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ABSTRACT

Polyaniline has received much concentration in both basic and applied studies
because it has electrical and electrochemical properties comparable to those of
both conventional semiconductors and metals. In this work, PANI was used as a
conducting additive to formulate a nanocomposite as a high functioning cath-
ode material for Li-ion batteries. PANI, spinel cathode materials of LiMn,O,,
and LMO@PANI were synthesized and characterized via scanning electron
microscopy (SEM), Fourier transforms infrared spectroscopy (FT-IR), X-ray
powder diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). SEM of
the composite illustrated the formation of long rods of LiMn,O, covered by
PANI layers. The electrical and electrochemical properties of the prepared
materials were studied by electrochemical impedance spectroscopy as well as
cyclic voltammetry. The composite sample showed higher electrical conduc-
tivity (5.5 x 10 S/cm) compared with that of PANT (9.1 x 10*S/cm) and also
showed improving in its specific electrical capacity with a value of 75 mAh/g at
a scan rate of 5 mV/s in 1 M LiNOj electrolyte compared with that of PANI (33
mAh/g). The cycling stability of the composite electrode was significantly
improved and showed cycling performance, with ~ 86.2% capacity retained
over 1000 cycles. Results predict that the developed LMO@PANI nanocom-
posite could be used in an electrochemical energy storage device.
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electric vehicle due to their high working voltages,
high energy density, long life, etc. [2]. LiMn,O4

1 Introduction

Nowadays, high-power and high-energy recharge-
able batteries and supercapacitors are very important
devices for mobile and stationary energy storage
applications [1]. Among the various energy storage
systems, rechargeable lithium-ion batteries consider
as one of the most promising energy sources in the
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(LMO) with spinel structure has become a popular
cathode material in energy storage devices due to its
ability to intercalate or de-intercalate Li-ions [3]. This
is because it has reversible lithium intercalation, low
price, high thermal and chemical stability, low
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toxicity, natural abundance and capability of large
scale production [4, 5].

Great steps have been taken in energy storage field
and especially Li-ion batteries (LIBs) for either
portable electronic devices or even heavy electric
vehicles (EVs) as a cheap and eco-substitute of
gasoline engines. EVs intensive research projects for
EVs’ batteries try to enhance durability, thermal sta-
bility, energy, and power density, cost, ionic, elec-
tronic transport resistance decrement, and bi-
products of cathode materials as LiCoO,, LiMn,Oy,
and LiFePOy, [2].

In the LiMn,O, cubic spinel structure (space-
group:Fd3m), exhibits an array of O*~ occupy the 32
positions, Li* ions occupy 1/8 of the tetrahedral
voids on the 8a site, and Mn>*/Mn*" ions occupy
1/2 of the octahedral voids on the 16d site. The Jahn—
Teller distortion of Mn>* is compensated by the sta-
tistical distribution of Mn®**, and Mn** cations [6].
The electrode performance, in general, is highly
influenced by the physico-chemical properties
involving compositional stoichiometry, particle size,
particle morphology, surface area, and crystallinity of
the active material [7]. One of the considerable dis-
advantages of the LMO is the growth in Mn®" ions
content during lithium intercalation at low potentials
(~ 3 V). Upon cycling, these ions produce a consid-
erable variation in unit cell volume due to the Jahn—
Teller effect which causes a break in the inter-particle
contacts [8]. Moreover, the manganese dissolution
throughout the electrochemical reaction and the
kinetic topics connected to the low electronic con-
ductivity and Li* diffusion coefficient and the quick
capacity fading all through the cycling of spinel LMO
limit their reasonable application in high power LIBs.
To overcome the Mn dissolution, a lot of researchers
are doing remarkable attempts to acquire stable LMO
by using numerous approaches, comprising elec-
trolyte additives and surface coating approach.
Recent research established the significance of surface
structural characters of electrode materials for their
electrochemical performance so, an effective policy,
coating the spinel LiMn,O4 with organic and inor-
ganic compounds, has been investigated [9].
Numerous responsibilities for the coating approach
have been proposed, comprising: (i) electrical con-
duction medium that assists the electron transport
between the cathode active particles [10]. (ii) Modi-
fication of the cathode surface chemistry which varies
chemical properties of the cathode surface to develop
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stability and performance [11]. (iii) Physical protec-
tion barrier that suppresses electrolyte oxidation and
cathode corrosion [12-16].

Between all known cathode materials for LIBs,
LiMn,O, is a suitable promising material for EVs
cathodes, due to its availability, low price, eco-
friendly properties, and capability of large scale
production for EVs batteries manufacturing [2—4], but
its capacity fades at 60 °C in acidic species liquid
electrolyte [6-8]. So many attempts have been done to
improve the performance of LMO by introducing
dopants like Ni-Co-Mn [2, 17], Co-Mg-Ni [18], Ni
[19], and S-doped [20], or coating LMO’s surface with
metal oxides like Al,Os; [9, 21], SiO, [10], ZrO,
[11, 12], or salts like AlF5 [13], AIPO, [14], or even
polymer [15], or doping and coating like Ni-Co-Mn
doping with Li,ZrOj; coating [17] as a protective layer
for LMO direct exposure to electrolyte.

The coating layer’s thickness should be controlled
because if it was thick, it would work as a resistive
layer, that leads to failing the electrochemical per-
formance [22, 23].

LMO coated with LiNigsMn; 504 [24, 25], LiCoO,
[26], and LisTi504, [27], showing some problems at a
higher temperature, although it shows high perfor-
mance at room temperature.

The coating materials must also permit accept-
able electrical and lithium transportation if they cover
all the surface of each particle. Moreover, several
coating properties may improve one aspect of per-
formance while hindering another [24]. Several
coating materials with variable characters and con-
ventionality have been found to increase cathode
performance as measured by both increasing the
capacity and capacity retention [28].

LMO can be prepared by different methods, like
conventional solid-state reaction [29], sol-gel [30],
solid-state coordination reaction [31], microwave [32],
and agitation [33].

Conducting polymers such as polyacetylene (PA)
[34], polypyrrole (PPy) [35], polyaniline (PANI) [36],
poly(3,4-ethylene dioxythiophene) (PEDOT) [15], etc.
have attracted a significant consideration for their
potential applications in different fields, such as
corrosion protection coatings, rechargeable batteries
[37], microwave absorption [38], electromagnetic
interference (EMI) shielding [39], as well as elec-
trodes and sensors. Recently, conducting polymer
coating has been regarded as an economic and fea-
sible technique to improve electrode performance.
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Polyaniline as one kind of conducting polymers
has drawn much interest among researchers for
covering electrodes used in battery and supercapac-
itor devices [40]. This is because of its low cost, ease
of preparation, stability, high conductivity, and
robust mechanical properties such as flexibility and
stretch-ability [38]. To enhance the efficiency of the
electrodes used in energy systems, design, structure,
composition, and fabrication techniques used for
PANI and related composite have been focused on
[41].

Based on the merits mentioned above, we prepared
LMO@PANI binary composite material and com-
pares its electrical and electrochemical properties
with its constituents to investigate its ability to be
used in electrochemical devices.

2 Experimental
2.1 Preparation of materials
2.1.1 Preparation of LiMn,0O, (LMO)

The traditional preparation method of the solid-state
reaction was used for synthesizing LiMn,O, with
some modifications [42]. Li,CO3; and MnO, in two
different molar ratios of 1:1.89 and 1:2 (Li/Mn) were
mixed by dry ball-milling for 1 day, followed by
heating the mixed powders at 800 °C for 2 h in air
atmosphere. The samples were denoted as LMO (1)
and LMO (2) for the samples with the molar com-
positions of Li:Mn equal to 1:1.89 and 1:2,
respectively.

2.1.2  Preparation of polyaniline (PANI)

PANI was prepared by chemical polymerization [43].
3 ml of aniline was mixed with 100 ml of 1 M of HCI
to get aniline hydrochloride salt. 100 ml of 0.05 M
K5,5,05 used as an oxidant was titrated with aniline
monomer for 4 h under stirring in an ice bath. The
powder obtained was kept in the solution for a day
before filtrating and washing with distilled water and
methanol. Eventually, the resultant green powder
was dried at 45 °C for 24 h.
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2.1.3 Preparation LMO@PANI composite

PANI@LMO composite was synthesized by using
aniline monomer and LMO (1) in a weight ratio of
LMO (1): aniline monomer is 1:1 by a similar method
to that mentioned above for preparing PANL

2.2 Materials characterizations
and measurements

X-ray diffraction (XRD) was measured using X-Pert
diffractometer with Ko- Cu source A = 154 pm. The
analysis was recorded for 20 in the range 15°-80°.
Fourier transform Infrared spectroscopy (FT-IR)
spectra were recorded in the range of 4000-400 cm ™"
using (Thermo Scientific Nicolet i510). The prepared
samples were also analysed by scan electron micro-
scopy (SEM) using (JEOL JEM-100CXII), and trans-
mission electron microscopy (TEM) using JEOL-2010
techniques. X-ray photoelectron spectroscopy (XPS)
was performed using a KRATOS XSAM-800 for
composite sample in range 0-1200 eV.

2.3 Electrochemical and electric
measurements

2.3.1 Preparation of working electrodes

Electrodes were prepared by coating a paste formed
from investigated materials, acetylene black and
polyvinylidene fluoride with mass ratio 75:15:10,
respectively, with ethanol as a solvent on FTO and
dried at 80 °C for 2 h.

Electrochemical behaviors were studied by Gal-
vanostatic charge-discharge (GCD) and cyclic
voltammetry (CV) using a potentiostat (Digi-Ivy
2116, USA). Electrochemical impedance spectroscopy
(EIS) were measured on a (Metrohm autolab PGSTAT
204, Netherlands) at constant potential 10 mV and
frequency ranged from 0.1 Hz to 100 kHz. The elec-
trochemical studies were carried out in three-elec-
trode cell with the prepared active material coated on
FTO glass works as a working electrode, sheet Pt (2
cm?) and saturated calomel electrode, as a counter,
and a reference electrode, respectively. The CV was
performed between —1 and 12V at a scan rate
10 mV/s. GCD was measured at a current density 1
A/g. All measurements were taken in 1 M LiNO;
aqueous electrolyte solution.
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The electrical measurements were taken at a con-
stant voltage (1 V), in a frequency ranging between
10° and 107 Hz at 25 °C, using a programmable
automatic LCR bridge (GW Instek 8110G LCR meter,
Taiwan). The complex dielectric permittivity was
investigated using the relation [44]

ex(0) = &' (0) — j&' (w) (1)

(¢ is the real part of the permittivity, ¢’ is the imag-
inary part of the permittivity with j = v/~1). The
dielectric constant was calculated from the equivalent
capacitance (C). The loss factor (tan ) was recorded
at a given frequency. The values for ¢ and ¢’ were
estimated using Eqs. (2), (3) [44]

. cd
- @)
¢ () = ¢ (w)tand (3)

where ¢’ is the permittivity of the vacuum, d is
thickness, A; is the cross-sectional area of the speci-
men, tan 0 is a dissipative factor, and J-phase angle,
with w = 2xf, f is the frequency of the applied electric
field.

The sheet resistivity (R;) of the different samples
was measured at room temperature by using a four-
point probe system (RTS-9 4 PROBES TECH
Guangzhou, China). Each sample was tested 5 times
at different positions of the sample, and the average
of all the measurements was taken. The electrical
resistivity (p) of the sample was then calculated
according to the equation: p = Ry d, where d is the
thickness of the film.

3 Results and discussion
3.1 Characterizations

The XRD patterns of LMO samples obtained using
two different stoichiometric ratios are shown in
Fig. 1a. The XRD patterns of LMO (2) sample with
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the molar ratio of 1:2 ( Li:Mn) showed the formation
of LMO cubic spinel phase structure as a major pro-
duct with diffraction peaks at 18°, 36°, 38°, 44°,48°,
58°, 64°, 68°, 75° and 77° referring to (111), (311),
(222), (400), (331), (511), (440), (531), (5633), and (622)
planes, respectively, (JCPDS card no. 35-0782) [10].
Besides the major peaks, some impurity phases cor-
responding to a-Mn,O; at 33.5° referring to (110)
plane (JCPDS card no. 41-1442) are observed, which
denotes that not all amounts of MnO, reacted with
Li,CO;. Therefore another sample (LMO (1)) under
the same conditions was prepared with a stoichio-
metric ratio of 1:1.89 Li:Mn.

The XRD of the LMO (1) sample clarified the for-
mation of the pure cubic spinel phase of LiMn,O4
with an (Fd3m) space group. The lattice constant (a)
of the second sample is evaluated by Eq. (4)

dhk] = a/ (h2 + kz + 12) (4)

where (hkl) are the Miller indices and found to be
8.21 A.

The XRD of PANI and LMO@PANI samples are
represented in Fig. 1b. PANI showed a broad peak at
20 = 25.5° indicating an amorphous structure for the
sample. Whereas, the XRD of PANI@QLMO sample
showed beside the amorphous peak (at 20 = 25.5°)
three characteristics peaks for MnsOg at 20 = 29.5°,
31.2° and 43.5° related to (111), (310), and (112) plans,
respectively (JCPDS No. 39-1218) due to de-lithiation
(Li-ion migration from LMO), in addition to three
peaks at almost the same locations 18.3°, 38.2°, and
64.4° characteristic for the formation of Li,MnQOj;
(JCPDS No. 39-1218) and LiMn,O; [45, 46]. The XRD
pattern peaks of the composite sample show a slight
movement towards the smaller angle, which indi-
rectly interprets the increase of the unit cell volume of
the composite sample. These results indicated that
PANI and LMO (1) were to some extent interacted,
and LMO@PANI composite is obtained according to
the following chemical equation.
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culated by Debye-Scherrer’'s Eq. (5) [47], and the
strain (¢) by Eq. (6) [47].
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where 1 is the X-ray wavelength used and f is the
half peak width of the diffraction peak. The results
obtained are listed in Table 1. The enlarge in each of
crystal size, unit volume and the strain of LMO
crystal due to the addition of PANI chains can be
caused by the relaxation of strain [48]. This will
reduce the one-electron bandwidth, which will
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Table 1 XRD and electrochemical capacitive data of the investigated materials

Sample Csp (mAh/g)  Crystal size (nm) ¢ E P Efficiency after 1000 cycles (%) Rs () R (Q)
(Whkg)  (Wikg)
LMO (1) 35 (21) 62 9.7 x 10° 20 443 84.3 20 81
PANI 33 (26) - - 50.2 2200 81.8 58 16
LMO@PANI 75 (70) - 1x 102 463 1090 862 28 21
() is Cyp from GCD
weaken the overlap between O 2p and Mn 3d orbital,
+Z{’C thus favors the charge localization [49]. These results
(@ — Difference reveal that PANI is not only formed on the surface of
LMO, but it can be also introduced inside the crystals
£ [45].
g To clarify the qualification and quantification of the
8 phases formed in LMO and LMO@PANI composite
= samples, a mathematical Rietveld method was
applied. The obtained results, which grounded on a
- A e model of Lil atoms occupying the 8a (1/8, 1/8, 1/8)
s " s s " .5 p s location, Li2/Mn atoms occupying the 16d (1/2, 1/2,
Angle 20 (°) 1/2) location, and O atoms occupying the 32e (x, x, x),
are presented in Fig. 2, and listed in Table 2. Some
. :g’;{’c significant changes in structure were found between
——— Difference

Intensity (a.u.)

v A\ A
5 15 25 35 45 55 65 75
Angle 20 (°)
—e—Exp
—— Calc
C
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Fig. 2 Rietveld refinement method for a LMO (1), b LMO (2),
and ¢ LMO@PANI

the LMO (1) and LMO (2) samples. The LMO (2)
sample with a molar ratio of Li:Mn = 1:2 showed a
presence of «-Mn,O; phase with 1.12 wt%, and
exhibit larger lattice parameter (a), lattice volume (V),
oxygen coordinate (x'), and Mn-O bond distance. The
goodness of fit (low Ry, Ryp, and Reyp values, as
shown in Table 2 confirm the refinement process. The
smaller value of x' suggested decreasing structural
distortion [50], and the increase in the lattice
parameter value indicate the presence of a higher
amount of Mn®" ions than the Mn*" ions in the spi-
nel structure. Moreover, it reveals a low amount of
cation vacancies and resemblance in cation distribu-
tion between the tetrahedral and octahedral site [46].
One possible source of the differences in unit cells of
the studied samples could be attributed to the vari-
ation in the number of oxygen vacancies. A presence
of higher concentration of oxygen vacancies in the
structure leads to a reduction in the average oxida-
tion state of Mn, and consequently raises the ionic
radius and expands the unit cell.

Figure 3 presents FT-IR diagrams of LMO (1),
PANI, and LMO@PANI. FT-IR of LMO (1) has 2
bands at 632 and 584 cm ™' referring to Li-O, and
Mn-O vibrations, respectively, characterizing for
spinel structure of LMO (1) [3]. FT-IR of PANI
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Table 2 Rietveld mathematical data of the LMO (1), LMO (2) and LMO@PANI samples

a (A) VA x Mn-O (A)

Sample -Mn,03 (Wt%)  MnsOg (Wt%) R, (%)  Rup (%) 1
LMO (1) 8.2478  561.06  0.2551 1.957 - - 4.99 6.61 2.612
LMO (2) 8.2601 563.57  0.2583 1.971 1.12 - 5.32 7.59 3.134
LMO@PANI 82547  562.48 0.2578 1.964 - 2.7 6.57 7.83 3.19
i — PANI . . . . .
st iwoq vibrational modes of quinonic-type rings [51] refer-

LMO@PANI

85
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?
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Fig. 3 FT-IR of the investigated materials
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Fig. 4 XPS of LMO@PANI

showed vibration bands at 1561 and 1471 cm ™! rela-
ted to the C=C and C=N stretching bands of the
quinoid and benzenoid rings, respectively, that refers
to formation of (Pernigraniline, PRG) or the oxidized
form of PANI. Moreover, the bands observed at 1284,
and 1233 cm™ ! are related to N-H bending and
asymmetric C-N stretching modes of benzenoid ring,
respectively, which prove the presence of a reduced
form of PANI (emeraldine salt, ES) and indicate that
PANI has the half-reduced form (leuco-emeraldine
salt, LES). FT-IR of PANI also showed a band
at ~ 1108 Cmfl, which is associated with bending
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ring to the polymerization of aniline.

The spectrum of LMO@PANI sample showed
shifts in the absorption peaks of PANI and LMO
samples, especially for 1112 cm™' of C-N bending,
and 600 cm ™' of Mn-N vibration. That demonstrates
the successful interaction between LMO and PANL

Figure 4 demonstrates the X-ray photoelectron
spectroscopy (XPS) scan of LMO@PANI composite
sample in binding energy (B.E.) ranges from 0 to
1200 eV. The spectrum shows that the LMO@PANI
sample contains main elements: Cl, O, C, Mn, and N
suggesting the formation of the composites and the
elemental analysis of Mn, C, N, O, and CI were found
to be 249, 6955, 9.75, 14.81, and 3.39 wit%,
respectively.

SEM of LMO (1), PANI, and LMO@PANI are pre-
sented in Fig. 5a—c. SEM of LMO (Fig. 5a) displays
smooth rod morphology with average length of
0.16 um, whereas SEM image of PANI (Fig. 5b)
illustrates clusters of sheets morphology with an
average grain size of 0.8 pm. SEM of LMO@PANI
(Fig. 5¢) shows a core—shell structure of LMO (1) with
the polymer base shell, and form agglomerates of size
75 um, which in turn results in the distribution of
LMO (1) in PANIL The images obtained (Fig. 5d, e)
show the formation of LMO (1) rods covered by
PANI layer with a thickness of ~ 15 nm.

3.2 Electrical studies

To get knowledge on the type of polarization state in
the studied samples, the ac-electrical measurements
in room temperature and at a frequency range of 10°-
107 Hz were investigated. The ac-conductivity (,.)
was evaluated using Eq. (7) [44]

tVrcos(% x 180) ;
RA (7)
where t is thickness, V, is potential, ¢ is the phase

angle, R is the resistance used and A is the cross-
section area. The frequency dependence of the ac-

Gac =
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Fig. 5 SEM of a LMO (1), b PANI, ¢ LMO@PANI, d LMO@PANI (magnified view), e-g TEM images of (LMO@PANTI)

conductivity (oc4c) of LMO (1), PANI, and their
composite are illustrated in Fig. 6a. For all samples,
oac is nearly steady until frequency ~ 500 kHz, fol-
lowed by a sudden rise at higher frequencies, where
the ac-conductivity at all applied frequencies increa-
ses in the order: LMO@PANI > PANI > LMO (1), as
listed in Table 3. This could be attributed to the
presence of interfacial phases which increases the
polarization in the samples.

The cole-cole diagrams of the electrical impedance
(EIS) data of the studied samples were represented in
Fig. 6b. The plot of each sample shows an almost
single depressed semi-circular shape passing near the
origin point, which implies to a parallel grouping of
grain boundary resistance and grain boundary
capacitance. It is interesting to notice that the centre
of each semi-circle is located near the real axis, i.e.,

the angle of dispersion is insignificant [52, 53]. It also
refers to that LMO@PANI is electrically homoge-
neous. The EIS data for each sample are listed in in
Table 3, which shows that the bulk resistance follows
the order:

LMO (1) > > PANI > LMO@PANIL

Bulk conductivity was also measured by four
probe method and found to be 7.04 x 10°S/ cm, 1.46
x 107 S/cm, and 7.8 x 102 S/cm for LMO (1), PANI
and LMO@PAN], respectively.

The conductivity depends on several external fac-
tors such as compactness, delocalized length and
particles orientation. Thus, the higher conductivity of
LMO@PANI composite than that of the polyaniline
could be explained on the basis of the compactness of
PANI on the LMO (1) surface (see strain result), more
delocalization length and strong coupling through
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Fig. 6 Effect of frequency on 0.01
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Table 3 Effect of frequency on dielectric data of the investigated materials
Sample 1000 Hz 500 kHz 10 MHz Ry (Q)
o (Slem) & g’ o (Slem) ¢ &’ o (Slem) & g’
LMO (1) 6.6 x 6.2 x 10* 3.0 x 10° 1.1 x 4.1 x 0.94 x 3.5 x 0.31 x 0.14 x 142 x
107 107 10! 10° 1073 10! 10! 10°
PANI 8.1 x 3.01 x 7.1 x 108 9.1 x 4.6 x 621 x 9x 107 138 1.10 x 6.85 x
107 10° 1074 10! 10! 10! 107
LMO@PANI 5.3 x 2.11 x 6.4 x 5.5 x 2.1 x 8.82 x 1.1 x 3.0 x 10> 4.96 x 14.4
1072 10° 102 1072 10° 10% 107! 10?

the grain boundary. Moreover, the clear upgrading in attributed to that the high conductive composite has a
the electrochemical functioning of the composite comparatively small diffusion path of the ions in the
LMO@PANI over neat PANI and LMO (1) are electrolyte, a reduce of the internal resistance and a
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Fig. 7 Effect of frequency on ¢, & for investigated materials

rise of the electrolyte ion transport rate, which would
donate to high capacity.

The frequency dependence of ¢, and ¢’ for the
investigated materials are represented in Fig. 7. All
samples show dielectric dispersion, where both ¢/, ¢’
values reduce quickly with rising frequency in the
low-frequency section and approach almost fre-
quency self-regulating trend at higher frequencies.
This can be obtained from the decrease in the polar-
ization of the dipoles when the electric field propa-
gates at higher frequencies [54]. This can be also
attributed to the presence of a large number of
interfaces in the nanomaterials with great volume
fractions, which hold a huge number of defects that
produces a variant in ( +) and (—) space charge dis-
tribution at interfaces. By putting on the electric field,
the space charges move and when they are trapped
by defects, a big number of dipole moments are
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produced. At low-frequency section, these dipole
moments are easy going to follow the alteration of
electric field. Consequently, ¢, and ¢’ shows high
value at low frequency as shown in our results.

3.3 Electrochemical measurements

Cyclic voltammetry (CV) is a proper method to
observe capacitive mechanisms. Figure 8a shows the
diagrams of CV for the investigated electrode mate-
rials at 10 mV /s in 1 M aqueous LiNO;. LMO (1) and
PANI display different electrochemical redox
behavior, which is highly observed at higher scan-
ning rates [55]. The CV plot of LMO (1) showed redox
peaks at — 0.76 V, and — 0.45 V due to Li hopping
inLMO (1) crystal structure as a result of mutual Li*
intercalation in the electrolyte. PANI showed a cou-
ple of redox peaks at — 0.77 V, and — 0.45 V due to
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Fig. 8 a CV, and b EIS of the investigated materials

LES < ES < PRG transformations respectively [56].
Besides, reduction peaks appeared at — 0.52 V and
— 0.65 V referring to PRG < ES < LES. The specific
capacity (Cs,) was calculated from CV data according
to Eq. (8) [57].

1 +V
o = VoV
Cl P mvAV /—V 0 (8)

where Cg,, is specific capacity (mAh/g), I is current
(A), V is applied potential (V), (v) is scan rate (V/s),
and m is mass of active material (g).

The CV voltammogram of LMO@PANI composite
(given in Fig. 8a) shows the presence of the identical
earlier-stated peaks for PANI and LMO with varied
shift £ 0.03 V, in addition to redox peaks at — 0.06 V
and 0.12 V referring to Mn™ «» Mn™ and at 0.7 V
referring to Mn,O, ! < MnO5~? [58], which related
to LMO (1), and PANI interaction occurring in com-
posite structure. C,, values acquired from CV are
listed in Table 1.
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To better understand the charge transfer kinetics,
electrochemical impedance spectroscopy (EIS) mea-
surement was performed. The Nyquist plots of
investigated electrodes over a frequency range of 107
to 10° Hz are given in Fig. 8b. The three electrodes
showed the same behavior with different values for
the charge transfer resistance (R.) at the high-fre-
quency region, which is linked with the surface
character of the electrode and relating to the charge
transfer resistance R, at the electrode/electrolyte
interface. At the high-frequency section, the inter-
section ended of the semicircle with the Z'—axis
shows the equivalent series resistance (ESR). The
acquired impedance data are given in Table 1, which
demonstrates that Ror increases in the order of LMO
(1) > PANI > LMO@PANI. This indicates that intro-
ducing PANI into LMO (1) material causes an
increase in Li-ion conductivity that resulted in
enhanced cycling performance [28]. The spike
observed on the Nyquist plot for each electrode at the
low-frequency section points to the distinguishing
character of supercapacitors and positions of War-
burg impedance of the electrode, i.e., the resistance of
the diffusion of Lit and NO5 ™ ions into the electrode.

Galvanostatic charging—discharging (GCD) is a
corresponding method to determine Cg, of electro-
chemical storage systems at fixed current. Thus, the
electrochemical presentations of studied electrodes
were also examined using GCD. All GCD plots
(Fig. 9a) displayed an internal resistance drop (IR-
drop) knowing as the equivalent series resistance
(ESR), which includes all the resistances of the cell
(electrode, electrolyte, contact resistance) [56]. The
specific capacity values C,, of the electrodes were
evaluated from the discharge cycles by using Eq. (9)
[56, 59].

Csp=—— )

where [ is the response current, At is the discharge
time, AV is the potential range during the charge-
discharge measurement and m is the mass of the
active materials on the electrode. The results obtained
are listed in Table 1. The specific capacity values
obtained from the GCD technique are in good
agreement with those obtained from CV measure-
ments and found to be increased in the order
LMO@PANI > PANI > LMO (1). This can be
assigned to the synergistic effect produced from the
individual materials.
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Cycling stability is a significant factor for energy
storage uses. Therefore, it was examined for the
investigated electrodes at current density of 1 A/g.
The results are illustrated in Fig. 9b and listed in
Table 1, which show that the binary electrode
retained about 86.2% of its initial capacity after 1000
cycles and has widespread limit reversibility in suc-
cessive charge/discharge cycles. The high stability of
the binary system might be attached to the synergetic
interaction among binary system components.

In general, the better electrochemical performance
of LMO@PANI among all the synthesized samples
can be attributed to the lower Jahn-Teller distortion
effect that provides chemical and structural

400 600 800 1000
Number of cycles

stabilization [4], more uniform and low agglomerated
nanoparticles, low charge transfer resistance (as evi-
dent from EIS measurement) and possibly higher
electronic conductivity provided by introducing
PANI into LMO.

4 Conclusions

In conclusion, pure LMO (1) nanoparticles were
successfully synthesized using a solid-state reaction
method in the air atmosphere, while PANI was pre-
pared by in situ polymerization. AC—electrical
properties and electrochemical behaviours of LMO
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(1), PANI, and their composite were investigated. The
results showed that the PANI enhances the electro-
chemical and dielectric behaviours of LMO (1) and
the specific capacity follows the order: LMO
@PANI > PANI > LMO (1). And the stability of the
composite electrode is higher than its individual
constituent and exhibit 89% of its initial capacity after
1000 cycles. The better electrochemical performance
of LMO@PANI among all the synthesized samples
can be attributed to the lower Jahn-Teller distortion
effect that provides chemical and structural stabi-
lization, more uniform and low agglomerated
nanoparticles, low charge transfer resistance (as evi-
dent from EIS measurement) and possibly higher
electronic conductivity provided by introducing
PANI into LMO (1). The obtained results show the
possibility of using the developed LMO@PANI
nanocomposite electrode in an electrochemical
energy storage device.
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