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MnF, infiltrated-CNT fabrics was prepared by surfactant-aided impregnation of MnSiFg precursors in acid-
treated CNT fabric followed by annealing MnSiFs-loaded CNT fabric. The structural and morphological character-
izations by X-ray diffraction, scanning electron microscopy (SEM), and transmission electron microscopy (TEM)
confirmed the formation of MnF, nanoparticles (average size: 20-30 nm) within CNT fabric structure. Galvano-

static charge-discharge tests of CNT-MnF, nanocomposite fabrics showed excellent electrochemical performance
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and good cycle stability between 0.4 and 4.0 V vs Li/Li*. A specific capacity of 388 mAh/g was measured at 0.1C
for CNT-MnF, fabric with 70% MnF, loading after 100 cycles. Stable cyclability and good rate performance were
obtained at high charge-discharge cycling rates. MnF, loading largely affect the performance of MnF, infiltrated-
CNT fabrics cathodes when lower than 70% MnF, loaded-CNT fabrics were prepared. It can be concluded that
nano-sized active materials infiltrated inside conductive carbon matrix in optimized content can lead to rapid ki-

Li ion battery netics and stable performance for flexible metal fluoride-based cathode materials.
© 2018 Elsevier Ltd. All rights reserved.
1. Introduction low self-discharge and resistance [1]. However, future applications in

The demands for electrochemical energy storage devices including
batteries, supercapacitors, and fuel cells are continuously increasing be-
cause of their expanded utilizations in portable electronic devices such
as mobile phones, laptops, tablets, cameras, sensors, medical devices,
etc. Li ion batteries (LIBs) are considered as excellent electrochemical
storage devices due to their high energy density, long cycling lifetime,
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electric vehicles and renewable energy and backup power applications
for off-grid or smart grid require batteries with high capacity, rugged
durability, long life, reliable performance, safety, among others [1].
Intensive research efforts have been focused on the improvement of
insertion/extraction kinetics of conventional cathode materials, i.e. tran-
sition metal oxides LiMO, and phosphates LiMPO,4 (M = Fe, Co, Mn, Ni,
etc.) through nanostructuring to shorten Li* diffusion distance [1-3].
Although good results have been obtained related to cyclability and
rate performance, these materials suffer from low Li* storage and lim-
ited specific energies. With the actual electrochemical properties,
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layered transition metal oxide and phosphates cathodes cannot meet
the new requirements for LIBs to continue being used in modern elec-
tronic devices, electric automobiles, and smart electricity grid. Nonethe-
less, LIBs will remain the principle electrochemical storage devices for
years to come owing to the big progress in the development of ad-
vanced cathode materials capable to store more than one Lit ion or ex-
change more than one electron per molecular formula unit. These
cathode materials undergo conversion/displacement reactions instead
of insertion/extraction mechanisms during discharge/charge of the
electrochemical cell.

Recently, transition-metal fluorides (TMFs) have been used as cath-
ode materials in LIBs, and achieved high capacities and high energy den-
sities [3-20]. The oxidation state of the metal in TMFs involves the
transfer of multiple electrons/lithium ions per formula unit leading to
higher theoretical volumetric capacity (up to ~2200 mAh/cm?) and
higher theoretical potential (up to ~3.5 V vs Li/Li*). However, TMFs
materials suffer from several shortcomings, which limit their stability.
The most challenging one is the large volume and microstructural
changes during insertion and extraction of Li. As a result, the stability
of the investigated electrodes has been quite limited even in half cells.
During charge/discharge, a displacement/conversion process takes
place, where Li displaces the transition metal, leading to the formation
of LiF and transition metal clusters. Due to the small diffusion distances
between these thermodynamically stable structures, reversible Li inser-
tion and extraction becomes feasible. Theoretically, the Li capacity of
fluorides is determined by its stoichiometry and the density of the
fluoride-forming metal according to (Fig. 1):

xLit + xe™ + MFysx LiF + M

where M is a fluoride-forming metal.

The low electrical conductivity of fluorides initially resulted in the
low utilization of their theoretical capacity. However, reduction in the
grain size of poor conductive materials and the incorporation of these
nano-sized grains into a conductive matrix of carbon or even selected
metal oxides [14,15,21-24] allowed significant enhancements of the
cathode utilization (some close to the theoretical capacity). In an ideal
case, such matrices should offer both electronic and ionic conductivities.
Among the high voltage TMFs cathodes, some of the highest theoretical
energy densities are exhibited by MnF, ((1519 Wh/kg; 577 mAh/g)
[12,19].

Recently, several attempts to prepare nano-sized metal fluorides
using pyrolysis, precipitation and supercritical-fluid technologies
showed poor electrochemical performance after few cycles due to the
inhomogeneity of structure and the composition [11-16,25-29]. More
recently, Wang et al. [30] have demonstrated that the incorporation of
CoF, nanoparticles inside CNTs fabric prepared in situ by annealing of
CNT-CoSiFg composites enhanced the capacity of Li-ion batteries; how-
ever the capacity did not reach the theoretical value. From these results,
it can be concluded that the morphology of the conductive carbon addi-
tives used in electrode fabrication determines the ability of metal fluo-
ride cathode to retain capacity during conversion reaction with
lithium. A deep understanding of the reaction mechanisms during
charge/discharge of fluoride-based cathodes is desired to suppress the
capacity fading and voltage decay of carbon-metal fluoride nanocom-
posites Li-ion cathodes. It is predicted that further improvement in elec-
trochemical performance of carbon-metal fluoride cathodes can be
obtained by carefully choosing the preparation method and the cycling
voltages. Furthermore, we noticed that competitive insertion/extrac-
tion, and conversion/displacement mechanisms contribute in capacity
fading of metal fluoride-based cathodes.

In this work, a simple method of preparation of MnF; infiltrated-CNT
fabrics cathode material was developed. MnF, nanoparticles were in-
corporated inside the pores of carbon matrix by impregnation of CNTs
fabric in MnSiFg-H,SiFs aqueous solutions in presence of Triton X-100
followed by vacuum drying at 80 °C and then annealing under argon

Conversion reaction
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Fig. 1. Schematic of a reversible conversion reaction, showing crystallographic changes
occurring during discharge and charge of a metal fluoride cathode.

atmosphere at 400 °C. The as-prepared CNT-MnF, fabric was studied
in half-cell Li-ion batteries with pure Li metal as anode. The main goal
of this work is to achieve significantly better performance of TMFs cath-
odes with nanostructured multi-component systems, where MnF, and
CNTs offer synergetic performance enhancement by effectively mitigat-
ing the failure of both materials due to the exceptional mechanical prop-
erties of CNTs fabrics. Additionally, the design of lightweight, flexible
and high-performance energy storage carbon-based materials becomes
highly urgent to encounter the needs for portable and wearable elec-
tronic devices.

2. Experimental
2.1. Chemicals

High purity manganese (Mn) power was purchased from Sigma Al-
drich. Aqueous solution of fluorosilicic acid, H,SiFg (20-25% weight)
used as fluorinating agent was also purchased from Sigma Aldrich. Or-
ganic carbonates (dimethylene carbonate, diethylene carbonate, and
ethylene carbonate) were of analytical grade and obtained from Sigma
Aldrich. Li ribbon (thickness x width 0.75 mm x 100 mm, 99.9% trace
metals basis) from Sigma Aldrich was used as anode material. Lithium
hexafluorophosphate LiPFs (battery grade, 299.99% trace metals basis)
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Fig. 2. a) Experimental steps, b) Simple scheme of the synthesis of CNT-MnF, nanocomposite fabrics.

product of Aldrich was used as supporting electrolyte. The surfactant of
Triton X-100 was purchased from VWR.

2.2. Preparation of manganese(Il) hexaflurorosilicate MnSiFg

MnSiFg was prepared by chemical reaction of manganese metal with
fluorosilicic acid according to the following reaction: Mn(s) + H,SiFs
(aq) — MnSiFs(aq) + H»(g). 3 g Mn powder was slowly added to
50 mL H,SiFg aqueous solution. The mixture was kept under magnetic
stirring during 12 h till all the manganese was dissolved. The pink
clear aqueous solution was sealed and kept in refrigerator at 4 °C in Tef-
lon bottle until utilization.

2.3. Pretreatment of carbon nanotubes (CNT) fabrics

The carbon nanotubes (CNT) fabrics were produced by floating cat-
alyst chemical vapor deposition FCCVD using ethanol as the primary
carbon source and ferrocene as the source for iron catalyst. CNTs fabrics
were soaked in 6 M HNOs for 12 h to enhance its wettability and remove
metallic and polymeric impurities. It is washed with water till neutral
pH, and then several times with acetone. After drying at 70 °C in vacuum
oven, the acid-treated CNT fabrics were thermally treated at 550 °C in
furnace tube during 6 h under Argon atmosphere.

2.4. Preparation of CNT-MnF, nanocomposites
10 mL of MnSiFs was mixed with 4.5 mL 0.1% triton X-100 aqueous

solution. A desired mL of this solution was introduced in a petri dish.
CNT fabric of 5 cm? area was immersed into the solution and left till

complete impregnation of the precursor solution inside the carbon ma-
trix was obtained. MnSiFs-loaded CNT material was dried at 70 °C under
vacuum and then annealed at 400 °C in furnace tube under Argon atmo-
sphere for 4 h to completely decompose MnSiFg and obtain MnF, nano-
particles infiltrated inside CNT fabric structure according to the
equation: MnSiFg(s) — MnF,(s) + SiF4(g). SiF4 gas was captured by
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Fig. 3. XRD patterns of MnF, particles deposited on the surface on CNT-MnF,
nanocomposite fabric with 70% MnF, loading, and MnF, and MnF; powders.
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sparging the gas in 10 M KOH aqueous solution. The loading of MnF, in
the CNT-MnF, nanocomposite can be increased by soaking the treated
CNT fabric in more concentrated precursor solution. The loading of
MnF, deposited onto CNT fabrics in the different CNT-MnF, composites
ranges from 1.8 mg/cm? to 3.5 mg/cm?>.

2.5. Characterization of MnF; infiltrated CNT fabrics

The crystal structure of MnF,-infiltrated CNT fabric was character-
ized by powder X-ray diffraction (XRD; Rigaku Ultima 1V,
40 kV/30 mA, Cu-K,, radiation) at a scan rate of 2°/min with a diffraction
angle 26 between 10° and 80°. The morphology of synthesized samples
was observed by Scanning Electron Microscopy (SEM, JEOL JSM-6610)
and Transmission Electron Microscopy (TEM JEOL JEM-2100F). The con-
tent of MnF, in the composite was determined by mass difference be-
fore and after annealing using microbalance (Mettler Toledo™
Excellence Plus, XPE Series).

2.6. Electrochemical tests

The electrochemical tests of MnF,-CNT nanomaterials were per-
formed in CR2032 coin cells. The prepared MnF,/CNTs nanocompos-
ite was directly cut into disks and assembled inside Argon-filled
glove box (MTI, with gas purification system and digital Control -
EQ-VGB-6-LD) with an oxygen and water content <0.1 ppm using
Li metal disks as the counter and reference electrodes and a polypro-
pylene membrane (Celgard, 2500) as a separator. 1 M LiPF¢ dissolved
in 1:1:1 (v/v/v%) EC/DMC/DEC solvents was used as electrolyte. Gal-
vanostatic charge-discharge tests of Li/MnF,-CNT batteries were
conducted using MTI 8 channel battery analyzer (BST8-WA,
0.005-1 mA, up to 5 V) with adjustable cell holders in the voltage
range 0.4-4.0 V at various rates. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were performed on
cells using a potentiostat/galvanostat (Model PGSTAT302N,
MetrohmAutolab) running Nova software. The impedance was car-
ried out in potentiostatic mode at open-circuit potentials at a fully

Fig. 4. Morphology characteristics of CNT-MnF, nanocomposite fabric with 70% MnF, loading: a-c) SEM image of nanocomposite surface at different magnifications; d-g) TEM photos of
the MnF,-loaded CNTs taken from the surface of CNT-MnF; fabric by high frequency ultrasound and dispersed in acetone.
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charged state. The amplitude of the AC signal was set at 5 mV and the
frequency ranged from 1 MHz to 10 MHz.

3. Results and discussions

Fig. 2 illustrates all the steps of formation of MnF, nanoparticles in-
filtrated inside CNT fabrics. MnF,-CNT cathodes were prepared based
on a modified method used by Wang et al. [30] to prepare CoF,-CNT
nanomaterials. The modification was opted to improve the wettability
of initially hydrophobic CNTs fabrics, to increase the metal fluoride load-
ing inside CNTs microstructure, and to strengthen the interconnections
between MnF, nanoparticles and the CNT supporting material. The pre-
cursor MnSiFg was firstly impregnated inside the acid-treated CNT fab-
ric by soaking CNT fabrics in MnSiFg 0.1% triton aqueous solution. The
solution was completely absorbed by the acid-treated CNT fabrics. The
impregnation was aided by triton X-100 surfactant to further lessen hy-
drophobic properties of treated CNT fabrics and ensure a well distribu-
tion of the precursor within CNT structure. The formation of MnF,
nanoparticles occurred by annealing the vacuum dried MnSiFg loaded
CNT fabric at 400 °C for 4 h. Under these thermal conditions, MnSiFg
would be decomposed completely into MnF, and SiF4 and triton X-
100 would be also carbonized.

XRD spectra of synthetized CNT-MnF, nanocomposites, MnF, and
MnF; are given in Fig. 3. These results depict the coincidence of the
peaks of the synthetized materials with those of pure MnF, power. It
is obvious that the synthesis method results in the formation of MnF,
particles on the surface of CNT fabric and incorporated inside its struc-
ture. This result confirms that the oxidation state of manganese does
not change during annealing step by thermal decomposition of
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MnSiFg. Similar results have been reported in literature with other tran-
sition metal fluorides such as FeF, and CoF, [26,30]. SEM graphs of CNT-
MnF, nanocomposites given in Fig. 4-a-c at different magnifications,
shows that MnF, particles are well distributed on the surface of CNT fab-
ric. In addition, it is clear that MnF, particles are infiltrated inside the
structure of CNT fabric and the crystal particles are precipitated on the
voids and on the surface of carbon matrix. TEM images of the
nanomaterials taken by high frequency sonication and dispersed in ac-
etone showed that the average size of MnF, nanoparticles is estimated
to be between 20 and 30 nm as shown in Fig. 4-d-g. In addition, Fig. 4-
g shows the lattice fringes indicating an oriented growth of MnF,
nanocrystals. EDS elemental analysis shown in Fig. 5 confirms the pres-
ence of Min and F elements in the composition of MnF, precipitate. It is
well documented that the size of active materials and interfacial interac-
tions between the active materials and the supporting material are
equally essential to determine the performance of conversion-type Li-
ion batteries. Therefore, the impregnation of MnSiFg inside CNT fabrics
resulted in the precipitation of nanoscaled and porous active MnF,
within the structure of flexible and conductive carbon matrix.
Electrochemical behavior of the CNT-MnF, samples was firstly stud-
ied using cyclic voltammetry (CV) in half-cells with Li metal counter
electrodes between 0.4 and 4.0 V (Fig. 6-a). CNT-MnF, composites
showed an electrochemical activity within voltage window. In the first
cycle, two oxidation peaks appeared at 2.15 and 2.75 V vs Li/Li* corre-
sponding to the electrochemical oxidation of Mn?™ to higher oxidation
states and the decomposition of electrolyte with formation of SEL In the
return cycle, a reduction peak appeared around 1.0 V corresponding to
the reduction of Mn?* into Mn. It is markedly noted from the results
of Fig. 6-a that the electrochemical behavior changed after the first
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Fig. 5. TEM EDX analysis of MnF,-loaded CNTs taken from the surface of CNT-MnF, fabric with 70% MnF, loading by high frequency ultrasound and dispersed in acetone (a) STEM-HAADF
image of MnF, nanoparticle, (b) EDX analysis of the particle on the position (x) in a) showing that the nanoparticle was composed of mainly Mn and F, (c) Distribution of all the elements,

and (d) Distribution of Mn and F along the entire orange line in a).
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Fig. 6. (a) Cyclic voltammograms, and (b) EIS of CNT-MnF, samples tested with 1 M LiPFg dissolved in 1:1:1 (v/v/v%) EC/DMC/DEC electrolyte in Li metal half-cells and 0.3 mV s~ ' scan rate.

cycle and only two peaks appeared in the CV; an oxidation peak at
1.42 V vs Li/Li* and a large reduction peak at 0.75 V vs Li/Li*. These
peaks correspond to the main conversion charge and discharge reac-
tions of electrochemical oxidation of Mn metal into MnF, and liberation
of Li* and electrochemical reduction of MnF, into Mn with formation of
LiF. The difference between the oxidation and reduction potentials sug-
gested a slow kinetics for the conversion reactions; however, a very sta-
ble performance for CNT-MnF, electrode appeared during successive
cycling.

Electrochemical impedance spectroscopy was also performed before
and after CV cycles (Fig. 6-b). The electrical resistance, indicated by the
magnitude of the horizontal axis intercept, was low and did not change
much during cycling (~2 Q). Also, the charge-transfer resistance, deter-
mined from the radius of the semicircular feature present in the plot
(150 Q before cycling), was reasonably small. The charge-transfer resis-
tance increased after cycling and then it returns to its initial value after
cycle 5 which may be due to the formation of SEI This result indicates
that the electrodes are well electrically connected and have sufficient
channels for ion flow (solid state through the particles and through
the electrolyte).

The electrochemical performance of CNT-MnF, nanocomposites as
cathode materials in half-cell configuration using Li metal as counter
and reference electrode was also evaluated using galvanostatic
charge-discharge tests. The open circuit potential of Li/CNT-MnF, bat-
tery was 3.2 V vs Li*/Li. The galvanostatic charge-discharge tests were
performed in the voltage range 0.4 to 4.0 V vs Li*/Li at room tempera-
ture 23-24 °C. Fig. 7-a presents the charge-discharge cycles against ca-
pacity (mAh/g MnF,) of CNT-MnF, nanocomposites (70% MnF, in
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mass) at 0.1 Cin respect of the theoretical capacity of MnF, active mate-
rials 577 mAh/g. With lower voltage limit (0.4 V vs Li/Li*), we obtained
capacities for CNT-MnF; of roughly 400 mAh/g at the peak. As it can be
seen from Fig. 7, charge-discharge plateaus appeared and the insertion
of Li occurs ~1 V vs. Li/Li*. This indicates that CNT-MnF, cycled at
lower voltage than 1.0 V gives better performance and more stability
to the electrochemical cells. A specific discharge and charge capacities
of 924 mAh/g and 460 mAh/g were measured with a coulombic effi-
ciency around 200% indicating the irreversibility of the electrochemical
reactions in the first cycle. The specific discharge capacity was surpris-
ingly higher than the theoretical specific capacity for MnF,
(577 mAh/g). Higher discharge specific capacity than the theoretical
value for CNT-MnF2 cathode and irreversible specific capacity in the
first cycle can be linked to the side reactions of the electrolyte and the
formation of the SEI film.

After 100 cycles, a charge specific capacity of 388 mAh/g was mea-
sured for CNT-MnF,, which represents 84% the initial specific charge ca-
pacity measured (Fig. 7-b). CNT-MnF, nanocomposites cathode
displayed CE values very close to 100% in long cycles, indicating the
high reversibility of electrochemical conversion reactions. It seems
that the joint assembly between the flexible and conductive CNT fabric
facilitates the charge transfer and absorbs the volumetric changes dur-
ing conversion reactions [21-30], which maintains the specific capacity
of CNT-MnF, cathodes during charge-discharge cycles. The measured
specific capacity, 388 mAh/g, was about 67% the theoretical capacity of
pure MnF, material (577 mAh/g). This can be due to incomplete
charge-discharge reactions limited by cycling voltage loop fixed to be
between 0.4 and 4.0 V vs. Li*/Li to minimize electrolyte degradation
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Fig. 7. Electrochemical performance and stability of CNT-MnF, nanocomposite fabric with 70% MnF, loading: a) Voltage vs capacity for 100 first cycles between 0.4 and 4.0 V at 0.1 C;
b) capacity and coulombic efficiency vs cycle ID for 100 first cycles. Experimental Conditions: 1 M LiPFs dissolved in 1:1:1 (v/v/v%) EC/DMC/DEC electrolyte in Li metal half-cells.
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and by the slowness of conversion reactions. In contrast to previously
reported results [11,25-30] related to metal transition fluorides, our re-
sults demonstrated a good electrochemical stability of CNT-MnF, nano-
composites cathodes. The excellent electrochemical properties of CNT-
MnF, nanocomposites as cathode material for Li-ion batteries suggests
that the infiltration of MnF, nanoparticles inside CNT structure acceler-
ates charge and Li ions transfer during charge-discharge cycles by keep-
ing a good connectivity and an unceasing electrical contact between the
conductive CNT support and the weakly-conductive active MnF,
nanomaterials which results in high capacity and durable cyclability.

CNT-MnF, nanocomposites cathodes were continuously tested at
different charge-discharge rates (after 100 cycles at 0.1 C) for 10 first cy-
cles as shown in Fig. 8-a. The composite cathodes materials showed ini-
tial capacities of 388 mAh/g at 0.1 C, 345 mAh/g at 0.2 C, 277 mAh/g at
0.5 C, 244 mAh/g at 1 C, 188 mAh/g at 2 C, and 108 mAh/g at 5 C. CNT-
MnF, nanocomposites showed a remarkable capacity retention of 97%
and 93% after recycled again at 0.1 C and 0.2 C. MnF, loading inside
the structure of CNT fabrics would affect the electrochemical perfor-
mance of CNT-MnF, cathode materials. The discharge capacity of differ-
ent loaded CNT-MnF; at 0.1 C given in Fig. 8-b showed that increasing
MnF, loading up to 70% in weight increased the capacity from
135 mAh/g at 25%, to 168 mAh/g at 40%, to 275 mAh/g at 50%, to
340 mAh/g at 60%, and to 388 mAh/g at 70%. However, increasing
MnF, loading >70% decreased the capacity to 375 mAh/g at 78% and
362 mAh/g at 82%. It is obvious that a MnF, loading between 70 and
80% resulted in higher specific capacity and more stable performance
of CNT-MnF, nanocomposites cathodes. This suggests that the amount
of MnF, active materials and the interconnectivity inside the carbon
matrix are major factors in determining the performance of CNT-MnF,
nanocomposites. The greater lithium storage capability of CNT-MnF,
cathodes is related to the amount of nano-sized active materials
which shorten diffusion distance for lithium ions to react with superfi-
cial nanomaterials and intercalate inside CNT fabric nanocavities and
act as Li ion reservoirs for Li/CNT-MnF, cell. However, larger MnF, load-
ing than 70% inside CNT fabrics would decrease the unoccupied cavities
and surfaces and weaken the interfaces between MnF, particles and
CNT structure, which would decrease electrical connectivity inside the
nanocomposite materials and would result in slow kinetics and accen-
tuate the volume change effect during charge-discharge cycling. The
preparation method used here helps to preserve the morphology, pre-
vent segregation of phases and electrochemical disconnection, and pre-
vent metal and F dissolution into the electrolyte.

4. Conclusion
In this work, CNT-MnF, nanocomposite fabrics were straightfor-

wardly synthesized by surfactant-aided impregnation of MnSiFg inside
acid-treated CNT fabrics followed by thermal decomposition of the

precursor into MnF, and SiF, in Argon atmosphere at 400 °C for 4 h.
The nanocomposites were characterized by XRD, SEM, TEM and EDS
proving the infiltration of MnF, nanoparticles within acid-treated CNT
fabric. The as prepared CNT-MnF, nanocomposite fabrics were tested
as cathode material in Li-ion batteries. A specific capacity of
388 mAh/g at 0.1 C was measured for the CNT-MnF; nanocomposite
fabric with 70% MnF, loading. Stable cyclability and almost 100% cou-
lombic efficiency were achieved for these nanocomposite cathodes
until 100 charge-discharge cycles. High specific capacities were retained
at higher cycling rates (345 mAh/g at 0.2 C, 277 mAh/g at 0.5 C,
244 mAh/g at 1 C, 188 mAh/g at 2 C). Additionally, it is notable that
MnF, loading affects largely the specific capacity of CNT-MnF, and
MnF; loading between 70% and 80% led to the highest specific capacity.
It can be concluded that tailoring the size of active materials infiltrated
within conductive carbon matrices and assuring good connectivity be-
tween active materials and conductive supports can achieve excellent
electrochemical properties (fast charge transfer and high rate perfor-
mance) for MnF,-based cathodes. This procedure can be generalized
to other conversion-type cathode materials in order to develop flexible
carbon-based materials with excellent cyclability and electrochemical
performance that can be applied in portable electronic devices and inte-
grated with renewable energy conversion systems.
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