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ARTICLE INFO ABSTRACT

Handling editor: Prof. Joong Lee We report the improved electrochemical activity of the 5 V LiCoMnO4 (LCMO) cathode with the functionali-

zation of AlF3 coating. LCMO@AIF; is prepared by adopting the co-precipitation technique followed by a wet

Keywords: coating by altering the concentration of AlF3 by 1-3 wt.%. LCMO@AIF3 exhibits improvement in the electro-
H.igh voltage cathode chemical performance compared to pristine LCMO. In addition, LCMO@AIF3 exhibits superior electrochemical
IA‘;OMH% performance with specific capacities of 107, 102, and 95 mAh g~ and retentions of 68, 77, and 74% after 100
Fu113- cce(ila ng cycles for 1, 2, and 3 wt.% AlFs3 coating. However, pristine LCMO shows a specific capacity of 105 mAh g’1 with

a retention of 48% after 100 cycles. Also, LCMO@AIF3 exhibits a decrement in the irreversible capacity loss (ICL)
compared to pristine LCMO, which enhances the coulombic efficiency of the former compared to the latter.
Further, the AlF;3 coating of 2 and 3 wt.% has been optimized to exhibit excellent electrochemical performance.
The diffusion coefficients are calculated from cyclic voltammetric and electrochemical impedance spectroscopic
techniques and are in the order of ~107'? ecm? s~!. Further, in-operando and in-situ impedance studies are
conducted to authenticate the electrochemical activity observed in half-cell studies. In full-cell assembly with
Li4TisO15 (LTO) anode, the LCMO@AIF3: 2-3 wt.% exhibits better electrochemical performance compared to its
bare configuration. In addition, the electrochemical activity at various temperature (—10 to 25 °C) conditions is

Li4gTis0q2 anode

performed and reported.

1. Introduction

The ever-growing rise in fossil fuel usage, global warming, and
environmental pollution are the major threats the modern world is
facing. The over-exploitation of fossil fuels has led to a drastic decrease
in their availability from the earth’s crest. Therefore, overcoming the
current energy scenario with a more eco-friendly and sustainable energy
technology has become one of the primary concerns confronted by the
scientific community. Hence, the development of energy storage de-
vices, predominantly batteries, has gained much attention. Among the
various battery technologies developed so far, the advent of Lithium-ion
batteries (LIBs) created a breakthrough in science and technology owing
to their high energy density, shape versatility, and low safety limits,
which made it applied in wide areas, including portable electronic de-
vices, grid applications, and emission-free transportation like electric
and hybrid electric vehicles (EV and HEVs) [1,2]. Therefore, to cope
with the current demand for LIBs, there is an urgent need to enhance the
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energy density of the batteries [3-6]. As the energy density depends on
the specific capacity and cell voltage, an increase in either one of the
parameters can enhance the same. However, the limited scope of
enhancing the specific capacity of the cell finally deviated towards
enhancing the cell voltage. However, among the various components of
the battery, the cathode plays a dominant role in improving the cell
voltage, hence the energy density [7].

The recent year marks the development of various high-voltage
cathodes (>4.5 V vs. Li/Li") with excellent electrochemical properties.
The various high-voltage cathodes in the development stage include Li-
rich layered oxides (LijxM;.x02, M: Co, Mn, Al), spinel oxides, and
polyanionic compounds (phosphates, sulfates) that have an average
working voltage close to 4.5 V vs. Li/Lit or below [7,8]. However, the
development of >4.5 V vs. Li/Li T cathode materials remains one of the
greatest challenges that must be resolved. Even though cathodes such as
olivine type LiCoPO4 and spinel LiNip.5sMnj.504 gained attention as 5 V
vs. Li/Li" class cathodes, both have an average working voltage close to
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4.8 Vys. Li/Li" [9-11]. The spinel, cubic phased LiCoMnO,, owing to the
high specific capacity of 145 mAh g~! and working voltage of 5 V vs.
Li/Li*, has become a promising candidate among the high-voltage
cathodes for LIB applications [12-18]. It also exhibits a very low vol-
ume change of 0.7% during charge-discharge, making it dimensionally
more stable. Although exhibiting the desirable features of an excellent
cathode, the commercialization of LiCoMnOy is hindered by the poor
coloumbic efficiency, rapid capacity fade, and coexistence of insulating
LioMnOs phase [19]. Hence, strategies have to be implemented to
improve the electrochemical performance of LiCoMnQOj4.

To improve the electrochemical properties of the LiCoMnO4 cathode,
various strategies have to be implemented, including surface modifica-
tion. Based on the nature of coating materials, the method of surface
modification can be broadly classified into inorganic-based (oxide,
fluorides) [8,20], carbon-based [20-23], and polymer-based material
(PANI, PEDOT) [24,25] coating. The surface modification process en-
hances the electronic and Li* ion conduction, protects the cathode from
undesirable parasitic reactions, and prevents the transition metal
dissolution, improving the rate capability and the electrochemical per-
formance. Zhao et al. [26] observed that the LiF/FeF3 protective coating
on Li [Lig.oNig.2Mnge]O2 had enhanced its electrochemical perfor-
mance. In addition, Lee et al. [27] showed that the ZrO, surface coating
on Li[Lig.oNip.2Mng ¢]O2 had enhanced the cycle stability as well as the
rate capability of the material. Although an increase in the electro-
chemical properties has been observed upon surface modification, it
doesn’t mean that increasing the coating percentage will give a pro-
portional increase in the electrochemical properties. Hence, optimizing
the coating percentage is also much more important.

An ex-situ AlF3 surface coating has been adopted over LCMO particles
to eliminate the setbacks. Generally, AlF3 coating imparts high ionic
conductivity and good electrochemical stability due to a stable Al-F
bond [28,29]. In addition, the in-situ XRD and EIS analyses have been
performed to understand the redox reaction observed during the
charge-discharge studies along with phase transition. Finally, the
full-cell assembly was done with another spinel anode, Li4Ti5O12, and its
performance in various climatic conditions was studied and reported.

2. Experimental section
2.1. Synthesis

The synthesis of LiCoMnO4 was carried out by a co-precipitation
method. The precursors of the cathode material, Co(CH3COQ),-4H;0
(Sigma-Aldrich, >98%) and Mn(CH3COO)y-4H;0 (Sigma-Aldrich,
>99%), were taken in a stochiometric amount, and are dissolved in
deionized water under magnetic stirring, followed by the addition of 30
ml of ethanol. The precipitation was initiated by adding a stoichiometric
amount of (NH4)2COj3 to the precursor solution. The precipitate was
allowed to settle down, washed with distilled water and ethanol, and
dried at room temperature. The as-obtained precursor was then calcined
in air at 400 °C for 5 h. The above-obtained sample was mixed with a
stoichiometric amount of CH3COOLi (Sigma-Aldrich, 99.95%), followed
by calcination in Argon atmosphere at 800 °C for 5 h.

2.2. AlFs coating

To synthesize AlFs-coated LCMO, the as-prepared LCMO was
dispersed in an aqueous solution containing Al(NO)3-9H;0 (Sigma
Aldrich, >98%) followed by drop-wise addition of NH4F (Sigma Aldrich,
>99.99%) till the molar ratio of Al to F was achieved. Now, the solution
was kept in an oven for the water to get evaporated. The obtained dried
sample was now calcined to a temperature of 400 °C for 2 h in an argon
atmosphere. The LCMO with different AlF3 loading, denoted as
LCMO@AIF3- 1 wt.%, LCMO@AIFs3- 2 wt.%, and LCMO@ AlFs- 3 wt.%
was prepared, and their electrochemical study were carried out.
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2.3. Electrolyte preparation

The electrolyte preparation was carried out in an Ar-filled Glove box
using 1 M LiPFg dissolved in Ethylene carbonate (EC) and Dimethyl
carbonate (DMC) (1:1 wt ratio, LIPASTE, Tomiyama), with the addition
of Fluoroethylene carbonate (FEC) (Sigma Aldrich, >99%) as an elec-
trolyte additive (10 wt.%).

2.4. Electrochemical characterization

The working electrode has been made by mixing 10 mg of active
material (LCMO@AIFs3: 1-3 wt.%), 2 mg of conductive additive (Acet-
ylene black), and 2 mg of binder (Teflonized acetylene black-2, TAB)
into a free-standing film using ethanol as the medium. The electrode was
vacuum-dried overnight to remove the moisture content, and the cell
was fabricated in an Ar-filled Glove box (MBraun, Germany) in a
CR2016 coin cell with a glass microfiber separator (Whatman,
1825-047, UK). The coin cell was subjected to preliminary studies
within a 3.5 and 5.2 V voltage range in half-cell assembly.

The full cell has been fabricated with LizTisO12 (LTO) as the counter
electrode. The LTO electrode has been made by preparing a homogenous
slurry by mixing the active material (LTO), conductive carbon (Acety-
lene black, AB), and binder (PVDF) in a weight ratio of 80:10:10 in N-
methyl-2-pyrrolidone (NMP). The electrodes were made by coating the
slurry on an Al-foil using a doctor blade setup and were cut into 14 mm
diameter circular electrodes. The electrodes are then kept in a vacuum
oven to remove the moisture. The full cell fabrication has been done by
combining the LCMO@AIF3 electrodes along with LTO in an Ar-filled
Glove box. Now, the full cell study has been carried out in a battery
tester (Biologic, France) within a voltage range of 1.5 and 3.7 V. Along
with that, the temperature study of the same has been carried out in an
environmental chamber (Espec, Japan) within a range of —10 to 20°C.

2.5. Material characterization

The structural characterization of the as-prepared LCMO@AIF3: 1-3
wt.% has been carried out using an X-ray Diffraction analysis (XRD,
Rigaku, Smart lab 9 kW, monochromatic Cu Ka radiation (A = 1.5406
A)) at a scan rate of 0.1° min~! within a 20 range of 10 to 80°. The
elemental analysis, as well as the chemical state of the elements, have
been determined from X-ray Photoelectron spectroscopy (XPS, with a
multilab instrument with a monochromatic Al Ka radiation hv = 1486.6
eV). In addition, the Raman spectroscopy (LabRam HR800 UV Raman
microscope, Horiba Jobin-Yvon, France) of the material has been done.
The morphology and shape of the material have been analyzed from the
FE-SEM (S-4700, Hitachi, Japan) and HR-TEM (TECNAIL Philips, the
Netherlands, 200 keV) analysis. Also, the homogeneity of the elemental
distribution was analyzed using the EDS analysis of the material.

3. Results and discussion

The structural elucidation of pristine LCMO and the LCMO@AIF3:
1-3 wt.% using powder XRD analysis (Fig. 1) reveals the formation of a
cubic phase with an Fd3m space group. Moreover, the crystalline nature
of the sample has been confirmed by the strong and sharp reflections of
(111), (311), (400), and (440) planes. Also, the absence of AlFs
diffraction peaks accounts for the low concentration of AlF3 in the
sample. The functional group analysis using IR spectroscopy (Fig. S1)
indicates the presence of Mn-O and Co-O at 652 and 525 em?,
respectively. The Raman spectra (Fig. S2) indicate the presence of an
Fd3m space group, which agrees with the XRD analysis. Also, the more
intense band at 630 cm ™! (Ag) corresponds to the Mn-O vibration, and
the less intense band at 694 cm ™! is assigned to the Co-O stretching
vibration, respectively [29-31]. The XPS analysis (Fig. 2(a-f)) per-
formed for the as-synthesized LCMO@AIF3 shows the existence of ele-
ments such as Li, Co, Mn, O, and C in the compound, while the chemical
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Fig. 1. XRD pattern of pristine LCMO and LCMO@AIF3: 1-3 wt.%.

state of these elements has been evaluated to be Li 1s, Al 2p, Co 2p, Mn
2p, O 1s, C 1s, and F 1s. In addition, the oxidation state of the transition
metals Mn 2p and Co 2p has been evaluated to be +4 and + 3, consistent
with the previous reports [32].

The XPS spectra of F 1s exhibit a broad-single peak of C-F at 688.7
eV, along with the peak at 75 eV showing the Al-F bond, hence con-
firming the presence of AlF3 coating on the sample. In addition, O 1s
spectra exhibit peaks indicating the presence of MO (Co-O, Mn-0), C-O,
and C=0 at binding energies of 529.8, 531.9, and 533.8 eV, respec-
tively. Meanwhile, the C 1s spectra exhibit peaks indicating sp°-C
(284.3 eV), C-C (285.7 eV), and C=0 (288.2 eV) bonds.

To confirm the effect of AlF3 coating on the sample morphology, the
FE-SEM (Fig. 3(a-c)) analysis has been carried out for the LCMO@AIFs.
The agglomeration of the LCMO@AIF; particles leads to the formation
of spherical particles, hence resulting in a non-uniform particle size
distribution. The lattice fringe width has been evaluated from the area
electron diffraction pattern (SAED), revealing the crystalline nature of
the as-synthesized sample. The elemental mapping has been carried out
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using an energy dispersive X-ray spectroscopy (EDS) (Fig. 3(g—j)), which
exhibits a uniform distribution of elements such as Li, Mn, Co, O, Al, and
F in the sample.

The structure and morphology of the as-synthesized LCMO@AIF3
have been analyzed using FE-SEM and TEM imaging techniques. The FE-
SEM shows a semi-uniform AlFs coating along with a non-uniform
particle distribution. Also, from the TEM image (Fig. 3(d-f)), the inter-
layer spacing has been calculated to be 0.25 nm, which can be assigned
to the (311) crystal plane. In addition, the SAED pattern (Fig. 3(f))
further confirms the crystalline nature of the compound. The EDS
mapping (Fig. 3(g—j)) also indicates the homogenous elemental distri-
bution of Co, Mn, O, Al, and F in the compound.

3.1. Half-cell performance

To investigate the effect of AlF3 coating on the electrochemical
performance of LCMO, a preliminary half-cell study has been conducted
in a voltage range of 3.5-5.2 V vs. Li/Li" at a current density of 20 mA
g~l. The Galvanostatic charge-discharge (GCD) exhibits a superior
electrochemical performance among the 1, 2, and 3 wt.% of AlF3 with
specific capacities of 107, 102, and 95 mAh g’1 and retentions of 68, 77,
and 74% after 100 cycles, whereas the pristine LCMO exhibit poor
electrochemical performance compared to LCMO@AIF3 with a
discharge capacity of 105 mAh g~! with a capacity retention of 45%
after 100 cycles (Fig. 4(a-b)). In addition, the rate performance study
carried out at different current densities of 20-100 mA g~! exhibits
better electrochemical performance among the LCMO@AIF3: 1-3 wt.%
compared to that of pristine LCMO (Fig. 4(c—d)). This superior electro-
chemical performance of the LCMO@AIF3 can be explained by the
insertion of Li-ions from the electrolyte into the coating layer, which in
turn converts AlF; to a stable Li,Al,F, phase, hence providing an addi-
tional pathway for Li" ion migration, thereby enhancing its ionic con-
ductivity. Moreover, the thickness of AlF3 coating plays a crucial role in
the electrochemical performance of LCMO; hence, it is necessary to
screen the optimal AlF3 composition. Therefore, taking into account the
GCD and the rate performance profiles, the optimum AlF3 composition
has been screened to be in the range of 2-3 wt.%.

The CV (Fig. 5) of the pristine LCMO and LCMO@AIF3: 1-3 wt.%
have been evaluated between 3.5 and 5.2 V vs. Li/Li" at a scan rate of
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Fig. 2. (a) High-resolution XPS spectra of the as-synthesized LCMO@AIF3 showing the elements present (b—f) XPS spectra of Al 2p, C 1s, O 1s, Mn 2p, F 1s and Co 2p.
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Fig. 3. (a—c) FE-SEM images of LCMO@AIF3, (d-f) HR-TEM images of LCMO@ AlF3; Inset: SAED pattern, and (g—j) EDS elemental mapping of LCMO@ALIF3, showing

the elemental distribution of Al, F, Mn, and Co.

0.1 mV s L. The two pairs of redox peaks indicate the presence of Co>*/
Co?" and Mn**/Mn®" couples and agree with the GCD profile. In
addition, the reduction in the oxidation and reduction peak current has
been observed as the composition of AlFj is increased from 1 to 3 wt.%,
which can be accounted for by the decreased Li" ion mobility with an
increase in the thickness of the surface coating layer. Also, a shift in the
oxidation and reduction peaks for the Co®'/Co?" and Mn**/Mn®*
couples can be observed as the AlF3 coating on LCMO is increased from 1
to 3 wt.%, owing to the increase in polarization due to the Al-F bond
present in the AlF3. Hence, a rise in polarization is observed as the AlF3
coating concentration increased from 1 to 3 wt.%.

To analyze the kinetics and mechanism of the Li" ion transfer,
electrochemical impedance spectroscopy (EIS) (Fig. 6(a—d)) has been
performed for both pristine LCMO and LCMO@AIFs: 1-3 wt.%. The
Nyquist plot consists of two different regions, among which the semi-
circle in the high-frequency region is attributed to the solution resistance
(Rg) and the charge-transfer resistance (Rcr), whereas the low-
frequency consists of the Warburg (Zy) region. However, at moderate
temperatures, the Nyquist plot comprises Rg, Rcr, constant phase
element (Q), and Zy; meanwhile, at low temperatures, the freezing-up of
electrolytes leads to poor Li" ion diffusion; hence the Nyquist plot
comprises only Rg, Rer, and Q. Also, regardless of the applied temper-
atures, the Nyquist plots for both pristine and LCMO@AIF3 reveal that
the LCMO@AIF3: 1 wt.% exhibit higher Rcr value compared to that of
pristine LCMO, meanwhile as the AlF3 composition is increased to 2 and
3 wt.% a drastic decrease in the Rcr value has been observed compared
to that of LCMO and LCMO@AIF3: 1 wt.% owing to the enhancement in
the Li ion diffusion. Similarly, the Rq exhibits similarity in the trend as

that of R¢r, with a higher value of Rg for 1 wt.%, while low R¢r value has
been observed among 2 and 3 wt.% AlF3 coating, respectively. The Q
refers to a capacitive term that indicates the double layer formation,
hence the AlF3 coating and SEI layer formation. Also, the constant phase
elements Q;, Q2, and Q3 mark the roughness of both SEI and AlF3 layers.

In addition, the in-situ impedance analysis (Figure S3 (i-j)) reveals the
formation of an SEI layer during the initial electrochemical cycling from
the 1% to 10™ cycle, which is accounted for by the dramatic increase in
the Rer value. On the contrary, as the cycling reaches the 50t cycle, the
Rer value remains almost stable, which marks the stability of the as-
formed AlF3 layer. But, a slight increase in the Rcr value has been
observed at the 100™ cycle due to the unfavorable side reactions and
electrolyte decomposition.

The Li" ion diffusion coefficient has been evaluated from both the
EIS and CV plots. The diffusion coefficient from the Nyquist plot has
been determined from the low-frequency Warburg region the slope of
the Z vs. o~ /2 plot (Fig. S5) using the equation [33-36].

Dii =R*T?/2 A’n* F* 62, C?

Where R is the universal gas constant (8.314 J K1 mol’l), T is the
temperature (298 K), A is the surface area of the electrode, n is the
number of Li* ions involved in charge-discharge, F is the Faraday con-
stant (96,500 C mol™Y), o, is the slope of the curve, and C is the elec-
trolyte concentration. As expected, an increase in the magnitude of Df;
(Table T2) has been observed as the amount of AlFs3 is increased from 1
to 3 wt.% as 2.03 x 10712 to 3.42 x 1072 cm? s~! compared to that of
pristine LCMO.
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Fig. 5. Cyclic voltammetry curves of LCMO and LCMO@AIF3: 1-3 wt.% at a
scan rate of 0.1 mV s,

The as-determined value of the diffusion coefficient from the EIS plot
has been further verified from the CV, which is carried out at a scan rate
of 0.1-1 mV s . To determine the Li" ion diffusion coefficient from CV,
the slope of the I, vs. v1/2 graph (Fig. S4) has been determined, followed
by its calculation from the Randles-Sevciks equation [36,37].

I, = 2.69 x 10° n*2 C, A D2 v!2

Where I, is the peak current (anodic or cathodic), C, is the concentration
of electrolytes, a is the cross-section area of the electrode, D is the Li* ion
diffusion coefficient, and v is the scan rate. The calculated value of the
diffusion coefficients (Table T1) exhibits a rise in their magnitude from

LCMO@ AlF3 - 1 wt.% to LCMO@ AlFs — 3 wt.%, along with a fall in
their magnitude among the pristine LCMO. Thus, a correlation in the
trend can be observed among the diffusion coefficients calculated from
both the CV and the EIS analysis.

To determine the feasibility of the electrochemical reaction, a com-
parison based on the activation energy of the as-synthesized pristine
LCMO and LCMO@AIF3: 1-3 wt.% have been carried out from the
Arrhenius plot. The evaluation of activation energy has been done from
the slope of In(c) vs. 1000/T plot (Fig. S6) using the equation-

In(o) = In(o,) — E, / 1000RT

Where ¢ is the conductance, o, is the pre-exponential factor, and E, is
the activation energy (eV). Based on the calculation (Table T3), the
activation energy decreased from 0.33 to 0.23 eV from pristine LCMO to
LCMO@AIFs3- 3 wt.%. Hence, an enhancement in the Li™ ion kinetics can
be observed as the amount of AlFg increases from 1 to 3 wt.% compared
to that of pristine LCMO. Therefore, the trend in activation energy for
both LCMO and LCMO@AIF3: 1-3 wt.% agree with the diffusion coef-
ficient calculated from the CV and EIS.

An in-operando powder XRD analysis (Fig. 7) has been carried out to
investigate the phase change and the structure of the LCMO during
charge-discharge between 3.5 and 5.2 V vs. Li/Li". The in-operando XRD
exhibits a shift in the 20 value as the charge-discharge progresses, which
indicates the expansion and contraction of the cubic unit cell during the
Li* ion insertion and extraction. Adding to this, the LCMO undergoes a
solid-solution mechanism without any phase change during the entire
charge-discharge process, which has also been proven from the in-
operando XRD analysis [34,38-40].

Although the spinels undergo a two-phase mechanism, the small
cation size difference between Mn>**/Mn*" and Co'/Co** during the
Li" ion insertion and extraction process will favor the occurrence of a
solid-solution mechanism.

The nature of the as-formed AlF3 coating has been analyzed by
conducting a post-mortem analysis of both cycled and uncycled
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circuits at a frequency ranging from 0.1 Hz to 10 kHz.
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Fig. 7. In-situ XRD analysis of LCMO@AIF3.

electrodes [41]. The powder XRD (Fig. S7) analysis of the cycled and
uncycled electrode reveals the fact that the cubic crystal structure of the
LCMO lattice has been maintained after the charge-discharge, which is
attributed to the absence of any peak shift. In addition, the absence of
diffraction peaks corresponding to the side products such as LioCO3 or
LiF can be attributed to the absence of any parasitic side reactions,
thereby enhancing the cycle stability as well as the rate capability of
LCMO. The elemental surface distribution of both cycled and uncycled
electrodes was determined from the XPS analysis (Fig. S8). The F 1s XPS
spectra of both electrodes exhibit a broad single peak corresponding to
C-F (689.8 eV). However, no change in the C-F peak intensity for both
electrodes suggests the absence of parasitic side reactions leading to the
formation of LiF, Li;COs, etc., hence showing the stability of the

as-formed AlF; coating. In addition, the peaks corresponding to the O 1s
core level can be assigned to M(Co/Mn)-O (529 eV), C-O (531 eV), and
C=0 (532.8 eV) bonds. Also, the similar peak intensity of the M
(Co/Mn)-0 bond for both electrodes indicates the absence of metal ion
dissolution, hence making it clear that the uniform AlFs coating on
LCMO prevents it from direct contact with the electrolyte, thereby
mitigating the parasitic reactions of the electrode with electrolyte.

The FE-SEM (Fig. S9) images reveal the morphology and nature of
the AlFj surface layer for the cycled and uncycled electrodes. The FE-
SEM images of cycled and uncycled electrodes exhibit particle aggre-
gation, leading to its agglomeration, resulting in an irregular particle
size distribution. The FE-SEM pictures further illustrate a uniform AlF3
coating among the uncycled electrodes. However, owing to the
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electrolyte decomposition and SEI layer formation, a non-uniform AlFg
coating can be observed among the cycled electrodes. Thus, from the FE-
SEM image, it can be concluded that as the cycling progresses, the SEI
layer gets disrupted, which leads to the consumption of more Li* ions,
hence causing irreversibility and poor cycle stability.

3.2. Full-cell performance

The full-cell assembly is fabricated with the spinel anode, LTO, with
LCMO and LCMO@AIF3:2-3 wt.% cathodes under balanced loading
conditions. The full-cell assembly was tested in a 1.5-3.7 V voltage
range at a constant current density of 20 mA g~ . The full-cell renders
48, 83, and 66% of initial capacity after 80 cycles (Fig. 8(a-b)) with
initial discharge capacities of 96, 94, and 95 mAh g_1 for LCMO/LTO,
LCMO@AIF3:2 wt.%/LTO, and LCMO@AIF3:3 wt.%/LTO assemblies,
respectively. Apparently, the AlF3 coating dilutes the undesirable side
reactions with electrolyte, which translates to better cycling stability
and rate capability for LCMO@AIF3:2-3 wt.%/LTO configuration
compared to LCMO/LTO.

The temperature-dependent electrochemical activity (Fig. 8(c—d)) of
both the LCMO@AIF3:2 wt.%/LTO and LCMO@AIF3:3 wt.%/LTO as-
semblies are subjected to various temperature conditions ranging from
—10 to 20 °C. At low-temperature conditions (0 and —10 °C), the full-
cell exhibits poor electrochemical performance due to the freezing-up
of electrolyte solution, resulting in sluggish Li-ion kinetics. However,
at moderate temperatures (10 and 20 °C), the increased Li-ion mobility
caused due to thermal agitation results in an enhancement in the elec-
trochemical performance.

4. Conclusion

The LCMO has been synthesized by a co-precipitation method fol-
lowed by a wet AlF3 coating from 1 to 3 wt.%. However, the AlF3 coating
does not influence the crystal structure and the electrochemical charge-
discharge of LCMO. In addition, the GCD profile exhibits excellent
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electrochemical performance among the LCMO@AIF3 compared to that
of pristine LCMO, owing to the strong Al-F bond, which enhances the
Li" ion conductivity. Further, the optimal AlF3 coating on the LCMO has
been screened to be in the range of 2-3 wt.%. The diffusion coefficient
calculated from both CV and EIS exhibits a similar trend with a pro-
portional rise in diffusion coefficient as the AlF3 coating increases from 1
to 3 wt.%. The Arrhenius plot exhibits a decreasing trend in the acti-
vation energy, hence validating the trend in the diffusion coefficient
obtained from both CV and EIS. Also, the in-operando powder XRD marks
the occurrence of a solid-solution mechanism without any phase change
during the entire charge-discharge process. The full-cell study exhibits
specific capacities of 94 and 95 mAh g~! with retention of 83 and 66%
after 80 cycles among the LCMO@AIF3:2 wt.%/LTO, and
LCMO@AIF3:3 wt.%/LTO assemblies. In addition, the temperature
study of both LCMO@AIF3:2 wt.%/LTO and LCMO@AIF3:3 wt.%/LTO
exhibits better electrochemical performance at moderate temperatures
of 10 and 20 °C owing to the fast Li * ion transport due to thermal
agitation. However, at low temperatures of 0 and -10 °C due to the
freezing-up of electrolytes, a sluggish Li* ion mobility has been
observed, thereby leading to poor electrochemical performance. From a
future perspective, the research on high-voltage cathodes should be
extended to other cathodes such as LiCoPQy, LiNig.sMn;.504, etc. Also,
morphological modification using conductive polymers such as PEDOT,
PANI, etc., must be explored further. In addition, electrolyte optimiza-
tion using additives, development of solid electrolytes, etc., are some
research areas requiring much attention.
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