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Abstract: NiMn,O4 (NMO) is a good alternative anode material for lithium-ion battery (LIB) applica-
tion, due to its superior electrochemical activity. Current research shows that synthesis of NMO via
citric acid-based combustion method envisaged application in the LIB, due to its good reversibility
and rate performance. Phase purity and crystallinity of the material is controlled by calcination at
different temperatures, and its structural properties are investigated by X-ray diffraction (XRD). Com-
position and oxidation state of NMO are further investigated by X-ray photoelectron spectroscopy
(XPS). For LIB application, lithiation delithiation potential and phase transformation of NMO are
studied by cyclic voltammetry curve. As an anode material, initially, the average discharge capacity
delivered by NMO is 983 mA-h/g at 0.1 A/g. In addition, the NMO electrode delivers an average
discharge capacity of 223 mA-h/g after cell cycled at various current densities up to 10 A/g. These
results show the potential applications of NMO electrodes for LIBs.

Keywords: energy storage and conversion; NiMn,Oy; XPS; lithium-ion battery; electrochemical per-
formance

1. Introduction

Li-ion battery (LIB) technology is widely used for energy storage application due to
its long cycle life, high cell voltage, low self-discharge, high energy and power density,
and relatively simple reaction mechanism [1]. Therefore, these batteries are commercially
available in several fields, such as portable electronic devices and electric vehicles [2]. The
rapid development in mobile electronics and electric cars demands that the next generation
of LIB’s to be developed. Generally, the electrochemical performance of LIB is governed by
specific capacity and working potentials of active material [3]. Most of the commercial LIB’s
used graphitic carbon as an anode material though its cycling is extremely unstable and
rapid loss in capacity is observed at higher current [4]. In recent years, LisTisO17 is reported
to replace graphitic carbon. It shows excellent lithium insertion/de-insertion properties
with a minimum volume change. Still, it has a low specific capacity (175 mA-h/g) and
moderate rate performance due to its poor electronic conductivity [5].

Carbon-based materials, alloy materials, silicon, and transition metal oxides are used
as an anode to achieve maximum cell capacity [6]. Nowadays, the research of anode
material is focused on transition metal oxides, phosphides, sulfides, nitrides, etc. due
to its cost effectiveness, availability, and environment friendliness [7]. However, low
electronic conductivity (limits electron transfer), significant volume expansion during in-
sertion/deinsertion of Li-ion (damage structure of active materials), and voltage hysteresis
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(leads to low energy efficiency) are the main challenges in the commercialization of these
materials [8]. Therefore, to enhance the electrochemical performance of anode material,
researchers have focused on resolving these issues.

Among transition metals, AB,O4 compounds (where A is divalent cation and B is
trivalent cation) are more attractive compared to other metal oxides because of coexistence
of two distinct cations in the single crystal [9]. Furthermore, researchers have synthesized
these compounds with various morphologies such as nanotubes, nanowires, nanoflakes,
etc. to boost its storage performance [10]. However, the comprehensive performance of all
LIB’s with these compounds is being still improved to meet the requirements of modern
society. Thus, there is a demand to design and synthesize nanomaterials as an anode
for LIBs.

Given all these issues, NiMn,O,4 (NMO) is one of the promising anode materials for
LIBs owing to its higher conductivity and superior electrochemical activity compared to
other metal oxides [9]. It offers more redox-active sites due to the lattice position of both Mn
and Ni [9,11]. Besides, various oxidation state of manganese provides more accessible sites
for redox reaction [10]. It enhances cyclic stability and rate performance [9]. Furthermore,
it has more advantages such as abundant availability, low cost, non-toxic nature, and
environmental friendliness [12]. Because of these considerations, spinel NMO is potential
anode material for the next generation of LIBs.

Considering the significance of NMO and its properties, the solution combustion
technique has proposed in the current research work. This method is simple, use relatively
simple equipment, and allow control of crystallinity, and dopants can be introduced in
the final product [13]. In addition, in this technique, carbon-based fuel was used, which
provides in situ carbon coating and limit grain growth and agglomeration [14]. Moreover,
in the current research work, the electrodes were fabricated using sodium alginate as a
binder due to its extraordinary properties such as rich carboxylic group contents, high
Young’s modulus and electrochemical stability. It leads to enhance specific capacity, cyclic
stability, and coulombic efficiency [15].

2. Experimental Procedure
2.1. Materials and Methods

NMO nanoparticles were synthesized by solution combustion synthesis (SCS) tech-
nique. Nickel nitrate (Ni(NOj3),.6H,O, Alfa Aesar 98%) and manganese nitrate (Mn(NO3);.
4H,0, Sigma Aldrich (St. Louis, MO, USA) >97%) were used as metal precursors. Citric
acid (C¢HgOy, Analytical Reagent AR) was used as a fuel. The metal nitrates precursors
were dissolved in the minimum amount of distilled water and kept on a hot plate for
constant stirring and heating. Then, citric acid was dissolved in a minimum amount of dis-
tilled water and added into the solution of metal nitrate precursor. It makes homogeneous
mixture by mixing metal nitrates at the molecular level. The stoichiometric oxidant to fuel
ratio was 1:1.12. During constant heating and stirring, excess water was removed, and the
gel was formed. This gel was kept in a pre-heated furnace; it was decomposed and black
colored ash was formed. After grinding and homogenization of powder in an agate mortar,
it was calcined in a muffle furnace at different temperatures for 5 h.

2.2. Material Characterization

The structural and crystalline properties of calcined NMO powder were carried
out using X-ray diffractometer (PHILIPS PW-3710) with Cu K« as the radiation source.
The Raman spectrum (Lab RAMA ramis, Horiba Jobin Yvon) was recorded at an exci-
tation wavelength of around 532 nm. Chemical bonding of the powder was studied by
Fourier-transform infrared spectroscopy (FTIR PerkinElmer1760X spectrophotometer) at a
wavelength ranging from 400 to 3500 cm~!. The oxidation states of the elements present
in the system were determined using X-ray photoelectron spectroscopy (XPS) using a
K-alpha (Thermo VG, Grinstead, UK) non-monochromatic Al K radiation (1486.6 eV).
Morphological properties and energy-dispersive X-ray analysis (EDAX) were analyzed
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using a field-emission scanning electron microscope (FE-SEM, Hitachi 5-4200). The specific
surface area was measured by Brunauer-Emmett-Teller (BET) analysis using the amount
of Ny gas adsorbed with the relative pressure (in the range of 0.01 < P/P0 < 1). The to-
tal pore volume, average pore diameter, and distribution of pore size were analyzed by
the Barrett-Joyner-Halenda (BJH) method using aBET surface analyzer (Quantachrome,
Autosorb-iQQ, Boynton Beach, FL, USA).

2.3. Electrode Fabrication

To prepare anode, NMO was mixed with carbon black and sodium alginate (as a
binder) with a weight ratio of 75:15:10 using a magnetic stirrer. The resultant slurry was
cast on copper foil (1 mg/cm?) to prepare the electrode, out of which active mass of the
working material is 0.75 g/cm? (excluding 15% carbon black and 10% sodium alginate).
The resultant film was dried in an oven at 100 °C overnight and punched into round
discs with a diameter of 13 mm. The half-cells of these electrodes were assembled in the
argon-filled glove box (H,O < 0.1 ppm and O; < 0.1 ppm). Lithium metal foil was used
as a reference and counter electrode. Celgard 2325 membrane was used as a separator.
1 Notably, M LiPF; in ethylene carbonate (EC) and diethyl carbonate (DEC) in a weight
ratio of 1:1 was used as an electrolyte. Apparently, 80 uLis the amount of electrolyte used
in the half cell.

2.4. Electrochemical Measurement

The cyclic voltammetry tests were performed between 0.01 and 3.0 V at a scan rates
0f0.01, 0.05, and 0.1 mV /s using a VersaSTAT 4 Potentiostat. The galvanostatic charge—
discharge tests of the cells were performed using a LabVIEW-based PXI system in a
voltage range between 0.01 and 3.0 V at various current densities. Henceforth, the voltages
mentioned were recorded with respect to Li/Li*.

3. Result and Discussion
3.1. Material Analysis

XRD patterns of as-prepared NMO and calcined at 600, 700, and 800 °C are shown
in Figure 1. The observed XRD pattern was compared with the standard JCPDS card
(71-0852). The reflections (111), (220), (311), (400), (511), and (440) corresponding to NMO
were present in all the XRD patterns. Thus, it revealed the formation of cubic crystal
structure. However, some additional diffraction peaks were observed in the XRD pattern
of as-prepared and powder calcined at 600 and 700 °C, due to the formation of secondary
phases. These phases were removed by further calcination at a higher temperature (800 °C)
and phase pure NMO was obtained. The average crystalline size (D) of phase pure NMO
was calculated using Scherer’s formula and was 55 nm.

FTIR spectrum was recorded in the range of 400-3500 cm ™! (Supporting Documents
Figure S1). The two characteristic bands observed at 503 and 575 cm~! were assigned to
the vibrational mode of the octahedral group vibration of Ni?*-O?~ and the tetrahedral
group of Mn3*-O~, respectively [10,16]. The band observed at 417 cm~! was assigned to
vibration mode of Ni-O-Mn [10]. The appearance of these bands in the FTIR spectrum
confirmed single phase formation of spinel structure [16]. In addition, two small intense
bands were observed at 843 and 1015 cm ™!, which were assigned to the NMO [17].
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Figure 1. XRD patterns of the samples: (a) as-prepared NiMn,;O4(NMO) powder, (b) calcined at
600 °C (c) calcined at 700 °C, and (d) calcined at 800 °C.

The composition and oxidation state of NMO were further investigated by XPS
spectrum. Figure 2a—d showed core scan spectra of C 1s, O 1s, Mn 2p, and Ni 2p. The
core scan spectra of C 1s (Figure 2a) can be fitted into three peaks, and the peaks observed
at 284.3,285.5, and 287.6 eV were assigned to C=C sp? hybridized carbon atom, C-C sp®
hybridized carbon atom, and C-O and C-OH, respectively. [18]. Owing to the electronic
conductivity of sp? carbon atom, it can enhance the electrochemical properties of NMO.
The core scan spectra of O 1s, showed in Figure 2b, indicated a sharp peak at 529.2 eV
because of metal-oxygen bond, whereas the peak observed at 530.6 eV was assigned to
defects, contaminants, and chemisorbed oxygen [10]. The core scan spectra of Mn 2p,
shown in Figure 2c, it revealed that Mn atoms were present in the electronic configuration
Mn 2p3/, and 2p; /, with a binding energy of 641.06 and 652.74 eV, respectively. The value
of spin orbit splitting was about 11.68, and this confirmed the presence of Mn3* state [19].
In addition, the binding energy peak observed at 644.15 and 656.68 eV was assigned to
Mn?* and Mn**, respectively [20]. The core scan spectrum of Ni 2p was shown in Figure 2d.
The binding energy peak centered at 854.25 and 871.85 eV was assigned to Ni 2p3,, and Ni
2p1 /7, respectively. The satellite peaks observed at binding energies 860.01 and 878.34 eV
was assigned to Ni 2p3,, and Ni 2py /,, respectively [17].

The hexagonal morphology of NMO nanoparticles was observed in field emission
scanning electron microscope (FESEM) image (Figure 3). Due to higher calcination temper-
ature, light agglomerated structure was observed with grain size in a range of 200-500 nm.
In addition, the presence of elements such as Ni, Mn, and O were justified using EDAX.
Residual carbon was observed from the elemental analysis, which helps to avoid agglomer-
ation in calcined material. This residual carbon was considered as a superior conductive
substance to enhance the electronic conductivity of material [9]. The average atomic and
weight percentage was listed in the inset of Figure 3b.
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Figure 2. XPS of NMO contains core scan of (a) C 1s, (b) O 1s, (c) Mn 2p, and (d) Ni 2p.
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Figure 3. (a) FESEM and (b) elemental analysis of NMO calcined at 800 °C.

Weight %

38.05

41.07
13.40
7.48

In the current research work, Brunauer-Emmett-Teller (BET) measurement was con-
ducted for further investigation of pore size analysis and surface area measurement (shown
in Figure 4). The adsorption—desorption plots of NMO clearly indicated type IV isotherm,
with a surface area of 18.064 m?g~!. The observed high surface area of NMO provided a
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number of active sites and increased contact between electrolyte and electrode interface [16].
Moreover, Barrett-Joyner—-Halenda (BJH) pore size distribution showed (inset of Figure 4)
that the average pore size of NMO was 26 nm. It confirmed the mesoporous nature of
NMO [21]. Compared to microporous nature, it offered a large number of active sites dur-
ing the electrochemical reaction. This result leads to an increase in the lithium-ion transfer
rate, which is beneficial in improving the electrochemical properties of NMO [16,22].
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Figure 4. N, adsorption—-desorption isotherms curve and pore size distribution of NMO calcined at
800 °C.

3.2. Electrochemical Performance

The lithiation delithiation potential and phase transformation of NMO during the
electrochemical performance for Li-ion battery was investigated by cyclic voltammetry
curve. Figure 5 showed cyclic voltammetry curve at scan rate of 0.1mV/s. In Figure 5,
the cathodic peaks centered at ~0.95 was assigned to reduction in Mn** to Mn?*, and the
peak centered at ~0.36 V was assigned to several overlapped electrochemical reaction First
one was the reduction in Mn?* or Ni%* to metallic Mn or Ni, respectively [23,24], and
second was the irreversible decomposition of the electrolyte to form the solid electrolyte
interference (SEI) [25]. During the anodic sweep, the peak centered at ~1.38 was assigned
to oxidation of Mn to Mn®*, and the peak centered at ~2.03 V was assigned to oxidation
of Ni to Ni?* [24].In addition, redox pair observed at ~0.1 V was assigned to processes
related to remaining carbon [26]. The delithiation potential of NMO governed the output
voltage and energy density of Li-ion battery, and the higher negative potential of anode
ledto lower energy density [27]. In NMO, the reported delithiation potential of NiO was
2.3V, but in the current research work, it was 2.03 V [27]. These results revealed that the
synthesized material has higher energy density. In addition, from Figure 5, it was also
seen that the cathodic current is higher compared to the anodic current. This revealed that
NMO electrode resist to de-insert lithium ion compared to insertion [14]. Based on the
aforementioned cyclic voltammetry analysis, the electrochemical reactions between Li*
and NMO electrode summarized below [22]

NiMnyO4 + 8Li + 8¢~ = Ni+2Mn + 4Li,O )

Ni+ Li,O = NiO +2Li" + 2e~ )
Mn + LipO = MnO +2Li"T + 2e~ 3)
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Figure 5. Cyclic voltammetry curve of the NMO electrode at scan rate of 0.1 mV/s.

In addition, cyclic voltammetry curves were recorded at different scan rates.They
are shownin Figure 6. The observed cathodic and anodic cell potential showed that with
increasing scan rate, cathodic peak potential alters towards lower cell potential and anodic
peak potential alters towards higher cell potential. This reveals that in synthesized material,
polarization increases with increasing charge—discharge rate [14].

034 —2) 0.01 mV/s
: D) 0.05 mV/s
0.2 e ) 0.1 MV/s

Current (mA)

00 05 10 15 20 25 3.0
Potential (V vs Li)

Figure 6. Cyclic voltammetry curves of NMO at different scan rates of (a) 0.01, (b) 0.05, and (c)
0.1 mV/s.

Initial three charge-discharge cycles of NMO at 0.1 A/g in the voltage range of
0.01-3.0 V are showed in Figure 7. The observed discharging capacity of NMO for first,
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second, and third cycle was 983, 547, and 555 mA-h/g, respectively. Similar discharge
capacity pattern are reported by W. Kang et al. [24] and other results are tabulated in Table 1.
After the first cycles, an irreversible capacity loss was observed due to the formation of
solid electrolyte interface (SEI) film and reduction in metal oxide with the formation of
Li,O [22]. However, after the first cycle, next cycles were superimposed on each other due
to stable structure.

3.04

2.5-

st
—1"" cycle

— 2“(l cycle

rd
4 —_—3 " cvele

+
- 2.04
m. -
-
o~ 1.5+
>
v -
E 1.0-
~—
= |
3
S 0.54
m -
0.0-I - L | - | - | J - L |
0 250 500 750 1000

Discharge capacity (mA.h/g)

Figure 7. Initial three charge-discharge cycle of NMO at 0.1 A/g.

Table 1. Comparison of specific capacities of NiMn,O, and similar material with the literature.

Svnthesizin Specific Current
Sr. No. Material yMetho d & Capacity Density Reference
(mA-h/g) (Alg)
Citric
1. NiMn,O4 acid-based 983 0.1 Present work
combustion
method
2. NiMn,O,/rGO  DIPPIng 1535 0.1 [22]
process
NiMny Oy Hydrothermal 500 0.1 [22]
4. NiMn,O4/C  Solvothermal 1617 0.1 [24]
Facile
5. ;?ﬁipgd nanocasting 470 1 [25]
24 method
6. NiMn;Oy4 Hydrothermal 1090 0.1 [27]

To study the electrochemical performance of NMO more effectively, its rate perfor-
mance was investigated (Figure 8). Initially, the NMO electrode was cycled at 0.1 A/g, and
the cell delivered average discharge capacity 639 mA-h/g. Then, the current density was
increased as 0.2, 0.5, 1, 2, 5, and 10 A/g and the observed average discharged capacitiesare
438, 358, 251, 86, 77, and 35 mA-h/g, respectively. When the NMO electrode was cycled
with current density of 1 A/g, after total 35 cycles, it delivered average discharge capacity
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of 223 mA-h/g. It showed good reversibility. This result revealed that synthesized material
was sustained at a higher current density.

o0 10004 .
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: [ LL]]
. 0.2 Alg
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5 400+ o 0.5 Mg
S0 1 ““._1_"_\/.3 1A/
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S 02 Alg
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T v T o v v ¥ v L
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Cycle number
Figure 8. Rate performance of NMO.

Because of crystalline size, surface area, and residual carbon, the synthesized material
has good reversibility, rate performance, and stability for its envisaged application in LIBs.
The residual carbon present in sp? hybridization state can effectively avoid agglomeration
in NMO and buffer possible volume change. Furthermore, it reduces lithium-ion diffusion
length and provides enough electrons during electron reaction, which help to enhance
electrochemical performance.

4. Conclusions

In conclusion, NiMn,O4 (NMO) nanomaterials are successfully synthesized via citric
acid-based combustion method and studied as anode material for lithium-ion battery. BET
has revealed the mesoporous nature of NMO with surface area of 18.064 m?g~!. XPS has
revealed after calcination of material at higher temperature that the carbon atom present
in citric acid is altered into sp? hybridization state.This residual carbon effectively avoids
agglomeration, reduces lithium-ion diffusion length, bufferspossible volume changes, and
provides enough electrons during electron reaction, which leadto enhancedelectrochemical
performance of NMO. Reduction in Mn** to Mn?* and Ni?* to Ni is confirmed by the
observed cathodic peaks at ~0.99 and 0.46 V in cyclic voltammetry. Besides, anodic sweep
oxidation of Mn to MnO and oxidation of Ni to NiO are observed. It exhibits specific
discharge capacity of 983 mA-h/g at 0.1 A/g for the first cycle.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2504-477
X/5/3/69/s1, Figure S1: FTIR spectrum of NMO calcined at 800 °C.
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