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ARTICLE INFO ABSTRACT

Keywords: We report the synthesis of porous spinel-structured binary NiMn,O4 metal oxide nanoparticles and their per-
EIS formance as electrode material for supercapacitors. Spherical NiMn,O4 nanoparticles of ~8 nm average dia-
Electrode material meter have been synthesized using inexpensive and simple sol-get method, and characterized by X-ray dif-
Energy storage fraction, field emission scanning electron microscopy, X-ray photoelectron spectroscopy, and Fourier transform
g;r;i:;;?;ipamde infrared spectroscopy. The electrodes made of this single phase spinel nanoparticles exhibit superior electro-
chemical performance with excellent rate capability, offering highest specific capacitance value of 875F g~ at
2.0mVs~ ! scan rate in 1M Na,SO, electrolyte solution. Furthermore, an asymmetric supercapacitor is also
assembled and possesses a wide operating voltage window of 1.8V, exhibiting an energy density of
75.01 Whkg ™! at a power density of 2250.91 W kg ~'. The results infer this highly porous binary metal oxide

nanostructures are promising candidates for high performance energy storage applications.

1. Introduction

Recently, supercapacitors, also known as electrochemical capacitors
or ultracapacitors, have become attractive alternatives to other energy
storage systems such as commercial batteries, fuel cells, etc. due to their
excellent electrochemical performances like high power density, long
cycle life, fast charge-discharge rate, safety and environmental friend-
liness [1-6]. Based on energy storage mechanism, supercapacitors can
be divided into two categories: (i) Electric double-layer capacitors
(EDLQ), in which charge accumulates at the interface of electrode and
electrolyte through electrostatic process, i.e. non-Faradic process.
Generally, carbon- based materials such as carbon nanotubes (CNTs),
activated carbon (AC), graphene, etc. have been explored as electrode
materials for EDLCs [7-14]. (ii) The other type of supercapacitors are
known as pseudocapacitors, in which energy storage is achieved by
redox reactions or intercalation of specific ions at the surface of elec-
trode, resulting in a reversible Faradaic charge-transfer on the elec-
trode. Various transition-metal oxides like RuO,, NiO, V,0s, Fe,Os,
Co304, MnO,, etc. have been investigated as promising electrode ma-
terials for supercapacitor applications [15-23]. Among them, RuO, has
been studied extensively, especially for military applications, because
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of its most preferable properties such as excellent reversibility, high
specific capacitance, high proton conductivity, good thermal stability,
long cycle-life etc. However, low natural abundance, high cost, and
toxic nature are some of the limitations of RuO, for large scale appli-
cation and commercialization, initiating a strong enticement for the
search of inexpensive and promising alternatives of RuO,. Although a
large number of metal oxides have been tested, and a great fraction of
them exhibited high specific capacitance with good redox reaction
performances; frequently, high electrical resistivity of these metal
oxides makes them unsuitable for application in supercapacitor elec-
trodes.

Hence, there is a strong motivation and enticement to search in-
expensive and promising alternative electrode materials to replace
RuO,. Many metal oxides have exhibited high specific capacitance va-
lues with their redox reaction performances but high resistivity of the
metal oxides electrodes is seem to be a great challenged for their device
applications [24-26]. On the other hand, it is reported that the elec-
trical conductivity of metal oxide for pseudocapacitor application can
be increased by hosting impurities, via sintering in selective gaseous
environment or through doping. Mixing one metal oxide material with
other, i.e. forming a binary or ternary metal oxide, has been well
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established as one of the best solutions to improve the electrical con-
ductivity of the electrode material. Such mixed oxides of good electrical
conductivity enhance the charge transfer process at the electrode-
electrolyte interface, aiding the charge transportation towards current
collector, enhancing the charge storage performance of the super-
capacitor. Nanostructures of different transition metal ternary oxides
such as MnFe,0,, ZnFe,04, CuFe,04, CoFe,04, NiC0,04 and NiCo,04,@
MnO, core-shell, Co30,@MnO, core-shell, NiO/Ni core-shell, Ni-Co
double hydroxide and a-MnO,/8-MnO, Core-Shell are considered to be
some promising high performance supercapacitors electrode materials
[27-32]. Recently, single phase spinel-structured NiMn,O,4, a low cost,
non-toxic ternary metal oxide, has received a great interests over many
other metal oxides due to its excellent electrochemical performance
[33-37]. As has been stated earlier, to be used as electrodes in super-
capacitors, materials with good electrical conductivity and excellent
electrochemical performance are needed for achieving high energy
density and high power density. In this context, nanostructured mate-
rials are more suitable than traditional bulk materials as electrode
materials for supercapacitor, as they offer higher surface to volume
ratio and shorter electron-ions transport channels. In fact, metal oxide
nanostructures become the target of modern research for their utiliza-
tion in high performance energy storage devices. Moreover, the mor-
phology of those nanostructures is seen to improve their electro-
chemical performance. Therefore, designing metal oxide nanostructures
of controlled morphology and size with good electrical conductivity is a
challenge for their utilization in energy storage devices such as elec-
trochemical supercapacitors [38-41].

In this work, we report on the synthesis mesoporous NiMn,O,4 na-
noparticles through a simple, one-pot sol-gel process, and their elec-
trochemical properties in a redox active Hydroquinone (HQ) in-
corporated aqueous 1 M Na,SO, electrolyte solution, to evaluate the
possibility of their application as energy storage electrode material in
supercapacitors. Here, The addition of redox active species HQ to the
Na,SO, electrolyte enhances the fast redox reactions on the surface of
the electrode as well as improves the charge storage capacity of the
electrode via its electrochemical redox behavior. It enhances the cur-
rent rate during charge- discharge process due to the occurrences of a
quasi-reversible chemical reaction (oxidation/reduction) between the
Hydroquinone (HQ)-quinone (Q) couples particularly at the counter
electrode. During charging, HQ is oxidized to Q by generation of 2H™"
with 2e” and Q is reduced to HQ via adsorption of 2H" with 2e~
during discharge. Through electrochemical impedance spectroscopy
(EIS) study, we demonstrate the fabricated NiMn,0,4 nanoparticles ex-
hibit good electrochemical response with smart long cycle capability
and can be considered as auspicious aspirant pseudocapacitor electrode
material for high performances supercapacitors applications.

2. Experimental
2.1. Synthesis procedure

For the synthesis of NiMn,O, nanoparticles, first 1.0 mM of Ni
(CH3C00),4H,0 and 2.0 mM of Mn(CH3COO),4H,0 were dissolved in
70 mL of ethylene glycol under magnetic stirring for 10 min. Then
0.15 g of polyvinyl pyrrolidone (PVP, (CcHoNO),,) was added into the
solution and kept under continuous magnetic stirring for 20 min to
obtain a homogeneous transparent solution. The resulting mixture was
transferred to 100 mL round bottom flask, and put on a hot oil-bath
under magnetic stirring. The temperature of the oil-bath was increased
to 175°C and kept at this temperature for 4 h. After cooling to room
temperature, the precipitate was repeatedly washed with ethanol and
distilled water, and finally collected by centrifugation at 8000 rpm.
Then obtained sample was dried at 90 °C for 48 h. Finally, the as-pre-
pared sample was air-annealed at 400 °C for 4h (at 2 °C/min heating
rate) inside a muffle furnace to obtain NiMn,O, nanoparticles in
powder form.
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2.2. Materials characterization

The crystallinity and phase structure of the NiMn,O, nanoparticle
were analyzed through powder X-ray diffraction in the 20-80° range,
using CuK,, radiation (A = 1.542 A generated at 40 kV and 40 mA) of a
Rigaku miniflex-600 bench top diffractometer. The size and surface
morphology of the prepared NiMn,O4 nanostructures were investigated
in a JEOL JSM 6700F (Japan) Field emission scanning electron mi-
croscope (FESEM). The morphological analysis of this NiMn,O,4 nano-
particles were executed using high resolution transmission microscope
(HRTEM) (FEIL, TF30-ST) operated at 200 kV. Fourier transform infrared
(FTIR) spectrum of the sample was recorded in a RX1 Perkin Elmer
FTIR spectrometer, using KBr pellets as reference. X-ray photoelectron
spectroscopy (XPS) analysis of the sample was carried out in a SPECS
GmbH spectrometer (Phoibos 100 MCD analyzer) using MgK,, radiation
(1253.6 eV). The recorded spectra were corrected using the binding
energy of carbon (Cls, 284.6 eV). XPS signals were analyzed by CASA
XPS software. The specific surface area and porosity of the powder
sample were estimated through their N, adsorption-desorption char-
acteristics at 77 K, utilizing a Belsorp Mini II (BEL, Japan) sorptometer.
The specific surface areas (S,) of the sample were estimated using BET
analysis. The sample was degassed at 250 °C for 10 h before recording
its physisorption isotherms. The technique of back extrapolation of the
linear portion of the isotherms to zero equilibrium pressure was used to
determine the saturation uptake.

2.3. Microstructural analysis by Rietveld refinement

The structure and microstructure characterization of the prepared
powder NiMn,0O,4 nanocrystal were performed by analyzing the XRD
pattern by Rietveld’s whole profile fitting method employing the MAUD
software version 2.26. Different microstructural parameters were ob-
tained from this technique. The Marquardt least-squares procedure was
implemented for minimizing the difference between the observed and
refined diffraction patterns. Pseudo-Voigt (PV) function was used to
calculate the microstrain and lattice parameter. The refinement was
continued until the goodness of fitting (GoF) approaches unity and the
quality of fitting was observed using reliability index parameter, Ry,
(weighted residual error) and Reyp, (expected error). Ry, and Reyp, can be

defined as,
]1/2
(N-P)

pr = [
1/2
R }

-

where I, and I, were the observed and refined intensities, W; and N
were the weight and number of observations and P was the number of
refined parameters[42-47]. The value of the goodness of fitting (GoF)
was calculated using the expression

Zi I’Vl (Io_Ic )2
2 W)

GoF = Rup
R

exp

2.4. Electrochemical measurement

The electrochemical performances of NiMn,O, electrode material
was studied in a CS313 (CorrTest, China) multi-channel electro-
chemical workstation at room temperature using Cyclic Voltammetry
(CV), Galvanostatic charge-discharge (GCD), and Electrochemical
Impedance Spectroscopy (EIS) methods. All the measurements were
carried out in conventional three electrodes assembly, where platinum
(Pt) electrode (1 cm X 1 cm) was used as the counter electrode and Ag/
AgCl in saturated KCl solution as a reference electrode. To prepare the
working electrodes, Teflon-coated graphite rod was used as a current
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collector. The active working electrode material was prepared by
mixing NiMn,O, nanoparticles (85 wt%), graphite powder (10 wt%)
and polyvinylidene fluoride (PVDF, 5wt%) in 200 puL N-Methyle
Pyrrolidine (NMP) solution under sonication (30 min), obtaining a gel.
The gel was then drop casted on the one flat end of the Teflon coated
graphite rod and dried in vacuum at 333K for 6 h. The mass of the
active electrode material in each electrode was about 0.5-1.0 mg
(4-8mg cm~2). The CV measurements were carried out in 0.01 M
Hydroquinone (HQ) mixed 1.0 M Na,SO4 solution as electrolyte. The
small amount of redox active species Hydroquinone (HQ) was mixed
with 1.0 M Na,SO, electrolyte solution to enhance the fast redox re-
action at the surface of working electrode [48-50]. The specific capa-
citance (C,,) was calculated from the cyclic voltammetry (CV) curve
using Eq. (1)
i

. =
2mv

(€Y

where m and v are the mass of the electroactive material and potential
scan rate, respectively. Current (i) was obtained by integrating the area
of the curves using Eq. (2),

S i0dv/ v

P= @
where v, and v, are the lowest and highest voltage of the potential
range, respectively [2,7,51-53].

2.5. Fabrication of asymmetric supercapacitor

To further investigate the electrochemical performance of spinel
NiMn,O,4 nanocomposite for practical supercapacitor device applica-
tions, asymmetric supercapacitor (ASC) device was fabricated and
studied in two-electrode test system with 1 M Na,SO, as the electrolyte.
The prototype ASC device was assembled using as synthesised NiMn,O,4
nanocomposites and commercially available activated carbon (AC) as
positive and negative electrodes, respectively. The negative electrode
was prepared by 90 wt% activated carbon (AC) and 10 wt% PVDF
binder dispersed in NMP solution to produce a homogeneous paste. This
paste was then coated uniformly on one side onto the steel plate
(2cm x 3 cm). The prepared electrodes were dried at 330K for 5h. All
the electrochemical studies of ASCs were carried out at 300 K using
same procedure and the energy density (Ecen) (Whkg™!) and power
density (Peenn) (W kg’l) of the device were calculated on the total mass
of the active materials by following the Egs. (3)-(5)[54,55].

I X At
m x (Vi=V) 3)
1[ & v—n)?
Een=—-|———
2 3.6 4)
Py = 3600 X E o
cell — At (5)

where Cs is the calculated specific capacitance of the ASC devices
(F gfl), I is the discharge current (A), At is the discharge time (s), m is
the mass of the active electrode (g) and (V¢ — V;) is the potential
window for discharge process (V).

3. Results and discussion
3.1. Material characterization

The typical powder X-ray diffraction (XRD) pattern (black line) of
the NiMn,O,4 nanoparticles with refined patterns (red bubble) and their
differences (blue line) is shown in Fig. 1(a). All the observed peaks are
found to be well consistent with standard NiMn,O4 patterns (JCPDS no.
71-0852) [56-58]. The diffraction peaks revealed at 26 = 18.56°,
30.56°, 35.98°, 43.65°, 57.29°, 63.26° and 74.55° correspond to the
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(111), (200), (311), (400), (511), (440) and (533) planes of
NiMn,O,4, with interplaner spacing d of 4.7765, 2.9228, 2.5061, 2.109,
2.099, 1.876 and 1.716 A, respectively. The positions of all the dif-
fraction peaks matched well with the standard single phase spinel
structure (face centered cubic) of NiMn,O, of space group Fd-3m as
shown in Fig. 1(b) constructed by the data obtained from XRD analysis
using VESTA software package [33-35,56,59,60]. The NiMn,O, spinel
structure composed of octahedral Mn®* and tetrahedral Ni®>*. The
octahedral Mn>" is linked through edges. The goodness of fitting (GoF)
obtained from Rietveld refinement is 0.881 which is close to 1.0 sig-
nifies that the fitting quality is relatively good. There is no other peak
present in the diffraction pattern, which confirms the purity of the
NiMn,O, phase [36,37,61-63]. However, the revealed XRD peaks of
the sample are broad, probably due to smaller grain size of the na-
nostructures. The average crystallite size of the sample estimated using
the well-known Scherrer equation was about 7.0nm. As can be ob-
served from the FESEM micrograph (Fig. 1c), densely packed agglom-
erated spherical NiMn,O,4 nanoparticles of 6-10 nm size range (~8 nm
average size) were formed. Formation of such densely packed small
NiMn,O, nanoparticles effectively generates porous surface of high
specific surface area, which enhances the electrochemical performance
of the electrodes made of them due to high contact area of the material
with electrolyte. To describe the morphological, compositional and
porous nature of this NiMn,0O,4 material, TEM images of the sample is
shown in Fig. 1(d). The image shows the interconnected nanoparticles
framework with mesoporous structure, and the pores are homo-
geneously distributed among the whole sample.

Fig. 2 presents the FTIR spectrum of the as prepared NiMn,O4 na-
nostructures in the range 4000-400 cm ~'. The broad absorption band
appeared in between 3000 and 3500 cm ™! correspond to the stretching
vibration of O-H group coming from H,O molecules physi-adsorbed on
the surface of the material. Such surface adsorbed H,O molecules en-
hance the wettability of the electrode, which leads to improve the
electrochemical performance of the electrode material. The strong ab-
sorption band centered around 1402cm™! corresponds to the
stretching vibration of CO, coming from the atmosphere. The main two
characteristic bands observed around 400 and 600 cm ™" in the FTIR
spectrum correspond to the vibrational modes of octahedral Ni** — 0%~
and tetrahedral Mn®* — 0%~ groups, respectively. Appearance of these
two characteristic absorption bands in the FTIR spectrum of the na-
nostructures confirms further their single phased spinel structure. Fi-
nally, the weak absorption band appeared in between 2300 and
380 cm ! corresponds to the C-O stretching vibration appearing either
from the atmospheric CO, or residual ethylene glycol. No other organic
functional group could be detected in the FTIR spectrum of the na-
nostructures [36].

The compositions and chemical state of the elements in the
NiMn,O, nanoparticles have been analyzed further by XPS
(Fig. 3(a—d)). The XRS survey spectrum (Fig. 3(a)) revealed only the
presence of Ni, Mn and O in the sample, without any other impurity.
The high resolution XPS spectrum of Ni 2p (Fig. 3(b)) revealed spin-
orbit doublet, with peaks at binding energies 854.8 eV and 872.6 eV,
correspond to Ni 2p3,, and Ni 2p, /, states (separated by 17.74 eV), with
satellite peaks around 861.1 and 879.1 eV, respectively. These peaks
also consist of two sub-components which confirm the presence of Ni**
state (around 855.4 and 873.1eV) and Ni®™" state (around 857.3 and
875.5eV) in NiMn,O4. Similarly, the Mn 2p spectrum also revealed
peaks with binding energies 640.2 eV and 651.4 eV, correspond to Mn
2p3,» and Mn 2p; /5, respectively (Fig. 3(c)) [64-68]. Gaussian decon-
volution of Mn 2p emission revealed four component bands (Fig. 3(c)).
While the 639.9 and 651.2 eV component bands could be assigned to
Mn in Mn>* state, the other two component bands at 641.7 eV and
653.2 eV correspond to Mn in Mn®™ state. As expected, a deconvolution
of the O 1s band revealed 3 components (Fig. 3(d)), appearing around
529.75, 530.93, and 533.51eV. While the component revealed at
533.51 eV correspond to surface adsorbed oxygens (Og, i.e. 027,07,
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Fig. 1. (a) The Rietveld refinement of XRD pattern, (b) spinel structure of NiMn,O4, (c) FESEM image and (d) TEM image of NiMn,O,4 nanoparticles.
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Fig. 2. FTIR spectrum of NiMn,O,4 nanoparticle.

OH™ species), the components revealed at 529.75 and 530.93 eV cor-
respond to lattice oxygen (Og i.e. 02~ ions). Quantitative XPS analysis
confirms the presence of Ni and Mn in atomic ratio Ni:Mn = 1:2 (cal-
culated by CASA XPS software) and the formation of pure spinel
NiMn,O4 nanostructures. [33,37,69-72].

The porous nature of the NiMn,O4 nanostructures was confirmed
form their nitrogen adsorption-desorption isotherm and the Brunauer-
Emmett-Teller (BET) surface area measurement [73-76]. The adsorp-
tion-desorption plots of the sample presented in Fig. 4 clearly revealed a
typical type IV isotherm, correspond to the mesoporous nature of
NiMn,O4 nanocrystals. The BET estimated specific surface area of the
material was 43.6 m® g~ ! which offered large number of active sites in
the electrochemical process. Such a high specific surface area of the
nanostructures can also provide a large contact area between the
electrolyte solution and the electrode made of them, ensuing fast ion
transfer at the interface. The BJH pore size distribution of the sample
presented as inset of Fig. 4 revealed an average pore size of 13.3 nm,
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confirming its mesoporous nature. The wide pore size distribution of
the nanostructures is also advantageous for their applications as elec-
trode material due to easy accessibility of electrolyte solution and hence
enhanced electron and ion exchange during the charge/discharge pro-
cess [3,77-80].

3.2. Electrochemical properties

The cyclic voltammogram (CV) curves (Fig. 5(a)) of the NiMn,O4
electrode at various scan rates (2, 5, 10, 20, 40, 60, 80 and 100 mV s~ 1)
in the potential range —1.0 to 1.3 V indicate the typical Faradic charge
transfer behaviour due to the presence of functional groups or pore size
distribution. No additional O, or H, gas evolution observed at the edges
of higher working potential window (—1.0V to 1.3V), which implies
that the NiMn,O, nanomaterial electrodes can perform in this wide
potential range without degradation [2,81]. The non- rectangular shape
of the CV curves specifies the redox nature of the electrode material and
provides the information on the pseudocapacitive behaviour of the
electrode in a suitable electrolyte solution. There appeared several
oxidation and reduction peaks (Mn®* <> Mn** and Ni2* <> Ni®") in the
CV curves, which can be clearly identified due to the faradic redox
processes related to Eq. (6) [35,36,79]

NiMn,O; + Na® + e~ < NaNiMn,0, (6)

From this equation (Eq. (6) it is clear that Na™ ions from Na,SO,
electrolyte diffuse into the NiMn,O, electrode material (~0.36V vs
Ag/AgCl) and absorb one electron per ion during charging time. Sub-
sequently, during discharging Na™ ions are released from electrode
material (~0.28 V vs Ag/AgCl) to electrolyte solution and one electron
per ion is released to the external circuit. Here Na ions are working as
charge compensation agent to enhance the capacitive performance of
the NiMn,O, electrode [82]. As can be observed in Fig. 5(a), with the
increase of potential scan rate, the peak associated to oxidation and
reduction potential shift towards positive and negative potential, re-
spectively. On increasing the scan rate, applied voltage with respect to
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the reference electrode (Ag/AgCl) increases faster. As a result, all the
portions of the working electrode do not get enough time to undergo
oxidation and redox reactions. Therefore, at higher scan rates, charge
transfer at the interface (electrode-electrolyte) is limited by Spartan
kinetics, and more work is required to reduce the system completely. It
has been observed that, the oxidation and reduction peaks become
more conspicuous due to the addition of redox active species Hydro-
quinone (HQ) in electrolyte solution, which stipulates that the extensive
redox reaction follow at the surface of the electrode material (see
Supplementary Fig. S1(a)). Thus, the total amount of charge stored in
the NiMn,O, electrode due to redox reaction can be calculated from the
area covered by the current-voltage curve, i.e. CV curve at a fixed scan
rate. All the recorded CV curves (Fig. 5(a)) indicate an increase in
current density with the increase of scan rate, without any significant
change in the nature of CV curve, indicating a high stability of the

electrode. The specific capacitance (C,,) of the electrode for each scan
rate has been calculated from the CV curves by using Egs. (1) and (2)
and the maximum specific capacitance of 875F g~ ! was obtained at a
scan rate 2mV s~ '. The variation of specific capacitance of the elec-
trode with scan rate is demonstrated in Fig. 5(b). As can be seen, the
specific capacitance initially decreases sharply with the increase of scan
rate, and then decreases very slowly at high scan rates. The variation of
capacitance value with scan rate can be explained on the basis of
movement of ions from electrolyte to electrode material. The charge
storage capability of the electrode material is generally followed its
electro-oxidation and reduction process. The oxidation of the working
electrode takes place through the subtraction of electrons from the
electrode material and diffusion of anions from the electrolyte solution
to counter balance the developed positive charge, maintaining charge
neutrality.

At lower scan rates, the ions from Na,SO, electrolyte solution need
longer time to access the outer and inner surface of the electrode, which
leads to the accumulation of a large number of ions at the surface of
active electrode, enhancing its charge storage capacity (enhanced ca-
pacitance). However, at higher scan rate, due to higher mobility and
slow diffusion of redox electrolyte, the electrolyte ions can access only
the outer surface of the electrode. As a result only a few ions get ac-
cumulated at the outer surface of the electrode, reducing the specific
capacitance value. Thus the reduction of the rate performance of the
capacitor at high scan rate is also related to the reduction of the elec-
trolyte, not only related to the NiMn,O, electrode material. The ob-
tained results clearly indicate that the specific capacitance of a porous
electrode strongly depends on applied scan rate. The specific capaci-
tance value decreases with increase of scan rates, disclosing the specific
capacitance value of an electrode material is strongly depend on the
applied scan rates. Normally, the cyclic voltammetry (CV) current of an
electrode material is the combination of both Faradic adsorption/des-
orption i.e. redox current and non-Faradic capacitive current, which
can be clearly explained according to the Power law [83-85]. Thus, the
total amount of charge stored in the electrode can be divided into three
distinct components: the Faradic contribution from Na™ ion insertion
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NiMn,O, nanoparticles.

process, the Faradic contribution from the charge transfer process at
surface atoms, known as pseudocapacitance effect, and the non-Faradic
double layer effect. Double layer effect and pseudocapacitive effect
become prominent when the particle size of the electrode material re-
duces to nanoscale dimension (less than 50 nm) due to high exposed
surface area. Hence, the scan rate dependence CV current of an elec-
trode can be expressed as Eq. (7)

ip=a» @

where v is the scan rate (mVs™ 1), a and b are the adjustable para-
meters. The ‘b’ value can be calculated from the slope of log (i,) vs log
(v) plot at a fixed potential (V). It is well known that, for ideal diffusion
controlled Faradic process of ions, the slope b = 0.5 and the peak
current i, is proportional to the square root of the scan rate. Therefore,
the peak current can be expressed by Eq. (8)
1/2

ip = 0.4958 nFACDl/Z(ﬂ) : y1/2

RT (8
where n represents the electron number, F is the Faraday constant, A is
the effective surface area of working electrode, C is the maximum
concentration of Na* in the lattice, a is the transfer coefficient, R is the
ideal gas constant, T is the temperature in Kelvin, and D is the diffusion
coefficient of Na™ ions. On the other hand, for non-Faradic capacitive
current, i.e. for non-diffusion controlled process, the value of the slope
b =1, and then the peak current (i,) follows the linear scan rate de-
pendence expression Eq. (9)

ip = ACdV (9)

where A is the total electrode surface area, and Cq4 is the amount of
capacitive storage per electrode surface area. Fig. 5(c) shows the plot of
scan rate dependence peak current log(i,) vs log(v). The best linear fit of
the data to an apparent power law gives the b value of 0.71 (the
maximum peak current has been considered), which can apparently be
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ascribed to a mixed process involving both the insertion of Na™ ions
within the bulk of NiMn,O,4 nanoparticles, and the capacitive storage of
Na* ions at the outer surface of the electrode. Thus, the relative con-
tribution of Na* ions in the adsorption/desorption current and capa-
citive current for a fixed potential can be quantified using Eq. (10)

i, (V) = kv + kv2 (10)

where i,(V) presents the peak current at a given potential, k; and k, are
constants, and v is the scan rate. The product k;v denotes the con-
tribution of capacitive current (i) for a fixed di,(V)/dv, and ko2
provides the diffusion controlled current (ig) or redox reaction current
for a fixed dip(V)/dvl/ 2. The parameter k; can be determined from the
product AC,4 of Eq. (9), while the parameter k, can be determined from
the product 0.4958 nFACD'? (anF/RT)"/? of Eq. (8). Now, we can
divide both the sides of Eq. (10) by v!/? to obtain Eq. (11)

ip — 1/2
m =kvt'i+ k 11

1/2 /2

The values of k; and k; can be determined from i,(V)/v/* vs e
plots. The slope and intercept of the linear fit correspond to the value of
k; and ks, which can quantitatively estimate the contributions of ca-
pacitive current (i.) and diffusion current (iy) at a fixed potential.
Fig. 5(d) shows the plot of ip(V)/v'/? vs v*? and the linear fit line
correspond to the value of k; (k; = 0.18699) and k, (k, = 0.53287).
Therefore, it can be proposed that the charge stored in the electrode is
mainly contributed by the Faradic adsorption/desorption through
redox charge transfer process, rather than capacitive mechanism, as has
been well demonstrated by the “b” value from the CV curves using
Power law [24,85,86].

A similar analysis proposed by Trasatti, et al. designates the re-
lationship between the specific capacity and the scan rate. The total
specific capacitance of an electrode is the combination of two specific
capacitances, contributed by the inner surface (C;,) and the outer
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Fig. 6. (a) Specific capacitance vs v'/2

nanoparticles.

surface (C,y,) of the electrode, which can be expressed as Eq. (12)

Crotal = Cin + Cout(ngl) 12)

Fig. 6(a) represents the liner plot of Croa; Vs v'/2 at lower scan rates,
which explains the highest possible specific capacitance value due to
uncontrolled ions diffusion by extrapolating the linear plot of the y-axis
intercept at v'/2— 0. At higher scan rates, the experimental data de-
viates from linear behavior due to the ohmic drop and irreversible
redox reaction. Thus, we have fitted the data only at lower scan rates
and extrapolating the fitted curve we get the maximum possible specific
capacitance (C rota) 1028.2 F g~ 1. Subsequently, a linear dependence of
Crotal Vs v~ /2 plot gives (Fig. 6(b)) the specific capacitance contribu-
tion from outer electrode surface at higher scan rates (v — ) and it
may be due to controlled ions diffusion into the electrode pores[10,87].
The estimated total specific capacitance (Ct) and outer surface specific
capacitance (Co,) for the NiMn,O, nanoparticles electrode were
1028.2Fg~! and 30Fg ™!, respectively. The value of specific capaci-
tance contributed by the inner surface (C;,) of the electrode was esti-
mated by subtracting Cgy, from Cr, obtaining 998.2 Fg~'. Hence, it is
confirmed that large number of active sites are present in the inner
surface of the NiMn,O, electrode, and the major fraction of the specific
capacitance value comes from the contribution of inner sites rather than
the outer surface of the electrode, i.e., the charge storage mechanism is
strongly controlled by the Faradic adsorption/ desorption process
[83,86,88-90].

The electrochemical performance of the electrode made of NiMn,O,
nanoparticles was further studied by galvanostatic charge discharge
(GCD) process at different current densities (6.5, 7.5, 8.5, 9.5 and
10.5A g™ ). Fig. 6 (c) shows the GCD plots for the potential range
—1.0Vto +1.3V with respect to Ag/AgCl reference electrode, which is
consistent with the potential range of CV measurement, i.e. same as CV
potential window. The GCD plots indicate the pseudocapacitor type
behavior with very low current densities at the potential corresponding
to the Faradic reactions. A very small potential drop (IR-drop) is also
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, (b) Specific capacitance vs v~ 12 (c) Galvanostatic charging/ discharging (GCD) curve and (d) Retention (%) plot of NiMn,O4

observed at the beginning of the discharge curve, even at high current
densities, which indicates the NiMn,O,4 electrode has a very low in-
ternal series resistance (R;) within Na,SO, electrolyte solution, as well
as low contact resistance at the interface of current collector and
electrolyte solution. A decrease of charging/discharging time with in-
creasing current density can be clearly perceived from the GCD curves,
which can be explained considering ion diffusion mechanism. At lower
current densities, a large surface area of the electrode is occupied by
Na™ ions from electrolyte solution as they get enough time to access the
maximum active sites of the electrode material, offering higher specific
capacitance value. Conversely, due to limited accessibility of the Na™
ions inside the electrode material, the specific capacitance of the elec-
trode is lower at higher current densities (see Supplementary Fig. S1(b)
and Table S1). The specific capacitance value can also be calculated
from the GCD profile at a given current density, using Eq. (13)

i

m(=%)
where i is the applied current density, dV/dt is the average slope of the
discharge curve and m is the effective working electrode mass [2,91].

The long-term cyclic stability of the prepared NiMn,O, electrode is
studied up to 10,000 cycles in 1.0 M Na,SO, electrolyte solution at a
current density of 10 A g™, as shown in Fig. 6(d). The specific capa-
citance retention value of the electrode gradually increases during in-
itial cycles, which is a normal behavior for the electrodes made of metal
oxides. The initial increase of specific capacitance occurs due the acti-
vation of electroactive sites of the electrode material. The electrodes
fabricated using NiMn,O, nanoparticles exhibit very high cycle life of
about 91% over 10,000 cycles, indicating the oxides of both the ele-
ments (Ni and Mn) play significant roles for the improvement of elec-
trochemical performance of the electrode.

To improve our empathy towards the high specific capacitance of
NiMn,O,4 electrode, the fabricated electrodes were characterized fur-
ther using electrochemical impedance spectroscopy (EIS). The EIS

Cn =
13)
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Fig. 7. Electrochemical impedance (EIS) (a) at different potential within CV potential windows, (b) negative potential region, (c) Positive potential region and (d)

fitted EIS plot of NiMn,O, nanoparticles.

measurements were carried out in the 0.1 Hz-100 kHz frequency range,
with AC perturbation amplitude of 10 mV at different voltages over the
potential window of interest. The results of EIS study of the NiMn,0,4
electrodes over entire frequency range at different voltages are shown
in Fig. 7(a). As can be noticed, the impedance behavior of the material
is different at different applied voltages, especially near the voltages
where the Faradic reaction occurs. The impedance behavior of the
electrode at different applied negative (—0.1V, —0.3V, —0.5V,
—0.7V and —0.9V) and at positive (+0.15V, +0.30V, +0.50V,
+0.7V and +0.90 V) potential are presented in Fig. 7(b) and (c), re-
spectively. It can be seen that at negative potential region (Fig. 7(b)),
the NiMn,O, electrode exhibits much higher charge transfer resistance
(semicircular Nyquist plots). The decrease of semicircle diameter with
the increase of negative potential (Fig. 7(b)) indicates a decrease in
charge transfer resistance with the increase of negative potential with
respect to Ag/AgCl reference electrode, which leads to a reduction in
the Faradic response of the electrode. Similarly, from the impedance
behavior of the electrode in positive potential region (Fig. 7(c)) we can
notice the frequency dependence linear diffusion process, generally
known as Warburg impedance (W,), which offers a comparative esti-
mation of the diffusion coefficient values [16,18,20,21,92]. In the high
frequency region, the increase of semicircular portion in positive po-
tential region may be due to the increase of charge transfer resistance
(R.p) with increase of positive applied voltage. The phase angle dia-
grams (see Supplementary Fig. S1(c and d)) also for this electrode at
different applied dc potentials (negative and positive potential win-
dows) indicate that the charge transport process within the electrode
material mainly due to redox nature. For ideal capacitive behavior the
phase angle approaches to 90° at low frequency and whereas for redox
material it is less than 90°. From this phase angle diagrams it can be
concluded that the total charge storage arises mainly due to redox
nature with a small contribution of double layer storage of the electrode
material [10,87,93]. To obtain the charge-transfer parameters of the
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NiMn,O, electrode material, the equivalent circuit modeling was fur-
ther been performed using Z-view software. Fig. 7(d) presents the fitted
impedance curves and the equivalent circuit (inset) of the electrode
material at different applied voltages in the potential rage of interest.
From these fitted curves, it is clear that the charge stored in the capa-
citor has two contributions: contribution of the double layer capaci-
tance, normally known as Cg;, and the pseudocapacitance arising from
the surface Faradic reaction, C,. However, in porous electrode material,
the constant phase elements (CPE) are typically modeled as capacitor
elements. These constant phase elements (CPE) are customarily used to
fit the experimental data. The impedance of the capacitor can be re-
presented as

Zepe = 1/(jw)*Yo

where Y, generally known as capacitance (C) and a lies between 0.9
and 1.0. Generally, for CPE the a value is less than 1. On real cells the
Cgq often behaves like a CPE. Several theories have been proposed that
CPE arise due to leaky capacitor, porous, surface roughness nature of
the material and non-uniform current distribution at the surface etc. to
account for the non-ideal nature of Cg. For practical purpose, it is
possibly best to treat a as an empirical constant with no real physical
basis. Thus, the depressed semi-circular arc in the high frequency re-
gion implies the high electrode porosity and roughness nature of the
electrode material, which also indicate the presence of large active
sites. The constant phase elements, CPE-T and CPE-P have been used to
fit the data as shown in equivalent circuit model in Fig. 7(d) inset. The
values of different charge transfer parameters determined by equivalent
circuit model are presented in Table 1. It can be noticed that the series
resistance (Ry) due to the electrolyte solution remains almost constant
throughout the used potential window, varies between 0.91 Q and
1.2 Q. However, the value of charge transfer resistance (R.¢) in parallel
combination with CPE changes significantly with applied voltage, of-
fering a minimum value around 0.30 V. On the other hand, the large
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Table 1

Values of different charge transfer parameters calculated from equivalent circuit model of NiMn,O,4 nanoparticles at different potential.
Sl. no Sample name Voltage (V) Rs () CPE-T (Fecm™2) CPE-P Ret () Wo-R Wo-T Wo-P
1. NiMn,04 -0.1 0.916 0.0020659 0.55932 695.7 - - -
2. -0.3 1.066 0.0013883 0.6052 1450 - - -
3. -0.5 1.093 0.0014913 0.61502 656 - - -
4. -0.7 1.099 0.0017451 0.60288 390.5 - - -
5. -0.9 1.083 0.0020077 0.5798 310 - - -
6. +0.15 1.146 0.00068776 0.7277 15.74 1900 10.49 0.5111
7. +0.3 1.154 0.00023148 0.7716 7.571 500.1 32.09 0.37609
8. +0.5 1.155 0.00049861 0.69072 67.83 308.6 42.19 0.16325
9. +0.7 1.157 0.00036693 0.70804 120.5 1774 22.44 0.41604
10. +0.9 1.174 0.00028018 0.72664 1977.8 1419 1.745 0.54516

semicircle indicates the high value of charge transfer resistance be-
tween the electrolyte solution and electrode materials at the electrode/
electrolyte interface. The charge transfer resistance (R.) of an electrode
can also be expressed with exchange current density (ip) through Eq.
14

RT

R, (in ohm) =
o ( ) WF

a4
where R is the gas constant (J mol 'K™Y), T is the temperature in
Kelvin, iy is the exchange current density in Ampere, and F is the
Faraday constant (coulomb/mol). Thus the charge transfer resistance
(Rc) at a reversible potential can be calculated from Eq. (14). The in-
crease of charge transfer resistance (R.) can be plainly enlightened on
the basis of a decrease in exchange current density due to a decrease in
Faradic reaction rate. The variation of R, with different applied po-
tential (Table 1) clearly suggests that the R, is strongly dependent on
applied potential and the NiMn,0, electrode material offers a very low
R value at a particular redox potential [2,4,25,94].

It is known that for asymmetric supercapacitors (ASCs) the charge
stored at two opposite electrodes (positive and negative) should be
equal and opposite i.e. q* = q~ [54,95,96]. The amount of charge
stored by the each electrode generally depends on the specific capaci-
tance (C,), mass of the electrode (m) and potential windows (AV). The
ratio of two electrode mass essential to follow:

my _ (C_x AE.)
m_  (Cy X AE,)

We have measured the CV curve of the activated carbon, AC and
NiMn,O, using three electrode system as negative and positive elec-
trode for ACS device application in 1 M Na,SO, electrolyte. We have
applied the potential window from OV to —1.0V for AC negative
electrode and from OV to 0.8V for NiMn,O, positive electrode, re-
spectively (see Supplementary Fig. S2). The obtained C,, value for AC is
171.8 Fg~ ! at 2mV s~ ! scan rate in 1 M Na,SO, electrolyte. Fig. 8(a)
represents the cyclic voltammograms (CV) of this fabricated ASCs de-
vice at different potential windows (0-0.9V, 0-1.1V, 0-1.3V, 0-1.5V
and 0-1.8 V). All CV curves show same nature which indicates that this
device can performs within maximum potential window 0-1.8V
without any degradation. Thus, all electrochemical studies have been
done within maximum potential window from 0V to 1.8 V and the CV
curves (Fig. 8b) at different scan rates of 2, 5, 10, 20, 40, 60, 80 and
100 mV s~ ! show relatively rectangular nature without presence of any
redox peaks. It clearly indicates that the charge storage mechanism is
mainly due to the electric double layer of the device. The CV profiles
also remain almost same without any distortion with increasing scan
rates, indicating suitable fast charge-discharge property. To study the
rate capability of this ASC device, the GCD test at different current
densities (1.0, 1.25, 1.50, 1.75, 2.00, 2.25 and 2.50Ag_1) has been
performed. The GCD plots (Fig. 7c) show that the discharge time de-
creases with increasing current density. For practical purpose it is ex-
pected that a good supercapacitor device provides high specific capa-
citance and high energy density. The relationship between specific
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capacitance vs current density (Fig. 8d) of the fabricated ASC device
shows that the device delivers maximum specific capacitance of
166.7Fg~! at current density 1 Ag~'. The specific capacitance also
decreases when current density increases, since diffusion of electrolyte
ions and electrons most likely are restricted due to the time constrain.
The EIS plot for this ASC device Fig. 8(e) before and after cycling shows
that the spectrum consists of a semicircular portion in high frequency
region and a straight line in low frequency region due to ions diffusion.
The fitted equivalent circuit also shows in Fig. 8(e) inset. We have fitted
the experimental data by suitable equivalent circuit model using Z-view
software. Such EIS nature corresponds to the equivalent circuit, which
suggests the diffusion control asymmetric behavior of the device [97].
The specific energy and power densities of the ASC have been calcu-
lated from the discharge curves at different current densities in the
voltage window of 0-1.8V and the Ragone plot is shown in Fig. 8(f).
This device delivers offers specific energy density and power density of
75.01 Whkg ™! and 2250.91 Wkg ™!, respectively. The long term cy-
cling stability (Fig. 8(g)) of this device for 2000 cycles has also been
investigated by GCD between voltage window 0-1.8V at a constant
current density 2.5Ag’1. The GCD curves (Fig. 8g (inset)) follow the
same nature during the full cycles. The ASC device configuration
(Fig. 8(h)) presents a columbic efficiency 97.6% indicating that the
device is suitable for high-performance supercapacitor applications in
future.

4. Conclusions

In summary, utilizing a facile and economic sol-gel route, we could
synthesize NiMn,0,4 nanoparticles of ~8 nm average diameter in phase
pure spinel structure for the first time. The agglomerated spinel nano-
particles generate highly porous structures, which can be utilized to
fabricate working electrodes of electrochemical supercapacitors. The
electrodes made of NiMn,O4 nanoparticles possess excellent charge
storage characteristics, with specific capacitance of up to 875Fg~!
attainable at a scan rate of 2mVs~ ! in 1.0 M Na,SO4 electrolyte so-
lution. The coexistence of Ni and Mn in the lattice of this binary oxide is
seen to have a positive effect on the improvement of electrochemical
charge storage capability of the electrodes due to enhanced electronic
conductivity. Porous texture and high electronic conductivity of these
binary oxide nanostructures make them attractive for applications in
energy storage devices. Through electrochemical impedance spectro-
scopic (EIS) study, we could explain the charge storage mechanism in
the electrodes made of NiMn,O, nanoparticles with the help of
equivalent circuit model. The working electrodes made of spinel
structure NiMn,O4 nanoparticles possess very high specific capacitance,
good cyclic stability and excellent asymmetric supercapacitor (ASC)
device performance. Moreover, the environmentally-friendly synthesis
technique utilized for the synthesis of the nanoparticles makes them
very attractive material for the fabrication of high performance elec-
trodes applicable for energy storage devices of future generation.
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scan rates, (¢) GCD curves at different current densities, (d) specific capacitance vs
(g) Coulombic efficiency and (h) schematic diagram of ASC device of NiMn,O4
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