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In this study, an ultrasonic-aided reverse micelle formation, followed by the calcination route, was developed
for the synthesis of bixbyite microdice aimed at the fabrication of a cathode for ARZIBs. The prepared product
was Mn,Osz having crystallinity and grain size of 65.12% and 25.61 nm, respectively, with a small percentage of
other Mn-based oxides within it. The FESEM image showed dice like microsized Mn,Os, revealing the possible
formation of a reverse micelle core of approximately 500 nm. XPS narrow spectra revealed the presence of
Mn®* in a mixture of Mn with +2 and +4 oxidation states. The crystal planes from the TEM images matched
with XRD results and strengthened the formation of bixbyite Mn,Oz nanoparticles. The optical band gap of
3.21 eV specified the semiconducting property of the prepared Mn,Os, and therefore, the prepared Mn,Os3
was used as a cathode material in a CR-2032 coin cell of ARZIBs. CV showed a reversible reaction within
the cell, indicating the (de)intercalation of Zn®* ions between the anode and cathode. The fresh cell
showed high conductivity and low resistance compared with the used cell after BCD testing, confirmed by
EIS. The cell delivered high specific discharge capacities of 293.59 + 4.75 and 252.10 + 4.66 mA h gt at
applied current densities of 0.1 and 0.3 A g™, respectively. Consequently, BCD was performed for 1000
cycles at a current density of 0.3 A g% Throughout the cycling, the capacity retention and coulombic
efficiency were maintained at 90.35 + 0.30% and 98.44 + 0.27%, respectively, suggesting the resilient
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1. Introduction

The environment and its energy systems are essential for human
survival and prosperity. Since natural resources are finite, fossil
fuel usage and energy demand have increased worldwide interest
in energy technologies. Moreover, since smartphones, computers,
electronic automobiles, etc. are so popular, rechargeable batteries
are in demand."? In recent decades, rechargeable batteries such
as lead-acid (LABs), Li*-ion (LIBs), Na*-ion, and Zn**-ion (ZIBs)
batteries have been developed.* Among the oldest and most
popular rechargeable batteries are LABs. However, Pb toxicity,
limited energy density, and deep discharge with overcharging
restrict LABs.*® Unlike LABs, LIBs are the most popular
rechargeable batteries for electrical and electronic vehicles owing
to their extended lifespan, high voltage, and high energy density.
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reversibility of charging and discharging.

Unfortunately, volatile organic electrolytes and the scarcity and
flammability of Li make LIBs unfeasible.*” LIBs pose a major
threat to those who dominate the current energy market; thus, the
development of new batteries is imminent.®

Aqueous rechargeable batteries appear promising over LIBs
for two reasons. First, organic electrolytes are replaced with
aqueous ones to avoid fires, reducing short circuit costs. Second,
water's stronger ionic conductivity than organic solvents' allows
higher battery operation.” Meanwhile, aqueous rechargeable zinc
ion batteries (ARZIBs) are gaining popularity because of their
environmental friendliness, safety, availability, affordability
(US$2.4 kg ), high theoretical capacities (820 mA h g~ * and 5855
mA h cm ), low potential, and suitable Zn**|Zn reduction
potential (—0.76 V vs. SHE)." Zn-based aqueous batteries were
first fabricated in the 1980s. Zn-air and Zn-MnQO, batteries use
alkaline media for charge-discharge electrochemistry. Zinc
dendrite development and aqueous electrolyte-induced side
reaction have delayed water-based ZIB commercialization.™
Electrostatic repulsions between host materials and divalent Zn>*
ions make ARZIB cathode materials difficult to find. Prussian
blue analogues, V-based cathodes have been developed. However,
Mn-based cathodes provide better electrochemical storage
performance compared with Zn**|Zn potential, and are a suitable
voltage platform (1.25 V).*>*?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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At present, a variety of Mn-based oxides has been verified for
the Zn>" ion storage in ARZIBs, including o-MnO,, B-MnO,, y-
MnQO,, 3-MnO,, Q-MnO,, A-MnQO,, &-MnQO,, Mn,0;, Mn;0,,
ZnMn,0y, etc., consisting of the same fundamental structure of
MnOsg, but are linked differently.** Among these, MnO, is the
most explored cathode, but it has weak electrical and ionic
conductivities. Besides, it is temperature sensitive, and
undergoes a phase transformation to other Mn-oxide above
200 °C.*® While charging, H' ions intercalate to the cathode,
competing with Zn*>* and leading to sluggish diffusion of Zn>*
ion within MnO,."* These simultaneous acts of structural
deformation and indolent Zn*' ion diffusion makes MnO,
problematic for ARZIB. Therefore, Mn,0O; has received a lot of
focus lately for its easy preparation process, high energy
intensity,"” and high thermal stability up to 850 °C,'* although
they are barely reported for ARZIBs.

A variety of efforts has been made to stabilize and enrich
Mn,O; for the storage of Zn>" ion in aqueous media, e.g.,
preparation process optimization, surface alteration, etc. A
sacrificial template-based thermal decomposition approach
was utilized to create Mn,0;, which had a specific discharge
capacity of 225.0 and 92.7 mA h g at 0.05 and 2.0 A g,
respectively, and retained its initial discharge capacity after
1700 cycles.” Mn,0; was doped with Ni to triple its specific
capacity (252 mAh g ' at 0.1 Ag "), and it retained its capacity
to 85.6% after 2500 cycles.” Precipitation followed by calcina-
tion was used to synthesize Mn,0; nanopowder, which showed
a specific discharge capacity of 211 mAh g™ " at 0.5 A g~ after
200 cycles, and it retained 70% of its initial capacity after 1100
cycles at 2.0 A g~ ' Since porosity increases ionic conductivity,
porous 3D polymer polypyrrole (PPy)-coated Mn,O; micro-
spheres were developed by applying hydrothermal treatment
followed by calcination and polymerization with a conductive
PPy, which provided 287.7 mA h g at 1.0 A g~' over 300
cycles.” Porosity in semiconductors creates additional ion
transport pathways. Due to larger linked pores in Mn,O3,
electron/ion conduction is faster. For smaller surface area and
porosity, commercial Mn,0; has poor Zn** ion capacity.
Altering its preparation technique might boost this capacity.*

When ultrasound is introduced in a reaction system, it
enhances the solubility of reactants with the media, creates heat
to enhance mass transport in the system, and produces a vibra-
tion which could create cavities or pores within the product,
which accelerates the reaction rate.”® Previously, ultrasound was
used to increase the porosity of polyurethane foam.>* It was also
used for homogeneous distribution of nano-SiO, within plas-
tomer matrix, and the resultant nano-SiO, had a smaller size.*®
Ultrasound was employed to hasten the distribution of Se parti-
cles in the hyperbranched polysaccharide dispersion and the size
of Se nanoparticle decreased from 100 to 50 nm on average.>*

MnCl, and (NH,),CO; were used as raw materials to prepare
nano-sized MnCO;, which is a well-known substitution reac-
tion,” followed by the calcination route to prepare Mn,0;.%*
However, there are limitations to control the size and shape. In
this study, a high frequency ultrasonic assisted novel reverse
micelle route was adopted using MnCl, and (NH,4),CO; to
prepare bixbyite Mn,O; microdice where size, shape and
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porosity have been tuned successfully, which was characterized
by physico-chemical and spectroscopic techniques, and applied
as cathode material in Zn-ion batteries for electrochemical
applications which hasn't been done so far.

2. Materials and methods
2.1 Chemicals and instruments

Manganese(un) chloride tetrahydrate, MnCl,-4H,0 and ammo-
nium carbonate, (NH,),CO; were purchased from Loba Chemie,
India. Cyclohexane (CsH;,), cyclohexanol (CsH;,OH) and Triton X-
100 were purchased from PT. Smart Lab Indonesia. Zinc sulphate
heptahydrate, (ZnSO,-7H,0) was obtained from Sigma-Aldrich
(USA). Polyvinylidene fluoride (PVDF), carbon black (C-black), N-
methyl pyrrolidone, zinc foil, and stainless steel (SS) foil (304
grades) having thickness #-0.01 x w-100 mm were used for CR-
2032 coin cell battery fabrication. All of the work was done using
deionized (DI) water. For ultrasonic irradiation, ultrasonic bath
(Powersonic 603) was used. To identify the functional groups in
the prepared sample, Fourier transform infra-red spectroscopy
(FTIR) experiments were done using a FTIR spectrometer (IR
Tracer-100, Shimadzu Corporation, Japan). The structure and
surface morphology and elemental mapping of the prepared
material was analyzed by a field emission scanning electron
microscope (FESEM, JSM-7610F, Japan). A small amount of
sample was taken for gold coating, then analyzed by the FESEM.
Powder X-ray diffractometer (XRD: Bruker, D2PHASER) was used
to analyze X-ray diffraction (XRD) of the prepared material with
a Cu-Ka radiation source at 26 from 10° to 80°. A Raman spec-
troscopic study was performed with a DXR smart Raman spec-
trometer (Thermo Fisher Scientific Co., Ltd., USA) with an
excitation wavelength of 780 nm and full range grating. The
elemental composition and valency state of Mn were analyzed by
X-ray photoelectron spectroscopy (XPS) (XPS; L-Alpha, Thermo
Scientific, UK). The prepared materials shape and crystal planes
were evaluated using transmission electron microscopy (TEM)
(JEM 2100 PLUS, JEOL, Japan). A small amount of prepared
material was taken in a sample vial containing ethanol and shaken
well. After that, the vial was enclosed by a cork and sonicated until
the particles of the materials were resuspended. The vial was kept
at rest for 24 h. A drop of the sample was placed onto a copper grid
in a vacuum chamber overnight for degassing. Then, the copper
grid containing the sample was analyzed by a TEM analyzer. Solid
state UV visible spectroscopy was applied to find out the optical
band gap and recorded within the range of 300-800 nm using
a UV-1800 spectrophotometer (Shimadzu Corporation, Japan).
Cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS) and battery charging-discharging (BCD) experiments were
carried out using a Biologic potentiostat (SP-300).

2.2 Preparation of Mn,0j; via an ultrasonic assisted reverse
micelle route

Cyclohexane : Triton X-100 : cyclohexanol : water (5:3:2:1) was
added into a beaker and mixed using an ultrasonic bath at room
temperature until a clear mixture was formed, indicating the
formation of a microemulsion. The microemulsion was divided

RSC Adv, 2025, 15, 15318-15336 | 15319
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equally into two beakers (B-1 and B-2). 0.005 mole of MnCl, and
(NH,4),CO; were added to B-1 and B-2, respectively and they were
kept in an ultrasonic bath until the materials were completely
dissolved. Then, the mixture from B-2 was added dropwise into B-
1. As the process started with a cloudy appearance, this indicated
the production of MnCOs;. Ultrasonication was continued for
30 min and all the MnCl, and (NH,),CO; were reacted to form
MnCO;, which was sedimented as the reaction ended. Then, the
product was filtered, air dried and calcined at 400 °C for 3 h. The
product was cooled to room temperature and black colored
Mn,0; was formed.***® A similar experiment was also carried out
using magnetic stirring instead of ultrasonic irradiation. It took
longer to produce MnCO; by magnetic stirring and the amount of
product was 61.06% less compared with ultrasonic irradiation.
Fig. 1 shows the schematic diagram for the preparation of Mn,0;.

2.3 Fabrication of CR-2032 coin cell

Here, the active material is prepared Mn,03, and C-black was
used to increase the conductivity of Mn,03, while PVDF was
used as the gluing agent and NMP was the solvent; together
PVDF and NMP were used as the binding agent. Mn, O3, C-black
and PVDF were mixed in an 8:1:1 ratio, followed by the
addition of NMP. They were further mixed using a manual
mortar and pestle until a smooth slurry was formed. Then, the
slurry was applied on a stainless steel foil to form a thin layer.**
Thereafter, the foil was dried at 70 °C and cut using a die cutting
machine which was the final cathode of the battery. The fabri-
cation of the CR-2032 coin cell of ARZIB was done through the
arrangement of cathode metal case, fabricated cathode, sepa-
rator soaked with aqueous 2.0 M ZnSO, as electrolyte, Zn foil as
the anode, with a spacer, spring, and anode metal case.** About
20 batteries were made for electrochemical testing.

3. Results and discussion

Fig. 2 shows the FTIR spectra of the prepared products between
a wavenumber range of 400 to 4000 cm . The peak positions
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Fig. 2 FTIR spectrum of the prepared products.

were also labelled with dotted straight lines. For MnCO;,
a broad peak with high intensity at 3404 cm ™' represents the
stretching vibrations of O-H, a sharp peak with low intensity at
2489 cm ™' indicates the bending vibration of O-H in H,0,
which is due to moisture in the KBr plate. Sharp peaks with low
intensity at 1799 and 1073 cm ™', and high intensity at 1457, 867
and 718 cm™ " represented the vibration of C=0 in MnCO;. For
Mn,O;, a broad peak at 566 cm ' represented the Mn-O
vibration in MnOg-octahedral moiety, which indicated the
presence of Mn-oxide. These results indicated that the ultra-
sonic assisted reverse micelle route produced MnCO; that
formed Mn-based oxide after calcination. Furthermore, the line
intensity of Mn,0O; decreased as the wave number increased,
which implies it's crystalline and/or semiconducting
behavior.?***
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Fig. 1 Synthesis of Mn,Os via an ultrasonic assisted reverse micelle route (reaction scheme).
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Fig. 3 Powder XRD of the prepared Mn,O3 with standard references.
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The prepared Mn,0; was subjected to powder XRD analysis
to determine the crystalline structure and purity. An X-ray dif-
fractogram of the prepared Mn,O; is shown in Fig. 3. Diffrac-
tion peaks were found at 20 = 18.14°, 18.85°, 21.69°, 23.13°,
26.13°, 28.70°, 30.85°, 31.96°, 32.96°, 33.93°, 35.61°, 36.36°,
37.17°, 38.23°, 39.62°, 40.72°, 42.93°, 45.16°, 47.79°, 49.33°,
51.18°, 53.28°, 53.71°. 55.17°, 57.13°, 57.94°, 60.62°, 62.32°,
64.06°, 65.77°, 66.01°, 67.41°, 69.11°, 73.89°, and 73.91°. This
spectrum was analyzed using X'pert Highscore Plus software
and a mixture of Mn based oxides were found by matching with
the Crystallographic Open Database (COD). The spectrum
primarily matched with Mn,0; (77% with bixbyte, COD_Pdf #
96-210-5792), along with MnsOg (34% with Mn;,0,6, COD_Pdf #
96-151-4101), Mn,O, (18% with pyrolusite, COD_Pdf # 96-210-
5791), Mn30,4 (13% with hausmannite, COD_Pdf # 96-151-4241),
Mn,Og (10% with ramsdellite, COD_Pdf # 96-900-3476), a-MnO,
(8%, COD_Pdf # 96-151-4117) and MneCeO,5 (10% with
rhodochrosite, COD_Pdf # 96-900-7691). The suspected planes
of the prepared Mn,O; w. r. to 20 compared with the references
are listed in Table 1. Therefore, the prepared Mn-oxide is mainly
Mn,0; with a small amount of Mns;Og, which also contains
a trace amount of MnO, and Mn;O,; thus, it was being
considered as Mn,0s;. This could be credited to the cubic crystal
system of the I a3 space group (no. 206).

The Scherer eqn (1) was used to calculate the average crystal
size of prepared Mn,0Os:

D= K2
" Bcosb

(1)

where D = crystallite size in nm, A= wavelength of X-ray in nm
(0.15406 nm), B = full wave half maxima (FWHM) of the peaks,
K = Scherer constant (0.9), and § = Braggs angle in radians.*

Table 1 Peak position of the prepared Mn,Oz with respect to crystal planes compared with references

Planes (h k 1) compared with

Planes (h k I) Compared with

20 (°) Mn,0; (COD_Pdf # 96-210-5792) 26 (°) Mn;Og (COD_Pdf # 96-151-4101)
18.85 (020) 18.14 (200)
23.13 (121) 21.69 (202)
26.13 (022) 28.70 (111)
33.93 (222) 30.85 (201)
35.61 (132) 31.96 (310)
38.23 (040) 32.96 (311)
40.72 (141) 36.36 (220)
42.93 (042) 37.17 (202)
45.16 (233) 39.62 (002)
49.33 (143) 47.79 (421
53.28 (152) 51.18 (022)
55.17 (044) 53.71 (131)
57.13 (343) 57.94 (421)
60.62 (161) 64.62 (711
62.32 (062) 66.01 (620)
64.06 (154)

65.77 (262)

67.41 (163)

69.11 (444

73.91 127)
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The calculated average crystallite size (D) was 25.61 nm with
65.12% crystallinity.
The d-spacing calculation was done using Bragg's law (2):

nA = 2d sin 0,
or (2)
ni
d =
2sin 6

where A= wavelength of incident X-ray (1.5406 A), § = peak
position in radians, n = 1 (order of diffraction), d = d-spacing or
interplanar spacing in A.
For the cubic cell, the lattice constant was calculated using

eqn (3):

1 R+k247

e G
where, a = b = ¢ = lattice constant of unit cell, d = interplanar
spacing or d-spacing; A, k, and [ = Miller indices. The lattice
constants were calculated using the values of d-spacing.*® The
values calculated using eqn (6) and (7) are given in Table 2. The
calculated values of lattice parameter a = b = ¢ = 9.4147 A is very
close to the standard value (9.4150 A).3**” Other parameters of
unit cell volume, micro-strain and dislocation density were also
calculated using eqn (4)-(6), respectively.

Unit cell volume, V = d* (4)
Micro-strain, ¢ = 8 (5)
4 tan 0
. . . . )
Dislocation density, 6 = ﬁlmes per nm (6)

Table 2 The calculated values of interplanar spacing with respect to
the peak positions and Miller indices of the prepared Mn,Oz from the
XRD pattern

Peak positions, Interplanar spacing, Miller indices,

2Theta (°) d (A) (kD)
18.85 4.703938 (020)
23.13 3.842288 (121)
26.13 3.407558 (022)
33.93 2.717783 (222)
35.61 2.519145 (132)
38.23 2.352310 (040)
40.72 2.214030 (141
42.93 2.105031 (042)
45.16 2.006130 (233)
49.33 1.845861 (143)
53.28 1.717950 (152)
55.17 1.663485 (044
57.13 1.610982 (343)
60.62 1.526319 (161)
62.32 1.488705 (062)
64.06 1.452401 (154)
65.77 1.418719 (262)
67.41 1.388135 (163)
69.11 1.358082 (444)
73.91 1.281297 127
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where D is the crystallite size in nm. The calculated value of unit
cell volume was found to be 834.4867 A®, which is very close to
the standard value (834.57 A%). The calculated average micro-
strain and dislocation density was 6.01 x 10™% and 2.33 x
1077, respectively, which deduced the crystallographic defect
imperfection in the crystal structure.®

The Raman spectra of the prepared Mn,Oj3 is given in Fig. 4.
The presence of five well resolved peaks are located at 343, 530,
569, 633 and 749 cm ', which are characteristic spectral
features of Mn-based oxide. Raman shifts at 343 and 633 cm ™"
can be qualified as asymmetric stretching of bridge oxygen
species (Mn-O-Mn) and symmetric stretching of Mn,O3 groups,
respectively.* The peak located at 569 cm ' represented the
terminal Mn-O stretching in the basal plane of MnOg sheet in
the MnO, skeleton.** Other peaks were observed due to the
mixture of a small amount of Mn;O, in the prepared Mn,03,"
which complemented the results of previously discussed XRD.
Therefore, the prepared Mn,0O; is a mixture of Mn,03;, MnO,
and Mn;0,.

To understand the surface chemical composition of
prepared Mn,Oj3, XPS was carried out. Fig. 5(a) shows the total
XPS survey scan of prepared Mn,O; within a binding energy
range of +1350 to —10 eV. The presence of Mn (945.03, 902.86,
849.22, 772.32, 652.63, 641.47, 82.09, and 47.05 eV) and O
(1011.39, 995.27, 975.11, and 531.69) was confirmed with
a negligible amount of C (1223.17 and 284.26 eV) and Cl
(1301.93, 267.51, and 198.68 eV). The amount of Mn and O was
34.11% and 51.26%, respectively (by the no. of atoms present).
The ratio of Mn and O is very close to Mn,0;. C might come
from calcination of the adhered shell of the reverse micelle
during filtration of MnCO; and the presence of Cl might be
derived from tap water contamination during the course of
apparatus cleaning.

From Fig. 5(b), two sharp and well defined peaks at 652.81
and 641.63 eV indicated Mn 2p,,, and Mn 2p;,, states having
a separation of 11.15 eV. A small broad satellite peak at

Mn,0, -
3
L3
2
[}
<
Q
3
£
T T T T
300 400 500 600 700 800

Raman shift (cm'1)

Fig. 4 Raman spectrum of the prepared Mn,Os.
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661.14 eV that is 10.89 eV higher than that of Mn 2p state
confirmed the presence of the Mn®* oxidation state. Therefore,
the prepared Mn,0; could be Mn,0; with a mixture of Mn(u),
Mn(m) and Mn(wv) oxidation states. At the lower energy level
[Fig. 5(c)], two sharp and well defined peaks at 21.05 and 4.18 eV
were for the O 2 s and O 2p state with the Mn 3d state indicated

© 2025 The Author(s). Published by the Royal Society of Chemistry

by a tailing peak at 9.91 eV. These values are well matched with
previously reported values.*>*

To understand the oxidation states of Mn, core level binding
energy narrow spectra were taken [Fig. 5(d)-(f)]. All the Mn 2p,
Mn 3s and O 1s spectra were broad due to multiple splitting.
The presence of Mn*", Mn®*", and Mn*" was confirmed by
Gaussian fitted peaks at 643.78, 641.63 and 640.54 eV,
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respectively. The values of multiple splitting energies of the Mn  electron with 3d valence-band electrons. This splitting is
3s spectra were 88.47 and 82.98 eV, with a distance of 5.49 eV. directly proportional to the remaining electron in the 3s orbital
This peak splitting arose by the coupling of non-ionized 3s and other unpaired electrons having parallel spins. The energy

X Mn,0; nanoparticles

(f) 71.46 n

Count.

NS
I
90 100
= Element Line Mass% Atom%
5 30,000 -0 o 3 28842020 58.182040
€ Mn [3 71162057 41822034
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<
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Fig. 6 FESEM image (before grinding) at a scale bar of (a) 1 pm and (b and c) 100 nm and after grinding at a scale bar of (d) 100 nm. Histogram
before (e) and after (f) grinding. (g) EDX spectrum showing the % of major elements. Elemental mapping of the prepared Mn,Os through (h) whole
mapping, (i) selected area, and coverage of (j) O and (k) Mn.
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Table 3 Comparison of experimental and theoretical values with
respect to the fraction of Mn and O present in the prepared Mn,O3

Experimental
Theoretical values values
Fraction of
atoms Mn,0; Mn;0g3 MnO, Mn;0, XPS EDX
Mn/O 0.6666 0.6250 0.5000 0.7500 0.6654 0.7188

difference of this splitting designated the particular state of Mn.
In this case, the formation of the Mn,0; phase was confirmed
due to the Mn®*" oxidation state. Narrow peaks appearing at
binding energies of 530.83 eV (Oy) and 529.26 eV (O;) in O
correspond to the Mn-O-Mn bond of manganese oxide. The
broad peak of Oy at lower intensity corresponds to Mn-OH
bonding. The presence of the -OH group in the O 1s narrow
spectra was due to the absorption of moisture of prepared
Mn,0;. Fig. 5(g) shows the valence band spectra of prepared
Mn,0;. The valence band maximum (VBM) positions were
determined by Gaussian deconvolution of the leading peak
edges. Here, the binding energy of Mn e, of the Mn 3d orbital is
1.32 eV higher than the Fermi level (Eg). Some other states were
also found: Mn t,g, O 2p, Mn t,,-O 2p, and Mn e,-O 2p were at
binding energies of 2.75, 4.16, 5.05, and 6.33 eV. This result
indicated the primary formation of Mn,0;, with a small amount
of MnO, and Mn;0, mixed with it, which also complemented
the results of % of Mn and O already acquired from XPS spectral
data.*®*

The surface morphology and average particle size were
assessed using FESEM. Fig. 6(a-d) shows the surface
morphology of Mn,0; before and after grinding. Before
grinding, the particles were distorted porous microdice with
a histogram average size of 500.02 nm [Fig. 6(e)]. Tiny Mn,O3
nanoparticles aggregated with each other, resulting in porous
Mn,0O; microdice. After breaking the microdice, the histogram
showed Mn,0O; particles of an average size of 71.46 nm
[Fig. 6(f)]. In this case, all the particles were of different shapes
and sizes.** In the reverse micelle core, only water exists. The
water media of the reverse micelle core might generate MnCOj;.
Calcination of MnCO; at 400 °C produced Mn,0;, releasing
CO,. As predicted, CO, emission did not affect the reactor core's
structure, leaving a porous micro dice of 500.02 nm. Ultrasonic
waves twisted the reactor core from a spherical shape to
a somewhat distorted cube-like dice shape. Some fractured dice
were also observed in Fig. 6(b), which arose during transfer of
the sample after calcination.

The composition and stoichiometry of prepared Mn,O; were
examined with the help of the energy dispersive X-ray micro-
analysis (EDX) technique. Fig. 6(g) portrays the EDX spectrum of
prepared Mn,0;. The presence of Mn and O were established as
major elements with a very small amount of impurities. These
elements were uniformly distributed over the whole Mn,0;
sample, as confirmed by the elemental mapping illustration in
Fig. 6(h-k). The EDX lines located at 5.9 and 0.53 keV are the K
lines of Mn and O, respectively. The quantification result from
EDX data revealed the percentage of each element with corre-
sponding energy distribution held in the matrix enabling us to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determine the composition of the prepared sample. Here, Mn
and O are the main components and the % of atoms for Mn and
O are 41.82 and 58.18%, respectively, which is almost 2 : 3, and
suggests that the prepared Mn,0O; could be primarily Mn,0;
with a small amount of other manganese oxides (Mn;Og, MNO,
and/or Mnz0,4) within it.*”** The literature says that Mn,O;
belongs to the orthorhombic system with MnO as the basic unit,
where Mn®" exhibits an octahedral coordination and O>~ shows
a tetrahedral coordination. Mn,O; also suffers a phase transi-
tion from an orthorhombic structure to a layered structure of
MnO,. Therefore, Mn,0j; could be considered as an individual
constituent and/or as a combination of MnO and MnO,. Simi-
larly, Mn;0, possesses two oxidation states, Mn>* and Mn*",
that could be individual constituents and/or a combination of
MnO and Mn,0;.* The elemental composition of prepared
Mn,0; were compared with the theoretical values. Because XPS
provides more convenient and detailed results as compared to
EDX, the results from Table 3 confirmed that the prepared
product is mainly Mn,0s;.

TEM was performed to rationalize the FESEM and XRD
results. Fig. 7 shows the TEM graphs of the prepared Mn,0;
nanoparticles. The particles are dice shaped with different sizes.
Two dice were clearly seen and drawn in [Fig. 7(a)]. These dice
are composed of small discrete particles, which supports the
FESEM result. Distinguishable crystal planes are observed in
Fig. 7(b, e and j), indicating good crystallinity of the Mn,O;
nanoparticles. Five cross-sections of these three micrographs
were analyzed using Image] software. The FFT images (Fig. 7c,
f, h, k and m) and line intensity plots (Fig. 7 d, g, i, |, n and o) of
the corresponding cross-sections revealed six planes [(020),
(040), (132), (022), (343), and (222)], of respective d-spacing
(0.47,0.23, 0.25, 0.34, 0.16, and 0.27 nm). These values are well
matched with COD-pdf# 96-210-5792.%°

The solid-state UV-visible spectra for the prepared Mn,0;
nanoparticles has an absorption maxima at 351.84 nm, as
shown in Fig. 8(a). From the optical absorption maxima (4), the
absorption coefficient («) was calculated using eqn (7):

A
= — 7
=2 @
where d = thickness of the sample. According to Tauc's eqn (8)
(ref. 51 and 52) for allowed direct transitions, the photon

dependency of the absorption coefficient could be obtained:
(ahv)* = B(hv — Ey) (8)

where B = is the transition probability, and E, = optical energy
gap. Fig. 8(b) portrays the relationship absorption coefficient
(ahw)? vs. hw of the prepared Mn,Oj; nanoparticles. The intercept
of the inclined straight line with the photon energy axis deliv-
ered the value of the optical band gap, which was 3.21 eV. This is
considered to be a low band gap within the range of semi-
conducting material, which makes them suitable for electro-
chemical energy storage applications.>

To determine the nature of the electrochemical reaction in
the cell, CV was performed within the potential window +1.0 V
to +2.2 V at scan rates of 0.6, 0.7, 0.8, 0.9, and 1.0 mV s !

RSC Adv, 2025, 15, 15318-15336 | 15325
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Fig. 7 TEM image of the prepared Mn,Os at different magnifications: scale bars of (a) 50 nm, (b) 10 nm, and (e and j) 2 nm. (c, f, h, k and m) FFT
images of corresponding cross sections (b, e and j). (d, g, i, |, n and o) Line intensity plots of corresponding crystal planes from FFT images
indicated by different colors.

(Fig. 9(a)). A pair of well resolved redox peaks were noticed. The
heights of the anodic and cathodic peaks were close to each
other at every scan rate, which implied the strong reversibility of

Anodic reaction:

the cell reaction. At all scan rates, similar anodic peak and

cathodic peaks were observed in the range of +1.68 to +1.75 V

15326 | RSC Adv, 2025, 15, 15318-15336

xXZn © xZn>* + 2xe”

and +1.21 to +1.16 V, respectively. The reactions® of the anodic
and cathodic peaks could be assigned as follows:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Absorption spectra, and (b) absorption coefficient (ahw)? vs. hv for the prepared Mn,Os nanoparticles.
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of Zn*" ions onto the cathode surface responsible for Zn** ion
storage. Dunn's method was used to test the CV using eqn (9):

Logi=1loga + blogv 9

where { = peak current density, » = scan rate, and a and b =
constants. The value of b lies within 0.5 to 1.0. The closer the
value of b to 0.5, the more the diffusion-controlled behavior
(Qq), while the closer the value of b to 1.0, the more it resembles
capacitive behavior (Q.). From the CVs, a log v vs. log i graph was
plotted [Fig. 9(b)], and the value of the slope, » = 0.92 and 0.81
for anodic peaks and cathodic peaks, respectively, are much
closer to 1.0 rather than 0.5. This indicated that the electro-
chemical Zn®" storage mechanism included diffusion
controlled pseudo capacitive behavior.*>*® Mn,0; nanoparticles
provided a superior non-diffusion storage mechanism limited
to Zn** ions. The percentages of the capacitive and diffusion
contribution ratios can be determined using eqn (11):

1
iy(v) = kyww+ ko2

(10)

View Article Online

Paper
or
(11)
. 1 ip
intercept of v2 vs. — plot. The

V2
diffusion contribution or pseudo-charge storage is k;v, and the

where k; = slope and &k, =

capacitive contribution or insertion type capacity is k; V%.57’58 The
CV for capacitive contribution was approximately 85% that of
the total contribution at a scan rate of 1.0 mV s~ [Fig. 9(c)]. The
capacitive contribution rates were increased with the scan rates.
At 0.6, 0.7, 0.8 0.9, and 1.0 mV s, the capacitive contributions
were 81, 82, 83, 84, and 85%, respectively [Fig. 9(d)], which
represented the (de)intercalation dominated cell reaction.*
The CV experiment was performed at the electrochemical
window of +1.0 to +2.2 V and a pair of redox peaks were seen
within the electrochemical window of +1.0 to +1.8 V. Therefore,
the BCD experiment was performed in the electrochemical
window of +1.0 to +1.8 V and this window was fixed for all BCD
experiments. Here, the potential window and applied current
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performance at 0.3 A g for 1000 cycles.
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density were fixed, while time was a variable and the specific
capacities were different depending on how much time was
needed for every cycle. This type of BCD is very similar to the
chrono-potentiometric experiment. BCD curves of the fabri-
cated CR-2032 coin cell tested at various current density are
displayed in Fig. 10(a). The specific discharge capacities
decreased (293.59 +4.75, 269.47 + 4.62, 252.10 + 4.66, 225.82 +
4.91,195.69 + 4.38,173.98 £+ 4.49, and 144.83 £ 4.47mA h gfl)
as the applied current density increased (0.1, 0.2, 0.3, 0.4, 0.5,
0.6, and 0.7 A g "), respectively. The rate capability was also
performed at those current densities [Fig. 10(b)]. When the
applied current density dropped back from 0.7 to 1.0 A g, the
cell delivered a specific discharge capacity of 284.96 =+
4.91 mA h g7, which retained 96.76% of its initial value of
293.59 + 4.75 mA h g~'. This experiment was done on three
different coin cells and the statistical values are represented in
Table $1.1 Cycling was done at 0.3 Ag ™" current density for 1000
cycles on three different coin cells and the results are repre-
sented in Table S2.1 The coulombic efficiency was maintained
at an average of 98.44 £ 0.37%. After 200, 400, 600, 800, and
1000 cycles, the specific discharge capacity retention was
calculated to be 96.84%, 95.73%, 94.22%, 93.18% and 90.35%,
respectively.®®* The discharge capacity is slightly lower than the
charging capacity for every cycle. It could be concluded that
a small amount of Zn** ion might have been trapped in the
Mn,0; cathode and/or formed stable complexes with it after
every charging-discharging process, which blocked the avail-
able (de)intercalation sites.

EIS was performed to find out the conductivity/resistance of
the fabricated coin cell at a potential of +1.9 V at a frequency
region between 300 kHz to 100 mHz. The Nyquist plot
[Fig. 11(a)] was tested by using equivalent circuit Ry + Q,/R, + Qa/
R; + W,. Here, R; = solution resistance (R) in ohms, R, =
electrode resistance (R;) due to solution electrolyte interface
contribution in ohms, R; = charge transfer resistance (R.) in
ohms, Q, and Q3 = capacitance of the cathode in F considered
as porous material, which is conventionally represented as
constant phase elements (CPE), and W, = Warburg impedance
(W,) in ohm s*2. The values of Ry, Ry, R, and W, were found to
be 7.05, 50.74, 9.021 Q, and 28.301 Q s/, respectively for fresh
coin cells, and those of BCD after 1000 cycles were 7.812, 67.04,
63.77 Q, and 15.65 Q s/, respectively. Fresh cells showed lower
resistances compared with the used cells. The equivalent circuit
almost fitted to the Nyquist plot at higher frequency but devi-
ation was found at lower frequency. This discrepancy could be
the reason for the possible development of secondary capacitors
within the cell. Certain cathode materials might have separated
from their current collector during the consecutive charging-
discharging phase, combined with the electrolyte, passed
through the separator, and moved towards the anode surface.
As the resistances were comparatively higher after 1000 cycles,
some detached cathode material might form a stable layer on
the surface of the anode, which might be the reason for
decreasing the capacity retention as the cycling continued. In
addition, the mass transport system could be non-uniform
within the cell. To test the validation of impedance fitting
parameters, the Kramers-Kronig equation was used by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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checking error analysis. The plot of Z.., vs. frequency of
impedance [Fig. 11(b)] completely satisfied the validation. The
plot of Z;,, vs. frequency of impedance [Fig. 11(c)] also satisfied
the validation but showed a small deviation at higher frequency.
These results showed the reliability of the measurement since it
satisfied the linearity, causality and stability for impedance
measurements.®>*

The relationship of Z,., and the reciprocal square root of the
angular frequencies (w™*?) is expressed in eqn (12):

1
Zie = Ry + Re + 0'(1,0)75 (12)

1
where, o, = the Warburg impedance coefficient. The plot of w2

vs. Z. was constructed before and after BCD cycling [Fig. 11(d)].
This portrays the resistance in the lower frequency region of the
coin cell based on the movement of Zn>" ions within the cell.
The value of the slopes (7,,) were 11.74 and 15.50 Q s** before
and after BCD cycling, respectively.

The diffusion coefficient of Zn** ions into the bulk electrolyte
was calculated using eqn (13):

D = 0.5(RT/AF5,,C)* (13)

The double layer capacitance was calculated using eqn (14):

Zre = Rs + Rct + 2O'a)zcvdl

_ 1
Rcl : C‘dl

(14)

w (15)
where R = gas constant, F = Faraday's constant, 7' = absolute
temperature, D = diffusion coefficient, C = molar conc. of Zn**
ions, Cq; = double layer capacitance, and A = area of cathode
surface. The values of Cy were found to be 41.7 x 10 ° and
6.713 x 1072 F before and after BCD cycling of 1000 cycles,
respectively. Moreover, the exchanged current density was
calculated by eqn (16):

i = —Ry

—F (16)

where n = no. of electrons involved in the (de)intercalation
process. The calculated values of the exchanged current density
was found to be 1.12 x 10~ " and 8.19 x 10" A before and after
BCD, respectively.®**

The Bode plot of frequency dependent impedances
[Fig. 11(e)] showed that it remained at a lower resistance at
higher frequency with inclined lines at lower frequency, which
indicated a good capacitive of Zn>" ion storage of the prepared
Mn,0; nanoparticles. The Bode plot of frequency dependent
phase angles [Fig. 11(f)] showed that the highest phase angles
were 31.02° and 37.53° before and after BCD, respectively,
which represented the pseudocapacitive behavior of semi-
conducting Mn,0; nanoparticles for Zn** ion storage within the
cell.*

To understand the reaction mechanism inside the coin cell,
post-mortem characterization of the cathode material was
done. After BCD was done, the coin cell was broken using
a sharp needle and hammer. The cathode material was taken,
washed with DI water, and sent for further analysis. First, SEM

RSC Adv, 2025, 15, 15318-15336 | 15329
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images and EDX profiles of the cathodes were analyzed before
(fresh cathode) and after BCD (used cathode). Fig. 12(a-d)
shows SEM images of fresh and used cathodes. For the fresh
cathode, particles of different sizes and shapes were present
and the distribution of particles were almost homogeneous
(Fig. 12(a and c)). After BCD, the cathode showed non-
homogeneous distribution of particles (Fig. 12(b)), the surface

15330 | RSC Adv, 2025, 15, 15318-15336

. Bode plots of frequency dependent (e) impedances and (f) phase angles.

of the cathode was covered by powder like substances or some
foreign substances were trapped inside the cathode (Fig. 12(d)).
This result implied that the cathode underwent some internal
or surface changes while charging-discharging. For better
understanding, EDX measurements were taken. The cathode
before and after BCD showed almost similar percentages of Mn
and O, with small amounts of C and F because bixbyite was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixed with PVDF and NMP, resulting in the presence of C and F
with Mn and O. Zn was present in the used cathode (after BCD)
while it was absent in the fresh cathode (before BCD). This
might be explained in terms of the decrease of retention from

© 2025 The Author(s). Published by the Royal Society of Chemistry

100% after BCD. There could be some intermediate product
formation with the (de)intercalation of Zn>" ions in the bixbyite
framework. The reaction within the cell was not completely
reversible and responsible for the presence of Zn in the form of
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Zn,Mn,0; within the cathode and decreased BCD cycling
retention after 1000 cycles.

A part of the used cathode was sent for XPS analysis (Fig. 13).
Survey scans [Fig. 13(a)] indicated the presence of Mn, O, C, Zn,
F, N, and S at 3.61, 26.88, 56.28, 2.93, 8.77, 0.62, and 0.86%,
respectively (by no. of atoms present). The huge amount of C

15332 | RSC Adv, 2025, 15, 15318-15336

was present for C-black. Fig. 13(b) indicated a narrow spectra of
C 1s with Gaussian deconvolution fitting curves. The presence
of sp® C for C-C or C-H was at 284.71 eV while C-0, C-N, and
C=0 were found at 285.99, 287.01, and 288.66 eV, respec-
tively.®” These groups arose from PVDF and NMP. A shake up
satellite peak at 290.27 eV indicated the presence of w7 — w*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 XPS valence band spectra of the cathode material after BCD.

and explained the aromatic character of C in NMP. Therefore,
the presence of C, N, O, and F was because of the additives used
for coin cell fabrication. Fig. 13(c) showed that the Mn 3 s
spectra exhibited two sharp well defined peaks (88.91 and 83.45
eV) with a separation of 5.46 eV, which that Mn,0O; was in
aMn*" oxidation state. Fig. 13(d) showed two well defined peaks
at 653.55 and 641.65 eV for Mn 2p,,, and Mn 2p;,. The sepa-
ration of 11.9 eV is slightly higher than the results obtained
from the raw bixbyite micro dice [Fig. 5(d)]. Gaussian decon-
volution fitting peak of Mn 2p3/, showed the presence of Mn*",
Mn>*", and Mn**, which is similar to the previous deconvolution
peak for raw bixbyite micro dice, but the peak area of Mn**

Table 4 List of discharge capacities of Mn-based oxides in ARZIBs

View Article Online

RSC Advances

seems to be greater than Mn>", which differs from raw bixbyite
micro dice where the peak area of Mn>* seems to be greater than
Mn*". Therefore, it could be said that there might be an internal
chemical change during charging-discharging. Fig. 13(e)
showed the presence of peaks at 533.64 and 532.01 eV for
organic C=0 and C-O, responsible for NMP, and the peak at
529.81 eV indicated the presence of Mn-oxide. From Fig. 13(f),
two sharp peaks at 1045.38 and 1022.32 eV indicated that Zn
2p1» and Zn 2p;, states exhibited a separation of 23.06 eV.*®
Here a small percentage of Zn is present with a tiny percentage
of S, is a foreign material that was not used during cathode
preparation. During the coin cell fabrication, ZnSO, was used as
electrolyte but the cathode was washed with DI water after the
used coin cell was broken. Therefore, the remaining Zn and S
was expected to be washed off but Zn was present in an
appreciable amount. This could be explained by the formation
of intermediate compound Zn,Mn,0; within the cathode which
complemented the EDX results [Fig. 12(e)]. A small percentage
of S might be due to the stabilization of intermediate compound
Zn4(OH)s(SO,)-5H,0 within the cathode matrix. Fig. 14 shows
the valence band spectra of used cathode. A broad peak started
from 1.26 to 8.19 eV, indicating the presence of Mn-O bonds in
bixbyite. Unlike raw bixbyite [Fig. 5(g)], a sharp peak at 10.42 eV
confirmed the presence of a compound like Zn,Mn,0;. The
VBM was calculated to be 1.33 eV.**

Table 4 shows a list of specific discharge capacities of
prepared Mn-based oxides with respect to the applied current
density.®>¢%%70-8 Several types of Mn-oxides have been prepared
for ARZIBs in the literature and some of the Mn-oxides were also
doped or coated by conducting materials to increase their
capacitive behavior, thereby increasing their preparation cost
and complexity. Our explored material showed a comparable
result with other materials in terms of the specific discharge

Applied current

Specific discharge

Cathode materials density (A g™) capacity (mA h g™*) References
B-MnO, 0.10 100 70
3-MnO, 0.10 126 70
o-MnO, 0.02 210 71
o-MnO, 0.05 255 66
o-MnO, 0.06 302 72
MnO,@MgO 0.10 274 73
a-MnO,/graphene 0.30 362 74
Mn,;0,@C 0.50 209 75
Mn,03/Mn;0, composite 0.10 122 76
Al-doped MnO, 0.20 327 77
Mn;0, 0.10 221 78
MnO 0.10 330 79
Mn,0; 0.10 150 80
o-MnO, 0.09 290 81
3-MnO, 0.10 269 82
Mn;0,4 0.10 239 83
0-Mn,0s 0.10 148 82
0-Mn,03 0.20 137 82
Mn;0, 0.10 219 62
Mn;0,4 0.10 240 63
Mn,0; 0.30 255 This work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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capacity, while it showed a satisfactory value of specific
discharge capacity at higher applied current density (0.3 A g™ ).
Besides, the preparation process was simpler and cost effective
compared with other materials. As a bare compound, the
prepared porous Mn,O; micro dice showed acceptable perfor-
mance as a cathode of ARZIBs compared with other results
listed in Table 4.

4. Conclusion

A simple and cost-effective ultrasonic assisted reverse micelle
route was used to prepare bixbyite Mn,0O; microdice. The
prepared Mn,0O; showed semiconducting properties, and was
used as a cathode in fabricating CR-2032 coin cells of ARZIBs.
CV data revealed that the reversible reaction within the cell
involved diffusion-controlled (de)intercalation of ions between
the anode and cathode by means of high capacitive behavior. It
showed relatively higher capacity at lower current density. At
0.3 A g ' current density, the battery showed an initial
discharge specific capacity of 252.10 + 4.66 mA h g7,
coulombic efficiency of 98.44 £ 0.27% and a specific capacity
retention of 90.35 + 0.30% after 1000 cycles.
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