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Carbon monofluoride (CFx) has a high energy density, exceeding 2000 Wh/kg, yet its application in primary lithium batteries
is limited by its power capability. Multi-walled carbon nanotubes (CNT*) are appealing additives for high-power batteries,
due to their outstanding electronic transport properties, high aspect ratio necessitating low volume fraction for percolation,
and high tensile strength. This perspective describes the current state of the art in lithium-carbon monofluoride (Li/CFx)
batteries and highlights opportunities for development of high-power Li/CFx batteries via utilization of carbon nanotubes.
In this report, we generated several electrode architectures using CFx/CNT combinations, and demonstrated the
effectiveness of CNT in enhancing the rate capability and energy density of Li/CFx batteries. First, we investigated the
resistivity of CFx combined with CNT and compared the CFx/CNT composites with conventional carbon additives. Second,
we built CFx-CNT electrodes without metallic current collectors using CNT as substrates, and compared their electrochemical
performance with conventional CFx electrodes using aluminum foil as a current collector. Further, we fabricated multi-
layered CNT-CFx-CNT composite electrodes (sandwich electrodes) and studied the impact of the structure on the
performance of the electrode. Our work demonstrates some of the opportunities for utilization of CNT in CFx electrodes and

the resultant implementation of CFx as a battery cathode in next-generation high-power batteries.

1 Introduction
1.1 Development of Li/CFx batteries

The utilization of CFx as cathode material in lithium primary
batteries was first reported in 1970s by Watanabe et al. from
Matsushita Electric Industrial Company in Osaka, Japan.l 2
Refinements were reported in 1981 by Toyoguchi et al.3 CFx is
the notation for poly carbon monofluoride. CFx compounds can
be non-stoichiometric with x varying between 0 - 1.3,45 and
most CFx used in lithium batteries has x around 1. CFx materials
are usually prepared by fluorination of graphite, petroleum
coke, carbon fibers and other carbon sources. Carbon precursor
and reaction conditions affect the properties and
performances of product.? The crystal
structure of CFx compound with x > 0.5 was investigated by
several groups.” 8 Nakajima et al. first proposed that CFx has
two phases: CF; and CFgs® In the CFy, fluorine atoms are
intercalated between every carbon layers to generate a CFCF
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stacking sequence, while in the CFgs, fluorine atoms are
intercalated in every other layer of carbon atoms to yield a
CCFCCF stacking sequence. Both phases have hexagonal
symmetry. CFx is described as a mixed phase material when x is
between 0.5 and 1. When x is between 1 and 1.3, the material
consists primarily of CF; phase with additional -CF; surface
groups.’® The nature of C-F bonding changes from ionic to
semi-ionic or semi-covalent to covalent with increasing F
content.-14 As x approaches 1, C-F bonding is covalent and the
material becomes totally insulating. The C-F bond length
decreases from 0.3 nm when the bonding is ionic to 0.141 nm
when bonding is covalent.> The inherently poor electrical
conductivity is the cause for several shortcomings of the Li/CFx
batteries, including limited rate performance, voltage delay
during the initial discharge process, and heat generation
accompanying the discharge process.>

A commercial Li/CFx battery (as shown in Figure 1) is
constructed with a composite cathode consisting of CFx, a
conductive additive and a polymeric binder, a lithium anode, a
polypropylene separator and a non-aqueous electrolyte (such
as LiBF,4 in y-butyrolactone).1® The overall discharge reaction of
the Li/CFx battery can be expressed as "CF, + xLi — C +
xLiF” .5 It has been shown that the electrochemical discharge
product is an intermediate phase consisting of carbon, fluoride
ions, and a solvated lithium ion.17 18 The discharge reaction can
also be considered as “CF, + xLi + xS — C(Li*SF™),” where
S represents solvent molecules coordinated with each Li* ion.
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Figure 1. Schematic of a Li/CFx battery.

Upon formation, the intermediate product subsequently
decomposes into the final discharge products: “C(Li*SF™), —
C + xLiF + xS§”.17 18 Based on the discharge reaction, the
specific capacity of CFx material is related to the x value. The
theoretical capacity of CFx is 865 mAh/g when x equals to 1, and
the specific capacity decreases as the x value decreases.® 12

The thermodynamically determined open circuit potential
(OCV) of Li/CFx (x = 1) batteries is 4.57 V. In most non-aqueous
liquid electrolyte, CFx cathode has a measured OCV of 3.2 V vs.
Li. The difference between the theoretical and measured OCV
values can be attributed to several factors. Reaction of CFx with
solvent, and the slow formation and decomposition of
intermediate phase has been proposed to be a dominant
factor.20-22 Smaller electrolyte solvent molecule size leads to
lower lithium solvation energy, therefore the lithium ion is
solvated more strongly and shows lower ability to pair with
fluoride ion, leading to higher overpotential. Solvents like
dimethylsulfoxide and  y-butyrolactone show higher
overpotential than propylene carbonate and sulfolane when
used as electrolyte solvents.23 The overpotential of CFx has also
been related to its fluorine (x) content, as material of higher
fluorine content has a larger interlayer spacing, which may
facilitate lithium ions migration.1® Additionally, when the lattice
of the starting carbon material exhibits a curvature as is the case
for carbon nanotubes and fullerenes, the C-F bonding nature
after fluorination as well as discharge potential can be
influenced by the curvature. Higher curvature causes weaker
covalent bonding so that the discharge potential is higher
(overpotential is reduced).24 25

Simulation of the Li/CFx system with constant load resistance

proved that the system obeys Tafel kinetics at low discharge
rates, and the transport processes such as concentration
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variations in solid and liquid phase are of negligible importance
due to low kinetic rates.?6 The electrochemical reaction is
confined to the carbon/CFx interface, and the OCV of the cell
has been reported to depend of the nature of the starting
carbon and processing temperature to produce CFx, as
suggested above. During constant-current discharge, there is a
relatively constant cell resistance over the majority of the
discharge, but a rapid decrease in first 5% (resulted from carbon
generation) and last 15% to 20% of discharge (resulted from
available reduction of active area).?® Simulation of pulse
discharge of the Li/CFx system suggests that carbon generation
during the initial discharge period results in a significant
capacitance which slows the potential response to interruption
in load. The cathode plays a dominant role in resistance of the
cell, therefore increases in cathode thickness and coverage of
CFx with LiF and changes in contact among cathode particles
may lead to changes in cell resistance as a function of
discharge.?”

It has been widely accepted that the reaction of CFx with lithium
is irreversible and Li/CFx batteries cannot be recharged.
However, it is noteworthy that the reversibility of CFx in sodium
ion batteries was demonstrated in 2014 by Liu et al. Unlike LiF
which cannot be electrochemically decomposed, NaF can be
reversibly decomposed in the reaction with carbon at the
voltage range from 1.5-4.4 V. A reversible discharge capacity of
786 mAh/g was achieved and the high reversibility of CFx with
Na was demonstrated, illustrating that CFx is also a promising
cathode material for rechargeable sodium batteries.28

1.2 Applications of Li/CFx batteries

Implantable cardiac pacemakers Depending on the power
level, implantable medical device primary batteries fall into
several categories: low-rate batteries outputting microwatts of
power such as batteries for cardiac pacemakers and hearing
devices; medium-rate batteries outputting milliwatts of power
such as batteries for drug delivery systems and bone growth
stimulators and high-rate batteries such as batteries for
implantable cardiac defibrillators which need to deliver a power
pulse of 40 J within milliseconds.?? Among all of the
applications, reliability, predictability, and long shelf-life are
essential requirements for implantable biomedical
batteries, where high energy density and lightweight are also
By virtue of the light weight and high theoretical
capacity of lithium metal, lithium primary batteries have been
widespread in health-improving medical devices since the
successful implantation of the first lithium-powered pacemaker
in 1970s.30,31

device

important.

Li/CFx battery has been a commercially viable technology for
implantable cardiac pacemakers since it was proven to be a
reliable power source for advanced pacemakers in 1996.32 A
cardiac pacemaker is a medical device that can help control
abnormal heart rhythms. It delivers electrical pulses with
proper intensity to stimulate the heart to beat at a desired rate.
Surgical treatment is required to implant a cardiac pacemaker.
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The first cardiac pacemaker powered by a zinc/mercuric oxide
battery was successfully implanted in a human being in 1960s.33,
34 This battery system helped make possible the implantation of
the pacemaker, but notable drawbacks such as high self-
discharge and generation of hydrogen as a by-product of cell
reaction existed. A rechargeable pacemaker battery was
developed in 1970s using a nickel/cadmium battery system. The
battery was recharged inductively through the skin, however,
the battery was short-life and patient compliance was difficult.
Nuclear batteries were developed for pacemakers. These
batteries used plutonium to generate heat and convert heat
into electrical energy. However, the nuclear component was
highly toxic once leaked into blood and tracking patients who
were implanted with these devices was an issue.3> Several
lithium battery systems have been used in implantable cardiac
pacemakers including lithium/iodine (Li/l2), lithium/thionyl
chloride (Li/SOCI,), lithium/manganese dioxide (Li/MnO,),
lithium/cupric sulphide (Li/CuS) and lithium/silver chromate
(Li/Ag>CrQy). 36353732 The electrochemical properties of these
battery systems are listed in Table 1. Li/l, batteries have been a
popular power choice in pacemaker batteries because of the
high energy density and long shelf life since they were invented
in 1970s.38 The cathode of Li/l, battery is usually a mixture of
iodine and poly(24-vinyl)pyridine (PVP), which reacts with a
portion of iodine and makes the mixture conductive. The
system contains a solid electrolyte which grows thicker as the
cell is discharged, resulting in decrease in conductivity over
discharge and limiting the rate performance of the battery.3°
While pacemakers have required power output in microwatt
range historically, for modern devices which integrate new
features like inductive and radiofrequency telemetry and
programmability, requiring more capable and long-lasting
batteries, Li/l, batteries are no longer the first choice.32 Li/CFx
batteries which were commercialized 30 years ago have
become a rather more attractive candidate for pacemakers. The
theoretical energy density for Li/CFx batteries is 2180 Wh/kg,
which is about four times of Li/l, batteries. Li/CFx batteries
usually have liquid electrolyte, therefore the internal resistance
is lower than that of Li/l, system and remains unchanged most
of the service life.40 Furthermore, Li/CFx systems are
compatible with titanium casing, which is about half the density
of stainless steel, and density of CFx itself is lower than iodine,
which gives Li/CFx battery systems a 50% reduction in weight
compared with Li/l, battery systems while maintaining
comparable volumetric energy density.32 41

Furthermore, CFx materials have been mixed with other
electroactive materials to combine their superior features to
make hybrid batteries: A blend of CFx and MnO; provides higher
rate capability than a CFx cathode, higher energy density than a
MnO; electrode, excellent low temperature performance with
no initial voltage delay.*2 The Li/CFx-MnO, systems can be
utilized in higher rate applications such as remote metering and
security alarm systems. A combination of CFx and Ag,V401;
(SVO) can provide both high power density and high energy
density, where the CFx component contributes favourably to

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Comparison of Li/CFx batteries to other lithium primary batteries used in
implantable medical devices.*,

Cell Nominal  Theoretical Theoretical Rate
chemistry cell capacity energy perform-
voltage (mAh/g) density ance
(V) (Wh/kg)
Li/1, 2.8 211 591 Low
Li/CFx 2.8 865 2180 Low to
medium
Li/sOcCl, 3.6 450 1470 Low to
medium
Li/MnO, 3.0 310 1005 Medium
Li/Ag,CrO, 3.1 160 515 Medium
Li/CuS 2.2 560 1050 Medium

energy density and the SVO components contributes favourably
to power density. The system was introduced to power devices
for treating atrial fibrillation in 1999 and to power implantable
pulse generators in 2000. Since then, this hybrid system has
been used in other implantable devices such as cardiac
pacemakers and drug-delivery devices.4> 46

Besides medical industries, Li/CFx batteries have been found in
a wide range of applications in military, aerospace and
electronic devices such as gas meters, cameras, computer clock
and memory back-up which mostly require low-to-medium
rates.5 47-50 |j/CFx cells exhibit the flexibility to be packed into
different shapes such as spiral, coin, cylindrical and pouch based
on the specific use. Extensive development on battery packing
has been conducted to improve the overall energy density,
where lighter materials such as aluminum and plastic are often
used for packaging.4® 5152 |t is worth pointing out that Li/CFx
batteries have become an attractive energy source for military
applications due to their high energy density and reliable safety.
With the Li/CFx technology, a BA-5590 lithium battery can be
reduced to half the original weight while maintaining the same
capacity. In addition to being used as portable power for long
term missions, Li/CFx batteries also power electronics such as
communication devices, GPS, surveillance, thermal imaging and
detection equipment.>3

1.3 Improving the power output of Li/CFx batteries

The operating discharge voltage of a Li/CFx cell is between 2.6-
2.8 V due to the low electrical conductivity of CFx and the slow
diffusion of solvated lithium ions in the intermediate phase. 5455
As described before, the poor electrical conductivity results in
several shortcomings of Li/CFx batteries, including limited rate
performance, initial voltage delay in discharge process and heat
generation accompanying the discharge process.®

Various approaches have been carried out to improve the poor
electrical conductivity and enhance the rate capability of CFx
material. Lam et al. have synthesized more conductive sub-
fluorinated materials (x < 1) to improve rate performance. At
low discharge rates (< 0.1 C), the energy density increases with
fluorine content x. At higher rates (> 2.5 C), sub-fluorinated
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compounds perform better than CFx (x > 1). The sub-fluorinated
samples contain unreacted carbon, which could act as an
intrinsic conductor between the fluorinated particles. However,
this approach comes with a sacrifice in specific capacity.>®4
Zhang et al. conducted a carbothermal treatment of the CFx
material and carbon black with the presence of fluorinated
polymer binder. The content of polymer affects the discharge
performance of resulting product because of the catalytic effect
of HF formed by the pyrolysis of the polymer on the
decomposition of CFx and on the reaction of carbon black with
the volatile fluorocarbons formed by the decomposition of CFx.
The Li/CFx cell with the obtained CFx cathode showed 95 mV
higher discharge voltage while maintaining the capacity.>”
Zhang et al. also developed a thermal treatment by heating a
mixture of CFx and citric acid which could serve as extra carbon
source. The discharge voltage was raised and cell resistance
was lowered. 38 In both processes, sub-fluorinated CFx were
produced so that the cathode resistivity was lowered. Another
approach is to form a conductive coating on the surface of CFx
particles to increase the exterior conductivity. Zhang et al. used
carbon coating obtained by decomposition of PVDF in N, and a
higher energy density and power density at higher discharge
current rate (> 1 C) was observed.®® Groult et al.
electrodeposited polypyrrole on CFx particles in acetonitrile
without affecting the structure of CFx core. The polypyrrole-
coated CFx cathode can be applied high current up to 4 C while
the discharge of pristine CFx is impossible at current higher than
1 C. With facilitated electrical conduction and contact between
particles and collector, energy density and power density are
tremendously increased.®® A chemical approach developed by
Nagasubramanian et al. was to add an anion-binding-agent to
the electrolyte solution to dissolve LiF generated in the
discharge reaction. Anion-binding-agent could dissolve LiF and
prevent it from plugging the cathode pores and thus keep the
bulk of the cathode accessible for further discharge reaction.®!
Rangasamy et al. presented a bifunctional electrolyte — Li3PSa. It
can act as inert electrolyte at the anode site and as active
component at the cathode site. The solid-state Li/CFx batteries
can output 126.6% energy density beyond theoretical limit. The
batteries also show good rate performance attributed to the
improvement in lithium ion conductivity for the bifunctional
electrolyte and better interfacial kinetics.62

The utilization of different nano-scale carbons as source
materials for CFx production has also been investigated by
researchers. Yazami et al. synthesized fluorinated carbon
naofibres, which contained both fluorinated and un-fluorinated
phase at nanometer scale. The un-fluorinated regions into the
core could act as an electron transport path within the
fluorinated structure and decrease the resistance. The
fluorinated carbon nanofibres could sustain high current
densities (6 C) and achieve high power density of > 8000 W/kg.5¢
Jayasinghe et al. used CNT as fluorination carbon source
because of the unique structure of CNT. Intercalation of fluorine
creates defects on the tubes which could be additional paths for
lithium ion diffusion. The existence of non-reacted carbonin the
fluorinated CNT could promote electron flow and improve

4| J. Name., 2012, 00, 1-3

reaction kinetics.®3 Damien et al. found graphene a good choice
for fluorination. The solvated lithium ions form layers of
minimum thickness, which makes the transport faster and
easier. Furthermore, the fluorine atoms situated on graphene
surface are easily accessed by lithium ions compared to
conventional CFx materials, leading to significant improvement
in energy density and faradic yield. &

A mechanical approach of ball-milling to pre-treat the CFx
material could reduce the particle size and alter physical and
electrochemical properties. The volumetric energy density
could be increased up to a factor of 3 with ball-milled particles
compared to pristine material. The gravimetric energy density
could increase up to a factor of 2 depending on discharge
rates.®®

It is important to realize that current collectors play a critical
part in conducting electrons in the electrodes, especially for
insulate materials like CFx. Yang et al. applied a novel
graphene/Au composite as a current collector of CFx cathodes.
With a rough and flexible surface structure favoring electron
transfer, a high capacity of 653 mAh/g could be achieved at high
current of 5 C. In contrast, CFx cathode on rigid aluminum foil
failed at 1 C. 6 The findings provided a new strategy for
designing CFx cathodes.

1.4 Use of multi-walled carbon nanotubes in batteries

CNT have become promising materials for both lithium primary
batteries and rechargeable batteries on the grounds of their
excellent electrical (10 to 107 S/m)%7 and thermal conductivity
(>300 W/meK),5870 chemical stability and mechanical
flexibility.”0-72 They have been utilized in a variety of ways in
batteries conductive additive,”® free
anodes,’* current collectors’> and novel electrode structures

including standing

such as layer-by-layer assembled electrodes.”®

CNT as current collector CNT paper (buckypaper) is a thin sheet
of aggregated CNT. CNT papers can be prepared by methods like
casting CNT dispersions, physical blending with a binder,””
spraying,’8 spin coating’? and vacuum filtration et al.”4 80.81 The
pore size of CNT paper can be tuned by changing the length of
CNT.82 The properties of CNT papers are not as good as
individual CNT, and an important reason is that CNT are not
aligning straight in a CNT paper. Alignment of CNT has been
investigated to increase the mechanical strength and thermal
and electrical conductivities.83 8 The electrical conductivity of
CNT paper prepared by vacuum filtration can reach a
conductivity of 1.0-5.0*10% S/m and a Young’s modulus of 785
MPa.67. 81, 8 CNT papers have attracted a lot of research
attention as free-standing anodes for Li-ion batteries. CNT-
based anodes exhibit reversible capacity in the range of 100-600
mAh/g depending on the preparation method, CNT structure
and cycling conditions.8> 86

CNT as active component The chemical and physical properties
of CNT can be tuned by changing surface conditions. It is

This journal is © The Royal Society of Chemistry 20xx
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reported that surface functional groups on CNT such as oxygen
and nitrogen can not only increase the capacitance of CNT,%7 but
can go through Faradaic reaction to increase the gravimetric
energy density as indicated by the potential-dependent
gravimetric capacitance obtained from cyclic voltammetry
measurements.’® The reaction between Li* and carbonyl, ester
and carboxylic groups takes place at an equilibrium voltage
about 3.1-3.2 V vs. Li. The surface groups could impart more
than 100mAh/g capacity to the electrode depending on
processing parameters.’® 88 89 Recently it is reported that
carbonyl (C=0) groups can be reduced by Li* and reversibly
oxidized in the voltage range from 3.5 to 1.5 V vs. Li/Li* in
aromatic carbonyl derivative organic materials.?° Based on the
research findings on the surface functional groups, we postulate
that functionalized CNT could serve as an active component in
the CFx cathode and contribute to the overall capacity, while
boosting the conductivity of cathode.

CNT as conductive additive Conventional conductive additives
used in batteries are mostly carbonaceous materials such as
graphite and carbon black, the isolated single particle
conductivity of which is in the order of 103 to 105S/m.%1. 92 |n
comparison, CNT has conductivity in order of 106 to 107 S/m.
Perfect CNT have similar conductivity as single-walled carbon
nanotubes (SWCNT). The outer shell transports the electrons
and contributes to final conductivity due to the coupling
between the concentric layers.?3 To provide conductive
pathways throughout an insulate electrode, a three-
dimensional network needs to be formed by uniform
distribution of conductive additive, which is known as
percolation. Percolation threshold is characterized by a sharp
drop in electrical resistivity with the increase content of
conductive material. Controlling factors include aspect ratio,
surface functional groups, alignment and dispersion state, as
well as the nature of matrix material.®*°7.8 Conductive
behaviour can also be changed if the conductive particles are
packed in different ways, depending on the density, pressure
and orientation.®” With a high theoretical electrical conductivity
and a high aspect ratio (ratio of length to diameter which is >
1000 typically), CNT can be seen as one-dimensional conductors
generally,®® 100 and can potentially establish a conductive
percolation network with much lower mass loading than carbon
black spherical particles and graphite flakes. On the other hand,
the entanglement of nanotubes forms an open mesoporous
network which provides a pathway for the ions to diffuse
easily.’1 Work has been done investigating the influence of CNT
as conductive additives in the matrix of LiCo0O,0?
LiNip.7C00.30,,2° LiFePO4’3cathodes, showing an
approximately 10% improvement in reversible capacity of the
electrodes compared to carbon black counterparts.

and

Aside from being used as fluorination carbon source, CNT are
introduced into Li/CFx batteries by researchers as conductive
additive. Li et al. replaced the conventional acetylene black with
CNT and improved the rate capability of the Li/CFx cell.193 At
discharge rate of 1C, the specific capacity is improved by 26%
when CNT are employed as conductive additive compared to

This journal is © The Royal Society of Chemistry 20xx
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same mass loading of acetylene black. To our knowledge, so far
this is the only work that has been done regarding CNT
functioning as conductive additives in Li/CFx batteries.

CNT dispersion The bottleneck of employing CNT as conductive
additives is that CNT are held together in bundles by the strong
Van der Walls interaction between tubes, and the high aspect
ratio in combinations with the high flexibility leading to low
efficiency on conducting electrons.1%4 To disperse CNT in the
matrix and effectively use the conductive pathways without
diminishing electrical and mechanical properties remains a
challenge for researchers. Physical methods of dispersion
include ball-milling,105 106 shearing, ultra-sonication,107
polymerization% and the use of surfactants,197 and chemical
including polymer-crafting
functionalization have been utilized by researchers.

methods and surface

Qian et al. developed a ultra-sonication-assisted solution-
evaporation method to disperse CNT in polystyrene matrix
homogeneously without destroying the structure of CNT.109
Sandler et al. dispersed CNT in epoxy by pre-disentangling CNT
in solvent with ultra-sonication, and then mixing with matrix
resin by vigorous stirring.110 Surfactants can be adsorbed onto
CNT surface and render them soluble in aqueous solution or
solvents. Unlike polymers which can also be used to disperse
CNT, surfactants can be easily washed off. Therefore they are
extensively applied in CNT dispersion. So far, various surfactants
have been tried to disperse CNT or SWCNT, including sodium
dodecyl benzenesulfonate (SDBS), dodecyltrimethyl-
ammonium bromide (DTAB), hexadecyltrimethylammonium
bromide (CTAB), octyl phenol ethoxylate (Triton X-100) and
sodium dodecyl sulfate (SDS).111,112,113-115 The dispersing power
for each surfactant is intrinsic based on their chemical
structures, and optimum CNT-to-surfactant ratio was found for
several surfactants.1® Concentration of surfactants should be
sufficient enough to coat the surface of CNT.

CNT surface chemistry as well as the interaction between tubes
can be altered by functionalization. CNT dispersion in liquid may
be enhanced by choosing a specific type of surface functional
groups. Acid treatment is a common way to purify, align CNT
and attach oxygen functional groups to them (-C=0, -COOH, -
OH).117. 118 The amount of functional groups increases as
treatment time increases. Ozone reacting with CNT produces
ester and quinone functional groups.11® Plasma polymerization
of acetaldehyde and ethylenediamine vapors could activate
CNT surface and introduce aldehyde (-CHO) and (-NH,)
groups.120  Other functionalizations and polymer-grafting
strategies are designed to make CNT soluble for different
purposes.121-125

Each of the above technique has its pros and cons. It is reported
that ultra-sonication results in fragmentation of CNT, which
decreases the aspect ratio.126 Ball-milling damages the tubes
and creates amorphous carbon.1?? Chemical functionalization
generates defects in lattice structure of carbon-carbon bonds
and disrupts the extended nt conjugation of CNT, consequently
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reducing the electrical conductivity of CNT.107. 128 There is a
large variation in the reported percolation threshold on CNT
dispersing in insulate matrix, which indicates that the dispersion
state is affected by different processing parameters. Itis critical
to find the proper parameters which could give the system best
dispersion state with minimum negative effects.

As we found in our work, there are practical issues related to
CNT agglomeration and dispersion when they are blended with
CFx material. No report has been found discussing how to tackle
the problem of CNT agglomeration in CFx matrix when CNT do
not wet well with CFx. In our work, the dispersion of CNT with
CFx material has been investigated first. Since CFx material has
the issue of low electrical conductivity and cathode swelling
upon discharge,1?® CNT could serve as highly electrically
conductive and flexible matrix, which not only provides good
electrical contact for the whole electrode, but also effectively
accommodate huge volume changes and dissipate heat
generated during discharge. We incorporated CNT in the CFx
electrode in two different parts: active material layer and
current collector substrate. We demonstrated that the capacity,
energy density and discharge rate capability could be greatly
improved by incorporating CNT into the CFx electrode. We also
designed novel sandwich-structure electrodes to eliminate the
initial discharge voltage delay, which is one of the limitations of
Li/CFx batteries. We carried out resistivity measurements on
CFx material with different conductive additives and confirmed
that CNT are advantageous in improving the CFx electrode
conductivity.

2 Experimental
2.1 Materials sources and materials characterization

CFx and CFy materials (Advanced Research Chemicals. Co),
multi-walled carbon nanotubes (Sigma-Aldrich) and super p Li*
(TIMCAL) were used as received.

Particle size of materials was measured by a Horiba Laser
Scattering Particle Size Analyzer. X-ray diffraction (XRD) was
carried out with a Rigaku Smartlab X-ray Powder Diffractometer
using Cu Ka radiation. Surface area measurement was done by
the Brunauer-Emmett-Teller method. SEM images were taken
on a JEOL 7600F Field Emission Scanning Electron Microscope.
Resistivity of pellets was measured by a four-probe resistivity
method. Microcalorimetry study was performed on a TAM Il
Microcalorimeter from TA Instruments.

2.2 Electrode fabrication, characterization, electrochemical test

CNT were dispersed, filtered and gently dried to form CNT
papers. Cathode materials of certain formulations were coated
on aluminum foil or CNT substrate.

To test material resistivity, CFx (CFy) material was mixed with

conductive additives of certain percentages and polyvinylidene
fluoride binder (PVDF) (5 wt. %). The mixture was pressed into
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pellets of 1.3 cm diameter by hydraulic press. The resistivity was
tested by a four-probe resistivity method.

Conventional coin cells were assembled in a dry argon-filled
glove box with lithium metal anode and the CFx-based cathode
which has an active material loading of about 1.5 mg/cm?2. Cells
were pulse-discharged and constant-current-discharged. In
pulse-discharge, three different currents were applied to one
cell, which were indicated in the form of “x/y/z mA/cm?”. X is
the background discharge current, y is the lower pulse current
and z is the higher pulse current.

3 Results and discussion

3.1 Characterization

Two CFx materials are investigated in this work, CFx and CFy.
For both materials, the F/C elemental ratio was between 1 and
1.15. The carbon source of CFx is petroleum coke and that of
CFy is carbon fiber. Both SEM images and Laser Particle Size
Analyzer revealed that the particle size range of both materials
is between 1 and 50 um. CFy particles are longer in one
dimension than CFx particles based on SEM images, as shown in
Figure 2. The surface area measured by BET was 125 m?/g for
CFx and 283 m?/g for CFy. Figure 3 showed the XRD pattern of
both materials and a schematic drawing assuming that CFx(CFy)
has a hexagonal lattice structure like graphite. The first peak at
26=13° could be assigned to the (002) reflection, particular for
compounds exhibiting high fluorine levels. The peak at 26 = 41°
could be assigned to (100) reflection, which is related to C-C
bond strength (reticular distance of 0.214-0.221 nm).130
However, due to peak broadening resulted from fluorination, it
is questionable to assign the peaks to one phase.

Figure 4 is the SEM and optical images of CNT paper substrate
as prepared. The raw MWCNT have a bulk density of 0.068
g/cm3 while the CNT paper has a density of around 0.3 g/cm3.

Figure 2. SEM images of CFx and CFy material. (a) CFx at 5 k magnification; (b) CFx
at 1 k magnification; (c) CFy at 5 k magnification; (d) CFy at 1 k magnification.
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Figure 3. (a) XRD pattern of CFx and CFy material and (b) crystal structure of fluorinated
carbon.

Figure 4. (a) SEM image and (b) optical image of CNT paper.

3.2 Material resistivity study and CNT as conductive additive

To study the mixing status of CFx (CFy) with super p and CNT
with the same dry-mixing conditions (ball-milling), CFx (CFy)
composite with 15 wt. % super p and CNT were mixed by plastic
ball-milling, respectively. As revealed by the SEM images in
Figure 5(a-d), super p particles can disperse well in CFx (a) and
CFy (b) matrix and CNT tend to entangle with each other (c-d),
which might lead to ineffective usage of CNT to form a
conductive network. To get CNT to disperse better with CFx and
CFy particles, higher energy steel ball-milling was employed to
mix CNT with CFx and CFy. SEM images of the composite after
steel ball-milling (e-f) showed that steel ball- milling did not
improve the quality of CNT dispersion with CFx material (e),
whereas it helped CNT disperse better with CFy material by dis-
entangling the CNT bundles (f).

Composites of CFx with 8wt. % super p and CNT were used
respectively to perform a time study to investigate the effect of
ball-milling and optimal mixing time. As Figure 6 shows, balling
milling of 8min and 10 min CFx/CNT samples have significantly
different resistivity. Ball-milling breaks the CFx particles and
CNT, prompting larger contact area of CFx particles with CNT.
However, longer ball-milling time may break CNT much shorter,
which might result in poor overall conductivity. CFx/super p
does not show as big a difference as CFx/CNT does in resistivity
as time varies. Mixing time of 6 min gets the super p particles
best dispersed with CFx particles considering the lower
resistivity. Extended mixing time might cause the super p
particles to aggregate, therefore the resistivity increases if
mixing longer than 6 min.

To study the advantages of CNT over super p as a conductive
additive, the resistivity of different mass loading of super p and
CNT in CFx(CFy) composite was measured. The results are
shown in Figure 7 (a-b). For CFx (a), at 5 wt. % of conductive
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additive, the resistivity of CFx/super p is nearly 10 times that of
CFx/CNT. At 8 wt. % of conductive additive, CFx/super p still
shows twice the resistivity of CFx/CNT. When the conductive
additive is increased to 10 wt. %, CFx/super p and CFx/CNT show
a similar resistivity level. As for CFy material (b), when the
conductive additive is 5 wt. %, the CFy/super p has a resistivity
30 times that of CFy/CNT. At 8 wt. % and 10 wt. % of conductive
additive, the resistivity of CFy/super p is still nearly 10 times that
of CFy/CNT. With the same mass loading, CFx(CFy)/CNT

samples achieve much higher conductivity than CFx(CFy)/super
p samples. The results suggest that less mass loading of CNT is
needed than super p to form a conductive network. Both SEM
images and resistivity tests results suggest that CNT dispersed

Figure 5. SEM images of (a) CFx/super P composite; (b) CFy/super P composite; (c)
CFx/CNT composite; (d) CFy/CNT composite by plastic ball-milling; (e) CFx/CNT and (f)
CFy/CNT composite by steel ball-milling.
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Figure 6. Resistivity of CFx mixed with both super p and CNT for different mixing time
lengths.
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and (d) CFy with 10 wt. % super p and CNT at a current density of 1/4/8 mA/cm?2.

in CFy material are more effective in forming a conductive
network, which proves that the nature of matrix material is an
important factor affecting dispersion quality.

Corresponding electrochemical results were obtained by
discharging the composite materials, as shown in Figure 7 (c-d),
at 10 wt. % of additives, for CFx material (c), cells with CNT show
a slightly lower initial voltage delay, but an approximately 50
mAh/g less capacity delivered compared with cells with super p.
For CFy material (d), cells with CNT show completely removed
initial voltage delay, a higher discharge voltage and a 50 — 100
mAh/g more capacity compared with super p as conductive
additive.

3.3 CNT as current collector

To select a suitable conductive additive for the following
comparison of current collectors, electrodes with 80 wt. %
active material (CFx or CFy), 15 wt. % conductive additives
(super p, graphite or no additive) and 5 wt. % PVDF binder on
CNT substrate were pulse-discharged. In Figure 8 (a-b),
discharge current density of 0.2/4/8 mA/cm?2 and 0.07/20/40
mA/cm? were applied and cells with different conductive
additives are compared (Only results for CFx material are
shown). At 0.2/4/8 mA/cm?2, cells with super p show the highest
background voltage: 2.52 V for CFx and 2.51 V for CFy. The cells
with graphite show background voltage of 2.48 V for CFx and
2.46 V for CFy. The cells with no additives show lowest
background voltage of 2.38 V for both CFx and CFy. At
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0.07/20/40 mA/cm?, cells with super p have the highest
background voltage: 2.60 V for CFx and 2.57 V for CFy. Cells with
graphite show lower voltage of 2.54 V for CFx and 2.56 V for
CFy. Cells with no conductive additives show the lowest voltage
of 2.49 V for both CFx and CFy.

Energy density for both groups of cells is shown in Table 2. For
CFx at both discharge current densities, cells with super p
exhibit the highest energy density. However, for CFy, cells with
super p and graphite show comparable energy density at both
discharge currents. At 0.07/20/40 mA/cm?, cells with no
conductive additives show even higher energy density, which is
probably due to that discharge rate is low. However, from
Figure 8(b), it is obvious that the voltage drop during pulses is
much deeper without conductive additives than that of the cells
with super p or graphite.

Overall, compared to graphite and non-additive situation, super
p is proved to be a more effective additive for pulse-discharge
for both CFx and CFy material. So in the next step when we
compare the substrates, we selected super p as conductive
additive to improve the conductivity of the electrodes.

Same pulse-discharge and constant-current-discharge tests
were performed on electrodes with both CNT substrate and Al
foil as current collector at the same time. The electrodes used
in this section have the composition of 80 wt. % CFx (CFy), 15
wt. % super p and 5 wt. % PVDF as binder.

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Energy density (Wh/kg of CFx or CFy material) of cells with different conductive

additives.
CFX (Wh/kg) CFy (Wh/kg)

Current 0.2/4/8 0.07/20/40 | 0.2/4/8 0.07/20/40
(mA/cm?)
Super p 1842 2219 1636 1888
Graphite 1583 2061 1769 1890
Non- 1692 2073 1582 2016
additives

Figure 9 is the discharge voltage vs. capacity plots of the
electrodes on CNT substrate and Al foil at different current
densities. As shown in Figure 9 (a-c), cells with both substrates
could discharge well when they are discharged at constant
currents of 0.06, 0.3, 0.6 mA/cm?2. When the cells are pulse-
discharged with higher current as shown in Figure 9 (d-f), at
current density of 0.2/4/8 mA/cm? (d) and 0.07/20/40 mA/cm?
(e), the Al foil cells have similar discharge profile as CNT
substrate, despite that the voltage drops deeper than the CNT
substrate. When the pulse current is increased further to
0.06/20/50 mA/cm? (f), voltage of the cells with Al foil could not
bounce back to normal discharge voltage after the first high-
current pulse (50 mA/cm?), while the cells with CNT substrate
could sustain the pulses maintaining the same background
discharge voltage as constant-current-discharge cells with the
discharge current of 0.06 mA/cm?2. The high-current pulses did
not lower the back ground discharge voltage. CFy material has

This journal is © The Royal Society of Chemistry 20xx
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similar discharge profiles at these current densities applied
which will not be shown here.

The group of cells of discharge current of 0.2/4/8 mA/cm?2 is
taken to compare the voltage drop at individual pulse. Figure
10 is the voltage respond at first three pulses for cells with CNT
substrate and Al foil. Apparently, cells with CNT show a much
lower voltage drop in all three pulses and have a different shape
of pulse curve, which indicates a different kinetic of pulsing
process.

Table 3 lists the specific capacity of cells with both substrates to
2Vandto 1V. At lower discharge current of 0.06 mA/cm?, cells
with CNT substrate could deliver about 100 mAh/g more
capacity than those with Al foil to 2 V and deliver twice the
capacity of those with Al foil to 1 V. At other current densities,
cells with CNT substrate show a 100 mAh/g higher capacity than
those with Al foil. At 0.06/20/50 mA/cm? pulse-discharge when
Al foil could not sustain, cells with CNT substrate still deliver
about 440 mAh/g capacity.

Figure 11 lists the energy density with both Al foil and CNT
substrate at each discharge condition. At each discharge
current, CNT substrate cells display about 100-300 Wh/kg more
energy density than Al foil cell. At discharge current of
0.06/20/50 mA/cm?2 which Al foil cell could not sustain, CNT
substrate cells demonstrate a high energy density of 1124
Wh/kg for CFx material and 1101 Wh/kg for CFy material.

Table 3. Specific capacity (mAh/g of electrode) of cells with CNT substrate and Al foil at
different discharge current densities.

Current 0.06 0.3 0.6

(mA/cm?)

Substrate CNT Al CNT Al CNT Al
Material CFx

Capacity at 2V | 437 342 403 303 388 315
(mAh/g)

Capacity at 1V | 963 476 541 375 495 383
Material CFy

Capacity at 2V | 392 283 378 285 384 290
Capacity at 1V | 1008 358 501 349 491 358
Current 0.2/4/8 0.07/20/40 0.06/20/50
(mA/cm?)

Substrate CNT Al CNT Al CNT Al
Material CFx

Capacity at 2V | 392 292 385 291 427 N/A
Capacity at 1V | 517 372 436 306 438 N/A
Material CFy

Capacity at 2V | 371 299 318 282 393 N/A
Capacity at 1V | 506 370 416 289 436 N/A
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A microcalorimetry study was performed on both CNT substrate
and Al foil based cells. The heat flow resulting from a 40 mA/cm?
current discharge pulse for the two cells is shown in Figure 12.
Microcalorimetry study on Li/CFx system has been previously
reported by Read et al., involving a low current discharge test
on the Li/CFx cell, where the thermal power after discharge was
monitored in order to study the LiF formation process.'?° The
goal of our microcalorimetry study was to examine the heat
given off during high current discharge pulse and learn the
effect of current collectors on heat generation of Li/CFx system.
The 40 mA/cm? pulse was applied for 5 seconds (as indicated by
inset in Figure 12), and heat generation started about 1 minute
after the pulse was applied. Dissipation of the heat generated
from pulse took about 20 minutes for each cell. The heat of the
pulse monitored for the cells with CNT and Al foil substrates
were 168 mJ and 227mlJ, respectively. The CNT substrate
showed less heat generation and maintained higher voltage
during the pulse. The advantages the CNT substrate showed
during the microcalorimetry measurement can be attributed to
the 3D structure of CNT, resulting in better contact and the
superior electrical and thermal conductivities which lead to
lower polarization of electrode. Detailed analysis on heat
generation will be fulfilled in future work.

3.4 Reduction of mass in CNT substrate

By virtue of the superior mechanical and electrical properties of
carbon nanotubes, energy density could be further improved by
reducing certain amount of carbon nanotubes while
maintaining the electrochemical performance of the cell. Figure
13 is a comparison between cells with CNT and reduced-mass
CNT (R-CNT, mass reduced by 40%). Table 4 gives the specific
capacity and energy density improvement when the substrate
dimension is reduced from CNT to R-CNT.

For CFx material, the capacity to 1 V is improved by 100 mAh/g
and energy density is improved by 150 Wh/kg. For CFy material,
the capacity to 1 V is improved by 120 mAh/g and energy
density is improved by 250 Wh/kg.
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Table 4. Specific capacity (mAh/g of electrode) and energy density (Wh/kg of electrode)
of cells with CNT and R-CNT substrate.

CFx CFy

CNT R-CNT CNT R-CNT
Capacity at 2V 330 392 283 371
(mAh/g)
Capacity at 1V 410 517 478 504
Energy density 839 995 709 931
(Wh/kg)

3.5 Sandwich-structure electrodes

To better take advantage of the superior conductivity of CNT
and alleviate the initial voltage delay of Li/CFx battery discharge
process, sandwich electrodes were fabricated by sandwiching a
middle layer of of CFx(CFy) composite of two different
formulations with two layers of CNT: One formulation is 15 wt.
% CNT and 85 wt. % CFx (CFy) (Formula 1) and the other is 5 wt.
% PVDF and 95 wt. % CFx (CFy) (Formular 2). A schematic graph
of the sandwich-structure is shown in Figure 14.

CNT
Formulation 1 or 2
CNT

Figure 14. Schematic graph of sandwich-structure electrodes.
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The electrochemical discharge results are indicated in Figure 15:
Formula 1 which eliminated electrochemically inert binder
shows a flat discharge curve for both CFx and CFy material. The
energy density with this formulation is 1027 Wh/kg for CFx and
1060 Wh/kg for CFy, respectively. Although the CNT may
aggregate in the electrode, it is shown that the framework
formed by CNT is effectively conductive and robust.

Formula 2 which did not contain any conductive component in
the middle layer shows a 0.1 V lower discharge voltage than
Formula 1 for CFx. However, the discharge curve of two
formulas overlay for CFy electrode, which implies that the
sandwich-structure is playing a major role in improving the
conductivity of the whole electrode.

In the expansion of initial discharge, the voltage delay is
significantly alleviated for CFx material and it is completely
removed for CFy material. Even for Formula 2 which does not
have conductive additive component, comparable
electrochemical results could be achieved, indicating that the
sandwich-structure is a promising strategy
fabrication for CFx materials.

in electrode-

4 Conclusions

Li/CFx batteries are one of the most promising types of power
sources by reasons of their high energy density, low self-
discharge and high operating voltage. However, the low power
drain rate resulted from the poor conductivity of CFx material
limits their high-power application. In this work, we

12 | J. Name., 2012, 00, 1-3

incorporated multi-walled carbon nanotubes in both active
layer and current collector substrate of the CFx electrodes and
studied the CNT as multiple components in the battery.

In this work, we took multiple steps to investigate the impact of
CNT when playing different roles in Li/CFx batteries. First, to
examine CNT as conductive additive in Li/CFx batteries, we
studied the resistivity behaviour of CFx composite with different
conductive additive. At 5 wt. %, CFx/super p shows 10 times
higher of resistivity than that of CFx/CNT. At 10 wt. %, CFx/super
p shows similar resistivity as CFx/ CNT. We proved that CNT are
more effective in improving the conductivity of CFx system. To
tackle the problem of CNT aggregation and improve the
dispersion quality of CNT in CFx matrix, we studied the effect of
physical ball-milling on dispersion status. Corresponding
resistivity and electrochemical tests results were analysed. A
time study was performed to get the optimal mixing status.

Second, we built CFx electrodes on CNT paper and compare the
electrochemical performance of cells with CNT paper as current
collector and those with conventional Al foil. The specific
gravimetric capacity is increased by a factor of 2 at lower
discharge current of 0.06 mA/cm? and improved by 100 mAh/g
at other discharge currents tested compared with Al foil.
Energy density is remarkably improved by 100-300 Wh/kg
depending on discharge current and rate capability is enhanced.
At 0.06/20/50 mA/cm?2, when the current is too high for the Al
foil cell to sustain, the CNT substrate cell could give a capacity
of 440 mAh/g. At the same pulse-discharge current, CNT cell
maintains a higher voltage during the pulse, indicating higher
electronic conductivity. A microcalorimetry study on the
discharge pulse showed that the more heat was generated with
Al foil as substrate than with CNT, which confirms the lower
polarization of electrodes with CNT substrate. Furthermore, we
were able to control the dimension of CFx-CNT electrodes and
improved the energy density by reducing the mass on the CNT
substrate. Last, we fabricated novel sandwich-structure
electrode in which the active material was sandwiched between
two layers of CNT. The sandwich structure relieved the initial
voltage delay of CFx discharged, and high capacity and energy
density were achieved.

In conclusion, we demonstrated that CNT have desirable
benefits acting as multiple components of CFx electrodes, and
employing CNT in Li/CFx batteries is worth further investigating
from multiple perspectives.
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