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Abstract: Lithium/carbon fluoride (Li/CFx) batteries have been widely researched due to their high
theoretical specific energy. To create a high-performance electrode, the fluorinated hard carbon (FHC)
is prepared by direct gas-phase fluorination. It has a high F/C ratio of 0.95 based on the gravimetric
method. Selecting hard carbon (HC) with a high surface area as the carbon source allows for FHC
to achieve suitable interlayer spacing and specific surface area, as well as abundant pore structures
to facilitate rapid lithium ion transportation. Additionally, a composite of graphene and carbon
nanotubes (CNTs) is coated on the surface of FHC, enhancing electron transport speed. The resulting
FHC&C exhibits a very high energy density of 1256 Wh kg−1 and an excellent power density of
72,929 W kg−1 at a high rate of 40 C. Moreover, compared to commercial CFx, FHC&C exhibits higher
energy and power densities, thus presenting a promising practical application prospect.

Keywords: carbon fluoride; hard carbon; composite; primary lithium battery

1. Introduction

The superiority of Li/CFx batteries lies in their remarkable theoretical energy density
(2189 Wh kg−1), which is higher when compared to other primary lithium batteries, includ-
ing Li/MnO2, Li/SOCl2, and Li/SO2 batteries [1,2]. Therefore, Li/CFx batteries are widely
employed in various fields, such as the military, aerospace, and medical industries [3,4].
The carbon source plays a critical role in the preparation of CFx [5]. Graphite fluoride
exhibits poor electronic conductivity, which leads to unsatisfactory rate performance of
Li/CFx batteries [6–8]. Consequently, researchers are exploring alternatives to graphite flu-
oride and have been investigating the potential utility of low-cost and scalable amorphous
carbons such as hard carbon (HC) and soft carbon (SC) as carbon sources for commercial
CFx [9,10]. Other different types of carbon, including graphene [11], graphene-oxide [12],
fullerenes [13], carbon nanotubes(CNTs) [14,15], carbon nanofibers [16], mesoporous car-
bon [17], nanostructured carbon nanodiscs [18], and calcinated macadamia nut shell [19],
have also been fluorinated through various methods.

The other key factor determining the performance of CFx is the fluorination condition,
in addition to the carbon source [5]. The most conventional method of fluorination is direct
gas-phase fluorination, which involves the reaction of flowing fluorine gas and carbon in
heated tubes [20]. This method is easy to scale up and enables the preparation of highly
fluorinated CFx [21].

Creating composite cathodes with highly conductive materials can improve conductiv-
ity and achieve a better electrochemical performance of CFx [22]. For example, polypyrrole
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(PPy) was coated on the surface of CFx to enhance the rate capability [23,24]. In addition,
carbon-based materials, such as carbon black, graphene, and multi-walled carbon nan-
otubes (MWCNTs), have been used to prepare composite cathodes [25,26]. The addition of
MWCNTs achieved a 26% increase in capacity than acetylene black with the same quality
at a rate of 1 C [25]. Moreover, a very thin layer of carbon coatings on the surface of CFx
was formed by heat treatment method at 600 ◦C in nitrogen for 2 h, and the cells using
carbon-coated CFx cathode had higher energy and power densities [27].

In this study, a fluorinated hard carbon (FHC) was prepared by direct gas-phase
fluorination of the HC with a high surface area and was then modified by coating conduc-
tive carbon to obtain the fluorinated hard carbon/carbon composite (FHC&C) cathode.
FHC&C exhibits high energy densities (2371 Wh kg−1 at 0.01 C, 1764 Wh kg−1 at 8 C, and
1256 Wh kg−1 at 40 C, 1 C = 800 mA g−1) and power densities (72,929 W kg−1 at 40 C),
superior to the commercial CFx obtained from Japan (Daikin). These results indicated that
FHC&C has the potential to be used in various applications and promote the development
of Li/CFx batteries.

2. Experimental Section
2.1. Materials Synthesis

Figure 1a describes the brief process of the FHC&C preparation. The HC was supplied
by Beijing Ainengju Technology Co., Ltd (Beijing, China). This material uses biomass co-
conut endocarp as the precursor and is prepared by carbonization, activation, acid washing,
and other treatments. It was fluorinated by direct gas-phase fluorination method at 360,
380, and 400 ◦C for 12 h, as described in the previous work [21]. The conductive carbon
paste was purchased from The Sixth Element Materials Technology Co., Ltd. (Changzhou,
China). It consists of graphene, CNTs, solvent, and little dispersant. The conductive carbon
and FHC were evenly dispersed in deionized water by sonication and agitation for 3 h.
After that, the mixture was filtered and dried by freeze-drying to obtain FHC&C powders.
The proportion of conductive carbon was 0.5 wt.%, 1 wt.%, and 2 wt.%.

2.2. Materials Characterization

X-ray diffraction (XRD), scanning electron microscope (SEM), transmission electron
microscopy (TEM), Brunauer–Emmett–Teller (BET) thermogravimetric (TGA), Fourier
transform infrared spectroscopy (FT-IR), and X-ray photoelectron spectroscopy (XPS) were
used to analyze the physical characterization of samples. The instrument information and
detailed parameters are presented in the Supplementary Materials.

2.3. Electrochemical Measurements

The cathode was prepared by spreading a slurry of 80 wt.% CFx, 10 wt.% carbon
black, and 10 wt.% Carboxymethylcellulose sodium (CMC) in deionized water on Al foil.
The electrodes were dried in a vacuum oven at 80 ◦C for 6 h to remove the solvent and
were cut into 14 mm discs with an active material loading of around 0.7 mg cm−2. Coin
cells (CR2016) were assembled with lithium metal as the counter electrode, 1.0 M LiBF4
in ethylene carbonate (EC)/dimethyl carbonate (DMC)/ethyl methyl carbonate (EMC) as
the electrolyte (volume ratio = 1:1:1), and Celgard 2500 as the separators in an argon-filled
glove box (H2O < 0.1 ppm, O2 < 0.1 ppm). Discharge tests were carried out on a Neware
battery test system at 25 ◦C and -20 ◦C, and the cut-off voltage was 1.5 V.

The detailed parameters of the galvanostatic intermittent titration technique
(GITT) and electrochemical impedance spectroscopy (EIS) are presented in the
Supplementary Materials.

3. Results and Discussions

The fluorine content in fluorinated carbon has a significant effect on its electrochemical
performance. Specifically, a low fluorine content is associated with a good power density
but relatively low-capacity density, whereas a high fluorine content tends to improve
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capacity density at the expense of power density [21]. In our study, we controlled the
F content by adjusting the temperatures of fluorination. According to the gravimetric
method, the F/C ratios of FHC samples obtained at fluorination temperatures of 360, 380,
and 400 ◦C were equal to 0.85, 0.95, and 1.10, respectively. As shown in Figure S1, FHC-0.95
exhibited the highest energy densities of the three materials.

As shown in Figure 1a, FHC was synthesized by gas-phase fluorination of HC and
formed FHC&C composites together with conductive carbon. The addition of a small
amount of graphene (<2 wt.%) can increase capacity while also preventing the undesirable
voltage polarization effect that can occur with higher graphene percentages in cathodes [28].
High carbon content impedes the diffusion of Li+ by lengthening the diffusion path [29].
The discharge performance of Li/CFx batteries is determined by lithium-ion diffusion
when the discharge rate becomes higher [25]. As shown in Figure S2, our work reached
similar conclusions, and FHC&C-1.0% provided the highest specific capacities. FHC&C in
this paper refers to FHC&C-1%.
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Figure 1. (a) Schematic illustration of the synthesis process; (b,c) SEM images of FHC and
(d,e) FHC&C; (f,g) TEM images of FHC&C; (h,i) Elemental mapping images of FHC&C.

Figure 1b,c present a smoother surface of FHC (compared to the HC in Figure S3) and
clear pores etched by the F2. As shown in Figure 1d,e, FHC is coated with graphene and
wrapped by CNTs akin to cobweb. Graphene/CNTs composite forms a “dot-line-surface”
three-dimensional conductive network on the surface of FHC, which enables faster electron
transport [30]. The TEM image of FHC&C (Figure 1f) displayed a layer of about 2–3 nm
thick graphene on the surface that has different orientations from FHC. CNTs are clearly
observed at the edge of the particle (Figure 1h) and the interlayer spacing is measured to be
0.346 nm (Figure 1g). Figure 1i provided the high-angle annular dark-field (HAADF-STEM)
image and the corresponding C, F and O elements mapping, revealing a low presence of O
element and the uniform fluorination of the sample.

The BET method was employed to analyze the surface structures, which revealed
specific surface areas of 1693, 171, 524, and 536 m2 g−1 for HC, Daikin, FHC, and FHC&C,
respectively. The specific surface areas of FHC&C and FHC were larger than those of most
CFx reported in the literature (Table S2). The Nitrogen adsorption and desorption isotherm
of HC (Figure S4b) is a type I(b) curve. The gas adsorption volume in the low-pressure
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range rose rapidly and then remained stable. It indicated the existence of micropores
less than 2.5 nm, which aligned with the results depicted in Figure S4c. The Nitrogen
adsorption–desorption isotherms of FHC (Figure S5a) and FHC&C (Figure 2a) are type
IV(a) curves with H4-type hysteresis loops, indicating the presence of micropores and
mesopores. The Pore size distributions of HC and FHC are shown in Figures S4c and
S5b. After fluorination, mesopores emerged, and there was a significant reduction in the
specific surface area and the number of micropores. This was due to the collapse of the pore
structure and the impact of F2 gas on the sample during fluorination. The specific surface
area, nitrogen adsorption–desorption curve, and pore size distribution of FHC&C were
similar to FHC, indicating that the modification had little effect on the crystal structure of
the material. As shown in Figure 2b, FHC&C possessed mesoporous (2.35 nm, 3.20 nm, and
7.069 nm) and microporous (0.59 nm and 1.05 nm), while Daikin only possessed mesoporous
(0.57 nm and 0.89 nm). FHC&C had a larger specific surface area and more pores in contrast
to Daikin.
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The XRD patterns of FHC, FHC&C, Daikin, and HC are presented in Figures 2c and S4.
Two broad diffraction peaks of 22.8◦and 43.8◦ corresponding to the interlayer (002) and
intra-layer (100) reflections were observed in the XRD pattern of HC, consistent with
highly disordered carbon [31]. The peaks at 12.8◦ and 41.1◦ of FHC, FHC&C, and Daikin
were assigned to the (001) and (100) reflections [32]. The XRD pattern of FHC was close
to that of FHC&C except for the peak at around 26.6◦, which was assigned to the (002)
reflection of the graphene structure [24]. The interlayer distance plays a crucial role in
the rate capability of CFx [33]. According to the XRD patterns, the interlayer distances
of HC and FHC derived from the (001) diffraction angles were calculated to be around
0.39 and 0.69 nm by Bragg’s equation, respectively [34,35]. The interlayer spacing of HC
was larger than 0.37 nm, which was consistent with typical hard carbon (Figure S4a) [36].
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In addition, the interlayer spacing increased after fluorination due to the intercalation of
adjacent interlayers by fluorine atoms.

FT-IR analysis was employed to examine the chemical bonds of materials (Figure 2d).
The peak at 1700 cm−1 was attributed to water absorption by KBr absorbing water, and
HC did not have any other peaks. The peaks at the wavenumber of 1335 and 1221 cm−1

corresponded to the stretching vibration of CF2 groups and the stretching vibration of co-
valent C–F bonds, respectively [37]. In addition, the peak at the wavenumber of 1107 cm−1

corresponded to the stretching vibration of semi-ionic C–F bonds, which was observed in
FHC and FHC&C but not detected in Daikin.

The TGA curves of FHC&C and Daikin under an argon atmosphere are shown in
Figure S6. The weight of FHC&C decreased gradually between 300 ◦C and 500 ◦C. In this
process, defluorination occurred in FHC&C, which indicated that the thermal stability of
FHC&C was worse than that of Daikin [38]. At temperatures between 500 and 630 ◦C,
FHC&C and Daikin underwent significant weight loss, indicating their decomposition.
During this process, CF4 and C2F4 were the primary volatile products formed through a
radical fluorocarbon process [39].

The state of chemical bonds on the sample surface was further analyzed by the XPS
technique. Table S1 lists the peak position and assignments of chemical bonds in the XPS
spectrum [8,40–42]. From the XPS survey spectrum (Figure 3a–c), it could be seen that the
three samples were mainly composed of C and F elements. Figure 3d shows four peaks
in the C 1s spectrum of FHC, which are C–C (~284.8 eV), C–C (~287.3 eV), covalent C–F
(~290.0 eV), and CF2 (~ 292.0 eV). Figure 3e shows that FHC&C also has four peaks similar
to FHC, which are C–C (~284.8 eV), C–C (~287.0 eV), covalent C–F (~289.8 eV), and CF2
(~ 291.8 eV). After modification, the peak area representing the C–C bonds increased due
to the existence of the conductive carbon on the surface of FHC&C. Figure 3f shows five
peaks on the C 1s spectrum of Daikin, which are C–C (~284.8 eV), C–C (~286.8 eV), covalent
C–F (~290.0 eV), CF2 (~291.6 eV), and CF3 (~295.0 eV). The peak areas for C–C bonds and
C–C bonds in FHC and FHC&C were larger than those in Daikin, and these conductive
bonds could accelerate electron transfer and enhance rate discharge performance [43,44].
Figure 3g–i shows the F 1s peaks of FHC, FHC&C, and Daikin at 689.0 eV, 688.4 eV, and
688.7 eV, respectively. The F 1s peaks of covalent bonds, half-ionic bonds, and semi-ionic
bonds were at 689.8 eV, 688.2 eV, and 685.9 eV. The small shift of approximately 0.6 eV from
FHC to FHC&C suggested that the modification weakened C–F bonds [45].

Figure 4 shows the galvanostatic discharge curves of FHC, FHC&C, and Daikin
samples. To comprehensively study the rate performance of the material, we used six
different current densities during the discharge process. It could be observed that the
discharge voltage plateau and the specific capacity decreased with the increase of the
discharge current. The voltages of FHC and FHC&C were unstable and gradually dropped
during the discharge process. The initial discharge voltage of FHC at 0.01 C was above
3.2 V, and the discharge-specific capacity was as high as 800 mA h g−1. Compared with FHC,
the rate performance of FHC&C was significantly improved, and the discharge-specific
capacities were apparently improved, especially at high rates. The specific capacities of
FHC&C were 830 mA h g−1 at 0.01 C and 545 mA h g−1 at 40 C. After modification, the
voltage hysteresis was improved, and the discharge-specific capacities increased. At 0.01 C,
Daikin exhibited a specific capacity of 905 mA h g−1 with a discharge voltage plateau of
2.7 V, while at 40 C, it exhibited a specific capacity of 632 mA h g−1 with a discharge voltage
plateau of 1.9 V. The discharge curve of Daikin exhibited smooth but lower discharge
voltage plateaus and higher discharge capacity (Figure 4c), which are the typical discharge
curve characteristics of fluorinated graphite [46].
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For an intuitive comparison of the power density and the energy density at different
discharge currents, the Ragone plot is shown in Figure 4d. With the increase in discharge
rate, the energy density decreased with the increase in power density. FHC&C exhibited
an energy density of 2371 Wh kg−1 at 0.01 C and a power density of 72,929 W kg−1 at
40 C. This material is superior to Daikin, FHC, and most of the CFx-based materials in
the literature. Detailed attribute parameters of various CFx-based materials are listed in
Table S2.

The main reason for the difference in the discharge voltage is the overpotential(η),
which includes ohmic polarization, electrochemical polarization, and concentration polar-
ization. Ohmic loss is related to the internal resistance, and the electrochemical polarization
is associated with the charge exchange rate. During the discharge process, the products
generated by the electrochemical reaction hinder the diffusion of lithium ions, which is the
main factor in producing the concentration polarization [7]. Concentration polarization is
always the rate-determining step due to sluggish Li+ transport in the solid state and across
the interface [47].

Figure 5a shows the impedance spectra of FHC, FHC&C, and Daikin cells before
discharge. The low-frequency region is a sloping line controlled by the diffusion of the
electrode process, and the high-frequency region is a circular arc controlled by the elec-
trochemical step [48]. The charge-transfer resistances (Rct) of fitted results are listed in
Table S3. FHC&C had the lowest Rct (15.26 Ω), indicating superior conductivity. It was pri-
marily due to the three-dimensional conductive networks formed by the graphene/CNTs
composite [49].
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Based on the above discussion, concentration polarization is another factor that affects
the discharge voltage. We measured the Li+ diffusion coefficient (DLi+) by the GITT method.
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DLi+ was obtained from the potential response to a small constant current pulse Ip via the
following formula [50]:

DLi+ =
4

πτ

(
mBVM
MBS

)2(∆Es
∆Et

)2

Figure 5b shows the gradual change of the DLi+ value during the discharge process.
Initially, the increase in DLi+ value was due to the consumption of C–F bonds and the
formation of carbon [44]. At a voltage range of 2.1 V to 1.7 V, the surface of the particles was
gradually saturated with LiF, which hindered the ion transmission, reflected in the decrease
of the DLi+ value [51]. At a voltage range of 1.7 V to 1.5 V, the DLi+ value increased again,
probably due to the formation of Li2F [19]. Compared with Daikin, FHC&C had a higher
lithium ion diffusion capacity, which explained the high discharge voltage behavior [52].

As shown in Figure 5c,d, at a low temperature (−20 ◦C), the discharge voltage of
the battery decreased, so the advantages of FHC&C were further enhanced. At a rate of
0.1 C, the energy density of FHC&C was 1632 Wh kg−1, while that of Daikin was
1475 Wh kg−1. As the discharge rate escalated to 1 C, the contrast between the two
cells became more apparent. FHC&C maintained a capacity of 360 mA h g−1 and an
energy density of 827 Wh kg−1, whereas Daikin lost discharge ability.

4. Conclusions

In summary, our study involved the synthesis of FHC&C followed by their thorough
investigation using physical and electrochemical methods. Selecting a suitable hard carbon
as the carbon source, we were able to produce FHC with a large layer spacing, high specific
surface area, and abundant pores. These physical properties were found to greatly enhance
lithium ion transport, leading to faster reaction kinetics. In addition, the composite of
graphene/CNTs established three-dimensional conductive networks that further improved
the conductivity of FHC&C. As a result of these features, our study found that FHC&C has
better energy densities and power densities than the advanced commercial CFx, making it
promising for practical applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13050812/s1, Figure S1. Galvanostatic discharge curves of
FHC (fluorinated hard carbon) with different F/C ratio of (a) 0.85, (b) 0.95, and (c) 1.10;
Figure S2. Galvanostatic discharge curves of FHC (fluorinated hard carbon) and FHC&C (fluorinated
hard carbon/carbon composite) with different conductive carbon contents; Figure S3. SEM images of
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