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The inferior rate capacity of lithium/fluorinated carbon (Li/CF,) batteries limits their application in the field,
requiring large discharge current and high power density. Herein, we report a novel type of fluorinated
carbon with superior performance through gas-phase fluorination of ketjenblack. The investigation
shows that the F/C ratio of the fluorinated ketjenblack (FKB) increases with the fluorination temperature,
whereas the discharge voltage decreases due to the lowered content of semi-ionic C-F bonds.
Accordingly, a suitable fluorination temperature of 520 °C was selected, under which the product
exhibits the largest specific capacity of 924.6 mA h g~ with discharge potential exceeding 3.1 V (vs. Li/
Li*) and the highest energy density of 2544 W h kg™t with power density of 27 493 W kg™™. This energy
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Accepted 12th July 2021 density is higher than the theoretical energy density of commercial fluorinated graphite (2180 W h kg™-).
In addition, the sample delivers good rate capability demonstrated by a specific capacity retention ratio

DOI-10.1039/d1ra03873g of 79.5% even at a current density of 20C. Therefore, the FKB material may have very promising practical
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Introduction

As is known, solid-state lithium primary batteries compared to
other primary batteries have the highest specific energy.' The
fluorinated carbon materials used as the cathode of lithium
primary batteries have the advantage of high theoretical energy
density, good reliability, low self-discharge capability, wide oper-
ating temperature, long storage life, etc.2 Compared with other
primary lithium batteries such as Li/SOCI, (1470 W h kg~ ") and Li/
MnO, (1005 W h kg™ ") batteries, the lithium/fluorinated carbon
(Li/CF,) battery possesses a very high theoretical energy density
(2180 W h kg~ with x = 1 for fluorinated graphite).>* Due to their
extraordinary performance, Li/CF, batteries are in strong demand
for many military and civil applications.®

As the cathode material of lithium primary batteries, fluo-
rinated graphite, which is the most common CF, material, has
its own drawbacks, such as poor rate capability, initial voltage
delay and low discharge voltage platform.””® Consequently,
various efforts have been made to enhance the rate capability of
CF, compounds for improving the power density of Li/CF,
batteries, including optimizing the fluorinated condition,*
screening the carbon source,”* surface-modifying the CF,
material,>'*"” designing hybrid materials” and adding
conductive layer-coating.' The fluorinated condition and the
carbon source are the most important factors affecting the
performance of Li/CF, batteries.*
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applications in lithium primary batteries.

Regarding the fluorinated condition, the F/C ratio (the value
of x) and the structure of the C-F bond influence the discharge
capacity of the Li/CF, cell. CF, compounds can be non-
stoichiometric with x varying between 0-1.3. The CF, material
has the highest theoretical specific capacity of 865 mA h g~ " for
x = 1.0.»>*?> However, large x values indicate that most of F
atoms covalently bond with the sp® hybridization of C atoms,
which leads to the poor conductivity of CF, cathode materials.*®
The poor conductivity makes the actual capacity lower than the
theoretical for Li/CF, batteries, and meanwhile reduces the rate
capability and increase the initial voltage delay.'® In contrast,
the CF, compound constructed by semi-ionic C-F bonds
delivers excellent rate capability and high discharge voltage
platform about 3.2 V (vs. Li/Li").?* Therefore, optimizing the F/C
ratio and composition of C-F bonds has become an effective
approach to acquire fluorinated carbon with optimal
performance.

In terms of carbon sources, various carbonaceous materials
such as nano-structured carbon,** carbon fibers,” gra-
phene,**"” biomass derived carbon® and so on were investi-
gated for fluorination. Among these materials, the deeply
fluorinated muti-wall carbon nanotubes investigated by Li et al.*
owned a maximum power density of 7117.1 W kg~" with the
discharge rate up to 5C due to the conductive networks which
would be beneficial to the ion transmission, and the fluorinated
biomass derived carbon prepared by Feng et al.*® delivered the
highest energy density of 2585 W h kg~ ' with high discharge
potential and specific capacity. Recently, Zhou et al.*® developed
fluorinated hard carbon prepared via F, gas-phase fluorination
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possessing energy density as high as 2466 W h kg™ ' and good
rate capability (the specific capacity is over 600 mA h g™" at
current density of 5C). The nano-CF, materials usually have
large specific surface area, small particle size and fluffy struc-
ture, which will improve the electrochemical reactivity by
enabling the rapid diffusion of Li" and reducing the reaction
resistance, and thus work well at high discharge rates in Li/CF,
batteries.”” Despite good electrochemical performance of these
materials, high cost of nano-structured carbons and instability
of production impede their practical application in lithium
primary batteries.

In this paper, the ketjenblack (KB), which has been widely
used in lithium ion batteries,® capacitor® and proton-
exchange-membrane fuel cells* as the conductive agent due
to its large specific surface area and high conductivity, is
adopted as the carbon source. In our previous study, pyro-
carbons were obtained by heat-treatment of KB at different
temperatures from 1000 °C to 2400 °C, and then the pyro-
carbons were fluorinated in NF; atmosphere to give CF,
samples with high fluorine content.*® Considering that high
temperature heat treatment will change the carbon structure of
KB, and thus affect the electrochemical properties of CF,, in this
work, we adopt the KB which is not treated at high temperature
to obtain nano-CF, materials. The KB is fluorinated via gas-
phase method using pure NF; gas at high temperature (=470
°C) to produce a series of CF, compounds denoted as fluori-
nated ketjenblack (FKB) with high fluorination degrees. The
products deliver specific capacities over 900 mA h g~* with the
discharge potential exceeding 3.1 V (vs. Li/Li*). Furthermore, the
products exhibit high energy and power densities at a high
current density of 20C because of a large number of micropores
which are found beneficial for increasing the contact area
between the cathode active material and the electrolyte and
hence improving the battery performance.*” The high specific
capacity and excellent rate capability make the FKB material
have a very promising practical application.

Experimental section

Material synthesis

The KB (ECP-600) was purchased directly from Japan Lion
Specialty Chemicals Co., Ltd. The KB powder was placed in
a pure nickel reactor and dried at 200 °C for 2 hours in vacuum.
After drying, it is fluorinated using pure NF; gas at a constant
temperature within 470 to 540 °C for 5 hours to ensure complete
reaction. The fluorinated products are named as FKB-1, FKB-2,
FKB-3 and FKB-4 and their corresponding fluorination
temperatures are 470 °C, 490 °C, 520 °C and 540 °C, respectively.

Material characterization

The fluorine content of FKB materials was determined by
a method of high temperature alkali fusion and ion selective
electrode as average of three times.** The morphologies of
products were observed by field-emission scanning electron
microscope (SEM, ZEISS MERLIN Compact) and transmission
electron microscope (TEM, JEM-2100F). The chemical
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components of products were characterized by energy disper-
sive spectroscopy (EDS, INCA Energy spectrometer). The N,
adsorption/desorption isotherms were measured using an
Autosorb-iQ instrument, and then the specific surface area was
calculated based on the isotherms. X-ray diffraction (XRD) was
studied by conventional powder X-ray diffraction (Bruker-AXS
D8 Advance X-ray Diffractometer) with Cu Ke radiation. Four-
ier transform infrared spectroscopy (FT-IR) spectra were ob-
tained using an infrared spectrometer (a PerkinElmer Frontier
FT-IR). X-ray photoelectron spectroscopy (XPS) analysis was
measured by a spectrometer (Kratos AXIS ULTRADLD) with Al
anode operating at 15 kV. Thermogravimetric-differential
scanning calorimetry (TG-DSC) of materials was performed on
SDT Q600 V8.0 Build 95 heated to 800 °C in N, at a rate of
10 °C min .

Electrochemical measurements

The electrodes were composed of fluorinated compounds,
acetylene black and polyvinylidene fluoride (PVDF) in a weight
ratio of 8:1:1 in NMP (N-methyl-2-pyrrolidinone) to form
uniform slurry. Then, the obtained slurry was evenly coated on
the aluminium foil and vacuum-dried at 80 °C for 4 h. The
aluminium does not contribute to the electrochemical perfor-
mance and is commonly used in the preparation of cathode of
lithium primary batteries.*® Finally, the electrode films were
further cut into disks with diameter of 15 mm, and then
vacuum-dried at 110 °C for 12 h before being transferred into
a glove box for cell assembly. Each electrode comprises active
materials within 1.5 to 2 mg cm 2 To assemble coin cells
(CR2016), a Li foil was used as both the anode and reference
electrodes, Celgard 2400 membrane was used as a separator, and
1.0 M LiBF, in propylene carbonate/dimethoxy ethane (PC/DME,
1:1 vol) was used as the electrolyte. Galvanostatic discharge
tests at various current densities were performed with a LAND
CT2001A. The battery test system was maintained at 25 °C, and the
cut-off voltage was 1.5 V. The electrochemical impedance spectrum
(EIS) was measured with an Advanced Electrochemical System
PARSTAT 4000 in the frequency range from 0.01 Hz to 100 kHz,
and the depth of discharge (DOD) was 10%.

Results and discussion

Effect of fluorination temperature on the structure of FKB
materials

It is widely known that a significant factor affecting the elec-
trochemical performance is the fluorine content in CF, mate-
rials. By adjusting the fluorination temperature, we get the FKB
materials with various fluorine content, so as to obtain the
cathode materials with the best electrochemical performance. A
high temperature alkali fusion and ion selective electrode
measurement is used to determine the fluorine content of the
FKB materials.*® The fluorine content (i.e., the F/C ratio) of the
FKB materials is shown in Table 1, indicating that the F/C ratio
increases with the fluorination temperature. This fact indicates
that the fluorination temperature may significantly influence
the properties of the obtained FKB materials. Therefore, SEM,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical compositions of the FKB samples

Fluorination
FKB sample temperature Fluorine content F/C
FKB-1 470 °C 48% 0.58
FKB-2 490 °C 51% 0.66
FKB-3 520 °C 58% 0.87
FKB-4 540 °C 61% 0.99

TEM, N, adsorption-desorption measurement, XRD, FT-IR, XPS
and TG-DSC were carried out to elucidate the effects of fluori-
nation temperature on the fluorinated ketjenblack.

The SEM image of the pristine KB is shown in Fig. 1a, indi-
cating that KB is formed by random accumulation of original
particles in diameter of 30-50 nm with smooth surface. The
microspheres stacking of particles by grafting leads to a fluffy
three-dimensional structure of KB. The SEM images of FKB
samples, as shown in Fig. 1b-e, reveal that the overall
morphology of pristine KB is well maintained after fluorination
and the particle sizes range from 20-40 nm. However, with the
increase of fluorination temperature, the structure of FKB
samples becomes fluffier because of the higher activation of NF;
at higher temperature which results in more serious erosion of
the surface of KB and the stronger reaction between carbon

Fig. 1 SEM images of (a) KB, (b) FKB-1, (c) FKB-2, (d) FKB-3 and (e)
FKB-4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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atoms and fluorine ions which leads to particle fragmentation.
The fluffy structure increases the contact surface area between
the electrode material and electrolyte, shortening the Li"
diffusion path and thus reducing the internal resistance of the
Li/CF, battery.*

The TEM image of KB (Fig. 2a) reveals that KB exhibits
uniform distribution of interconnected carbon particles with
random orientation, and the corresponding high-resolution
TEM (HRTEM) image (Fig. 2f) demonstrates the disordered
micro structure, comprising small graphitic domains of which
the lattice fringe distance is 0.35 nm. The TEM images of
prepared FKB samples (Fig. 2b-e) demonstrate that the
randomly stacked carbon particles of KB are preserved after
fluorination. From the corresponding HRTEM images (Fig. 2g-
j), it can be observed that the stacked carbon particles are in
irregular atomic arrangement, which is in agreement with the
situation of CF, with high fluorination degrees. Some nano-
structure domains in FKB have larger striped lattice spacing
than the original KB, which indicates that fluorine atoms are
introduced into graphitic domains of KB and vastly destroy the
graphitic sheets of KB during the fluorination process.* These
results demonstrate that, compared with highly ordered struc-
ture such as graphite, the amorphous structure of KB is favor-
able to the fluorination process and produces obvious structural
defects.”® EDS mapping (Fig. 2k-m) shows that the elemental
distribution of prepared FKB-3 demonstrate the homogeneous
fluorination of KB.

The surface characterizations of KB and FKB were deter-
mined by N, adsorption-desorption isotherm measurements.
The N, adsorption-desorption isotherm of KB and FKB (Fig. 3a)
samples could be classified as type IV, which means that the
structures have large amount of micropores and mesopores.*
According to the isotherm, the specific surface areas of KB, FKB-
1, FKB-2, FKB-3 and FKB-4 are 1321.4 m” ¢!, 704.6 m> g™,
697.9 m*> g7', 596.1 m> ¢! and 655.9 m> g~ ', respectively.
Compared with the KB, the specific surface areas of FKB
samples are significantly decreased, and this decrease is
enhanced with the rise of the fluorination temperature except
FKB-4. The reason for this result is that the disordered structure
of KB becomes partially ordered after fluorination by NF; gas.
The pore sizes of KB and FKB (Fig. 3b) samples are analyzed
based on nonlocalized density functional theory. The average
pore sizes of the KB and FKB samples are 8.9 nm, 7.4 nm,
8.9 nm, 8.3 nm and 9.1 nm, respectively. After high temperature
fluorination, the FKB materials retain the porous structure of
pristine KB, which is favorable for lithium-ion transfer.>**”

The XRD patterns of KB and FKB samples are shown in
Fig. 4. The two peaks of KB located at nearly 24° and 43° are
recognized to be (002) and (100) reflection of graphite structure,
respectively.®® According to Bragg equation, the interlayer
distance of KB is 0.37 nm corresponding to (002) reflection.
After fluorination, a new diffraction peak located at around 13°
appears, corresponding to the (001) lattice plane of the fluori-
nated carbon material. The (100) reflection peak shifts to the
lower angel with the increase of fluorination temperature,
signifying the increase of plane length of C-C bond, which
means more and more C and F atoms combine to form

RSC Adv, 2021, 11, 25461-25470 | 25463
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Fig.2 TEM (a—e) and HRTEM (f—j) images KB, FKB-1, FKB-2, FKB-3 and FKB-4, respectively. EDS mapping (k—m) of FKB-3.

fluorinated carbon compounds. Furthermore, the (001) reflec-
tion peak, corresponding to the hexagonal system compound
with high fluorine content, becomes more obvious at higher
temperature, indicating that more carbon layers are fluorinated.
The interlayer spacing of d(g) for FKB is about 0.65 nm
according to Bragg equation. These results coincide well with
HRTEM analysis and the nature of fluorinated carbon mate-
rials, namely that the intensity of (001) and (100) reflection
increases monotonously with the fluorination degree.*****
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Fig. 3 (a) Nitrogen isotherms and (b) pore size distributions of FKB
samples. The inset is nitrogen isotherms and pore size distributions of
KB.
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The FT-IR is used to investigate the chemical structure of the
KB and FKB samples, and the result is shown in Fig. 5. There are
no obvious absorption peaks in the FI-IR spectrum of KB,
indicating that there is no oxygen-containing organic functional
group. For the FKB samples, the intense absorption peak
observed at around 1210 cm ™" corresponds to the C-F bond.?**
It can be figured out that there is a blue shift of C-F bond in the
FT-IR spectra of FKB with the increase of fluorination temper-
ature, and meanwhile the full width at half maximum of the
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Fig. 4 XRD patterns of KB and FKB samples.
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Fig. 5 FT-IR spectra of KB and FKB samples.
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Fig. 6 The XPS survey spectra of FKB samples.

peak becomes narrower and the peak intensity becomes
stronger. These results indicate that the bonding strength
between C and F atoms has increased. The absorption peaks
located at around 1340 cm ™" and 670 cm™ ' are the character-
istics of —-CF, groups and -CF; groups respectively,*®*** and their
strength increase with the fluorination temperature. Besides,
there is a dispersive absorption peak appears at the wave-
number of 1100 cm ™ corresponding to the characteristic signal
of semi-ionic C-F bond,* and its intensity becomes weaker as
the fluorination temperature increases.

The XPS is used to determine the composition and func-
tional species of FKB samples. As shown in Fig. 6, the peaks at
about 284.6, 533 and 688.3 eV demonstrate the existence of C, O
and F elements.*” The chemical compositions of all the FKB
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samples are shown in Table 2. It could be found that the fluo-
rine content of FKB materials increases with the fluorination
temperature. The change trend of chemical composition is in
accord with the trend of FT-IR and XRD analysis.

The chemical states of C and F elements are investigated by
high-resolution XPS spectrum. In C 1s spectra (Fig. 7a-d), the
peaks of C-F bonds significantly increase with the fluorination
temperature, while the peaks of C=C bonds gradually reduce
after fluorination. The results show that C=C bonds are grad-
ually converted to C-F bonds through the chemical reaction of
C=C and NF;. The sp® hybridization structure (C-C) is still
maintained in all FKB samples, which is helpful to enhance the
conductivity. With the increase of fluorination temperature, the
intensity of -CF, and -CF; enhances, indicating that more per-
fluorinated configurations are produced. The F 1s spectra of
FKB samples are also analysed, as shown in Fig. 7e-h. It can be
figured out that the C-F bonds of FKB samples include semi-
ionic bonds, covalent bonds and per-fluorinated bonds. With
the increase of fluorination temperature, the content of semi-
ionic C-F bonds decreases due to the change of C-F bonds
from semi-ionic type (carbon atoms in sp® hybridization) to
covalent type (carbon atoms in sp® hybridization).***” The
existence of semi-ionic C-F bonds is beneficial to maintain
good electrical conductivity of FKB samples, but the covalent
C-F bonds reduce the conductivity drastically and make FKB
samples tend to be insulating.*”** The decrease of electrical
conductivity will result in large ohmic polarization, which will
lead to the decrease of discharge voltage of Li/CF, batteries.*

Table 2 Composition contents, calculated F/C values and C 1s peaks assignments and proportions from the XPS spectra of FKB samples

C 1s assignment (%)

FKB sample C (at%) F (at%) O (at%) C=C Cc-C C-F -CF, -CF;
FKB-1 68.46 25.52 6.02 24.61 33.91 33.65 7.83
FKB-2 60.88 37.72 1.39 10.21 31.07 49.37 9.36
FKB-3 55.84 41.95 2.21 12.50 18.47 53.55 15.48
FKB-4 52.50 44.89 2.62 12.40 15.36 54.56 15.97 294.2
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Fig. 7 High-resolution C 1s (a—d) and F 1s (e—h) spectra of FKB samples.
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The TG-DSC under N, atmosphere is used to test thermal
stability of KB and FKB samples (Fig. 8). The decomposition of
FKB-1, FKB-2, FKB-3 and FKB-4 starts at 547, 572, 621 and
642 °C, respectively. The decomposition temperature of FKB
samples roughly increases with the F/C ratio. The result further
confirms that the C-F bond of FKB-1 (low F/C ratio) is obviously
weaker than that of the FKB-4 (high F/C ratio), agreeing well
with the results obtained by XRD, FT-IR, and XPS.

Electrochemical performance of the FKB materials in Li/CF,
batteries

The galvanostatic discharge tests conducted at various
discharge rates with potential cut-off of 1.5 V are used to
investigate the electrochemical performance of the prepared
FKB samples as the cathode of Li/CF, batteries. The discharge
current is scaled by the theoretical value (865 mA h g ). From
the galvanostatic discharge profiles (Fig. 9), the discharge
voltage platforms at 0.01C of the four FKB samples are 3.20 V,
3.14V,3.04 Vand 2.95V, respectively. Although not remarkable,
the FKB-1 sample possesses the highest output discharge
potential because of the weaker covalence of C-F bond and the
larger number of semi-ionic C-F bond.* It can be clearly seen
from the galvanostatic discharge electrogram that the discharge
voltage of the FKB samples is significantly higher than that of
the commercial fluorinated graphite®*® at various discharge
rates due to the semi-ionic C-F bond and the disordered
structure in these samples. The fluorination degree and semi-
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Fig. 9 Galvanostatic discharge profiles of (a) FKB-1, (b) FKB-2, (c) FKB-3 and (d) FKB-4 at different current densities.
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Table 3 Electrochemical performances of FKB samples under test conditions

Maximum discharge

Maximum specific

Maximum energy Maximum power

Sample rate capacity (mA h g™) density (W h kg™") density (W kg™")
FKB-1 20C 702.0 1936 27 566
FKB-2 20C 798.4 2219 27 625
FKB-3 20C 924.6 2544 27 493
FKB-4 20C 871.7 2312 21 380

ionic C-F bond have influence on the electrochemical proper-
ties of fluorinated carbon materials. However, with the increase
of fluorination temperature, the changes of these two factors are
not the same: the fluorination degree will increase while the
number of semi-ionic C-F bonds will decrease. Therefore,
a suitable fluorination temperature plays an important role in
optimizing the electrochemical properties of fluorinated carbon
materials. Under the same discharge rate, the specific discharge
capacity of fluorinated carbon is proportional to the fluorine
content. With cut-off potential of 1.5 V, the specific capacities of
the four FKB samples at 0.01C are 702.4, 798.3, 924.6,
871.7 mA h g, respectively. Generally, high fluorine content
leads to decreased electrical conductivity, increased ohmic
polarization and decreased discharge voltage.*>** However,
when the fluorination temperature reaches 540 °C, the vigorous
fluorination generates some defect structures, such as per-
fluorinated groups like -CF, and -CFj, as revealed by the FT-
IR spectroscopy and XPS C1s spectrum. These per-fluorinated
structures have no electrical conductivity and electrochemical

Table 4 Specific capacity retention rates of FKB samples at different
current densities

Capacity retention rate at
corresponding current density

(%)

Theoretical specific

activity, thus reducing the specific capacity and discharge
voltage of FKB-4. Meanwhile, it can be seen that a higher
discharge rate causes the decrease of specific capacity and
average discharge voltage.

Furthermore, the discharge rate performance of FKB
samples is investigated. The output discharge potential at first
drops from the open circuit discharge potential to 3.24 V-1.8 V
(vs. Li/Li") depending on the discharge rate, and then reaches
a discharge voltage platform due to the two-phase nature of
discharge.® The maximum discharge rate, the specific capacity,
energy density and power density obtained for FKB samples
under test conditions are listed in Table 3. Compared with the
commercial fluorinated graphite,*** of which the maximum
discharge rate is usually limited to 1C, the FKB samples exhibit
excellent power density and high energy density at higher
discharge rates. With the increase of discharge rate, the
discharge voltage and specific capacity of the FKB samples
decrease due to the electrochemical polarization of the elec-
trode reaction. As shown in Fig. 9, the discharge potential delay
of the FKB cathodes is not significant until the discharge rate
reaches as high as 20C, and the discharge voltage platforms of
FKB-1, FKB-2, FKB-3 and FKB-4 are 2.31 V, 2.18 V, 2.17 V and
1.93 V, respectively. The capacity retention rates of the samples
at different discharge rates are listed in Table 4. At the
maximum discharge rate of 20C, the capacity retentions of the
four FKB materials are 517.9, 539.7, 649.9 and 456.5 mA h g™,
respectively. As shown in Table 5, the electrochemical perfor-
mance of FKB-3 are better than that of the commercial fluori-
carbon materials,*** fluorinated carbon fibers,*
fluorinated mesoporous carbon,**?**** fluorinated graphene®’
and lots of nanostructured CF,.""** The highest capacity reten-
tion of FKB-3 reflects its superior rate capability due to relatively

Sample F/C capacity(mAhg ") 0.01C 1C 6C 10C 20C

p pacity ( g) nated
FKB-1 0.58 675.4 104.0 96.1 85.6 88.2 76.7

FKB-2 0.66 720.9 110.7 95.7 90.7 83.4 749

FKB-3 0.87 817.4 113.1 99.7 92.5 83.9 79.5

FKB-4 0.99 861.3 101.2 85.7 70.9 59.9 53.0

Table 5 Summary of electrochemical properties of fluorinated carbon materials

Maximum capacity

Maximum energy

Maximum C-rate

Maximum power

Sample (mAhg™) density (W h kg™ available density (W kg™) References
Commercial CF, 865 2012 1C 1370 3
Fluorinated carbon nanotubes 785 1852 4Ag" 8418 55
Fluorinated carbon nanofiber ~800 1897 4C 5564 53
Fluorinated graphene 775 ~1900 3C 4038 47
F-MWCNT 836 1923 5C 7114.1 11

Daikin CF, 825 1773 2C ~3500 52
Fluorinated mesoporous carbon 759 1937 5C No available 54
Fluorinated hard carbon 922.6 2466 5C 8740 26
Fluorinated cMNS 949 2585 1C No available 15
Fluorinated kejtenblack 924.6 2544 20C 27 493 This study
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Fig. 10 The Ragone plot of all FKB cathodes.

suitable semi-ionic C-F bonds and covalent C-F bonds. The
lowest specific capacity retention rate of FKB-4 originates from
the large number of per-fluorinated configurations.

The Ragone plot of FKB cathodes (Fig. 10) depicts the vari-
ation of energy density with power density. It could be observed
that the energy density decreases with the increase of power
density. With the increase of discharge rate, the energy density
decreases significantly due to that the output potential and
discharge capacity decrease. However, under high discharge
rate, the FKB material can have very excellent power density.
The maximum energy densities of the four FKB cathodes occur
at 0.01C, and they are 1936, 2219, 2544 and 2312 W h kg™ ?,
respectively. With the increase of F/C ratio, the energy density
could become higher than that of the commercial fluorinated
graphite**> and many fluorinated carbons with nano-
structures.'*® Under different discharge rates, FKB-3 possess-
ing very high-capacity retention rate exhibits extraordinary
power density of 27 493 W kg ' and high energy density of
1344 W h kg™' at 20C, which is comparable to fluorinated
nanotubes and nanofibers.****%%

The excellent electrochemical performance of FKB-3 is
attributed to the continuous porous stacking structure, the
suitable specific surface area and the appropriate number of
semi-ionic C-F bonds. These increase the contact surface area
between the electrode material and electrolyte, shorten the Li*
diffusion path, and facilitate electron transfer. During the
discharge process, the C-F compounds react with Li" to form
LiF and conductive carbon. As the discharge reaction proceeds,
LiF will continue to be generated and deposit on the surface to
form a LiF shell. The LiF shell may lead to the formation of
Li,F',® which will generate extra-capacity and improve the
electrochemical performance of the FKB materials.

The electrochemical impedance spectra (EIS) measurements
are applied to further investigate the difference among the FKB
samples in the electrochemical performance.*® The EIS plots of
FKB samples obtained at 10% level of DOD with discharge rate
of 0.1C are shown in Fig. 11. The equivalent circuit model
includes the bulk resistance Ry, the charge transfer resistance
R, the double layer capacitance Cq, and the Warburg resistance
w. 1t could be clearly found that the entire impedance
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Fig. 11 EIS plots measured at 10% level of DOD of FKB samples. The
inset is the equivalent circuit.

spectrum is composed of a depressed semicircle in the high
frequency and a 45°-sloped straight line in the low frequency.
The R, and W are responsible for the semicircle region and the
straight-line region, respectively.** According to the EIS plots,
FKB-1 has the lowest R (130 Q), indicating that it has the
highest conductivity. Except FKB-1, FKB-3 possesses the lowest
R. (168 Q) among other materials, which ensures its excellent
power performance. The W is related to the diffusion of Li* in
the FKB electrode. Compared with FKB-1, FKB-3 possesses
a much lower W, demonstrating fast diffusion of Li" in the FKB-
3 material. Under the case of low discharge rate, the C-F bond is
the main factor affecting the discharge performance of fluori-
nated carbon materials, and the low discharge rate can promote
the diffusion of lithium ions. The onset between the semicircle
and the straight-line are indicative of reaction kinetics with
higher frequencies representing faster reaction kinetics.>*>*
Despite close conductivity, the effective C-F bond composition
of FKB-3 is higher than that of FKB-2, and therefore the elec-
trochemical performance of the former is better than that of the
latter at low discharge rate. However, at high discharge rate, the
influence of conductivity will increase and the solvated lithium
ions only react with the fluorine atoms on the surface of FKB
materials. AlthoughFKB-3 and FKB-4 both have good diffusion
of Li*, the charge transfer resistance of FKB-3 (168 Q) is lower
than that of FKB-4 (249 Q), which indicates that FKB-3 has
better electrochemical performance than FKB-4 at high
discharge rate.

Conclusions

A series of FKB materials with variable fluorine content have
been prepared at various fluorination temperatures through
gas-phase fluorination method. Their physical properties and
electrochemical performance are researched systematically.
The FKB materials as the cathode of Li/CF, batteries exhibit
a high specific energy density of 2544 W h kg ' and an
extraordinary discharge rate of 20C. The FKB material prepared
at 520 °C (FKB-3) exhibits a high energy density of
1344 W h kg™ ! and an excellent power density of 27 493 W kg ™"
at 20C. The disordered structure of FKB derived from

© 2021 The Author(s). Published by the Royal Society of Chemistry
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amorphous KB enhances the electrochemical activity of CF,,
which can help to facilitate electron and Li" transport through
the electrode along with the semi-ionic C-F bonds and the
porous structure after fluorination. Therefore, the FKB-3 has the
characteristics of high specific energy density, high power
density and excellent rate capability. Compared with nano-
structured carbons, the FKB materials deliver excellent rate
capability without decreasing specific energy density, which
makes the FKB materials have a very promising practical
application.
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