RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 30 RSC Advances

Facile one pot Synthesis and Li-cycling Properties of MnO,

P. Nithyadharseni®, M.V. Reddya’b*, Ho Fanny*, S. Adams®”, B.V.R.Chowdari®
“Department of Physics, National University of Singapore, Singapore 117542
bDepau‘tment of Materials Science & Engineering, National University of Singapore, Singapore
117546
‘River Valley High School of Singapore, Singapore 649961

Abstract

For the first time, a molten salt method was attempted to prepare MnO, with three
different precursors of Mn(CH3COO),, Mn(NOs),and MnSO4-H,O by using 0.375MLiNO;3,
0.18MNaNOs3:0.445M KNOs as molten salt heated at 380 °C for the application of lithium ion
batteries. The prepared compounds were characterized by various techniques such as, X-ray
diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), surface area
analyzer and scanning electron microscope (SEM), respectively. XRD results revealed the cubic
phase of A-MnO, and tetragonal phase of a-MnO, and the morphology of the compounds shows
spherical particle as well as rod shaped nano-sized particles. The electrochemical performance of
the compounds has been evaluated by, galvanostatic cycling (GC), cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). The Li-cycling results indicated that the
performance of nano-rod shaped a-MnO, prepared by MnSO,-H,O exhibits stable and high
reversible capacity of 845mAh g (87.5% capacity retention) at the end of the 50" cycle, cycled
at a constant current density of 60 mA g, in the potential range of 0.005-3.0 V vs. Li. MnO,
compound prepared by using three different precursors shows stable coulombic efficiency of 99%
after a few cycles.
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1. Introduction

Lithium-ion batteries (LIBs) have attracted much attention for various applications such
as power portable electronic devices, electric vehicles and sustainable energy generation system
due to its high energy density, low memory effect and long cycle life. The first introduced
lithium ion battery anode materials was carbon. However, anode materials of carbon and its
derivatives of graphene show low specific capacity of 372mAh g'. Therefore, in order to meet
the increasing demand in high energy density and long cycle life lithium ion batteries, a variety
of new anode materials have been emerged.

Recently, nanomaterials and transition metal oxides has become the forefront of research
to develop the next-generation lithium ion batteries with high power energy density. In order to
meet the above requirement, in the past two decades, various nano-sized transition metal oxides
(MOs) such as M-Fe, Co, Ni, Cu, Mn, etc., have been extensively studied as anode materials due

to its desirable physical and chemical properties, as seen in applications such as catalysisl'S,

9, 11-25

biosensors®, water treatment” ®, Li-air batteries > 'Yand electrochemical super-capacitors
Among the above transition metal oxides (TMO), manganese based oxides, such as MnO**28,
Mn0229'32, Mn30431, Ml’l20331 and MnOx33 have been widely studied as promising anode
materials for different applications such as in catalysis and energy storage devices. In addition,
manganese oxides (MnO,) are more superior due to their high theoretical capacity, low cost,

environmental compatibility, non-toxicity and natural abundance. For the past two to three

decades, MnO; and its derivatives are traditionally studied as cathode materials for primary
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lithium ion batteries and alkaline batteries’ *, but have rarely been reported as an anode
material for lithium ion batteries’> >®3”. On the other hand, MnQO; can exist as numerous crystal
structures such as a-MnO,, B-MnO,, y-MnQO,, 6-MnO, and A-MnO,, etc., of which depends on its
nanostructure and morphology as well as fundamental octahedron units of MnQOg. However,
MnO; shows large volume change during cycling (lithiation-delithiation) processes due to its low
electrical conductivity which limits the electronic conductivity, which causes severe electrode
pulverization, resulted in poor cycling performance and rate capability. This leads to cracking,
and crumbling of the electrode materials. Therefore, in order to solve this problem, many
researchers have been proposed on various properties such as structure, design and synthesis of
nanostructures as an effective route to accommodate the volume variation.

To prepare MnO; nanomaterials with various morphology and physical and chemical
properties, various preparation methods such as, sol-gel synthesis®, wet chemical route®,

37, 40-44 45 .
and precursor technique™ were used. For example, H. Lai et al.,

hydrothermal techniques
reported MnO,"*®as anode prepared by facile solution method, which shows stable and lowest
capacity of around 300 mAh g'l. Mesoporous y—MnOz47 prepared by template-free self-assembly
under ultrasound irradiation exhibits a lowest capacity of 400 mAh g'. Then, hydrothermal
preparation of a-MnO,*® shows lowest capacity of 200 mAh g even at 30" cycle. Ning Sui et.
al., reported that, the preparation of a-MnQO, and -MnO, with anhydrous manganese sulphate
(MnSOQy) as a precursor by using molten salts such as KNO3; and NaNOs, LiNOj3 at 380 °C for
3.0 h for the application of large scale preparation and catalytic propertiess’ v, Very recently
Reddy et. al.,” prepared MnO, compound by molten salt method using 0.5M LiNO; and 0.5M

KNO;3as molten salt at 310 °C and studied the effect of polymers on structure, morphology and

electrochemical properties of MnO,, For academic interest, we extended the synthesis of MnO,
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oxide by molten salt method at 380 °C for 3.0 h and studied the effect of molten salt (0.375M
LiNO3:0.18M NaNO;:0.445M KNOs) and the influence of different precursors of Mn-salts (Mn-
sulphate, Acetate and Nitrate) on structure, morphology on the electrochemical performance.

2. Experimental Procedure

MnO, compound was prepared with three different precursors by one pot molten salt
method using LiNO3, NaNO; and KnOj3 as molten salts. The raw materials of all the compounds
were purchased from Mn(CH3COO), (Sigma-Aldrich), Mn(NOs), (Alfa-Ultrapure) and
MnSO4-H,0 (Fluka) and the molten salts of LiNO3z (Merck), NaNOs (Sigma-Aldrich), and KNO;
(Merck) were mixed in the molar ratio of (1:10). That is, firstly, Mn Acetate was mixed with
LiNO3, NaNOs3, and KNOs; in the molar ratio of 3.75:1.8:4.45 respectively in a crucible. Next,
MnSO4'H,0O was mixed with LiNO3;, NaNO3, and KNOs in the molar ratio of 3.75:1.8:4.45
respectively in a crucible. Lastly, Mn(NOs), was mixed with LiNO3z, NaNOs, and KNOj in the
molar ratio of 3.75:1.8:4.45 respectively in a crucible. After thorough mixing, the three mixtures
were placed in a box furnace and heated at 380 °C for 3 hours in air at heating rate of 3 °C/min,
then allowed to cool at room temperature and were washed with distilled water to remove excess
Li-nitrates, hydroxides, or chlorides. The samples were then filtered and dried in the air oven at
80 °C overnight.

The structure and morphology of the compounds were characterized by X-ray diffraction
(Bruker, Advance D8) using Cu-Ko radiation source and the results were analysed using
Rietveld refinement via TOPAS (v2.1), and the scanning electron microscopy using SEM,-
JEOL-JSM 6390), respectively. A Raman spectrum was carried out using a micro Raman
spectrometer (Model Lab ram HR Evolution, Horiba Scientific) with an excitation wavelength of

514 nm from an Ar ion LASER, with power of 100 mW. Specific surface area and porosity
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information of the samples are obtained by conducting N, physisorption experiments at 77 K on
Micromeritics ASAP (Tristar 2020, USA) system using Brunauer—-Emmett—Teller (BET) and
Barrett-Joyner-Halenda (BJH) multipoint methods. The surface chemical compositions of
prepared compounds were examined by X-ray photoelectron spectroscopy (XPS) using an AXIS
ultra DLD spectrometer (KratosAnalytica). A standard monochromatic AlKa excitation source
(1486.6 eV) was employed. The binding energy (BE) scale was calibrated by measuring the
reference peak of Cls (BE =284.6 eV). To evaluate the XPS spectra, casa XPS software was
used. The electrodes fabrication was carried out by taking active materials of various structured
MnO; compounds, polyvinylidene fluoride (PVDF) as a polymer binder and Super-P carbon
black in 70:15:15 wt. %, respectively and mixing them in N-methylpyrrolidinone (NMP) solvent
for overnight. Thus electrode slurry was coated on Cu foil by using Doctor Blade Technique
(DBT) and then the foil was cut into circular shape of 16 mm in diameter. The geometrical
electrode area was around 2 cm”® and mass of active material was 2-4 mg. Coin cells were
assembled in Argon gas filled glove box (MBraun, Germany) by using the fabricated electrodes
as an anode, Li metal (Hohsen Corp., Japan) as counter electrode and 1 M LiPFs in ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1 by volume, Merck Selectipur LP40) was
used as the electrolyte’. The fabricated batteries were electrochemically characterized by cyclic
voltammetry (CV) using computer controlled Mac-pile II system (Bio-logic, France) at the scan
rate of 0.058 mVs™ in the potential range of 0.005-3.0 V and galvanostatic cycling (GC) using
Bitrode battery tester (model SCN, Bitrode, USA), at the current density of 60mA g'lin the
potential ranges of 0.005-3.0 respectively. To study the further degradation mechanisms of the
MnO, electrodes ex-situ XRD was carried out. To recover the cycled composite electrode, the

cells were dismantled in the glove box and the electrode was washed in propylene carbonate (PC)
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and dried in an oven. The Electrochemical impedance spectroscopy was carried out using
Solartron/Gain-phase analyser (model SI 1255) and the plots were recorded by applying 10 mV
amplitude over the frequency range from 180 KHz to 3 mHz at room temperature and the data
was analysed by using Z-view software (version 2.2, Scribner Assoc., Inc., USA). For clear and
better understanding of the compounds name, here onwards, MnO, prepared by Mn-acetate Mn-

nitrate and Mn-sulphate were named as M1, M2 and M3, respectively.

3. Results and Discussions

3.1 Structure and morphology

XRD patterns of MnO, compounds prepared by molten salt method using three different
precursors are shown in Fig. 1 (a) as M1, M2 and M3, respectively. The XRD pattern of M1 can
be indexed to cubic phase of A-MnQO,, which is in very good agreement with JCPDS pattern (#
44-0992-(a=8.03A)) with the space group Fd3m (227). This result well matches with reported
literature>>. But, minor peaks at 21° and 32° (intensity values are <1) are observed, which is the
indication of impurities. Whereas, M2 and M3 compounds can be indexed to tetragonal phase of
a-MnO,, which are in very good agreement with JCPDS pattern of (#44-0992) with the space
group of 14/m (187). No characteristic peaks related to impurities are observed in M3 compound,
which is the indication of pure a-MnQO, phase obtained by molten salt method using MnSO4-H,0O
precursor. However, M2 shows some impurities of MnO with minor intensity. The Reitveld
refinement XRD pattern of M1 and M3 compound is shown in Fig. 1 (b) and (c). The lattice
parameter values observed by TOPAS, for M1 compound is a =8.04A, while the M2 and M3
compounds are close to @ = 9.86 A and ¢=2.86 A, which is in very good agreement with JCPDS
pattern. The calculated average crystallite size of the M1, M2 and M3 compounds from Rietveld

analysis are 59 nm, 47 nm and 11 nm respectively.
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Fig. 1: XRD pattern of MnO, compound prepared using three different precursors as M1, M2

and M3 (a), Rietveld XRD spectra of M1 and M3 compounds (b, ¢)
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Fig. 2: Raman spectra of MnO; as M1, M2 and M3compounds prepared by using three different
precursors
To further investigation of structural features of the MnO, compound Raman
spectroscopy was carried out, as shown in Fig. 2 as M1, M2 and M3 respectively. For all the
three compounds, Raman frequencies in the ranges of 500-700 and 200-500 cm’ can be assigned
to Mn-O stretching of MnOg octahedra and Mn-O-Mn bending vibrations in the MnO, octahedral
lattice respectively53. M1 compound shows four peaks at 634, 480, 432 and 273 cm™'. The M2
and M3 compounds show three peaks at 640, 576 and 273 cm™'. The peak at 576 cm’ in the low
wave number region can be attributed to Mn-O stretching vibration which is assigned to A,
symmetry mode while the other strongest peak at 640 cm’ belongs to symmetric stretching
vibration of Mn-O of the MnOg groups54'59. Further studies on chemical composition of the

MnO,; compounds X-ray photoelectron spectroscopy was carried out.
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To investigate the chemical composition of the MnO, compounds such as M1, M2 and
M3, the sample was further characterized by X-ray photoelectron spectroscopy, as shown in Fig.
3 (a-f). Mn 2p spectrum of M1, M2 and M3 compounds are shown in Fig. 3 (a, c, €). The Mn 2p
region spectrum consists of two major peaks which are located at 642.8, 654.1 eV for M1, 642.1,
653.7 eV for M2 and 641.9, 653.5 eV for M3 compounds, which can be attributed to Mn2ps3,,
and Mn2p;,, respectively. The spin-energy separation of M1, M2 and M3 compounds are 11.3,
11.6 and 11.6 eV and these values are in very good agreement with reported literature data®-©',
indicating 4+ oxidation states of Mn metal. The O 1s spectrum of M1, M2 and M3 compounds
are shown in Fig. 3 (b, d, f). For M1 compound, the O 1s spectrum located at 529.5, 531.6 eV,
for M2 compound 529.3, 531.8, 533.4 ¢V and for M3 compound 529.2, 531.8, 533.2 eV. The

peaks at 529-530 eV belongs to oxide, 530.5-531.5 eV contributes to hydroxide and 532-533

attributed to water, are in good agreement with reported literature®”.

Cognf;:“d BET (m%/g) \ljfgjv(‘iﬁg’ge) Pore Size (nm)
M1 470 (£ 0.02) 0.052 12.10
M2 5.10 (+ 0.02) 0.051 10.84
M3 38 ( 0.02) 0.254 8.89

Table 1: BET measurements of MnO, compound as M1, M2 and M3
The surface area of the MnO, compound was measured from BET technique. Fig. 4 (a-c)
shows, N, adsorption-desorption isotherm of M1, M2 and M3 compounds. The BET surface area,
BJH total pore volume and average pore size of the compounds are given in Table 1. The M3
compound shows high BET surface area of 38 m”/g and Barrett-Joyner- Halenda (BJH) low
average pore size of 8.89 nm and high pore volume of 0.254 cm?/g compared to the other two

compounds. These values are much higher than that of others reported in literature prepared by
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different method"’. The isotherms of the compounds are identified as type IV (IUPAC
classifications (2-50 nm)), which are characteristics of the mesoporous materials®. This
prominent enhancement of the M3 (a-MnO;) compound surface area highlights the overall
formation of nanostructured materials through chemical oxidation. The special high BET surface
area and mesoporous structure of the rod-shaped MnO, provide the possibility of efficient
transport of electrons in the Li batteries, which leads to the high electrochemical capacity of the
compound.

Fig. 5 (a-c) displays SEM images of M1, M2 and M3 compounds prepared by one-pot
molten salt method. The morphology of M1 sample shows high agglomerated nano-sized
spherical powder particles with the dimensions of below 100 nm in diameters. Whereas, M2
compound shows the mixing of two different morphologies, that is rod-shaped like structure as
well as dendrite form of agglomerated particles, which is in the dimension are close to 100 nm.
In contrast, the morphology of M3 compound is found to be of only nanorod-like structure with

diameter of below 50 nm.

10
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M2 and M3 compounds

11



RSC Advances

184(a) —— Adsorption

- —e— Desorption

124

0 L) L L L L) L)

0.0 0.2 04 0.6 0.8 1.0
18

(b) —e— Adsorption
15- —e— Desorption

12-

o L Ll Ll L) L) L)

0.0 0.2 0.4 0.6 0.8 1.0

Volume (cm’lg, @STP)

90
80+
704
60+
504
40+
304
20
10-

(c) —e— Adsorption
—e— Desorption

Relative Pressure (p/p°)

Fig. 4: N, adsorption and desorption isotherms of MnQO, as (a) M1, (b) M2 and (c) M3
compounds

12

Page 12 of 30



Page 13 of 30 RSC Advances

Fig. 5: SEM images of MnO, compounds prepared using three different precursors as M1 (a),

M2 (b) and M3 (¢)

13
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3.2 Electrochemical studies

Galvanostatic cycling of MnO, compound prepared by molten salt method using three
different precursors are displays in Fig. 6 (a-d) as M1, M2 and M3, respectively. All the
compounds were cycled in the range of 0.005-3.0 V vs. Li*/Li, with the current density of 60 mA
g'. Fig. 6 (a) illustrates that, the first cycle of M1, M2 and M3 compounds. In all the compounds,
the first discharge plateau shows two peaks at ~0.75 V and ~0.45 V, which corresponds to
electrochemical reaction of MnO, with Li and the formation of solid electrolyte interface (SEI)
film at the interface of electrode/electrolyte. For the subsequent cycles, the peak at ~0.75 V is
vanished and later the peak at ~0.45 V reduced in all the compounds, thus attributed to the
confirmation of metallic Mn and Li,O matrix ** ®. In all the compounds the peak ranges from
~0.75 to 0.4 V disappeared in the following cycles, which is ascribed to the SEI formation which
only occurs in the first cycle. The other two plateaus can be observed in the first cycle around at
1.3 and 2.3 V, corresponding to electrochemical reduction reaction which is preceded by two
steps. On the other hand, the first charge cycle of all the compounds displays two peaks at ~1.0
V and ~1.5 V which corresponds to the oxidation of Mn” to Mn**. In all the transition metal
oxides the conversion reaction mechanism has been proposed. Because of the conversion
reaction, a large volume expansion is observed, which causes the formation of nanoscaled metal
clusters embedded in a Li,O matrix. Therefore, the electrochemical reaction mechanism of MnO,
with Li can be expressed as eqn. (1).

MnO, + 4Li" + 4e <> 2Li,0 + Mn (1)

14
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Fig. 6: Galvanostatic cycling plots of MnO, for first cycle of all the compounds (a) and selected
cycles (2, 5, 10 and 50t cycles) of M1, M2 and M3 compounds (b, ¢ and d)

The first initial discharge and charge capacities of M1, M2 and M3 compounds are, 1406,
1605, 1816 mAh g'1 and 595, 717, 940 mAh g'1 with initial coulombic efficiencies of
approximately 42.3 %, 44.7 %, 51.7 %, respectively. As known, the low coulombic efficiency is
serious drawback that impedes the practical applications in the transition metal oxide anode
materials. The initial irreversible capacity loss of the M1, M2 and M3 compounds are 822, 888
and 850 mAh g respectively. The high initial irreversible capacity loss (ICL) could be attributed

to solid electrolyte interface (SEI) film formation which arises from the decomposition of solvent

15
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in the electrolyte. In addition to the formation of the SEI layer, the irreversible capacity for the
first cycle is highly dependent on the mobility of Li* and e during Li extraction process. M3
compound prepared by MnSO4-H,0O shows the high capacity and high coloumbic efficiency than
other two compounds. Also, the first cycle discharge capacities of all the compounds are larger
than the theoretical capacity of MnO, compound, which is also be attributed to SEI layer on the
electrode surface. The MnO, compounds prepared via molten salt method show high initial
capacity values than the literature reported by others with different methods™®. Fig. 6(b-d) shows
selected cycles (2", 5™ 10™ and 50™) of M1, M2 and M3 compounds. In M1 compound, the
high charge-discharge capacity fading is observed from the 2™ to 10" cycle, afterwards, it started
reducing moderately. But in the M2 compound, high charge-discharge capacity fading is
observed from the 2™ to 50™ cycle. In contrast, the charge-discharge capacity fading is found to
be very low in M3 compound as compared to the other two compounds. The discharge capacity

of 50™ cycle is almost equal to 3nd cycle of the M3 compound.

16
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Fig. 7 (a-c) illustrates the cyclic performance of M1, M2 and M3 compounds. M1
compound (Fig. 7(a)) shows second cycle capacity of 584 mAh g and after that, the capacity
values starts to drops down to 361 mAh g until 20" cycles. Afterwards, the capacity maintains
at this value of 361 mAh g'1 until the 40™ cycle. Following that, the capacity value slowly rises to
372 mAh g'1 at the end of the 50" cycle. M2 compound shows (Fig. 7(b)) a 2nd cycle capacity of
717 mAh g'l, which is then gradually reduced to 499 mAhg™ at 10" cycle. Then, the capacity
slowly start to fade down until 40™ cycles to 421 mAh g'1 and afterwards the same value of 422
mAh g is maintained until the 50" cycle. M3 compound (Fig. 7(c)) shows the discharge
capacity of 966 mAh g for second cycle and slowly drops down to 672 mAh g at the end of
20" cycle. Then, the capacity slowly start rise to 695 mAh g'1 at the 30™ cycle and it slowly
increases afterwards and reaches 845 mAh g'1 at the end of 50™ cycle.

In comparison of all the compounds, MnO, prepared by Mn(CH3COOQO), shows lowest
initial capacity of 1405 mAh g'1 and also shows low capacity values at the end of 50" cycle,
which indicates the low capacity retention of 64%. The low capacity value of the compound
could mainly be attributed to its agglomerated spherical particle morphology. Whereas, MnO,
prepared by Mn(NOs), shows higher initial capacity also higher capacity after 50 cycles
(capacity retention of 59%) than M1. The slightly higher capacity might be due to the both
spherical particle and nano-rod shaped morphology. In contrast, MnO, prepared by MnSO4.H,0O
shows high initial capacity of 1816 mAh g’ also high discharge capacity of 845 mAh g’
(capacity retention of 87.5%) after 50 cycles. The higher capacity could be due to mainly rod
shaped morphology of the compound. MnQO, prepared with precursor MnSO4-H,0 by molten salt

method also shows higher capacity than the literature reports by others with different methods**

46, 48, 60, 63, 66-68
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Fig. 8: Ex-situ XRD of MnO, (M3) composite electrode (a) and first discharge at 0.005 V (b),

0.5V (c), 1.0 V (d) and charge at 3.0 V (e) states

To study the further mechanisms of the MnO, compound prepared using MnSO4-H,0
precursor by molten salt method, Ex-situ XRD of electrodes have been harvested for first cycle
at different voltages of discharged at 0.005, 0.5, 1.0 V and charged at 3.0 V, as well as composite
electrode, which is shown in Fig. 8 (a-e). XRD pattern of composite electrode and first charge
and discharge states at different voltages of MnO, (M3) electrodes show three peaks at 43°,
50.5° and 74° which belongs to Cu foil. There is no evidence of impurity peaks such as MnO,
Mn,;0;, MnOOH, Mn3;04 and Mn(OH),, which clearly indicates that the structure of MnO,
compound remains without any new-phase formation after charge and discharge state'®. MnO,

(Fig. 8(a)) composite electrode shows pure phase of MnO, compound, which is in very good

19
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agreement with pure XRD shown in Fig. 1. The compound discharged at 0.005 V, shows the
amorphous phase structure of MnO, which is shown in Fig. 8 (b). However, all the diffraction
peaks of the M3 compound discharged at 0.005 V shifted towards to the smaller 2@ values than
the composite electrode. This is an indication that, the inter-planar distance of MnO, compound
has become larger. XRD spectrum of M3 compound discharged at 0.5 V, 1.0 V and charge at 3.0
V (Fig. 8(c-e)), are similar pattern with that of composite electrode. The diffraction peak
positions of the compound charged at 3.0 V is almost similar to the composite electrode,
indicating that the inter-planar space of MnO, has recovered after de-lithiation of Li* .
Compared to composite electrode, all the diffraction peaks of the discharged and charged MnO,
electrodes have become slightly broader, this may be attributed to partially amorphization of the
active material during the cycling process.

Cyclic voltammetry (CV) plots of M1, M2 and M3 compounds with few selected cycles
(1, 2, 4 and 6) are shown in Fig. 9 (a-c), in the potential range of 0.005-3.0 V, at the scan rate of
0.058 mVs™', which is used to analyse the kinetic properties of lithium during cycling process in
the compound prepared by different precursors. During reduction process in the first cycle, there
is a peak in the range from 0.8 to 0.4 V in all the three compounds, which corresponds to the
formation of solid electrolyte interface (SEI) film on the electrode surface. The peak range from
0.8 to 0.4 V diminishes in the subsequent cycles, confirming that SEI film formation will take
place only in the first cycle. The cathodic peaks at ~0.8 V to 1.5 V and ~0.15 in the first cycle of

M1, M2 and M3 compound reveals that the electrochemical reduction process can take place by

two steps.
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Fig. 9: Cyclic voltammograms of MnO, compound prepared by using three different precursors
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The first step in the range at ~0.8 V to 1.5 V corresponds to reduction of MnO, to Mn** and the
second step at ~0.15 V corresponds to reduction of Mn** to Mn’ metal phase, like other
transition metals. However, in the subsequent cycles the peak at ~0.8 V to 1.5 V completely
disappears but the peak at 0.14 V is shifted to ~0.35 V. The change in shift attributed to the
structural reconstruction change induced by the formation of Li,O and metallic manganese,

which is also attributed to the reversible mechanism of MnQO; as given in Eq. 1. These results are
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good accordance with galvanostatic cycling data. The anodic peak is observed at ~1.4 V is to be
noted that there is only one step electrochemical oxidation reaction is occurring. During the
charging process, Mn can expedite the decomposition of Li,O as shown in the Eq. 2. Moreover,
the anodic and cathodic peak area corresponds to the amount of lithium uptake and removal
during cycling process. This peak area is decreasing during subsequent cycles, which is the
indication of capacity fading during first few cycles and is in good agreement with GC plots.
2Li,0 + Mn — MnO; + 4Li (2)
Further studies on electrochemical behaviours of M1, M2 and M3 compounds,
electrochemical impedance spectroscopy was carried out. For all the compounds the data were
recorded only for fresh cell (open circuit potential (OCP)). The impedance spectrum of M1, M2
and M3 compounds consists of single semicircle. An intercept at the Z., axis in the high
frequency region corresponds to the ohmic electrolyte resistance (R;). The first semicircle in the
high-to-mid frequency region ascribes to the charge transfer resistance (R.;). The inclined line at
low frequency region represents the Warburg impedance (Ws), which is associated with lithium-
ion diffusion in the active material. The results are plotted as Nyquist plot (Real vs. Imaginary)
and are fitted by using an equivalent electrical circuit as shown in Fig. 10 (a). In the entire
spectrum of Fig. 10(b), the dotted line represents the experimental data and the straight line
corresponds to fitted data. In the equivalent circuit of EIS, apart from the Rs, Rct and Ws the
corresponding constant phase element (CPE) is used instead of pure capacitance due to the non-
ideal nature of the electrode and also the intercalation capacitance C;is used. The value of R for
both M1 and M2 compounds is 15 (£1€2), while M3 compound has a low value of 4 (£1Q). The
difference in R may be due to the difference in the battery package pressure or in the amount of

electrolyte added during battery fabrication by manual operation**. The charge transfer resistance
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values of M1, M2 and M3 compounds are 55, 254 and 112(*1€2), respectively. The charge
transfer resistance of the M1 and M3 compounds are much lower than that of M2 compound.
Therefore, the M1 and M3 compounds are more favourable for lithium ion diffusion and transfer
with MnO, material. These results are very good accordance with galvanostatic cycling and
cyclic voltammetry results. The capacitance (CPE (4r)) of M1, M2 and M3 compounds are 38, 37,
28 (3 uF) and the a-values in the range of 0.71-0.78 (£0.01) respectively. The capacitance (C;)
values of M1 and M3 compounds are 2.62 and 0.16 F, respectively.
4. Conclusion

For the first time, MnO, compound is prepared by the low temperature molten salt
method using three different precursors of Mn(CH3COQO),, Mn(NOs)and MnSO4H,0O with
LiNOs3, NaNO3 and KNOj3 as molten salts. MnO, prepared by Mn(CH3COQ), is revealed to be in
pure phase of cubic A-MnO, state, while MnO, prepared byMn(NO3), and MnSO4-H,0 are in
tetragonal phase of o-MnO, state. However, M3 compound shows some impurities. XPS
spectrum all the compounds show Mn 2p state which is the indication of 4+ oxidation state of
Mn metal. SEM images of M1 compound shows agglomerated spherical particles and that of M2
shows mixed morphology of spherical particle in the form of dendrites and rod-shaped
nanoparticles. In contrast, SEM images of M3 shows only rod-shaped nano particles. The
galvanostatic cycling results of M1 compound shows capacity retention of 64% and M2
compound shows capacity retention of 59% with stable performance. In contrast, M3 compound
shows 87.5% of capacity retention with stable and good cycling performance even after 50

cycles.
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