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Fluorinated hard carbon materials have been considered to be a good candidate of cathode materials of Li/
CF, batteries. However, the effect of the precursor structure of the hard carbon on the structure and
electrochemical performance of fluorinated carbon cathode materials has yet to be fully studied. In this
paper, a series of fluorinated hard carbon (FHC) materials are prepared by gas phase fluorination using
saccharides with different degrees of polymerization as a carbon source, and their structure and
electrochemical properties are studied. The experimental results show that the specific surface area,
pore structure, and defect degree of hard carbon (HC) are enhanced as the polymerization degree (i.e.
molecular weight) of the starting saccharide increases. At the same time, the F/C ratio increases after
fluorination at the same temperature, and the contents of electrochemically inactive —CF, and —CF3
groups also become higher. At the fluorination temperature of 500 °C, the obtained fluorinated glucose
pyrolytic carbon shows good electrochemical properties, with a specific capacity of 876 mA h g, an
energy density of 1872 W kg™, and a power density of 3740 W kg~*. This study provides valuable insights
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Introduction

The lithium/fluorinated carbon (Li/CF,) battery boasts several
advantageous characteristics, including high energy density,
stable work voltage, low self-discharge rate, long shelf life, and
a broad operating temperature range."* The utilization of fluo-
rinated carbon as a cathode material for lithium primary
batteries dates back to 1972, and its commercialization by
Panasonic Electric Co., Ltd. occurred in 1975.* The theoretical
specific capacity of Li/CF, batteries surpasses that of other
lithium primary batteries, reaching a maximum of 865 mAhg™*
when x = 1, and an energy density of 2180 W kg™ '. Currently,
these batteries are widely used in medical and military
applications.*

The critical component of Li/CF, batteries is the fluorinated
carbon cathode material, of which fluorinated graphite is the
most prevalent one currently utilized. However, this material
exhibits several limitations, such as low discharge voltage
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platform, initial voltage delay, and poor rate capability.>® Efforts
have been undertaken to improve the performance of Li/CF,
batteries by exploring alternative carbon sources and other
means. Currently, research has been conducted on the fluori-
nated carbon cathode materials utilizing nanostructured
carbon and hard carbon as the carbon source.”” Ahmad et al.®
synthesized fluorinated carbon nanodiscs which exhibited
a high specific capacity of 1180 mA h g . The central discs’
reinforcement effect and the presence of a LiF shell allow for Li*
to diffuse through the discs' edge or surface cracks, resulting in
extra capacity. Li et al** prepared deeply fluorinated multi-
walled carbon nanotubes which exhibit a conductive network
of nano-scale multi-walled carbon nanotubes and the inherent
rapid rate capability of one-dimensional nanostructures,
enabling high discharge rates up to 5C, with a maximum power
density of 7114.1 W kg™ '. Damien et al.® reported that the Li/
CF, batteries utilizing fluorinated graphene with a low F/C ratio
of 0.22 demonstrated excellent electrochemical performance,
with a specific capacity of 767 mA h g~ * at a current density of
10 mA g~ ', surpassing that of fluorinated graphite with similar
fluorine content (CF, »5). Nano-CF, materials often possess the
benefits of a large specific surface area, small particle size, and
a porous structure, enhancing electrochemical reactivity by
promoting the rapid diffusion of Li" and reducing reaction
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resistance, leading to excellent electrochemical performance.*
However, the high cost and production instability of nano-
structured carbon hinder their practical application as starting
materials of the responding fluorinated carbon cathode in Li/
CF, batteries, and thus fluorinated graphite remains the
primary commercial product in the market.

Hard carbon, which is generally used as anode material for
lithium/sodium ion batteries, has the advantages of low cost,
wide resource, high tap density, and appropriate specific
surface area.'*" In recent years, many researchers have used
hard carbon as the starting material to prepare fluorinated
carbon cathode materials for high performance Li/CF, battery.
Peng et al.*® synthesized fluorinated biomass-derived carbon
from nut shells and found it to have a high discharge potential
and specific capacity, offering an ultrahigh energy density of
2585 W kg '. Zhou et al.’’ prepared fluorinated hard carbon
through the direct gas fluorination, which had an energy
density of up to 2466 W kg™ and good rate capacity with
a specific capacity exceeding 600 mA h g~ " at a discharge rate of
5C. Jiang et al.*® prepared fluorinated Ketjenblack as cathode
material of Li/CF, batteries, which exhibited a high specific
capacity than 900 mA h g and high energy density of
2544 W h kg™, as well as a good rate discharge performance up
to 20C. It is well known that the structure of the carbon starting
material plays a significant role in the fluorination process and
the structure of the obtained fluorinated carbon material, as
well as its electrochemical performance. Moreover, the struc-
ture of the carbon material is always influenced by its precur-
sors. However, the effect of the precursor structure of hard
carbon on the structure and electrochemical performance of
fluorinated carbon cathode materials has yet to be fully studied.

In this study, three hard carbon materials (HCs) are prepared
through direct pyrolysis of saccharides with different degrees of
polymerization (glucose, sucrose, and starch) and then sub-
jected to fluorination by direct gas fluorination method at
various temperatures. The resulting series of fluorinated carbon
materials, referred to as fluorinated hard carbons (FHCs), are
systematically analyzed for its micro-morphology, pore struc-
ture, crystal structure, C-F bond properties, and electro-
chemical properties as cathode materials. The impact of
saccharides precursor structure on the structure and electro-
chemical performance of FHCs is explored. The fluorinated
glucose pyrolytic carbon of FHC-1-500 exhibits excellent
comprehensive performance, with a specific capacity of
876 mA h g~ ', a maximum power density of 3740 W kg~ " and an
energy density of 1872 W h kg™, providing references for the
selection of carbon sources in the preparation of fluorinated
carbon materials.

Experiment
Material synthesis

Glucose, sucrose and starch from potato (hereinafter referred to
as starch) were purchased directly from Shanghai Aladdin
Biochemical Technology Co., Ltd. The hard carbon (HC) was
prepared through the direct pyrolysis method. The saccharides
were placed in corundum crucibles within a tubular furnace,
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and subjected to continuous Ar injection while the temperature
was raised from 25 °C to 1000 °C at a rate of 2 °C min ™" and held
for 2 hours. After natural cooling, the samples were labelled as
HC-1, HC-2 and HC-3, respectively. Subsequently, the prepared
hard carbon underwent direct fluorination in a Monel alloy tube
for 4 hours, at a temperature rise rate of 2 °C min~*, within
a range of 300-500 °C in an atmosphere of F,/N, (volume ratio
1:9) mixed gas with a temperature interval of 50 °C. Upon
completion of the fluorination process, the reactor was purged
with N, to remove residual F, and cooled to room temperature.
Finally, the fluorinated product was cleaned with a dilute
Na,CO; solution and deionized water to remove free F,, and
vacuum dried at 60 °C to obtain the fluorinated hard carbon.
The resulting samples were labelled as FHC-X-Y, where X
represents the serial number of the carbon source and Y
represents the fluorination temperature.

Sample characterization

The microscopic morphology of the samples was analyzed using
scanning electron microscopy (SEM, Sirion 200 FEI, Nether-
lands). The phase and crystal structure analysis were performed
utilizing powder X-ray diffraction (XRD, Bruker D8 Advance
Diffractometer) with Cu Ko radiation (A = 0.15406 nm) and
Raman spectroscopy (LabRAM HR800 JY Horiba, 325 nm). The
specific surface area and porosity of the samples were deter-
mined through using the ASAP 2020 nitrogen adsorption system
(Micrometrics, USA). A powder sample of about 100 mg was first
degassed for 4 hours and then loaded into the system for
measurement to obtain the specific surface area of the sample.
The sample composition was quantitatively determined using
an element analyzer (Vario EL Cube, Elemental, Germany). The
surface chemical composition was analyzed using X-ray photo-
electron spectroscopy (XPS, Escalab 250, USA), while the
chemical properties of the C-F bond were characterized using
Fourier transform infrared spectroscopy (FT-IR, Nicolet 5700
USA). The material thermal properties measured by thermog-
ravimetric analysis (TG, STA449F5, NETZSCH, Germany).

Electrochemical test

The FHC-X-Y material was employed as the cathode active
material for the preparation of a working electrode. The active
material (80 wt%), polyvinylidene fluoride (PVDF, 10 wt%), and
Super P (10 wt%) were homogenized with N-methyl-2-
pyrrolidone (NMP) to form a uniform slurry. The obtained
slurry was coated onto an aluminium foil and subjected to
vacuum drying at 80 °C for 12 hours. Subsequently, the material
was cut into circular plates with a diameter of 12 mm and
transferred to a glove box for battery assembly. Each electrode
plate was estimated to contain approximately 2 mg of the active
substance. The electrochemical tests were performed on
CR2032 coin cells. The lithium foil served as the anode and
reference electrodes, while an alumina coated film was utilized
as the separator. The electrolyte was comprised of a solution of
1 mol L' LiClO, in a mixed solvent of PC-DME-DOL (propylene
carbonate-1,2-dimethoxyethane-1,3-dioxolane). The battery was
assembled in a glove box (Mikrouna Co., Advanced 2440/750)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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filled with Ar, with the contents of H,O and O, both below
1 ppm. The battery performance was evaluated using the
LandCT2001 battery testing system (Wuhan Land Electronics
Co., Ltd., China), utilizing galvanostatic discharge at a test
temperature of 30 °C, and a cut-off voltage of 1.5 V.

Results and discussion
Characterization of the saccharide-derived hard carbons

The SEM images and digital photo of three hard carbon samples
are depicted in Fig. 1a-c and S1.7 The results indicate that the
morphology of the hard carbon samples, synthesized through
pyrolysis of glucose, sucrose, and starch, are similar and char-
acterized by massive, smooth-surfaced particles with irregular
shapes and no discernible pore structure. This is because in the
process of direct pyrolysis of saccharides, they will melt and
foam to form irregular three-dimensional carbon foams.' The
starch-derived carbon of HC-3 exhibits the most pronounced
foaming behavior, resulting in a lower yield than HC-1 and HC-2
as shown in Table S1.7 Moreover, it is noted that the particle
size of HC-1 and HC-2 is approximately 500 um, while that of
HC-3 is only about 100 pm (Fig. 1a-c).

The crystalline structure of the HC samples is thoroughly
examined via X-ray diffraction (XRD) characterization. As illus-
trated in Fig. 1d, all the samples display two prominent peaks at
22° and 43°, which correspond to the (002) and (100) Bragg
reflections of graphite, respectively. The low and broad X-ray
diffraction intensity observed suggests that the materials are
highly disordered. The interlayer distance (do,) of the sp”
carbon layer is calculated by utilizing the peak position of the
002¢raphite Peak and the Bragg formula, as expressed by the
following equation:

2dsin 6 = nA (1)

Additionally, the crystallite size along the stacking direction
of the c-axis (L.) and a-axis (L,) of the carbon layer can be esti-
mated from full-width at half maximum (FWHM) of peaks
based on Scherrer formula, as follows:

1.842

L=t
Bioo €08 bio0

(2)

0.892

L= ———
Booz €08 booz

(3)
where 6 represents the diffraction angle (in radians) and
B represents the semi-maximum intensity (in radians).>**' The
number of carbon layers (N) can then be computed by utilizing
the ratio of L. and dy,, as detailed in Table S1.T The d,, values
of the HC samples remain constant at 0.39 nm, which is
significantly larger than the interlayer spacing of graphite (0.335
nm). The amorphous crystal structure and the larger interlayer
spacing are beneficial to the fluorination process. As shown in
Table S1,7 the comparison of the values of L,, L., and N reveals
that the crystal structure of the prepared hard carbon is
regardless of the polymerization degree of the saccharide (i.e.
molecular weight).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The pore structure and specific surface area of the carbon
materials are characterized using N, adsorption and desorption
analysis (Fig. 1e and f). All the HC samples display typical
isotherms of type I, exhibiting a sharp rise at low relative
pressures (P/P, < 0.1) and rapidly reaching saturation, indi-
cating the presence of abundant micropores. The adsorption
and desorption of N, by the saccharide-derived carbon increase
as the degree of polymerization increases. Additionally,
a hysteresis loop is observed only for HC-3, indicating the
presence of a small number of mesopores. As shown in Table
S1,7 both the specific surface area and average pore size
increase with the polymerization degree of the saccharides
increasing. Thermal gravimetric (TG) analysis is conducted
from room temperature to 1000 °C in a N, atmosphere at
a heating rate of 5 °C min~" to investigate the pyrolysis behavior
of different types of saccharides. As shown in Fig. S2,f the
pyrolysis curves of glucose, sucrose, and starch are found to be
similar. These saccharides start to release moisture below 230 °©
C, with a slow pyrolysis rate, which is consistent with previous
observation.?? Between 230 °C and 600 °C, these saccharides
begin to decompose, undergo depolymerization and decarbox-
ylation reactions, and release a large amount of volatile
substances. The rapid escape of volatiles destroy the
morphology of saccharides, resulting in the melting and
foaming of the saccharide structure.” Compared with other
saccharides, starch has a higher water content and a chain-like
structure, which results in more severe dehydration, depoly-
merization, and decarboxylation reactions. These reactions lead
to an increase in the surface area and pore size of starch, but at
the expense of its yield. These characteristics leads to a signifi-
cant increase in structural defects for HC-3, which is beneficial
for the fluorination of carbon materials.

Fig. 1g presents the FT-IR spectra of three hard carbons. The
peaks at 1080, 1152, 1532, 1632, and 2930 cm ™" are attributed to
the C-O stretching vibration, C-O-C asymmetric stretching
vibration, C=C asymmetric stretching vibration, C=0 asym-
metric stretching vibration, and C-H asymmetric stretching
vibration, respectively. Additionally, a peak cantered at
3310 cm ™' can be observed, which corresponds to the O-H
stretching vibration of hydrogen bond association.*** It can be
seen that the functional group types of the three HCs are not
much different. With the growth of the carbon chains, the
strength of the C=0 bond becomes weaker, and the strength of
the C=C bond increases.

The surface structural defects of hard carbons are further
scrutinized using Raman spectroscopy (Fig. 1h), which reveal
broad bands near 1350 cm ™" and 1600 cm™* corresponding to
the D band (disordered band, Ay vibration mode of sp2 carbon
ring) and the G band (graphite band, E,, vibration mode of sp>
carbon ring), respectively.?® The G peak is fitted using the Breit-
Wigner-Fano (BWF) line, as expressed by the following
equation:

1+2(w-— cuo)/qw]2

Iw) =k 2(w — wo) /W]’

(4)
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Fig.1 (a)—(c) SEM images of HCs; (d) XRD patterns of HCs; (e) nitrogen sorption isotherms; (f) pore size distributions of HCs; (g) FT-IR spectra of
HCs; (h) Raman spectra of HCs.

I, represents the intensity of a Raman peak, w is the Raman The Lorentz curve is utilized to model the D peak in the Raman
shift, w, is the position of a Raman peak, ¢~ " is the coupling spectrum. The integral intensity ratio of the D-band and G-band
coefficient, and w is the full width at half maximum (FWHM).>*  (Ip/Ig) serves as an indicator of the degree of graphitization or
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defects present in carbon. The results of the calculations
demonstrate that the Ip/I; ratio increases with an increase in
degree of polymerization, indicating a corresponding increase
in the defect degree. This is consistent with the results obtained
from nitrogen sorption measurements.

The surface contents of HCs and the chemical states of C and
O are measured and analyzed by XPS, and the bulk contents of C
and O of HCs are measured by elemental analysis. Table S2
shows that the content of O increases with the increase of
polymerization degree, which may be due to the easier chemical
sorption of O as the specific surface area of HC increases. As
shown in Fig. S3a,T the presence of C and O is evidenced by the
C 1s peak at about 285 eV and the O 1s peak at about 533 eV,
respectively. The C 1s spectra of the three types of hard carbons
are displayed in Fig. S3b and c,T and it is observed that peaks
with binding energies of 284.8, 285.3, 286.5 and 289.8 eV
correspond to C-C, C-O, C=0 and O=C-O functional groups,
respectively.””?® Further information on the content of each
functional group can be found in Table S2.}

To sum up, it can be noted that as the polymerization degree
of the saccharide source increases, there appears to be no
significant alteration in the crystal structure and functional
groups present in saccharide-derived carbon, but the specific
surface area, pore dimensions, and degree of defects all exhibit
an increase.

Characterization of fluorinated hard carbons

The SEM images of the FHCs are shown in Fig. 2 and S4.f
Results reveal that as the fluorination temperature increases,
the surface of the fluorinated carbon undergoes fragmentation,
resulting in the formation of holes, collapsing holes, and finally
forming a powder with a particle size of about 20 pm. As the
temperature increases, the reaction between carbon atoms and
F, is more intense, resulting in more severe erosion of the FHCs
surface, leading to particle fragmentation. And at the same
fluorination temperature, the higher the polymerization degree
of the carbon source, the more severe the fracture of the
generated fluorinated hard carbon, indicating that the increase
in polymerization degree makes the hard carbon easier to
fluorinate.

The crystal structure of FHCs is analyzed and characterized
using X-ray diffraction (XRD). As displayed in Fig. 3a, S5a and
b,T upon fluorination, a new diffraction peak appears near 14°,

500 pm
FHC-1-350 o memmmmmen

¥ 10pme
—

F’HC-1 -Bi”

Fig. 2 SEM images of HC-1 and FHC-1.
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which is attributed to the (001) crystal plane of the fluorinated
carbon material.* As the fluorination temperature increases,
the (100) reflection peak shifts towards lower angles, suggesting
an increase in the length of the C-C bond and the formation of
more C-F bonds."® Additionally, the (001) reflection peak, cor-
responding to the hexagonal system compound with high
fluorine content, increases in intensity and sharpness with
increasing fluorination temperature, indicating that more
layers of carbon are fluorinated. The data of dyo; is shown in
Table S3.1 The shift towards larger angles of the (001) diffrac-
tion peak demonstrates that the interlayer spacing of the fluo-
rinated hard carbon became narrower, potentially due to
a phase transition from (C,F), (interlayer spacing of 0.81 nm) to
(CF4),, (interlayer spacing of 0.60 nm) along with the fluorina-
tion level enhancing.*

The N, adsorption-desorption of FHC-1 is shown in the
Fig. 3b and c. It can be seen that as the fluorination temper-
ature increases, the curve gradually changes from type I to type
IV, indicating that mesopores are generated in FHCs. The
specific surface area and pore size of FHCs are shown in the
Table S4.7 After fluorination, the specific surface area of the
sample decreases slightly. The reason may be that after fluo-
rination of HC, the partially disordered structure becomes
orderly and the pores merge. When the fluorination tempera-
ture is 500 °C, the specific surface area increases, probably
because HC is strongly broken at higher temperature.** The
larger surface area can provide more active sites for the
discharge reaction and facilitate the contact between FHCs
and electrolyte. FHCs retains the porous structure, which is
beneficial for the transport of Li*.*? As shown the adsorption
isotherms of FHC-2 and FHC-3 are type IV, indicating that the
samples are more susceptible to fluorination with increasing
polymerization degree of saccharide sources. At the same
fluorination temperature, the specific surface area and pore
size increase with the increase of polymerization degree of the
saccharide, indicating that the FHCs structures are influenced
by the starting materials.

The chemical bonding properties of the FHCs are further
verified through FT-IR analysis, as depicted in Fig. 3f, S5e and
f.7 The prominent absorption peak observed at approximately
1220 cm™ ' can be attributed to the C-F covalent bond, and it is
observed that with the increase in fluorination temperature,
there is a shift in the FT-IR spectrum of FHCs towards higher
wave numbers, accompanied by a narrowing of the peak width
and an increase in peak intensity. These results demonstrate
an increase in the binding strength between C and F atoms.
The absorption peaks near 1320 cm ™" and 660 cm ™, corre-
sponding to the —~CF, and -CF; groups, respectively, display an
increase in intensity with the rise in fluorination tempera-
ture.'® There is also a dispersive absorption peak at 1030 cm™*
wave number, indicative of the semi-ionic C-F bond, and when
the fluorination temperature is too high, this peak disap-
pears.**** Moreover, the C-F bond of FHC-3 appears earlier
and has stronger strength, indicating that HC-3 is easier to be
fluorinated.

The Raman spectra obtained using the UV laser (Fig. 4a—c
and S6a-ft) show that the I,/I ratio increases with the increase

RSC Adv, 2023, 13, 14797-14807 | 14801
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Fig. 3 (a) XRD patterns of HC-1and FHC-1; (b) and (c) nitrogen sorption isotherms of HC-1 and FHC-1; (d) and (e) pore size distributions of HC-1

and FHC-1; (f) FT-IR spectra of HC-1 and FHC-1.

in fluorination temperature, indicative of an increase in the
number of defects in the carbon layer. This can be attributed to
the destruction of the carbon layer at high fluorination
temperatures and the insertion of F atoms, which increases the
number of point defects.*® At the same fluorination tempera-
ture, the Ip/I; ratio also increases as the polymerization degree

—_—
Q
-
—_—
(=2
e

of saccharide increases, further demonstrating the influence of
the starting materials, consistent with the results obtained from
SEM, XRD, BET and FTIR analysis.

The composition and functional groups present in the
FHCs samples are analyzed using X-ray photoelectron spec-
troscopy (XPS). As depicted in Fig. S7a,T the peaks observed at
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285, 533, and 689 eV correspond to the presence of C, O, and F
elements, respectively.*® Table S5f outlines the chemical
compositions of all the FHCs. The results reveal that the
fluorine content of the FHCs samples increases with an
increase in the fluorination temperature. Furthermore, at the
same fluorination temperature, the fluorine content increases
as the degree of polymerization of the used saccharides
increases, indicating an enhancement of the degree of fluori-
nation. High-resolution XPS spectroscopy is utilized to study
the chemical state of the element C. The Fig. 4d-f and S6g-11
show that four new peaks appear after fluorination. The four
peaks with binding energy values of approximately 287.74,
290.26, 292, and 294 eV are attributed to semi-ionic C-F,
covalent C-F, -CF,, and -CFj3, respectively.®” As the fluorina-
tion temperature increases, the peak intensity of the C-F bond
increases, while that of the sp> C-C bond decreases, suggest-
ing a conversion of C-C bond into C-F bond. Except for FHC-X-
500, the other samples have semi-ionic C-F bonds on the
surface. This is because FHC-X-500 has a high degree of fluo-
rination and semi-ionic C-F is converted to other bonds. The
presence of semi-ionic C-F bonds helps maintain the good
conductivity of the FHCs samples, while the covalent C-F
bonds significantly reduce conductivity, resulting in an
insulation-prone behavior of the samples.*** With an increase
in the fluorination temperature, the content of semi-ionic C-F
bonds in FHCs decreases gradually, leading to a correspond-
ing decrease in conductivity and an increase in ohmic polari-
zation, which results in a decrease in the discharge voltage of
the Li/CF, battery."®*

In fact, the “semi-ionic” bonding is resulted from the
incomplete fluorination of the carbon layer, which should be
expressed as “weak covalent” C-F bonding due to the hyper-
conjugation between the un-fluorinated C=C bond and the C-F
bond.***** The interaction of fluorine gas with FHCs leads to the
conversion of the ether group into C-F bond through a nucleo-
philic substitution reaction and the per-fluorination of the
carbonyl group, dangling bond, and point defects to form -CF,
and —-CF;. The binding energy of the C-F, -CF,, and -CF; groups
in the C 1s spectrum experiences a blue shift with an increase in
the F/C ratio.®® This change can also be seen in the F 1s spectra
of FHCs, as shown in Fig. S7b.} It can be seen that an increase
in fluorination temperature results in an increase in fluorine
content, a decrease in semi-ionic C-F bonds content, and an
increase in covalent C-F bonds and perfluorocarbon groups.
Similarly, with increasing polymerization degree of saccharide
there is an increase in covalent C-F bonds and perfluorocarbon
groups at the same fluorination temperature.

To summarize, it can be observed that an increase in poly-
merization degree of saccharide corresponds to a greater
development of the specific surface and pore structure in the
HC material. This, in turn, leads to an increase in the presence
of defects, ultimately resulting in a higher susceptibility to
fluorination. Additionally, it has been noted that under same
fluorination temperatures, an elevated F/C ratio is observed,
accompanied by an increase in the prevalence of —-CF, and —CF;
in the resulting C-F bonds.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Electrochemical performance test of fluorinated hard carbon

The electrochemical performance of the prepared FHCs sample
as the cathode of Li/CF, battery is studied through a galvano-
static discharge test conducted at different discharge rates.
Results, as shown in Fig. 5 and S8,7 indicate that as the fluo-
rination temperature increases, the maximum specific capacity
of FHCs derived from the same carbon source increases, since
the specific discharge capacity is directly proportional to the
fluorine content. However, when the degree of fluorination is
too high, such as FHC-3-500, the material cannot be discharged.
Therefore, an appropriate fluorination temperature is crucial to
optimize the electrochemical performance of fluorinated
carbon materials. As the fluorination temperature increased,
the material produced some defect structures, such as fluori-
nated groups such as -CF, and -CF; revealed by FT-IR spec-
troscopy and XPS C 1s spectroscopy. These perfluorinated
groups on the surface are not conductive and electrochemically
active, which limit the insertion and diffusion of Li*, thereby
hindering the discharge reaction and reducing the discharge
specific capacity and discharge voltage. In addition, it can be
observed that higher current densities lead to lower specific
capacities and discharge voltages, and a potential delay occurs,
due to the increase of ohmic resistance.

In order to further explore the influence of the starting
saccharide sources on the discharge performance of FHCs, we
compare the specific capacity, discharge voltage plateau, energy
density, and power density, and the results are shown in Fig. 6 and
Table 1. At low current density, the discharge specific capacity
increases along with the increasing of the fluorination tempera-
ture except for FHC-3-500. This is due to that the specific capacity
of CF, is proportional to its fluorine content. In same reason, for
the FHCs prepared at the same fluorination temperature, the
specific capacities increase when the starting materials varied
from glucose to starch. However, the degree of fluorination of
FHC-3-500 is too high, which makes the material unable to
discharge. But the voltage plateau decreases with the increase of
fluorine content, which is mainly due to the increase of ohmic
polarization due to the decrease of material conductivity.*>** As the
current density increases, the specific capacity and voltage plateau
decrease, and the higher the polymerization degree of the carbon
source, the worse the rate performance. This is because the higher
the polymerization degree of the starting saccharides, the larger
the specific surface area of the generated HC, and the higher the
degree of fluorination under the same conditions, resulting in less
semi-ionic C-F bond content, more perfluorinated groups, and
poor electrochemical performance. In addition, electrochemical
polarization exacerbates the deterioration of electrochemical
performance. For the same reason, with the increase of fluorina-
tion temperature, the rate performance of the material decreases.
Therefore, FHC-1 series exhibited relatively high voltage and
capacity retention. The Ragone plots (Fig. 6g-i) of the FHCs
cathode depicts the variation of energy density with power density.
It can be observed that the energy density decreases with the
increase of power density. At low power density, the energy density
increases with the degree of fluorination. As the power density
increases, the energy density decreases, and the trend is more
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Fig. 5 Galvanostatic discharge curves of FHCs.

obvious with higher fluorination degree, which is mainly due to
the decrease of output potential and discharge capacity.
Furthermore, FHC-3-350 shows good electrochemical
performance, such as an energy density of 1878 W h kg™ " and
a high-rate capability with 78.8% retention of specific capacity.
This is due to the large specific surface area of its precursor,
which can achieve high F/C ratio even at low temperature.
Although its specific capacity is slightly lower than that of
commercial CF,,**" its moderate amount of semi-ionic bonds,
large specific surface area, and rich pore structure make it have
excellent capacity retention. However, the low density of FHC-3-
350 derived the developed porosity will lead to a decrease in the
loading capacity of the electrode sheet, more electrolyte also

14804 | RSC Adv, 2023, 13, 14797-14807

needs to be used. In addition, the yield of starch pyrolytic
carbon is also low, and the above factors may limit the practical
performance of FHC-3-350. Comparatively, FHC-1-500 has
better comprehensive performance, it gives a high specific
capacity of 876 mA h g ' at 10 mA g ' and remains
538 mAhg " at2000 mA g ', with a maximum energy density of
1872.7 W h kg ' and a maximum power density of 3740 W kg™ .
The excellent electrochemical performance of FHC-1-500 can be
attributed to the small specific surface area of its precursor,
which makes it difficult to be fluorinated. Therefore, even at
high temperature, it maintains a certain degree of disordered
structure, which provides sites for electrochemical reactions. In
addition, it has a moderate specific surface area and rich pore

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of electrochemical properties of FHCs

(a)—(c) Specific discharge capacities; (d)—-(f) discharge voltage plateau; (g)—(i) Ragone plots of FHCs at different current densities.

Maximum capacity

Maximum energy

Maximum power

Capacity retention

Sample (mAhg™) density (W h kg™") density (W kg™) at2 Ag " (%)
FHC-1-350 432 1021.1 4120 82.9
FHC-1-400 606 1364.5 3840 81.3
FHC-1-450 712 1558.2 3720 62.6
FHC-1-500 876 1872.7 3740 61.4
FHC-2-350 499 1181.8 4148 89.3
FHC-2-400 716 1629.5 3706 72.9
FHC-2-450 724 1588.3 3680 67.9
FHC-2-500 892 1984.4 3560 34.9
FHC-3-350 789 1878 4000 78.8
FHC-3-400 898 2025.7 3580 14.5
FHC-3-450 900 2059 3520 10.7

structure, which enhance the interfacial contact between elec-
trode materials and electrolytes, reduce the paths for Li" diffu-

sion, and facilitate electron transfer.

Conclusions

In summary, we use three different types of saccharides as
carbon sources to prepare a series of FHCs with different

properties by gas-phase fluorination, and study the effect of the
polymerization degree of the starting saccharide sources on the

structure and electrochemical performance of the fluorinated
hard carbon. With the increase of polymerization degree, the
specific surface area and pore structure of the hard carbons are
more developed, and more defects will be generated at the same

© 2023 The Author(s). Published by the Royal Society of Chemistry

time, which makes HC easier to be fluorinated. At the same
fluorination temperature, the resulted FHCs has a higher F/C
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ratio and more -CF, and -CF; groups in the C-F bond, which
will lead to poor performance of the battery. Among them, FHC-
1-500 demonstrates exceptional overall performance, exhibiting
a high specific capacity of 876 mA h g~ ' at 10 mA g%, 61.4%
capacity retention at 2 A g ', a maximum power density of
3740 W h kg™ ' and energy density of 1872 W kg~ '. This is
because the disordered structure enhances the electrochemical
activity, while a certain number of semi-ionic C-F bonds and
abundant pore structure facilitate the transport of electrons and
Li". These findings provide reference and guidance for prepa-
ration of high-performance CF, and carbon source selection.
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