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Abstract: The electrochemical performances of the supercapacitor essentially rely on electrode materials. The transition metal 
phosphates have been attracted as electrode material for energy storage in supercapacitor. A valley-like Ni2P2O7 thin film 
electrode is synthesized by economic and reproducible chemical bath deposition technique. The high specific capacitance of 
Ni2P2O7 is obtained as 548 F/g at current density 1 A/g. The electrode delivered enhanced energy density of 14.47 Wh k/g at a 
power density 0.16 kW k/g. The results indicate that Ni2P2O7 is an exemplary supercapacitor candidate and it would lead to 
productive research in future energy storage applications. 
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I. INTRODUCTION 
In recent years, increasing necessity of high energy storage devices for high power application captures researcher’s attention. Major 
requirements of high energy storage devices such as easiness to use, high stability and rapid release of electrical energy can be 
fulfilled by supercapacitor devices [1]. Several materials have been investigated by researchers for supercapacitor applications such 
as, transition metal oxides [2], hydroxides [3] phosphides [4] and sulfides [5-8]. Large quest exists always to explore new materials 
in order to achieve electrochemically stable material with high power and energy density and many are attracted towards transition 
metal phosphate for supercapacitor applications [9]. Transition metal phosphates are being studied extensively for last one decade 
and towards different applications as, viz., batteries [10-12], photocatalysis [13], sensors [14] and energy storage devices [15]. 
Recently, they are captivated for energy storage applications due to their high conductivity, earth abundance, large structural 
channels for electrolyte ions percolation and as they mainly afford stable structure due to phosphate-oxygen (P-O) covalent bond 
[16]. Among metal phosphates, nickel, cobalt and manganese materials are being highly probed for energy storage applications due 
to its inexpensive nature, excellent redox action, high specific capacitance, good stability and superior corrosion resistance. Inspired 
by the previous research outcome from these materials, binder-free Ni2P2O7 thin film is deposited on glass substrate as 
supercapacitive thin film electrode by following chemical route. The synthesized Ni2P2O7 thin film electrode is found to be a 
promising candidate with tuned morphology for supercapacitive applications. 
 

II. EXPERIMENTAL 
The starting materials for the thin film deposition of Ni2P2O7 are of analytical grade from Sigma Aldrich. Glass substrates of 
dimension 1 ܿ݉ × 3 ܿ݉  are used for deposition of the thin film electrode material in the present work. Before deposition, the glass 
substrates are cleaned by ultrasonication in distilled water and acetone and subsequently dried in hot air oven. Then, 3M of 
NiCl2.6H2O, 1M of KH2PO4 and 0.5 M of NH2CONH2 are dissolved in 50 ml of double distilled water and stirred upto 
homogeneous solution formation. The substrates are kept immersed in the prepared solution bath at 90 ᵒC. The deposition and thin 
film formation of Ni2P2O7 are clearly visible after 1 hr. Hence, the thin film electrodes are drawn outside the bath rinsed with double 
distilled water. Further, they are dried and calcined at 500 ᵒC for 30 minutes. The crystalline structure and phase formation of 
Ni2P2O7 thin film electrode are analyzed by X-ray diffraction (XRD) using Bruker D8 advance and the surface topologies are 
investigated by Atomic force microscopy (AFM) using SPM 600 - Agilent Technologies. The chemical state and binding energy of 
Ni2P2O7 thin film electrode is estimated by X-ray photoelectron spectroscopy (XPS) using ESCALAB 250 - Thermo Fisher 
Scientific. The supercapacitive properties of thin film electrode are studied using BioLogic SP-300 modular research grade 
Galvanostat / FRA electrochemical workstation in a three electrode system in 1 M KOH as an electrolyte. 
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III. RESULTS AND DISCUSSION 
A. Structural and Surface Topological Analysis 
Fig. 1(a) shows the XRD pattern of Ni2P2O7 thin film electrode. All the diffraction peaks are perfectly indexed to monoclinic crystal 
system with space group P21/c (14) which matched well with JCPDS card (49-1082). Unit cell parameters are obtained from a least 
square refinement (LSR) of the XRD data. The LSR of the indexed pattern gives cell parameters:           a = 4.553 Å, b = 9.630 Å, c 
= 4.897 Å and β = 95.675°.  The unit cell parameters of Ni2P2O7 are close to those of the JCPDS data (a = 4.465 Å, b = 9.897 Å, c = 
5.207 Å and β = 97.509°). The lattice planes are indicated in XRD pattern corresponding to diffraction peaks.  The peak marked 
with ‘*’ is related to glass substrates. The sharp intense peaks imply a good crystallinity of thin film electrode without any other 
impurity peaks in the XRD pattern indicating phase purity    [17-19]. The average crystallite size (D) is estimated using the Debye-
Scherrer relation and obtained average crystallite size is 37.68 nm. The three dimensional (3D) AFM image depicts the valley like 
structure of the film surface and sharp hill with the agglomerated particles (Fig. 1(b)). It exhibits a highly dense state topography 
with good crystallinity and the root mean square roughness (Rrms) of the film is found to be 80.56 nm [20]. 

 
Fig. 1. (a) XRD pattern (b) AFM image of Ni2P2O7 thin film electrode 

 
B. XPS 
Fig. 2(a) shows XPS survey spectra of Ni2P2O7 thin film which indicates the presence of Ni, P and oxygen (O) species. The high 
resolution spectra of Ni 2p segment ( Fig. 2(b)) displays the two major peaks at 857.5 and 875.2 eV binding energies which 
correspond to the Ni 2p3/2 and Ni 2p1/2 along with two shakeup satellite peaks observed at 863.1 and 881.6 eV, respectively, which is 
the demonstration of Ni2+ in Ni2P2O7. Fig. 2(c) shows XPS spectra of P 2p segment, only one major peak at the binding energy of 
134.8 eV which is assigned to P-O bonding. Moreover, the strong and intense peak at 532.6 eV in the O 1s segment ( Fig. 2(d)), are 
assigned to metal oxygen bonding (Ni-O and P-O). All the above results indicate that the successful formation of Ni2P2O7 thin film 
with results in good agreement with earlier reports [21, 22]. 

 
Fig. 2. (a) XPS survey spectra (b) Ni 2p spectra (c) P 2p spectra (d) O 1s spectra of the Ni2P2O7 thin film electrode. 
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C. Super Capacitive Properties 
Fig. 3(a) shows the cyclic voltammogram (CV) of Ni2P2O7 thin film electrode within the potential range of -0.4 to 0.2 Vs Hg/HgO 
at different scan rate 10-50 mV/s. A strong pair of redox peaks in CV profile confirms the combination of both pseudocapactive and 
electrochemical double layer capacitive (EDLC) nature of the electrode [17, 23]. The specific capacitance of the electrode material 
is estimated using galvanostatic charge-discharge (GCD) profile in the potential range of 0.2 Vs Hg/HgO at various current densities 
shown in the         Fig. 3(b).  The GCD profile displays the specific capacitance values, as 548, 434, 385, 320, 283 and 183 F/g at 1, 
2, 3, 4, 5 and 10 A/g, respectively, which are on  higher side compared to those reported for Ni2P2O7 (Table 1). The increase in 
current density, specific capacitance of electrode decreases as decreasing discharging time and at low current density offers higher 
specific capacitance. The quasi-linear shape of GCD profile in all current densities depicts a slow potential decay in electrodes 
which is due to deep ion intercalation, evincing the faradaic reaction influence of the electrode material [24]. Electrochemical 
impedance spectroscopy (EIS) is carried out in the frequency range of 100 mHz to 1MHz with amplitude of 5mV and represented in 
the Nyquist plot shown in the Fig. 3(c), there is absence of semicircle in the high-frequency region and linear line observed at lower 
frequency region which indicates very small transfer resistance also called as Warburg diffusion resistance (WR) and fast 
electrochemical reactions. Lower the internal resistance greater will be the electrical conductivity [25, 26]. Ragone plot is shown 
Fig. 3(d), the energy density of electrode decreases from 14.47 to 04.91 Wh k/g and power density increases from 0.16 to 1.96 kW 
k/g with increasing GCD current density from 1 to 10 A/g [27]. It is obvious from this study that Ni2P2O7 thin film electrode offers 
excellent electrochemical performance.  

 
Fig. 3. (a) CV profiles of Ni2P2O7  thin film electrode at different scan rates (b) GCD profiles shows specific capacitance of Ni2P2O7 

thin film electrode as a function of current densities       (c) Nyquist plot at open circuit potential (d) Ragone plot.. 
 

Electrode Electrolyte Current density 
(A/g) 

Specific capacitance 
(F/g) 

Ref. 

Ni3(PO4)2-Ag3PO4/NF 1M KOH 0.5 146 [16] 
Ni3(PO4)2/NF 1M KOH 0.4 355 [18] 
Ni2P2O7/NF 1M KOH 1 224 [19] 
Ni2P2O7/TF 1M KOH 1 548 Present work 

Table.1. Comparison of specific capacitance of the as-prepared Ni2P2O7 in the present work with other reported nickel phosphates 
Specification: NF – Nickel Foam, TF – Thin Film 
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IV. CONCLUSION 
Ni2P2O7 thin films with valley like topology are successfully deposited onto glass substrates and incorporated as a binder-free active 
electrode in electrochemical tests. XRD analysis establishes that the prepared film is monoclinic with high crystalline purity. The 
prepared electrode delivers utmost specific capacitance of 548 F/g at 1 A/g current density with energy density and power density 
values 14.47 Wh k/g and 0.16 kW k/g, respectively. The experimental results pertaining to the thin film synthesized by simple and 
standardized CBD method in the present work announces the film as a promising electrode material which would be beneficial for 
future energy requirements in supercapacitor domain.  
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