
S
c

X
P
a

b

c

d

a

A
R
R
A
A

K
L
N
M
C
D

1

e
c
w
m
r
h
m
t
p
c
s
p
k
(
h
c

0
d

Journal of Power Sources 195 (2010) 4290–4296

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

ol–gel synthesis of multiwalled carbon nanotube-LiMn2O4 nanocomposites as
athode materials for Li-ion batteries

ian-Ming Liua,d, Zheng-Dong Huanga, Seiwoon Oha, Peng-Cheng Maa,
hilip C.H. Chanb, Ganesh Kumar Vedamc, Kisuk Kangc, Jang-Kyo Kima,∗

Department of Mechanical Engineering, Hong Kong University of Science & Technology, Clear Water Bay, Kowloon, Hong Kong, PR China
Department of Electronic and Computer Engineering, Hong Kong University of Science & Technology, Clear Water Bay, Kowloon, Hong Kong, PR China
Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology, 335 Gwahangno, Yuseong-gu, Daejeon 305-701, Republic of Korea
College of Chemistry and Chemical Engineering, Luoyang Normal University, Luoyang City, 471022 Henan, PR China

r t i c l e i n f o

rticle history:
eceived 17 September 2009
eceived in revised form 9 December 2009
ccepted 3 January 2010
vailable online 2 February 2010

a b s t r a c t

This study reports the development of multiwalled carbon nanotube (MWCNT)-LiMn2O4 nanocompos-
ites by a facile sol–gel method. The elemental compositions, surface morphologies and structures of
the nanocomposites are characterized with a view to their use as cathode materials for Li-ion batteries.
The results indicate that the nanocomposite consists of LiMn2O4 nanoparticles containing undamaged
MWCNTs. The nanocomposites show high cycle performance with a remarkable capacity retention of
99% after 20 cycles, compared with LiMn O nanoparticles with a 9% loss of the initial capacity after
eywords:
i-ion battery
anocomposite
ultiwalled carbon nanotube

yclic performance
ischarge capacity

2 4

20 cycles. Measurements of a.c. impedance show that the charge-transfer resistance of the nanocom-
posites is much lower than that of spinel LiMn2O4. A cyclic voltammetry study further confirms higher
reversibility of the nanocomposites compared with LiMn2O4 particles. The enhanced electrochemical
performance of the nanocomposites is attributed to the formation of conductive networks by MWC-
NTs that act as intra-electrode wires, thereby facilitating charge-transfer among the spinel LiMn2O4
particles.

. Introduction

The demand for lithion-ion batteries (LIBs) with higher specific
nergy and higher power capacity for application in electric vehi-
les and power tools has led to a search for electrode materials
ith much higher electrochemical performance than conventional
aterials. Among all the commercially available devices, LIBs cur-

ently represent the state-of-the-art technology [1,2] in terms of
igh energy batteries, and they occupy a prime position in the
arket place for powering portable electronic devices such as lap-

ops, personal digital assistants, and cellular phones. For use as
ower supplies for electric vehicles (EVs) and hybrid electric vehi-
les (HEVs), however, it is still a challenge to achieve the same high
pecific power using LIBs as is currently achieved with superca-
acitors. In general, the power capability of LIBs is hindered by the
inetic problems of the electrode materials used. For high power

viz. high rates), the electrode materials in LIBs must possess a
igher electronic/ionic conductivity and higher safety than those
urrently available.

∗ Corresponding author. Tel.: +852 2358 5841; fax: +852 2358 1543.
E-mail address: mejkkim@ust.hk (J.-K. Kim).
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© 2010 Elsevier B.V. All rights reserved.

Spinel LiMn2O4 has been studied extensively due to its poten-
tial use as a cathode material. In comparison with the conventional
LiCoO2 electrode, a cathode made from LiMn2O4 is much safer
because of its higher thermal stability at the charged states,
lower cost, contains more common elements, and is more in line
with environmental standards [3,4]. For application in batteries,
LiMn2O4 powder should consist of single-phase, homogeneous
and uniform particles with a sub-micron size distribution and a
large surface area in order to achieve excellent electrode prop-
erties. Although spinel LiMn2O4 has many advantages, its poor
electrical conductivity has been considered a limiting factor for
use in high-power applications. Another challenging issue with
cathodes made of LiMn2O4 is that the capacity decays signifi-
cantly with charge–discharge cycling, which has been a major
problem prohibiting LiMn2O4 from commercial application [5].
This severe capacity fading is mainly due to the Jahn–Teller dis-
tortion at the surface of spinel LiMn2O4 [6–8], the dissolution of
manganese in the electrolyte solution [9–11], the spinel LiMn2O4
with oxygen deficiency [12,13] and the decomposition of elec-

trolyte solution at the electrode [14]. In order to enhance the
cyclic performance of LiMn2O4, several strategies have been pro-
posed, e.g., the partial substitution of mono-, di- or trivalent cations
for Mn3+ [15,16] and coating the spinel LiMn2O4 particles them-
selves with inorganic compounds [17,18]. For example, Mg-doped

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mejkkim@ust.hk
dx.doi.org/10.1016/j.jpowsour.2010.01.068
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pinel LiMn2O4 exhibited much improved cyclic performance [16].
ecently, spinel LiMn2O4 nanostructures (such as nanorods and
anowires) showed a very high cyclic performance and good capac-

ty retention [19,20]. The studies were based on the experimental
hase.

Multiwalled carbon nanotubes (MWCNTs), because of their
nique one-dimensional tubular structure, high electrical con-
uctivity and large surface area, have been considered an ideal
anomaterial to functionalize other materials for applications in
nergy conversion and storage. MWCNTs have been used as addi-
ive materials to improve the electrochemical characteristics of
athode materials, including LiCoO2 and LiFePO4 for Li-ion batter-
es [21–28]. MWCNTs are a good conducting agent that improves
he electrical conduction and reversible capacity with a high cycle
fficiency of cathode materials. Hybrid nanostructures composed
f MWCNTs and oxide compounds, such as MWCNT-Co3O4 [29],
WCNT-TiO2 [30] and MWCNT-Au/SnO2 [31], have also been

eveloped as anode materials. These hybrid materials possess not
nly the inherent properties of nanocrystals and MWCNTs acting
lone, but also additional, unique properties that arise from the
lectrical and thermal interactions between them. In particular,
he MWCNT additives can provide conducting networks that can,
n turn, decrease the inner resistance of LIBs and thereby lead to
igher specific capacities even at high charge–discharge current
ates. Very few studies have hitherto been reported on the direct,
ol–gel preparation of hybrid nanocomposites for cathode mate-
ials of LIBs. In this work, a new hybrid nanomaterial consisting
f LiMn2O4 nanocrystals and MWCNTs is prepared using a facile
ol–gel method followed by calcination at a low temperature. Its
lectrochemical performance as a cathode material for LIB is dis-
ussed.

. Experimental

.1. Synthesis of MWCNT-LiMn2O4 nanocomposites

MWCNTs used in this work were prepared by a chemical
apour grown method (supplied by Nanokarbon, Korea). The diam-
ter and length ranged from 40 to 60 nm and 10 to 30 �m,
espectively, according to the supplier’s specification. The follow-
ng reagents and solvent were used without further purification:
ithium acetate dihydrate (99.999%, Sigma–Aldrich), manganese
cetate tetrahydrate (99.99%, Sigma–Aldrich), methanol (>99.5%,
isher), polyethylene glycol hexadecyl ether (Brij® 58, Mn ∼ 1124,
igma–Aldrich), and deionized water.

A typical procedure for the preparation of MWCNT-LiMn2O4
anocomposites is shown in Fig. 1. 4 mmol of LiCH3COO·2H2O
nd 8 mmol of Mn(CH3COO)2·4H2O were dissolved into 30 mL
ethanol with magnetic stirring at room temperature (designated

-A hereafter). A 20 mg sample of as-received MWCNTs was dis-
ersed in methanol (30 mL) and 0.5 g of non-ionic surfactant (Brij®

8) was added and dissolved under ultrasonication treatment (des-
gnated S-B hereafter). The surfactant plays an important role in
ridging the metal ions and the sidewalls of the MWCNTs as in
olymer nanocomposites [32,33]. The MWCNT content was main-
ained at 10 wt.% of LiMn2O4. As a coordinating and combusting
gent, 1.98 g of citric acid was added to 20 mL deionized water
t room temperature. Then, S-A and S-B were added dropwise to
he citric aqueous solution. The mixed solution was sonicated for
0 min to form a homogenous dispersion, which was then stirred

nd evaporated at 80 ◦C for 8 h. The resultant black mixtures were
ried at 120 ◦C for 10 h to yield gel precursors. For the preparation
f gel precursors, the molar ratio of citric acid to acetate ions was
.25. Finally, these diverse gel precursors were calcined at 250 ◦C
or 30 h in air, which were then cooled to room temperature natu-
Fig. 1. Schematic of synthetic process for MWCNT-LiMn2O4 nanocomposites.

rally. LiMn2O4 powders without MWCNTs were also obtained by a
similar process.

2.2. Assembly of coil-type cells

The electrochemical performance of the as-prepared powders
was investigated using two-electrode coin-type cells (CR 2032)
with lithium foil as a reference electrode. The working electrodes
were assembled by coating the slurry of a mixture on an alu-
minum foil current-collector of 12 mm in diameter. The mixture
was composed of 70 wt.% active material, 20 wt.% conducting agent
(acetylene black) and 10 wt.% binder (polyvinylidene fluoride) in a
N-methylpyrrolidinone (NMP) solvent. After drying in air at 80 ◦C
for 4 h, the electrodes were pressed under a pressure of 7 MPa for
1 min, and then dried at 120 ◦C for 24 h in vacuum. The weight of
the active materials was determined by weighing the Al foil before
and after pressing the powders. The assembly process was carried
out under a dry argon atmosphere in a glove box. The working elec-
trode was used as the positive electrode and Li sheet as the negative
electrode. The electrolyte was 1 M LiPF6 dissolved in ethylene car-
bonate (EC):diethyl carbonate (DEC):ethyl methyl carbonate (EMC)
at a 1:1:1 volume ratio. A polypropylene (PP) film (Cellgard 2400)
was used as the separator.

2.3. Characterization

The phase structures of the LiMn2O4 nanoparticles and MWCNT-
LiMn2O4 nanocomposites were determined by means of a powder
X-ray diffraction (XRD) system (PW1830, Philips) with Cu K� radi-
ation (� = 1.5406 Å) from 10◦ to 70◦ at a scanning rate of 2.0◦ s−1.
A field emission transmission electron microscope (FETEM, JEOL
2010F) was used to characterize the structural morphologies and
the energy diffraction (ED) patterns. Scanning electron microscope
(SEM, JEOL 6700F) images were taken to study the morphology of

the synthesized products. X-ray photoelectron spectroscopy (XPS,
Surface analysis PHI5600, Physical Electronics) was employed to
evaluate the elemental compositions and chemical status of the
samples using Al K� line as the excitation source. The binding
energy reference was taken at 284.7 eV for the C1s peak that arises
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rom surface hydrocarbons. Quantitative structural analysis of the
anocomposites was conducted on a RM3000 Micro Raman Sys-
em (Renishaw PLC, UK) with argon laser excitation of 514 nm.
lectrochemical impedance measurements were carried out in
he frequency range between 100 kHz and 0.01 Hz, and the per-
urbation amplitude was controlled at 5 mV. Cyclic voltammetry
nd electrochemical impedance measurements were performed
ith a CHI660 electrochemical workstation. The galvanostatic

harge–discharge characteristics of the cells were recorded with a
AND cell-testing system in the voltage range of 3.0–4.3 V (versus
i/Li+) at room temperature.

. Results and discussion

.1. Structure and morphology

The X-ray diffraction patterns of LiMn2O4 nanoparticles and
WCNT-LiMn2O4 nanocomposites are presented in Fig. 2. The unit

ell parameters and the volumes of LiMn2O4 calculated from the
RD data are consistent with the standard values (a0 = 8.247 Å,
0 = 560.90 Å3) of JCPDS 35-0782. The XRD patterns of the LiMn2O4
anoparticles present eight characteristic peaks at 18.6◦, 36.4◦,
8.3◦, 44.3◦, 48.5◦, 58.6◦, 64.2◦ and 67.8◦ that correspond to crys-

al planes of (1 1 1), (3 1 1), (2 2 2), (4 0 0), (3 3 1), (5 1 1), (4 4 0)
nd (5 3 1), respectively. For the nanocomposites, the characteris-
ic peak at 2� = 26.3◦ arising from the MWCNTs was not detected
robably because of the small quantity of MWCNTs used and the
verwhelming diffraction signals from the spinel LiMn2O4 phase.

Fig. 3. SEM images of samples prepared by sol–gel met

Fig. 4. TEM photograph (a) and ED pattern (b) of MWCNT-L
Fig. 2. XRD patterns of samples prepared by sol–gel method (a) without MWCNTs
and (b) with MWCNTs.

The surface morphologies of the materials are shown in Fig.
3. LiMn2O4 consists of agglomerated nanoparticles with a fairly

uniform individual particle diameter of 20–40 nm. The nanocom-
posite contains undamaged MWCNTs that are randomly mixed
with LiMn2O4 nanoparticles. The TEM image (Fig. 4a) reveals that
the surfaces of the MWCNTs are coated with a layer of spinel

hod (a) without MWCNTs and (b) with MWCNTs.

iMn2O4 nanocomposites prepared by sol–gel method.
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Fig. 5. XPS spectra of samples. (a) LiMn2

iMn2O4 nanoparticles. The ED pattern (Fig. 4b) confirms that
ound crystalline LiMn2O4 nanoparticles are successfully formed
hrough the sol–gel process and calcination at a low temperature,
hich is in good agreement with the results from the XRD analysis.

.2. Elemental compositions

The chemical compositions of the materials were characterized
y XPS analysis. The survey XPS spectra shown in Fig. 5a indicate
he signals of C, Li, Mn and O. For the LiMn2O4 nanoparticles, the
ignal of C is also detected at 284.8 eV, which is assigned to the
biquitous adventitious carbon and is taken as a reference. For the
anocomposites, the signal of C arises from MWCNTs (Fig. 5b). The
PS spectra of Li1s, Mn2p and O1s core levels are shown in Fig. 5c–e,
espectively. The peak of Li1s is located at 50.5 eV with a relatively
ow intensity, which indicates that lithium metal exists in the form
f Li+. The binding energy of Mn2p3/2 is known to appear at 642.6 eV

or Mn4+ in LiMn2

3+,4+O4 and Mn4+O2 (pyrolusite), and at 641.6 eV
or Mn3+ in LiMn2

3+,4+O4 and Mn2
3+O3 (bixbyite) [34]. In this case,

he two peaks of Mn2p (Mn2p3/2 and Mn2p1/2) are located at 642.2
nd 653.8 eV, respectively, with an energy separation of 11.6 eV. It
s obvious that the binding energy of Mn2p3/2 peak is intermedi-
(b) MWCNT-LiMn2O4 nanocomposites.

ate between those of Mn4+ (642.6 eV). The peak positions and the
intensity ratio of Mn2p3/2 and Mn2p1/2 show that LiMn2O4 exists in
the form of a stoichiometric spinel. The peaks of O1s for both mate-
rials appear at 529.7 eV, which reflects the presence of O elements
in the state of O2−.

3.3. Raman analysis

The Raman spectra of the two materials in the spectral region of
200–2000 cm−1 were obtained (Fig. 6). Common features of these
spectra are the presence of a strong band at around 650 cm−1 and
a group of bands between 200 and 500 cm−1 with a lower inten-
sity. For spinel oxides and other manganese oxides, energies at
∼650 cm−1 are characteristic of vibrations that involve the motion
of oxygen atoms inside the octahedral MnO6 unit [35]. The weak
Raman scattering efficiency is attributed to the electronic proper-
ties of LiMn2O4. The assignment of Mn–O bands confirms that the

LiMn2O4 spinel structure is successfully formed after calcination
at a low temperature of 250 ◦C. The spectrum corresponding to the
MWCNT-LiMn2O4 composite (Fig. 6b) suggests that the M–O bands
of the composites are marginally shifted to higher frequencies than
the LiMn2O4 nanoparticles. There are two main peaks arising from
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ig. 6. Raman spectra of samples (a) LiMn2O4 and (b) MWCNT-LiMn2O4 nanocom-
osites.

he presence of MWCNTs at around 1336 and 1570 cm−1, known
s the D-band and G-band of graphite, respectively. The D-band
orresponds to the sp3 structural disorder due mainly to defects in
he curved graphene sheets and tube ends, whereas the G-band
eflects the structural integrity of the sp2-hybridized graphene
heets [36,37].

.4. Electrochemical performance

The electrochemical properties of the cathode materials
ere evaluated by using 2032 coin-type cells. Representative

harge–discharge curves are shown in Fig. 7a. The cells were cycled
t a current density of 2C (where C = 148 mAh g−1) between 3 and
.3 V. The curves exhibit two close pseudo plateaux at around
.0 V, which is a typical profile for the electrochemical extraction
nd insertion of lithium ions. This result confirms two equilib-
ium binary systems during Li+ intercalation into the LiMn2O4
lectrode. It is noted that the MWCNT-LiMn2O4 nanocomposites
how a much higher capacity than the LiMn2O4 nanoparticles.
he smaller polarization of the MWCNT-LiMn2O4 nanocompos-
te electrode is contrasted with that of LiMn2O4 nanoparticles
uring charge–discharge cycles. Fig. 7b compares the cyclic per-
ormance of the two electrodes at the 2C rate with a cut-off

oltage of 3.0–4.3 V (versus Li/Li+) at room temperature. Both
he initial discharge capacity and the cyclic performance of the

WCNT-LiMn2O4 electrode are superior to those of the LiMn2O4
lectrode. The LiMn2O4 electrode has an initial discharge capacity

Fig. 7. (a) Galvanostatic charge–discharge curves of samples at 2C rate and
Fig. 8. Impedance spectra of samples. Inset is equivalent circuit used to fit
impedance data. (a) Without MWCNTs and (b) with MWCNTs.

of 54.7 mAh g−1, with a 9% loss of the initial capacity after 20 cycles.
By contrast, the discharge capacity of the composite electrode is
66.5 mAh g−1 and over 99% of this capacity is retained after 20
cycles; the loss is about 4% even after 100 cycles. The electrochem-
ical performance of electrodes, especially the cyclic performance,
is directly related to the robustness of their electrical contact. A
higher electronic conductivity of spinel LiMn2O4 electrodes corre-
sponds to a higher cycle performance [38]. The excellent electrical
conductivity of MWCNTs and the hybridization with the active
material are mainly responsible for the superior cyclic performance
of the MWCNT-LiMn2O4 electrodes. The MWCNTs act as intra-
electrode wires, there by facilitating charge-transfer among the
spinel LiMn2O4 particles.

The electrochemical impedance spectra (EIS) of spinel LiMn2O4
nanoparticles with and without MWCNT reinforcements are shown
in Fig. 8. The EIS data were collected with a two-electrode coin
cell after activation (i.e., after subjecting the coin cell to one
charge–discharge cycle). The initial activation was aimed to sup-
press the Li–electrolyte interfacial resistance that arises from the
passivating film formed on lithium metal in contact with the
electrolyte. The Nyquist plots are typically represented by a semi-
circle followed by a sloping, straight line at low frequencies. The

impedance spectra can be explained on the basis of an equivalent
circuit with uncompensated resistance (Ru), charge-transfer resis-
tance (Rct), double-layer capacitance (Cdl), and Warburg impedance
(Zw). The uncompensated resistance is the resistance between the

(b) residual discharge capacity versus cycle number at the rate of 2C.
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(b) MWCNT-LiMn2O4 nanocomposite electrodes at scan rate of 0.2 mV s−1.
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tion rates are considered to be very low, especially when the rate
is lower than 8C. This observation demonstrates that the structure
of the composite is very stable and the electrochemical Li+ inser-
tion/extraction process is quite reversible even at a rate as high as
8C. Although the discharge capacity of the LiMn2O4 phase prepared
Fig. 9. Cyclic voltammetric curves for (a) LiMn2O4 nanoparticles and

lectrode and the current-collector. The diameter of the semicircle
n Fig. 8 corresponds to the charge-transfer resistance (Rct), which is
elated to the electrochemical reaction at the electrode|electrolyte
nterface and particle–particle contact. A large semicircle means a
igh charge-transfer resistance. The sloping line in the very low fre-
uency region is attributed to the Warburg impedance (Zw), which

s associated with Li ion diffusion in the bulk of the active material. A
ignificant reduction in charge-transfer resistance from 120.4 � for
he spinel LiMn2O4 to 98.3 � for the MWCNT-LiMn2O4 nanocom-
osite is a direct indication of the improved electrical conductivity
rising from the intimate networking of MWCNTs with LiMn2O4
anoparticles which, in turn, facilitates a faster charge-transfer
etween the LiMn2O4 nanoparticles. This observation is consistent
ith the change in the charge–discharge profile, as discussed above.

The typical cyclic voltammetric curves (CVs) for the two elec-
rodes are presented in Fig. 9. The oxidative peaks of LiMn2O4
anoparticles on the 1st cycle occur at 4.04 and 4.17 V, and the
eductive peaks at 3.95 and 4.07 V. These values are consistent
ith reported data [17,39] and are the same as those in the CVs of

he MWCNT-LiMn2O4 nanocomposite (Fig. 9b). The corresponding
eaks on the 20th cycle of the nanoparticles are shifted from those
f the 1st cycle and therefore suggest that the surface structure of
he nanoparticles is initially less crystalline or defective. When the
wo cathode materials are compared, the LiMn2O4 nanoparticles
n general exhibit lower reversibility than the MWCNT-LiMn2O4
anocomposites. The CVs for the MWCNT-LiMn2O4 nanocompos-

te have similar positions and intensities of peak currents for both
nodic and cathodic curves on the 1st and 20th cycles. The potential
ifference (DEp) of the two redox peaks is approximately 0.09 and
.14 V for the 1st and 20th cycles, respectively. This confirms the
xcellent reversibility at room temperature due to the introduction
f MWCNTs.

The charge–discharge curves of the MWCNT-LiMn2O4 compos-
te at different rates of 0.1, 0.5, 1, 2, 8 and 13C at room temperature
re shown in Fig. 10. As expected, the discharge capacity decreases
ith increasing charge rate; the corresponding discharge capaci-

ies are 72, 70, 67, 63, 55 and 31mAh g−1, respectively. These values
re determined at higher charge–discharge rates of 0.5, 1, 2, 8, and
3C, respectively, which correspond to approximately 97, 93, 87,
6 and 43% of the discharge capacity obtained at 0.1C. The large
otential drops in the charge–discharge curves of the MWCNT-
iMn2O4 composites result from the iR drops of the lead line and
ell structure of a two-electrode cell at high charge–discharge rates.
The MWCNT-LiMn2O4 nanocomposite cathodes exhibit excel-
ent cycleability and reversibility. Fig. 11 shows the residual specific
ischarge capacity versus cycle number when the electrodes are
ubjected to 5 sets of 10 cycles at the same rate. An important obser-
ation is that the reduction in discharge capacity after each set of
Fig. 10. Charge–discharge curves of MWCNT-LiMn2O4 nancomposite at different
current rates.

10 cycles is remarkably low, i.e., 2.6, 1.5, 1.4, 1.2 and 6.5% at an
increasing rate of 0.5, 1, 2, 8 and 13C, respectively. These degrada-
Fig. 11. Specific discharge capacities versus cycle number for nanocomposite cath-
ode at different current rates.
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t a low temperature is relatively low compared with that of the
pinel phase LiMn2O4 prepared at over 700 ◦C (∼125 mAh g−1), the
nitial open-circuit voltage of 3.4 V and the two potential plateaux
n the 4 V range obtained in this study are typical properties for
pinel LiMn2O4. These findings partly confirm the successful prepa-
ation of MWCNT-LiMn2O4 nanocomposites using the facile sol–gel
ethod.

. Conclusions

MWCNT-LiMn2O4 nanocomposites have been synthesized
sing the sol–gel method, followed by calcination at 250 ◦C. Both
he low-temperature heat treatment and the chemical lithia-
ion process could form crystalline LiMn2O4 nanoparticles mixed
ith MWCNTs. Compared with spinel LiMn2O4 nanoparticles, the

s-synthesized MWCNT-LiMn2O4 nanocomposites show a high
harge–discharge capability and an excellent cycleability as well as
igh reversibility as cathode materials for LIBs. The role of MWC-
Ts in the cathode materials is to facilitate fast transportation and

ntercalation kinetics of Li ions. Furthermore, the method devel-
ped in this study opens up a new prospect for high-yield synthesis
f hybrid nanocomposites for LIBs.
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