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SUMMARY

Li-ion battery (LIB) electrode materials feature mixed electronic-ionic transport. Their electronic conductivity
is expected to depend on the degree of de-lithiation/lithiation, but it is challenging to evaluate such depen-
dence as disentangled from ionic conductivity. Herein, we use the lon-Gated Transistor (IGT) configuration to
study the dependence of the electronic conductivity of lithium cobalt oxide (LiCoO, or LCO)-based compos-
ite cathode material. LCO-based composite is employed as transistor channel interfaced with the ionic
liquids: 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) and 1-Butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([PYR44][TFSI]), both without and with lithium bis(tri-
fluoromethane)sulfonimide salt (LiTFSI). The gate-source bias controls the degree of lithiation/de-lithiation
in the LCO composite-based IGT. We observed an increase in the drain-source transistor current upon the
application of a gate-source bias, i.e., upon Li* de-intercalation from the LCO composite cathode material.
Our results pave the way for the in operando evaluation of the state-of-charge (SOC) of LIB electrode mate-

rials, crucial for their efficient and sustainable use.

INTRODUCTION

Lithium-lon Batteries (LIBs) are widely used for energy storage in
different sectors, from portable electronic devices to electric ve-
hicles and intermittent renewable energy (wind, solar) plants.
They offer high energy density, high power density, and long cy-
cle life."™® LIBs use lithium-ion intercalation or insertion cathode
materials that undergo reversible faradaic processes taking
place in parallel with the storage/release of lithium ions (Li*)
within their crystal lattice without significant volume changes.*®

During discharging of LIBs, Li* from the anode diffuses
through the electrolyte, and it is intercalated in the cathode, while
the electrons are transferred to the external circuit. This implies
that the lithium-ion intercalation cathode materials are mixed
ionic-electronic conductors.®

Electronic transport in electrode materials is one of the key
factors influencing the rate performance of LIBs. Efficient elec-
tronic transport during battery operation is essential to prevent
capacity loss, especially at the highest current rates.®® Litera-
ture reports a dependence of the electronic conductivity of cath-
ode materials on the rate performance and capacity fade of

™
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LIBs.>'® Therefore, understanding how this dependence
evolves during battery operation is essential for designing
high-performance LIBs.

While different cathode materials are explored, lithium cobalt
oxide (LiCoO, or LCO) has been employed and is still used as
an intercalation cathode material in first-generation LIBs.'" Its
charge cut-off voltage is 4.4 V vs. Li*/Li to ensure stable output,
limiting its practical capacity to 170 mAh g, which corresponds
to 60% of its theoretical capacity of 274 mAh g~ '."27'* Efforts to
improve the performance of LCO cathodes include increasing
the charging voltage and charging rate, ensuring the stability of
both bulk and interface.*°

Ménétrier et al."” reported a change in the electronic conduc-
tivity during Li* intercalation/de-intercalation in LCO, which may
be associated with an insulator-to-metal transition. This transi-
tion has also been confirmed by a conductive atomic force mi-
croscopy study.'®

Electrochemical impedance spectroscopy (EIS) has been
widely used to investigate the electronic and ionic conductivity
of LIB electrode materials.'®® The impedance is usually repre-
sented as a plot of the imaginary part versus the real part of the
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impedance (Nyquist plot) acquired at different frequencies.”” For
a full or half LIB cell, the Nyquist plot describes the impedance
associated with different processes that take place at the two
electrodes/electrolyte interfaces and within the electrodes. At
each frequency, the impedance is influenced by the process
that limits the cell kinetics, specifically the slowest process at
that timescale. These processes typically involve: electron trans-
fer from the current collector to the electrode material, electronic
conduction through the electrode, ionic conduction and diffusion
through the electrode, and, eventually, the solid-electrolyte inter-
face (SEI), electron transfer related to the Faradic process, and
double-layer charging at the electrode/electrolyte interface.?
Deconvoluting unambiguously the above-mentioned ionic and
electronic processes by EIS is challenging: some processes
could take place in the same timescale domain (similar relaxation
times) and overlap in the resulting Nyquist plot.

To evaluate the electronic conductivity of LCO cathode mate-
rial, ex situ studies were carried out on LCO pellets featuring
different de-lithiation degrees. Four-electrode alternating current
measurements run on de-intercalated LCO pellets showed an in-
crease of six orders of magnitude for the electronic conductivity
going from fully lithiated (Li;Co0Q,) to de-lithiated LCO pellets
(Lio.sC005).%° Furthermore, ex situ EIS experiments conducted
on sintered LCO pellets placed between two ion-blocking elec-
trodes at a temperature of 20°C permitted to deduce of a value
of the electronic conductivity for LCO of ca. 6 x 1078 S cm~'.%"

Nevertheless, ex situ studies do not fully reveal the dynamics
of the electrochemical processes affecting the electronic con-
ductivity of the electrode materials during battery operation.
Additionally, these methods were conducted only on LCO pow-
ders, which are rarely used alone in LIBs. In real LIBs, cathode
materials are usually made up of conductive additives and
binders to form composites cast onto current collectors.?® The
morphology and dispersion of components significantly influ-
ence both electronic and ionic transport in composite elec-
trodes. Introducing a small amount of conductive additive results
in high electronic conductivity.?*°

lon-gated transistors (IGTs) are devices where the transistor
channel is in contact with an ionic gating medium (electronically
insulating but ionically conductive), instead of conventional di-
electrics, such as Si0,.°"* The electronic conductivity of the
transistor channel is modulated by the redistribution of ions
upon the application of a gate-source bias.

Depending on the nature of the transistor channel and the ions
in the gating medium, at least two distinct doping mechanisms, i.
e., electrostatic and electrochemical, can take place. For ion-
impermeable channels, ions accumulate at the interface with
the channel without penetrating the channel materials, bringing
about an electrostatic (two-dimensional, 2D) doping. On the
other hand, with ion-permeable channels, ions enter the channel
leading to an electrochemical (bulk, three-dimensional, 3D)
doping.**=%’

Recently, our groups have proposed the IGT configuration for
the study of how electronic conductivity depends on the de-lith-
iation/lithiation degree of LIB cathode materials. We studied
LiNig 5sMng 3C0g.20, (NMC532)-, LiNijs5Mng 504 (LNMO)-based
cathode materials as transistor channels.*® Furthermore, we
also used the IGT configuration to study the electronic conduc-
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tivity of semiconducting materials such as LTO, TiO,, and WOs.
lon-gating media containing both large ions (e.g., [EMIM]®,
[TFSI]) and small ions (e.g., Li*) were employed to shed light
on how the nature of the ions in the ion-gating media influences
the electronic transport properties of the materials, either
through surface doping or intercalation into their structure.®®>°

In this work, to assess the universality and extend the suit-
ability of the IGT configuration to evaluate in operando the elec-
tronic conductivity of LIB cathode materials, we considered the
case of the LCO-based composite cathode material formulated
such as in real LIB cells (LCO, Super P carbon conductive addi-
tive and poly(vinylidenefluoride) (PVDF) binder with a mass ratio
of 8:1:1 respectively), interfaced with the ionic liquids [EMIM]
[TFSI] and [PYR44][TFSI], in presence and absence of Li* (pro-
vided by the addition of LiTFSI).

Prior to the characterization of the electrochemical response
and transistor characterization, we examined the structure and
morphology of the LCO composite cathode material using scan-
ning electron microscopy (SEM) and X-ray diffraction (XRD).

RESULTS AND DISCUSSION

Morphological and structural characterization of the
LCO composite cathode material

We investigated the structure and morphology of the LCO com-
posite transistor channel material deposited on a patterned
SiO,/Si substrate by XRD and SEM. The diffraction pattern
featured peaks from the hexagonal phase of LCO (Joint Commit-
tee on Powder Diffraction Standards, JCPDS, 00-062-0420)
(Figure S1). The value of the lgga/l104 peak intensity ratio was
2.87; literature associates values of this ratio higher than 1.2 to
a low degree of cation mixing and high crystallinity for LCO.>*°
The average crystallite size calculated using the Scherrer for-
mula (D = /%9 , with k = 0.94, 1 = 1.5406 A (Cu Ka source)
and g = FWHM (full-width at half-maximum) is 47.4 nm.*" The
reflection peak 003 was used for this calculation.

SEM images (Figure S2) show that LCO samples are made up
of particles with irregular geometric shapes and sizes, homoge-
neously distributed on the substrate, and immersed in a contin-
uous matrix made of the carbon nanoparticles and PVDF binder.

Electrochemical response of LCO composite film in ion-
gated transistor configuration

We carried out the electrochemical characterization with cyclic
voltammetry (CV) in IGT configuration. The LCO composite
placed between the drain and source electrodes (short-
circuited) acted as the working electrode, while carbon paper
coated with activated carbon acted as the reference and counter
electrodes (Figure S3).%?

Initially, we run CVs without Li salt in the ionic liquid [EMIM]
[TFSI], at three potential scan rates: 100 mV s, 20 mV s’
and 5 mV s~". Afterward, we run CVs in 0.1 M LiTFSI in [EMIM]
[TFSI]. The potential window for the CVs was —0.5 V-1.2 V vs.
activated carbon (about 2.5 V-4.2 V vs. Li*/Li).”®

At the slowest scan rates, i.e., 5mV s~ and 20mV s~', the cy-
clic voltammograms exhibit a quasi-rectangular shape without
any peaks in the anodic and cathodic scans. In both measure-
ments, with and without Li* in the gating medium, the current
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Figure 1. Cyclic voltammograms of the LCO composite at three different scan rates and ion-gating media

(&) [EMIM] [TFSI].
(B) 0.1 M LiTFSI in [EMIM][TFSI].

is proportional to the scan rate, as expected for an electrostatic
charge storage mechanism, as in electrical double layer capac-
itors (EDLC). Only at the highest scan rate of 100 mV s~", broad
anodic and cathodic peaks appear at ca. 2.8 V and 3.2 V vs. Li*/
Li, respectively (Figure 1). These peaks are typically ascribed to
the Co**/Co>* redox couple, but recent studies demonstrated an
anionic oxygen redox mechanism without cationic contribution
from cobalt during electrochemical cycling.*®

Some materials, termed pseudocapacitive, exhibit electro-
chemical signatures characterized by quasi-rectangular shapes
even if the charge storage mechanism includes a faradaic contri-
bution.** The pseudocapacitive behavior arises when fast fara-
daic reactions take place on the surface or near the surface of
the electrode material, and are not limited by diffusion
processes. ¢

Hence, the cyclic voltammetry behavior of the LCO com-
posite-based transistor channel (Figure 1) can be explained
by considering the micrometric thickness of the channel
(18 £ 1 um). The thinness of the channel material causes the
evolution of redox reactions typically occurring in bulk battery
electrode materials toward surface reactions, accompanied by
the shortening of the ion diffusion lengths, in the IGT configu-
ration. Consequently, the LCO composite-based IGT channel
material displays pseudocapacitive characteristics in the
CVS.46'47

The unexpected poor effect of the presence of Li* in the
[EMIM][TFSI] on the CVs brought us to further study the electro-
chemical response of the LCO composite in a three-electrode
configuration to ensure that the current was not limited by the
carbon gate in a two-electrode configuration. The results show
that the currents in the three- and two-electrode configurations
are of the same order of magnitude, and the shape of the CVs
is similar (see Figure S4). This result indicates that in a two-elec-
trode configuration, the current was not limited by the size of the
carbon gate.

Furthermore, [EMIM][TFSI] is an ionic liquid with a pK, value
of 28.2.% To ascertain that the presence of acidic protons in
[EMIM][TFSI] was not involved, i.e., intercalated/de-interca-
lated in LCO during the electrochemical process, we conduct-
ed CV measurements using the ionic liquid [PYR14][TFSI]
(without and with Li*). The CV profiles exhibit similar behavior
as those reported with [EMIM][TFSI], with only a slight in-
crease in current in the presence of the lithium salt
(Figure 2). Hence, even if we cannot exclude the contribution
of protons, the voltametric response of the LCO composite
thin channel material seems not much affected by the pres-
ence of Li* in the ion-gating medium, at least at the scan rates
considered in this study.

While the prevalent mechanistic model involves the oxida-
tion of Co®* to Co** along with the Li* intercalation/de-interca-
lation, Nieméller, Jakes et al.** suggested a mechanism
based solely on anionic oxygen oxidation. This latter mecha-
nism does not necessitate the presence of Li*, as it
excludes the intercalation/de-intercalation mechanisms. This
would suggest that, at least for thin channel materials,
different counter-ions might not affect the CV response of
the LCO composite. In addition, considering the bulky
nature of the ionic liquid cations and anions, and the CV
shape, we can argue that, in the actual experimental condi-
tions, the electrochemical process mainly involves the LCO
surface.

Electrical characterization of LCO composite-based
ion-gated transistor

We run the transfer characteristics (drain-source current, /4, vs.
gate-source voltage, Vg, at fixed drain-source voltage, Vis)
of the LCO composite-based IGTs using [EMIM][TFSI] and
[PYR14][TFSI] without and with Li* as the gating media
(Figures 3 and 4). Herein, the gate-source current, g,
results from the redistribution of the ions at the ion-gating

iScience 28, 112657, June 20, 2025 3
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Figure 2. Cyclic voltammograms of the LCO composite at two different scan rates and ion-gating media

(A) [PYR14][TFSI].
(B) 1 M LiTFSI in [PYR4][TFSI].

medium/carbon gate interface, while /45 corresponds to the cur-
rent flowing through the LCO composite channel included be-
tween the source and drain electrodes.

In [EMIM][TFSI], /4s decreases slightly from Vg = 0.5 V-0.2 V
and then increases from Vg = 0.2 V to —1.2 V (Figures 3A-3C).
In the presence of Li* (Figures 3D-3F), lys decreases for Vs

values higher than 0.3 V and then increases from Vs = 0.3 V to
—1.2 V. The transistor onset voltages are ca. 0.2 V in [EMIM]
[TFSI] and ca. 0.3 V in the presence of Li* in the ion-gating me-
dium, at all scan rates. The ON/OFF ratio values were 1.01 for
[EMIM][TFSI] and 1.02 for 0.1 M LiTFSI in [EMIM][TFSI] at all
Vs scan rates (Table S1).
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Figure 3. Transfer curves (/gs vs. Vs, Vgs = —200 mV) of LCO composite at different Vs scan rates of: 100 mV s ! (A and D), 20 mV s ! (B and

E),and 5mV s ' (C and F)

lon-gating media: [EMIM][TFSI] (A, B, and C) and 0.1 M LiTFSI in [EMIM][TFSI] (D, E, and F).
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composite. This results in high loee (the
current measured in the OFF state, where
Vys = 0) values, in turn bringing to low ON/
OFF ratios (Table S1).

The highest charge carrier densities n
were obtained for the Vg scan rate of
5mV s (57 x 10" cm™2 in [EMIM]

lgs (HA)

6.10
06 04 02 00 0.2 -04 -06 -08 1.0 1.2
Vs V)

In [PYR44][TFSI] ionic liquid, the decrease in /45 is observed for
Vs higher than 0 V and then increases for Vs values below 0 V
(Figures 4A and 4B), while in 1M LiTFSI [PYR14 ][TFSI], l4s de-
creases for Vg above 0.3 V and increases from Vg = 0.3 V to
—1.2 V (Figures 4C and 4D).

From the transfer curves, we calculated the charge carrier
density n by the Equation 1%

Q _ (Jls dVes)

n= A"~ TreA (Equation 1)

Where Q is the charge accumulated in the channel during the for-
ward scan, e is the elementary charge (1.6 x 107'° C), A is the
geometric area of the film exposed to the ion-gating medium
(4 x 107 cm?), and r, is the Vgs scan rate.

The charge carrier mobility, 4, was obtained by the Equation 2:

L lgs

= oW Vn (Equation 2)

1

Where L is the drain-source interelectrode distance (10 um) and
W is the width of the channel (4 mm).

Tables 1 and 2 report the values of accumulated charge Q,
charge carrier density n and mobility y, different ion-gating me-
dia, at different scan rates.

The increase in Igs With Vs (in both gating media) is related to
the oxidation of the cobalt paralleled by the extraction of Li*
from the LCO film (delithiation process). Such an increase indi-
cates the change in electronic conductivity in the LCO compos-
ite-based transistor channel as previously reported in an ex situ
study of LCO pellets.’®*” As observed in CVs curves, there is
no significant difference in the increase of /4s values in [EMIM]

06 04 02 00 02 04 06 08 10 12
Vgs (V)

[TFSI] and 6 x 10'® cm™2 in [EMIM][TFSI]
with Li*) and 20 mV s~ ' (3.6 x 10'°
cm~2 in [PYRy4 J[TFSI)) and 4.5 x 10'®
cm~2 for [PYRy4 ][TFSI] with Li). This indi-
cates that the slower V4 scan rate facilitates the oxidation/
reduction of the LCO composite, resulting in higher charge car-
rier density, n, which in turn implies greater electronic conductiv-
ity in the LCO composite transistor channel.

However, the presence of binder and conductive carbon addi-
tive in the LCO composite affects the charge carrier densities.?*
Therefore, these values of charge carrier densities cannot be
attributed to the LCO alone but rather to the composite made
up of LCO, binder and conductive additive.

Furthermore, we studied the output transistor characteristics
of LCO composite-based IGTs (e.g., [EMIM] [TFSI] without and
with Li*) for Vgs ranging from 0 V to —1.2 V, corresponding to
the potential from 3V to 4.2 V vs. Li*/Li, with Vgs = —0.6 V steps,
at a Vys scan rate of 20 mV s~ . The /s vs. Vys plots (Figures S5
and S6) show the ohmic nature of the LCO-based composite
material. The resistance can be estimated from the slope of
the Igs vs. Vgs plots. For increasingly negative values of Vs, the
resistance decreases due to the delithiation of the LCO compos-
ite material (Table S2; S3). This finding agrees with other works
reported in the literature, but has been obtained by ex situ or
DC polarization techniques.?®*”

Conclusions
In conclusion, we demonstrated the use of the IGT configura-
tion to monitor the change in electronic current of LCO-based
composite cathode material using the ionic liquids [EMIM]
[TFSI] and [PYR44] [TFSI], both with and without Li* as the
gating media. The IGTs characterized in this study operate in
depletion mode upon the application of a gate bias that in-
duces the de-lithiation/lithiation processes in the LCO compos-
ite transistor channel.

We observed an increase in the drain-source (electronic) cur-
rent for negative Vs values, as related to the lithiation/de-lithiation
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Table 1. Values of accumulated charge (Q), charge carrier density (n) and mobility (x) in [EMIM][TFSI] without and with Li*, at scan rates

of 100,20 and 5mVs !

[EMIM][TFSI] 0.1 M LiTFSI in [EMIM][TFSI]
Scan rate 100 mVs~' 20mV s 5mVs’ 100 mV s’ 20mVs™! 5mVs’
Q(©) (1.6+£02)x10* (2.8+04)x10* (3.6+0.8) x10* (1.8+02)x10* (3.1x04)x10* (4.3+0.7)x10*

(2.8 £+ 0.4) x 1072
(2.6 £ 0.4) x 10"®

(1.6 £0.2) x 1072
(4.5 +0.6) x 10™®

uem?v-ts™

)

(1.3+0.3)x 1072
(5.7 £1.3)x 10™®

(2.5+0.2) x 1072
(2.8 £ 0.4) x 10"®

(1.4 £0.1) x 1072
(4.9 +0.6)x 10"®

(1.1£0.2) x 1072
(6.6 +1.1)x 10"

processes. The pseudocapacitive characteristics observed by
cyclic voltammetry in our thin LCO composite channels suggest
surface-dominated redox processes, that potentially involve
anionic oxygen, thereby minimizing reliance on Li* intercalation.
The negligible impact of the presence of Li* in the ionic liquid
gating media further supports this mechanistic hypothesis,
at least in the IGT configuration. Charge carrier density
depends on scan rate, with slower scan rates enabling
higher charge accumulation, consistent with ion redistribution dy-
namics. Furthermore, our results highlight the potential of IGT
configuration as a tool for evaluating in operando the electronic
current as disentangled from the ionic current in LIB electrode
materials.

In perspective, future studies in collaboration with Argonne
National Laboratory will utilize advanced in operando tech-
niques, such as X-ray absorption spectroscopy, X-ray diffrac-
tion, and neutron imaging, to capture real-time structural and
electronic changes during cycling. This approach will elucidate
the interplay between SOC-dependent structural transitions
and electronic transport in LIBs, for the development of more du-
rable and high-performance LIBs.

Limitation of the study

Our study was not able to follow the chemical changes during
IGT operation. Conducting a chemical characterization study in
operando in IGT configuration (e.g., XPS in operando) could pro-
vide valuable information on the chemical changes occurring in
the material during IGT operation, thus leading to a better under-
standing of the doping/de-doping mechanism.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

LiCoO, Sigma Aldrich CAS ID: 12190-79-3
NMP Sigma Aldrich CAS ID: 872-50-4
PVDF Arkema CAS ID: 872-50-4
Carbon paper Spectracarb CAS ID: 7782-42-5
Super P Imerys CAS ID: 1333-86-4
Durapore PVDF membrane Sigma-Aldrich CAS ID: 24937-79-9
Activated carbon Sigma-Aldrich CAS |D: 7440-44-0
LiTFSI Sigma-Aldrich CAS ID: 90076-65-6
[EMIM][TESI] lolitec CAS ID: 174899-82-2
[PYR14][TFSI] lolitec CAS ID: 223437-11-4

METHOD DETAILS

LCO composite ink

The LCO composite ink was prepared using LCO powder, conductive carbon (Super P conductive carbon black, Imerys) as conduc-
tive additive and polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP) solution. The final composition of the ink including
LCO, conductive carbon, and PVDF in NMP was 8:1:1 in weight ratio.

lon-gating media

The ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, ([EMIM][TFSI], and 1-Butyl-1-methylpyrrolidinium bis
(trifluoromethylsulfonyl)imide ([PYR14][TFSI]), lolitec, 99% purity) were purified overnight at 60°C under vacuum conditions. In order to
gate in the presence of Li*, 0.1 and 1 M of LiTFSI (bis(trifluoromethane)-sulfonimide lithium salt (LiTFSI, Sigma-Aldrich, 99.95%
purity)) was dissolved in purified [EMIM][TFSI] and [PYR.4][TFSI] respectively.

Electrodes fabrications

Source and drain

Drain and source Au/Ti electrodes were patterned on SiO,/Si wafers by photolithography and deposited by e-beam evaporation. The
thickness of the electrodes was 55 nm (5 nm of Ti as adhesion layer, 50 nm of Au). Channel length (interelectrode distance) and width
were 10 pm and 4 mm, respectively (Figure S3).

Gates

Carbon paper (6 mm x 3 mm x 170 pm, Spectracarb 2050 A) was coated with an ink containing activated carbon and PVDF in NMP.
After coating, the electrodes were thermally treated overnight in a vacuum oven, at 60°C. The activated carbon reference electrode
potential is 3 V vs. Li*/Li.*°

LCO films deposition

The ink of LCO composite (5 pL) was drop-casted between drain and source Au/Ti electrodes patterned on SiO,/Si substrate and
dried overnight in a vacuum oven, at 80°C. The average thickness of LCO composite films measured by the profilometer was
18 £ 1 um.

Device assembly

IGT with LCO composite channel was assembled in a N, glove box ([O2] and [H2O] < 5 ppm). A Durapore PVDF membrane
(9 mm x 4 mm, 125 pm-thick) soaked with [EMIM][TFSI] or [PYR4][TFSI] with/without Li* was placed on the transistor channel.
Finally, the reference/counter or gate electrode was placed on the top of the separator membrane (Figure S3).

Electrochemical response and IGT characterization

Cyclic voltammetry was performed using VersaSTAT4 potentiostat. The transistor characteristics were measured in a home-micro-
manipulated electrical probe station using an Agilent B1500A semiconductor parameter analyzer.
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Five transistors were characterized with [EMIM][TFSI] and 0.1M [LiTFSI] in [EMIM][TFSI] as gating media and three for [PYR14][TFSI]
without/with Li*. A total of 6 cycles were run for cyclic voltammetry (3 cycles) and transistor characterizations (3 cycles). Cycle 2 is
reported in all figures.

Material characterizations

The profilometer (DektakXT, model: Bruker) has been used to measure the thickness of the LCO composite films. The morphological
structure of the film was studied by scanning electron microscopy (SEM, model: JEOL JMS-7600F), at an accelerating potential of
15 kV. The crystal structure of LCO composite was analyzed by X-ray diffraction (XRD, model: Bruker D8), using a Cu-Ka source
(wavelength A = 1.54 A).
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