
Vol:.(1234567890)

J Mater Sci: Mater Electron (2017) 28:4958–4964
DOI 10.1007/s10854-016-6148-z

1 3

Electrochemical behavior of spray deposited mixed nickel 
manganese oxide thin films for supercapacitor applications

Uday J. Chavan1 · Abhijit A. Yadav1 

Received: 11 November 2016 / Accepted: 25 November 2016 / Published online: 2 December 2016 
© Springer Science+Business Media New York 2016

problems [1]. It gives immense challenge to investigate 
high performance, low-cost and environmental friendly 
energy storage devices needed for modern civilization [1]. 
This can be achieved by clean energy sources and car-
riers, including hydrogen storage, lithium batteries and 
supercapacitors [2]. Amongst these, supercapacitors have 
attracted more attention due to their unique characteristics 
such as enormous power density, good reversibility, low 
maintenance cost, high cycling stability and environmen-
tal friendliness [3, 4]. Furthermore, supercapacitors fill the 
gap between conventional capacitors and secondary bat-
teries. On the basis of energy storage mechanism superca-
pacitors are categorized into two groups: electric double 
layer capacitors (EDLCs) and pseudocapacitors. In EDLCs 
charges are stored by forming electric double layer of ions 
at the electrode–electrolyte interfaces while in pseudoca-
pacitors charges are stored by redox reactions occurring on 
the surface of the electrode [5].

Carbon based materials like activated carbons, carbon 
nanotubes and graphene belong to EDLC’s and transition 
metal oxides/hydroxides as well as conductive polymers are 
pseudocapacitive [6]. The transition metal oxides provide 
superior electrochemical performance with high specific 
capacitances and good electrochemical stability [7]. RuO2 
based supercapacitors show good electrochemical per-
formance, but suffer from high material cost and toxicity 
[8]. Therefore its comprehensive production is not benefi-
cial. Other low-cost transition metal oxides such as SnO2, 
MnOx, NiO, CuOx, Co3O4, Fe2O3, TiO2, MoO2, and VOx 
are considered as ideal electrode materials in electrochemi-
cal supercapacitors [9–11]. Mn3O4 and NiO materials have 
been studied extensively due to their superior electrochemi-
cal performance in pseudocapacitor as compared with car-
bon based materials. Mn3O4 and NiO electrodes show low 
specific capacitance due to its poor electrical conductivity. 

Abstract  The relatively low energy density is a crucial 
issue obstructing the growth of supercapacitors as energy 
storage devices. Various tactics have been developed to 
enhance the energy density. Nickel manganese oxide thin 
films have been synthesized by spray pyrolysis on pre-
heated amorphous and FTO coated glass substrates. These 
films are characterized for structural, morphological and 
optical properties using X-ray diffraction, scanning elec-
tron microscopy and UV–Vis spectrophotometer. XRD 
study illustrates formation of spinel cubic NiMn2O4 as 
prominent phase with crystalline size 11 nm. SEM shows 
fractured surface morphology; wherein small pores on the 
surface are covered by the particles. Optical band gap of 
1.98  eV is observed. The electrochemical performance of 
NiMn2O4 electrode is studied by cyclic voltammetry, gal-
vanostatic charge/discharge and electrochemical impedance 
spectroscopy measurements. The maximum specific capac-
itance is found to be 460 Fg−1 at scan rate of 5 mVs−1. The 
excellent rate capability and long term stability suggests 
NiMn2O4 thin film to be good candidate for electrochemi-
cal supercapacitors.

1  Introduction

In twenty-first century the appeal for use of unpolluted and 
renewable energy storage devices has triggered attention 
due to lack of fossil fuels and the serious environmental 
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The mixed transition metal oxides are the possible way 
to overcome this limitation [12]. Recently, the Mn and 
Ni based mixed transition metal oxides like MnFe2O4, 
MnMoO4, NiCo2O4, and NiMoO4 were studied for elec-
trochemical supercapacitor electrodes [13]. Ternary oxide, 
NiMn2O4 is one of the best candidates for supercapacitors. 
The amalgamation of nickel in manganese oxide apparently 
acts on the resistivity and surface area of the material [12].

Previously, Lee and coworkers [14] have reported elec-
trodeposited manganese–nickel oxide films on a graphite 
sheet confirming separate manganese oxide (γ-MnO2) and 
nickel oxide (NiO) phases. Specific capacitance exhibited 
by these films is observed to be 424 Fg−1 in Na2SO4 elec-
trolyte. Ahuja et  al. [15] have synthesized nickel manga-
nese mixed oxide by in  situ inclusion for supercapacitor 
applications. At Ni/Mn ~0.25 the material crystallizes into 
spinel NiMn2O4 as a prominent phase and exhibits specific 
capacitance of 380  Fg−1. Nanostructured spinel NiMn2O4 
electrodes were fabricated by Wei et  al. [16]. These elec-
trodes exhibited specific capacitances of 662.5 Fg−1 in 6 M 
KOH and 370.5 Fg−1 in 1 M Na2SO4 at the current density 
of 1 Ag−1.

There are various methods adopted for the synthesis of 
nanostructured NiMn2O4 thin films. Zhang et al. [17] have 
used sol gel process for preparation of spinel NiMn2O4 thin 
films at 300 °C. Goto et al. [18] have prepared NiMn2O4 by 
conventional heating solid state reaction and irradiated with 
a microwave magnetic field under air. The other methods 
used for preparation NiMn2O4 are solution growth [19], 
hydrothermal and spray pyrolysis [20–22]. Spray pyrolysis 
technique was employed for deposition of spinel NiMn2O4 
on glass substrates at 350 °C by Larbi et al. [22]. However, 
the demand for simple and low cost preparation process and 
superior performance of NiMn2O4 material still remains a 
challenge.

In this work, we have synthesized ternary nickel man-
ganese oxide (NiMn2O4) thin films by computerized spray 
pyrolysis. Structural, morphological and optical properties 
of NiMn2O4 thin films have been investigated. The elec-
trochemical performance is studied using cyclic voltam-
metry, galvanostatic charge/discharge and electrochemical 
impedance spectroscopy in 2 M aqueous KOH electrolyte. 
Moreover, NiMn2O4 based supercapacitor showed maxi-
mum specific capacitance of 460 Fg−1 at 5 mVs‒1, a maxi-
mum energy density of 36.65 Whkg−1 at power density of 
1.54 kWkg−1 and 92.97% capacitance retention after 1000 
cycles at current density of 2 Ag−1.

2 � Experimental

The equimolar (0.5  M) AR grade manganese acetate 
[Mn(CH3COO)2·4H2O] and Nickel chloride (NiCl2·6H2O) 

were used as precursors. The precursor volume ratio of 
Ni:Mn used was 1:2. Mixed solutions are then sprayed 
through a fine nozzle with 0.5 mm diameter onto a preheated 
amorphous glass and FTO substrates. Substrate temperature 
was fixed at its optimized value of 400 °C. The nozzle to sub-
strate distance was fixed at 30 cm. Air was used as the carrier 
gas. Spray rate was maintained at 3–4 ml min−1 throughout 
the experiment.

Structural, morphological and optical properties of 
the NiMn2O4 thin films are studied using X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM) and 
UV–Visible (UV–Vis) spectrophotometer. XRD meas-
urements are carried out via Bruker-AXS D8 ADVANCE 
X-ray diffractometer at 40  kV voltage and 40  mA cur-
rent with Cu-Kα radiation. Surface morphology of sam-
ples is examined with the help of JEOL-JSM 5600 scan-
ning electron microscope. The spectral absorbance of the 
NiMn2O4 thin film is recorded, in the wavelength range 
of 300–1100  nm, using SHIMADZU UV-1700 UV–Vis 
spectrophotometer. Electrochemical measurements are 
performed in three-electrode system electrochemical 
analyzer 608D provided by CH Instruments. A NiMn2O4 
thin film acts as working electrode, Pt foil as a coun-
ter electrode, and an Ag/AgCl as a reference electrode. 
Cyclic voltammetry (CV), galvanostatic charge/discharge 
(GCD) and electrochemical impedance spectroscopy 
(EIS) studies are performed in the 2  M aqueous KOH 
electrolyte.

3 � Results and discussion

3.1 � X‑ray diffraction

Structural properties of the NiMn2O4 thin film are inves-
tigated using XRD. Figure  1 shows XRD pattern of 
NiMn2O4 thin film deposited at 400 °C. The broader 
and less intense peaks indicate less crystallinity of the 
NiMn2O4 thin film. The peaks are observed at 29.0°, 
36.1°, 46.6°, 74.1° corresponding to (220), (222), (311), 
(533) planes respectively stand for cubic NiMn2O4 phase 
and peaks at 32.2, 44.3, 51.2, 60.4 and 68.0 correspond 
to (103), (220), (105), (224) and (411) planes of Mn3O4 
Hausmannite phase. Similar mixed phase structures were 
also observed by Ma et al. [23] and Gao et al. [24] when 
the precursor is calcined at different temperatures. The 
poor crystalline nature and mixed phase indicate incom-
plete transformation of precursor to NiMn2O4 phase as 
the deposition takes place at lower substrate temperature. 
From Table 1 it is observed that calculated ‘d’ values are 
well matched with standard ‘d’ values for mixed nickel 
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manganese oxide. The lattice parameters are calculated 
using the relation;

where d is the interplanar spacing, a = lattice parameter and 
h, k, l are the miller indices. The estimated lattice constant 
a = b = c = 8.47 Å is close to standard value 8.40 Å. Crystal-
line size (D) for plane (222) is calculated with Scherrer’s 
equation;

where k is the constant, λ is the wavelength of X-ray radia-
tions, β is the full width at half of the maxima and θ is the 
Bragg’s angle. Crystalline size is found to be 11 nm which 
is in great agreements with 14  nm reported by Almeida 
et al. [25] and less than 52 nm reported by Larbi et al. [22] 
for spray deposited NiMn2O4 thin films. The smaller crys-
talline size observed in present study is due to the different 
experimental conditions affecting growth of NiMn2O4 films.

3.2 � Scanning electron microscopy

Surface morphology of spray deposited NiMn2O4 thin 
film is investigated using SEM. Figure  2 shows the SEM 
images of NiMn2O4 thin film at different magnifications. It 
shows fractured surface morphology; wherein small pores 
on the surface are covered by the particles. The image 
shows smaller uniformly distributed voids. These voids 
are interconnected and provide porous structure. These 
pores provide room to store the charge by faradaic redox 
reactions. Similar morphology was earlier reported for co-
precipitated SnO2 thin films by Chikhale et  al. [26]. The 
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Fig. 1   XRD pattern of NiMn2O4 thin film spray deposited at 400 °C

Table 1   Structural properties of mixed nickel manganese oxide thin 
film

θ Bragg’s angle, d interplanar spacing, hkl miller indices, D crystal-
line size

2θ dstd (Å) dcal (Å) hkl D (nm)

28.95 3.0506 2.9708 220
32.53 2.7149 2.7500 103
36.09 2.4471 2.4256 222 11
44.28 1.9945 2.0300 220
46.59 1.8956 1.9277 311
51.20 1.7249 1.7900 105
60.43 1.4614 1.5400 224
68.08 1.2972 1.3800 411
74.12 1.1915 1.2814 533

Fig. 2   SEM images of spray deposited NiMn2O4 thin films at magnification of a ×3000, b ×10,000 respectively
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morphology observed in present study is different than the 
earlier reported for Hausmannite Mn3O4 thin films [27].

3.3 � Optical absorption

Optical absorption spectra measured in the wavelength 
range 300–1100 nm, is used for determine the band gap of 
NiMn2O4 thin films. Absorption coefficient (α) is further 
used to evaluate the band gap of the NiMn2O4 using the 
relation [28],

(3)� = A
(Eg − h�)n

h�

where hν is the energy of the incident photon, Eg is the band 
gap energy and n = ½ or 2 for direct or indirect allowed 
transitions respectively. The absorption coefficient is found 
to be of the order of 105 cm−1. Figure 3 shows the plot of 
(αhν)2 versus hν for spray deposited NiMn2O4 thin film. 
The linear nature of the curve at absorption edge indicates 
direct allowed transition. The linear portion is extrapolated 
to real axis at α = 0, intercept of which gives the band gap 
energy. Band gap energy for NiMn2O4 film is found to be 
1.98 eV, which is lower than the pristine Mn3O4 and NiO 
thin films reported earlier [27, 29]. This band gap energy is 
comparable to the band gap energy reported by Zhang et al. 
[19]. This value of band gap energy is higher than 1.07 eV 
reported by Larbi et al. for NiMn2O4 [30], which is attrib-
uted to the presence of holes created by Ni ions replacing 
those of Mn in the lattice [30].

3.4 � Electrochemical characterization

3.4.1 � Cyclic voltammetry (CV)

The electrochemical performance of spray deposited 
NiMn2O4 thin film is studied in three electrode systems 
using electrochemical analyzer provided by CH instru-
ments with NiMn2O4 as a working electrode, platinum 
wire as counter electrode and Ag/AgCl as a reference elec-
trode. The 2 M aqueous KOH was used as an electrolyte. 
The measurements are carried out in the potential win-
dow from −0.2 to 0.4 V. Fig. 4a gives the CV curves for 
NiMn2O4 electrode at various scan rates. From shape and 
symmetry of curve, it is concluded that the NiMn2O4 elec-
trode shows an ideal electrochemical capacitive behavior. 
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Fig. 3   Tauc plot (αhν)2 versus hν for NiMn2O4 thin film spray depos-
ited at 400 °C
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The symmetry and quick reverse of current during poten-
tial inversion indicates fast charge transfer at the electrode 
surface. Absence of any peaks specifies pseudo constant 
charging and discharging over the complete voltammetry 
cycle. The probable charge storage mechanism may be 
explained as [15];

CV curves are used to estimate the specific capacitance 
(Csp) of NiMn2O4 film at various scan rates by using equa-
tion [31];

where, ν is the potential scan rate, (Vc − Va) is an opera-
tional potential window, I is the current and m is deposited 
mass of NiMn2O4 on 1  cm2 surface of FTO coated glass 
substrate. The maximum specific capacitance is found to 
be 460 Fg−1 at the scan rate 5 mVs−1. This value of spe-
cific capacitance is higher than that of Mn3O4 (394 Fg−1) 
and NiO (405 Fg−1) [27, 29] is reported that the addition of 
nickel into manganese based oxide enhances the ionic dif-
fusivity and electrochemical performance [16]. The effect 
of scan rate on the specific capacitance is observed from 
Fig.  4b. It is seen that the specific capacitance decreases 
from 460 to 242 Fg−1 with increase in scan rate from 5 to 
100 mVs−1. At higher scan rate, electrolyte ions does not 
get sufficient time to diffuse into the pores of the material 
and therefore charges accumulate only on the outer surface 
of the electrode hence capacitance decreases. The specific 
capacitance observed in present study is better than specific 
capacitance reported in the literature. The porous NiMn2O4 
electrode synthesized by calcining oxalate precursors in 
the air has delivered maximum specific capacitance of 
180  Fg−1 at 5  mVs−1 scan rate [32]. Liu et  al. [33] have 
reported nanostructured nickel–manganese oxide compos-
ite with specific capacitance of 453 Fg−1 at 10 mVs−1 scan 
rate.

3.4.2 � Galvanostatic charge/discharge

Further, electrochemical performance of NiMn2O4 elec-
trode is tested by galvanostatic charge/discharge study. 
Figure 5a shows the charge/discharge cycles for NiMn2O4 
electrode at various current densities within the poten-
tial window −0.2 to 0.2 V in 2 M aqueous KOH electro-
lyte. It is observed that curves are symmetric and linear 
with respect to time confirming pseudocapacitive nature 
of the material. Sudden drop in the potential at the start-
ing of discharge cycles is due to the small equivalent series 
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resistance of the electrode. The specific capacitance, spe-
cific energy and specific power of NiMn2O4 electrodes at 
various current densities are evaluated by using the follow-
ing relations [34];

where I is charge/discharge current at a discharge time t 
(s), ΔV is the potential window, and ‘m’ is the mass of the 
NiMn2O4 electrode. Specific capacitance calculated at cur-
rent density of 2 Ag−1 is found to be 455 Fg−1 and corre-
sponding specific energy and specific power are found to be 
36.65 Whkg−1 and 1.54 kWkg−1 respectively. The values of 
specific capacitance, specific energy and specific power at 
various current densities are shown in Table 2.

Figure  5b represents the Ragone plot for NiMn2O4 
electrode. The cycling stability is a basic need of super-
capacitor electrode in practical use. Figure  5c shows the 
capacitance retention curve for NiMn2O4 electrode over 
1000 charge–discharge cycles at a constant current density 
2 Ag−1. It is observed that there is only 7.03% reduction 
in specific capacitance after the 1000 charge/discharge 
cycles.

3.4.3 � Electrochemical impedance spectroscopy (EIS)

The EIS is another important tool to inspect the electro-
chemical performance of the NiMn2O4 electrode. In order 
to evaluate the electronic and ionic conductivity of the 
NiMn2O4 electrode electrochemical impedance spectros-
copy measurements are carried out in 2 M aqueous KOH 
within the frequency range 1–100 kHz. Figure 6 shows the 
Nyquist plot of NiMn2O4 electrode before and after 1000 
charge/discharge cycles. In general the Nyquist plot is 
divided into three parts; high frequency region, middle fre-
quency region and low frequency region [35]. In high fre-
quency region, first non-zero intercept to the real axis gives 
the solution resistance (Rs), while the diameter of semicir-
cle in middle frequency region gives charge-transfer resist-
ance (Rct) [36]. The values of Rs and Rct for NiMn2O4 
observed from Nyquist plots are 0.3  Ω and 17.12  Ωcm2 
respectively. After completing 1000 charge/discharge 
cycles charge transfer resistance changes from 17.12 to 
19.27 Ωcm2. This contributes to reduce in specific capaci-
tance (about 7.03% after 1000 cycles) showing long term 
cyclic stability. A more vertical line leaning to imaginary 
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axis suggests the lower diffusive resistance, which con-
cludes good electrochemical reversibility of NiMn2O4 elec-
trode [37].

4 � Conclusions

Mixed nickel manganese oxide thin films have been suc-
cessfully synthesized using computerized spray pyrolysis 
technique. XRD pattern reveals cubic NiMn2O4 as promi-
nent phase. The fractured surface morphology containing 
small pores on the surface is observed from SEM. Opti-
cal band gap is found to be 1.98 eV. From cyclic voltam-
metry study, the maximum specific capacitance is found 
to be 460 Fg−1 at scan rate of 5 mVs−1. The galvanostatic 
charge–discharge study reveals long term stability with 
specific energy of 36.65  Whkg−1 and specific power of 
1.54  kWkg−1. Electrochemical impedance spectroscopy 
measurements give low solution resistance and charge 
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Fig. 5   Galvanostatic charge/discharge performance of NiMn2O4 
electrode a charge/discharge curves at various current densities, b 
Ragone plot, c cycle stability at a constant current density of 2 Ag−1 

(inset shows the first 10 galvanostatic charge/discharge cycles at a 
current density of 2 Ag−1)

Table 2   Specific capacitance, specific energy and specific power for 
mixed nickel manganese oxide electrode at different current densities

CD charge/discharge current density, Cs specific capacitance, SE spe-
cific energy, SP specific power

CD (Ag−1) Cs (Fg−1) SE (Whkg−1) SP (kWkg−1)

2 458 36.65 1.54
4 421 33.72 3.07
6 392 31.36 4.61
8 370 29.67 6.14
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transfer resistance. These results suggest that NiMn2O4 is 
good candidate for next generation energy storage devices.
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Fig. 6   Nyquist plots for NiMn2O4 electrode before and after 1000 
charge/discharge cycles
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