mA/g 7.81 at 72.7 mA/g 85% at 43.6 mA/g 
(1800 cycles)

4 Y2NiMnO6 [17] Hydrothermal 77.76 at 30 mA/g 0.89 at 30 mA/g 19.27 at 150 mA/g 70.17% at 30 mA/g 
(1800 cycles)

5 Sm2NiMnO6 [19] Solvothermal 547.6 at 0.5 A/g 12.2 at 0.5 A/g 1000.7 at 6 A/g 86% at 4 A/g (1500 
cycles)

6 La2CuMnO6 [20] Hydrothermal 205.5 at 0.25 Ag−1 – – 78% at 1.5 A/g (1000 
cycles)

7 La2ZnMnO6 [40] Hydrothermal 515.5 at 0.5 Ag−1 14.5 at 0.5 A/g 112.4 at 0.5 A/g 86% at 2.5 A/g (1000 
cycles)
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have high specific capacitance value of 711 F/g at the current 
density of 1 A/g due to formation of conductive cubic phase 
[11]. Figure 5f represents the electrochemical impedance 
spectra (EIS) before and after 5000 cycles performed in the 
frequency range of 200 kHz–100 mHz with voltage ampli-
tude of 10 mV. From z-fit of the data, the solution resistance 
(Rs) was found to increase from 0.66 to 0.993 Ω (after 5000 
cycles) and the value of charge transfer resistance (Rct) was 
found to increase from 11.6 to 19.5 Ω (after 5000 cycles).

4 � Conclusions

Novel Y2NiFeO6, synthesized via facile wet chemical route 
exhibited mixed phase structure from cubic hexagonal to 
cubic orthorhombic with increase of synthesis temperature. 
The mixed phase cubic-orthorhombic structure with space 
group symmetries la 

−

3 (206) and Pnma (62) was obtained 
at the temperature of 950 ºC and above. As 950 °C was 
the lowest synthesis temperature to obtain thermally stable 
mixed phase of cubic-orthorhombic structure, the samples 
synthesized at this temperature were investigated for their 
structural, magnetic and energy storage properties. The XPS 
spectra showed the presence of yttrium in Y3+ state, nickel 
in Ni2+/Ni3+ state and iron in Fe3+ state on the surface of 
the Y2NiFeO6. The M–T and M–H curves confirmed ferro-
magnetic behavior with transition temperature Tc at or above 
the room temperature. The Y2NiFeO6 exhibited the highest 
specific capacitance 74.10 F/g at the scan rate of 5 mV/s 
from cyclic voltammetry and 38.84 F/g at the current density 
of 1 A/g from GCD in three-electrode system. The achieved 
values of energy and energy density at the current density of 
1 A/g were ~ 3.93 Wh/kg and ~ 810.03 W/kg. Its coulombic 
efficiency has been found to increase from 93.66 to 99.65% 
with increase of current density from 1 A/g to 6 A/g. Spe-
cific capacitance retention has been found to be ~ 95% after 
5000 charging–discharging cycles.
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