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Abstract: The present work deals with the preparation of ferrous nickel pyrophosphate (Fe2Ni2P2O7) 

thin films via a facile approach namely chemical bath deposition. X-ray diffraction analysis evinces that 

the prepared Fe2Ni2P2O7 thin films are of monoclinic structure and crystallinity is improved by increase in 

Fe concentration with a preferential orientation along the (111) direction. Scanning electron microscopy 

and high-resolution scanning electron microscopy analysis reveal the microsphere like morphology and 

uniform anchoring of Fe2 on Ni2P2O7 thin film surface, which is favorable for good charge transfer 

between the electrode and electrolyte interface. The UV-Visible spectroscopy analysis reveals that direct 

optical band gap of Fe2Ni2P2O7 thin films holds decreasing trend from 3.80 eV to 3.17 eV with increasing 

amount of Fe from 1M to 3M. Photoluminescence spectroscopy has been employed to study the 

luminescence properties, with respect to the Fe concentration. The different phonon modes and magnon 

modes of vibration present in the Fe2Ni2P2O7 film have been studied by Raman spectroscopy. 

Electrochemical analysis shows that, the Fe2Ni2P2O7 film electrode offers a specific capacitance of 441 

F/g with excellent electrochemical and cyclic stability. The studies on Fe2Ni2P2O7 films have yielded 

promising results enrich express the potentiality for better utilization in energy storage devices. 
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1. Introduction 

In recent years, the world concern about 

the efficient energy storage systems in order to 

meet out their requirements from high power 

electric vehicles to commercial electronics devices. 

In this aspect, supercapacitors are admirable 

devices because of their efficiency, high energy 

and power density, quick charge - discharge rate 

and high stability and have become potential 

candidates in the area of energy storage devices 

[1-5]. However, most conventional 

supercapacitors are huge and weighty devices, 

restricting eventually their applications with 

regard to transportable electronic devices. In view 

of intense need for such transportable electronic 

devices like mobile phones and commercial 

electronics, it is essential to build up high-

performance and authentic power sources that 

are small size, weightless, ease of handling, 

excellent reliability and safety. Inorganic materials 

are conducive for electrodes in supercapacitor and 

their physicochemical properties are closely 

associated to their morphology. The synthesis of 

inorganic materials based films with different 

morphologies and studies allow us to inspect their 

potentiality in different fields inclusive of 

supercapacitors [6-9] because of their porous 

structures and unique catalytic, optical, magnetic 
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and electrical properties [10-12].  It is in general 

the shape and size of materials matters in varying 

their optical, electrical and other properties. Thin 

film form of inorganic materials with a porous 

structure can offer a high surface area and are 

beneficial towards structural stability. These 

characteristics improve the electrochemical 

performance of films because they can facilitate 

sufficient access electrolyte ion into the active 

materials, shorten diffusion pathway and promote 

fast electron transfer [13-15]. In recent days, 

transition-metal phosphates, are eagerly studied 

as a novel electrode materials for next-generation 

supercapacitors, because of their strong three-

dimensional (P2O7)4− matrix with more active sites 

for metal ions [16-18]. These materials have a 

high binding energy of oxygen renders excellent 

chemical durability and multidimensional path for 

ionic conduction [19]. The transition-metal 

phosphates doped with metal ions (such as Cu2+, 

Zn2+, Ni2+, Mn4+) have gained a great deal in 

recent years, which can favorably modify the 

properties of the materials by improving the 

overall electron density as well as electrical 

conductivity [20-22]. Vamsi Krishna et al. [23] 

synthesized nickel doped cobalt phosphate 

microarchitectures and explored electrochemical 

performance with results of high specific capacity 

of 108 mAh /g at 0.5 A /g.  Na doped Ni2P2O7-

Co2P2O7 with hierarchically porous bowknot-like 

structure has yielded a high specific capacity of 

295.2 C /g at 2.0 A /g as explored by Wei et al. 

[24]. Priyadharshini et al. [25] prepared 

amorphous bimetallic NiCoP2O7/ g-C3N4 composite 

electrode and studied the supercapacitive 

properties, giving a specific capacitance of 342 F 

/g at a scan rate of 5 mV /s.  

A facile approach to prepare ferrous nickel 

pyrophosphate (Fe2Ni2P2O7) thin film electrodes 

namely chemical bath deposition is adopted in the 

present work. The prepared Fe2Ni2P2O7 electrodes 

are investigated by the structural, optical, 

photoluminescence, Raman and electrochemical 

studies. The obtained results allow us to put forth 

the Fe2Ni2P2O7 electrodes as a promising material 

for energy storage devices. 

 

2. Experimental section  
2.1 Synthesis of ferrous nickel 

pyrophosphate thin films  

Nickel chloride (NiCl2.6H2O), potassium 

dihydrogen orthophosphate (KH2PO4) and urea 

CO(NH2)2 are taken in 1:1:0.5 molar ratio in 70 ml  

deionized water kept in magnetic stirrer. They are 

mixed thoroughly at 1200 rpm at room 

temperature to achieve homogeneous solution 

formation. The pH of the solution is maintained as 

9 and three separate baths are prepared with 

different (FeCl3) concentrations viz., 1M, 2M and 

3M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1. Schematic representation for synthesis of FNP thin films 
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The glass substrates are introduce into the 

baths at 70 °C and kept immersed for 1 hr.  After 

the bath time, ferrous nickel pyrophosphate 

(Fe2Ni2P2O7) thin films labeled as FNP-1, FNP-2 

and FNP-3 are found deposited uniformly on the 

glass substrates. Further, FNP thin films are rinsed 

with deionized water for 2 times so as to remove 

loosely binded material. Then the films are 

calcined at 550 °C for 2 hrs in a hot air oven and 

used for subsequent characterizations. Following 

is the reaction mechanism of Fe xNi2P2O7 (FNP) 

thin films (where x = 1M, 2M and 3M) 

2[Ni(NH3)4]2+ +   2[Fe(NH3)6]2+  + 2H2 PO4
−

+ nH2O   

   → Fe2Ni2P2O7. nH2O +  10NH3+ H2  ↑  (1) 

 

2.2 Material Characterization  

X-ray diffraction (XRD) of the prepared 

thin films are studied using Bruker D8 advance 

diffractometer with monochromatic Cu Kα 

radiation (λ=0.15425 nm). The scanning electron 

microscopy (SEM) images of prepared thin films 

are recorded by Hitachi S4800 and high resolution 

transmission electron microscopy (HR-TEM) of the 

best performed film is recorded by JEOL JEM-

2100F. The surface areas of the prepared material 

are calculated by following Brunauer-Emmett-

Teller (BET) analysis (Belsorp II mini). The 

chemical state and binding energy of prepared 

thin films are estimated by X-ray photoelectron 

spectroscopy (XPS) using ESCALAB 250 - Thermo 

Fisher Scientific. Optical properties of FNP thin 

films are studied by using UV-VIS 

Spectrophotometer (JASCO V-570). 

Photoluminescence is recorded at room 

temperature under the excitation wavelength of 

280 nm using a fluorescence spectrometer 

(JASCO, FP-6500) equipped with a Xe lamp as the 

excitation light source. Raman spectroscopy is 

carried out by using a (InVia spectroscope – 

Renishaw) equipped with 514.5 nm light from Ar 

laser as the excitation source and obtained the 

structural changes of FNP films.  

2.3 Electrochemical characterization 

2.3.1 Fabrication of FNP working electrodes 

The coated FNP thin film material are 

peeled off from the glass substrates and the 

working electrode comprises a mixture of the FNP 

as a active material (75 wt%), carbon black (20 

wt%) and Polyvinylidene fluoride (5 wt%) are in  

N-Methyl-2-pyrrolidone solvent making a 

homogeneous slurry. The slurry is coated on a 

graphite foil current collector (2×2 cm2) and dried 

at 80 °C for 10 h in a vacuum oven. The average 

mass loading of active material loaded ~2 mg on 

the graphite foil. The electrochemical properties of 

prepared FNP thin film electrodes are evaluated 

by cyclic voltammetry (CV), galvanostatic charge-

discharge (GCD) and electrochemical impedance 

spectroscopy (EIS) is examined using BioLogic SP-

300 modular electrochemical workstation at room 

temperature. The prepared FNP thin film as 

working electrode, a platinum wire as a counter 

electrode and Hg/HgO as a reference electrode 

are used as a typical three electrode system in 3M 

KOH as an electrolyte. 

 

3. Results and discussion  

3.1. Structural analysis 

The X-ray diffraction pattern of FNP thin 

films are depicted in Figure 2.  It is known from 

the XRD analysis that FNP thin films crystallized in 

monoclinic structure with space group    P21/c (14) 

which is indexed to JCPDS No: 83-0802. The 

Bragg reflections 2θ = 25.8°, 31.5°, 33.6°, 36.1°, 

45.4°, 50.2° and 56.5° are attributed to (111), 

(013), (004), (211), (300), (115) and (313)  

planes respectively [26,27]. The preferential 

growth of the films is along the (111) direction 

and the preferred orientation factor f (111) of the 

(111) plane for the FNP films has been estimated 

by calculating the fraction of (111) plane intensity 

over the sum of intensities of all peaks within a 

measuring 2θ range  from 20° to 80° ( Table 1) 

[28]. All the diffraction peaks are sharp and no 

other impurity peaks are found in XRD pattern, 

which indicate that the films are highly crystalline 

in nature. The crystallographic parameters of FNP 

thin films are presented in the Table 1. The 

obtained crystallite size using Debye-Scherrer 

relation shows an increasing trend as 42.16 nm, 

44.73 nm and 46.02 nm for FNP-1, FNP-2 and 

FNP-3, respectively. The increase in intensity of 

XRD peaks along with the increase in Fe 

concentration indicates the substitutional 

existence of Fe ions in the lattice with high 

crystallinity which would enhance electrochemical 

performance by virtue of its stable structure and 

maintaining the same during charge-discharge 

process [29]. 
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Figure 3(a-f) depicts the SEM images of 

FNP thin films, which reveal the formation of 

microsphere like structure. It can be seen that 

microsphere in FNP-2, FNP-3 films are highly 

aggregated. The Fe concentration effect on the 

grain size and morphology is quite apparent in the 

SEM images showing growth and pattern change 

of aggregated microspheres. The grain size 

increases from a value of 40 nm to 50 nm in the 

range of Fe concentration (1M to 3M).  

In view of the growth aspect in 

morphology as supported by HR-TEM images 

(Figure 4(a-d)). FNP-3 thin film stands first as the 

benefit of fast electron transport prevails and it 

would promote good charge storage. The HR-TEM 

images confirm the microsphere like morphology 

of the film with agglomeration [30, 31]. Figure. 

4(c,d) depicts selected area electron diff raction 

(SAED) pattern displaying the diffraction fringes 

exhibits the high crystalline nature of the FNP-3 

film. The d spacing value is 0.34 nm for (111) 

plane of the FNP-3 thin film belonging to 

monoclinic system respectively. The result of HR-

TEM and XRD analysis compliment each other 

extracting the structural aspects of the thin films 

under study and highlight FNP-3 thin film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. XRD pattern of FNP thin films 

 

 

 

Table 1. The crystallographic parameters of FNP thin films 

JCPDS No: 

83-0802 

(Monoclinic) 

Unit cell parameters Unit Cell 

volume 

(Å3) 

Crystall

ite size 

(nm) 

Orientatio

n factor 

f (111) 

plane 

a 

(Å) 

b (Å) c (Å) β (°) 

5.99 4.73 10.37 90.89 294.27 -  

FNP-1film 6.01 4.73 10.27 90.20 294.37 42.16 0.3810 

FNP-2 film 5.99 4.59 10.55 90.10 295.61 44.73 0.3859 

FNP-3 film 5.93 4.81 10.39 91.46 296.31 46.02 0.3909 
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Figure 3. SEM images of (a, b) FNP-1, (c, d) FNP- 2 and (e, f) FNP-3 films at different magnification 

(X50000 and X100000) 

 

 

Figure 4. (a, b) HR-TEM images and (c, d) SAED pattern of FNP-3 thin film 

 

Figure (5(a) and (b)) depicts the N2 

adsorption/desorption isotherms and the 

corresponding Barrett-Joyner-Halenda (BJH) pore 

size distribution curve of FNP thin films. The FNP-

3 thin film shows improved N2 adsorption than the 

FNP-1 and FNP-2 thin film. The BET surface area 

of FNP-1, FNP-2 and FNP-3 thin films are found to 

be 13.06 m2/g, 19.4 m2/g and 29.95 m2/g, 

respectively (Figure 5(a)). Figure. 5(b) shows that 

the average pore diameters of FNP-1, FNP-2 and 

FNP-3 thin films are 3.93 nm, 4.65 nm and 6.05 

nm respectively, which is attributed to the 
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microsphere like structure. The high surface area 

and high pore diameter of FNP-3 when compared 

with other film usually offers a more ion pathways 

for contact between the electrode and electrolyte 

interfaces and it is beneficial for high capacitive 

performance [16, 32]. 

Figure 6(a) shows the XPS survey spectra 

of FNP-3 thin film, which consist all elements such 

as Ni, Fe, P and O species. High resolution spectra 

of Ni 2p (Figure 6(b)) displays the two intense 

peaks at 857.5 eV and 875.3 eV binding energies 

are assigned to Ni 2p3/2 and Ni 2p1/2, respectively. 

In addition, the two satellite peaks at 862.9 eV 

and 881.6 eV can be attributed to oxidized Ni2+ 

species. XPS spectra of Fe 2p (Figure 6(c)) shows 

the binding energy located at 713.7 eV and 727.3 

eV are assigned to the Fe 2p3/2 and Fe 2p1/2, 

respectively. Figure 6(d) shows XPS spectra of P 

2p species, only one intense peak at 134.5 eV 

corresponds to P-O bonding. Moreover, the O 1s 

spectra shown in the Figure 6(e), the strong peak 

at 532.7 eV is associated with metal oxygen 

bonding in FNP-3 thin film. XPS results confirm 

the successful formation of FNP thin films, and 

support the XRD and FTIR analysis [29, 33, 34]. 

The optical absorbance spectra of FNP 

films obtained for the wavelength range 280-900 

nm is shown in the Figure 7(a). The absorbance 

of FNP films sharply increases in UV region 

attaining maximum at 300 nm and gradually 

decreases in the stretch of longer wavelength in 

all the FNP films which differ with respect to Fe 

concentration. The transmittance spectra of FNP 

thin films are shown in Figure 7(b). It shows 

higher transparency of FNP-1 film in the near IR 

region with a transmittance of 78 % and the same 

decreases  for other film in that region from 78 % 

- 45 % corresponding to the increase in Fe 

concentration from 1M to 3M as the density of 

atoms leads to optical scattering phenomenon in 

FNP thin films [35]. The gravimetric technique 

allows the determination of the thickness of FNP-

1, FNP-2 and FNP-3 films and the values are 350 

nm, 400 nm and 600 nm, respectively. The fall in 

transmittance is due to the increase in the 

thickness of films in which reflection of an incident 

light is caused by submicron particles [35, 36]. 

Figure 7(c) shows the plot of (αhν)2 versus (hν) 

tauc plot for FNP thin films and the energy gap for 

these films are estimated by extrapolating the 

linear portion of the curve to energy axis.  All the 

plots show straight line portions, which supports 

the interpretation of direct band gap for all the 

films. The band gap energy of FNP-1, FNP2 and 

FNP-3 are 3.80, 3.40 and 3.17 eV respectively and 

the band gap decrease with increase in Fe 

concentration in FNP films, and the Tauc plot 

analysis establishes the fact that the energy gap 

decreases with the Fe concentration as found in 

earlier works [37]. 

 

 

Figure 5 (a) N2 adsorption – desorption isotherms (b) Pore size distribution curves of FNP thin films. 
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Figure 6 (a) XPS survey spectra (b) Ni 2p spectra (c) Fe 2p spectra (d) P 2p spectra  and (e) O 1s 

spectra of FNP-3 thin film. 

 

3.3. Photoluminescence studies 

Figure 8 shows the PL emission spectra for 

FNP thin films excited at wavelength of 280 nm 

using source of Xenon lamp, in which three 

emission bands viz., ultraviolet, blue and green 

are produced.  The UV emission peaks centered at 

336, 346 and 362 nm  are formed  for the FNP 

films under study and the corresponding values of 

energy band gap (Eg) are 3.70, 3.59 and 3.40 eV. 

The less intense UV bands resulted in as the near 

band edge emission (NBE) due to the exciton 

recombination. The high intense blue emission 

peak located at 383 nm with Eg of 3.24 eV besides 

blue band emission of relatively short peaks at 

410, 420 and 460 nm with corresponding Eg of 

3.03, 2.96 and 2.70 eV are obtained. Higher the 
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intensity of PL band, greater is the content of 

surface oxygen, phosphate vacancies and other 

impurities. The both UV and blue bands are 

defects level emission caused by electron- hole 

recombination due to trap state or imperfection 

site [38]. Further the emission spectra record 

relatively less intense green emission at 491, 515 

and 522 nm as a result of Eg as 2.53, 2.41 and 

2.37 eV respectively. This green emission bands 

are due to the band to band transition involving 

Ni, Fe, P ions which confirms the metal, oxygen 

vacancies and other defects present on the 

surface of the FNP thin films [39]. 

 

3.3. Photoluminescence studies 

Figure 8 shows the PL emission spectra for 

FNP thin films excited at wavelength of 280 nm 

using source of Xenon lamp, in which three 

emission bands viz., ultraviolet, blue and green 

are produced.  The UV emission peaks centered at 

336, 346 and 362 nm  are formed  for the FNP 

films under study and the corresponding values of 

energy band gap (Eg) are 3.70, 3.59 and 3.40 eV. 

The less intense UV bands resulted in as the near 

band edge emission (NBE) due to the exciton 

recombination. The high intense blue emission 

peak located at 383 nm with Eg of 3.24 eV besides 

blue band emission of relatively short peaks at 

410, 420 and 460 nm with corresponding Eg of 

3.03, 2.96 and 2.70 eV are obtained. Higher the 

intensity of PL band, greater is the content of 

surface oxygen, phosphate vacancies and other 

impurities. The both UV and blue bands are 

defects level emission caused by electron- hole 

recombination due to trap state or imperfection 

site [38]. Further the emission spectra record 

relatively less intense green emission at 491, 515 

and 522 nm as a result of Eg as 2.53, 2.41 and 

2.37 eV respectively. This green emission bands 

are due to the band to band transition involving 

Ni, Fe, P ions which confirms the metal, oxygen 

vacancies and other defects present on the 

surface of the FNP thin films [39]. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 (a) Absorbance spectra (b) Transmittance spectra (c) Tauc plot of FNP thin films 
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Figure 8 Photoluminescence spectra of FNP thin films 

 

 

Figure 9 Raman spectra of FNP thin films 

 

3.4. Raman analysis 

Figure 9 shows the Raman vibrational 

spectra of FNP thin films in 350-1600 cm-1 region. 

Strong one phonon- magnon interaction (1P) 

peaks are observed as transverse optical mode 

(1TO) at ~ 490 cm-1 in all the spectral record and 

are assigned to the respective Ni-O symmetric 

modes with intense Raman activity. The Ni-O, Fe-

O and P = O deformation takes place  in the 

range between at 400 cm-1 and 1050 cm-1 and 

appear as (1TO, 1LO) and (2TO, TO+LO, 2LO) 

modes. The bending and torsional vibrations 

occur at 620 cm-1 and are assigned to the 

formation of mixed modes overlapping vibration 

involving iron- oxygen-polyhedral and (P2O7)4- 

groups [40, 41]. The weaker band located at 
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~715 cm-1 is due to the symmetric stretching 

vibration of P-O-P modes. The Raman bands at ~ 

820, 960 and 1022 cm-1 are ascribed for 

symmetric stretching vibrations of Ni-O, Fe-O and 

P = 0 modes, respectively [44, 45]. The stronger 

two phonon (2P) peaks at ~1124 cm-1 are 

assigned to the respective O-P-O symmetric 

stretching modes with medium Raman activity 

and weaker 2P peaks are located at ~ 1330 cm-1  

assigned to symmetric stretching mode Fe-O for 

FNP thin films. The two magnon (2M) peaks at ~ 

1430 and 1520 cm-1 are assigned to the strong O-

P-O symmetric stretching modes for FNP-3 thin 

film. The 2M modes appear in FNP-3 thin film 

because of high Fe concentration and strong O-P-

O stretching modes are formed for FNP-3 films. 

The intensity of the Raman peaks increases upon 

increasing the molar concentration of Fe as clearly 

seen in the Raman spectra. 

 

3.5. Electrochemical analysis 

Figure 10(a-d) shows the CV curves of the 

FNP thin film electrodes at the different scan rates 

within the potential range of -0.4 to 0.2 V in 3M 

KOH as a electrolyte. The shapes of CV curves 

evince the pseudocapacitive behavior and all CV 

curves consist of redox peaks, which mainly 

results from the faradaic reaction of the Ni2+ to 

Ni3+ and Fe2+ to Fe3+ occurring at the surface of 

FNP electrode materials [44, 45]. The redox 

current increases when increasing the scan rate 

and also it is found that the redox peaks shift 

towards the right as well as the left of the 

potential window with a larger potential 

separation due to the resistance of electrode [45, 

46]. The values of specific capacitance (Cs) of FNP 

electrodes are calculated from CV curve, using the 

following relations, 

Cs =
∫ I∆V

mv∆V
   (F/g)    

      (1) 

Where, Cs, ∫ 𝐼∆𝑉, m, v and ∆V represent specific 

capacitance (F/g), integral area under the CV 

curve, active mass of the electrode (mg), scan 

rate (mV/s) and potential window (V), 

respectively. The calculated specific capacitance 

values are presented in Table 2. FNP-3 thin film 

shows the high specific capacitance value of 570 

F/g at scan rate   10 mV/s, it is larger than that of 

FNP-1 and FNP-2. The result FNP-3 thin film 

electrode facilitates outstanding electrochemical 

performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 (a-d) CV curves of FNP thin films at different scan rates  
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Figure 11 (a-d) GCD curves of FNP thin films at different current density 

 

 

Figure 12 (a) Nyquist plot of FNP thin films (b) Capacitive retention of FNP-3 thin film. 
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Table 2. Specific capacitance of FNP thin film calculated from CV study 

Thin film 
Specific capacitance (F/g) 

10 mV/s 20 mV/s 30 mV/s 40 mV/s 50 mV/s 

FNP-1 387 301 228 172 141 

FNP-2 487 393 283 213 181 

FNP-3 570 475 414 322 247 

 

Table 3. Specific capacitance of FNP thin film calculated from GCD study 

Thin film 
Specific capacitance (F/g) 

1 A/g 2 A/g 3 A/g 4 A/g 5 A/g 10 A/g 

FNP-1 323 264 205 143 119 21 

FNP-2 387 307 269 177 146 49 

FNP-3 441 370 340 260 239 92 

 

Figure 11(a-d) depicts the measured 

charge-discharge curve of FNP electrodes at 

different current densities, all of which are non-

linear in shape expressing the pseudocapacitive 

nature of the electrodes [24, 25, 47].  The GCD 

results are consistent with the CV tests. Based on 

the delivered charge-discharge time by the FNP 

electrodes, the specific capacitance values are 

calculated by the following equation [16]  

C =  
I× ∆t

m×∆V
   (F/g)      (2) 

where, C represents the specific 

capacitance, I - the current (mA),  ∆t - the 

discharging time (s), ∆V - the operating potential 

(V) and m - the mass of the active material (mg). 

Notably that the discharge curves of FNP-3 

exhibits prolonged discharge time than the FNP-1 

and FNP-2 electrodes and corresponding changes 

in specific capacitance values of FNP electrodes 

are presented in Table 3. It is clearly visible that 

the specific capacitance values are enhanced by 

increasing the Fe concentration. The electrolytic 

ions have a plenty of time to diffuse into FNP 

electrodes, which leads to superior specific 

capacitance at lower current density. 

To study the charge transfer kinetics and 

the resistance associated with the charge storage 

at the electrode/electrolyte interface, 

electrochemical impedance (EIS) spectroscopy is 

carried out in the frequency range of 100 mHz to 

1 MHz and the Nyquist plot is shown in Figure 

12(a). The Nyquist plot contains the solution 

resistance (Rs) which is associated with the 

resistance of electrolyte solution. The semicircle at 

the high frequency zone corresponds to the 

combination of charge-transfer resistance (Rct) 

and capacitance (C) at the electrode/electrolyte 

interface. Further, linear line at low frequency 

zone is greater than 45°  and towards to the 

imaginary axis is due to the diffusion of electrolyte 

ions on the electrode surface denoted as diffusion 

resistance (W) [42, 48]. Analyzing the Nyquist 

plot of FNP electrodes the charge-transfer 

resistance decreases in the order as FNP-1 > FNP-

2 > FNP-3. The solution resistance (Rs) for FNP-1, 

FNP-2  and FNP-3 electrodes are found to be 1.79 

Ω, 1.52 Ω and 1.02 Ω and charge transfer 

resistance (Rct) are 6.27 Ω, 6.06 Ω and 5.90 Ω, 

respectively. The Nyquist plots reveal superior 

charge transfer kinetics of FNP-3, in the sense 

that FNP-1 and FNP-2 exhibit high access 

resistance and charge-transfer resistance 

compared to FNP-3.  This put forth FNP-3 as ideal 

electrode that assist for enhanced electron 

transport during charge-discharge cycling. The 

long-term stability of the best performing FNP-3 

electrode is tested for 6000 charge–discharge 

cycles and the cycle test recorded is shown in 

Figure 12(b). It exhibits excellent capacitance 

retention of 81.02 % even after 6000 cycles, 
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which ensure the outstanding electrochemical 

stability of the synthesized FNP-3 electrode. The 

observed superior specific capacitance, low 

impedance and outstanding electrochemical 

stability highlight FNP-3 as better electrode for 

supercapacitors. 

 

4. Conclusion 

In summary, Fe2Ni2P2O7 (FNP) thin film 

electrodes have been successfully developed by a 

facile chemical bath deposition method. All the 

FNP films have high crystalline nature with 

monoclinic structure. SEM, HR-TEM and BET 

results show that the films are composed of well 

defined microspheres with agglomeration with 

high surface area and grain size increases from 40 

nm to 50 nm with increase in Fe concentration 

from 1M to 3M. The XPS results confirms 

formation Fe2Ni2P2O7  material by observing metal 

phosphate content and their corresponding bonds 

in the prepared films. Optical analysis reveals 

decreasing trend in direct optical band gap of FNP 

films as to be from 3.80 eV to 3.17 eV with 

increasing Fe concentration from 1M to 3M and 

obviously the band gap decreases with level of Fe 

concentation. The PL spectra confirm that all the 

films have high intense blue emission at 383 nm 

with band gap of 3.24 eV, which is supported by 

optical studies. Raman analysis reveals the phase 

purity of FNP thin films. The as-prepared FNP-3 

thin film electrode shows an improved specific 

capacitance of 441 F/g at current density 1 A/g, 

when compared to the other two electrodes 

namely FNP-1 and FNP-2. It also exhibits a longer 

lifetime, capacitance retention of 81.02 % even 

after 6000 cycles and remarkable electrochemical 

properties. The characterization studies of FNP 

films put forward the FNP-3 as a promising 

candidate for energy storage devices and relevant 

applications. 
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