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batteries through interlayer conductive network
engineering†
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Lejuan Cai, a Yu Zhaob and Wenlong Wang *abc

As an attractive cathode material with an ultra-high theoretical capacity and energy density, graphite

fluoride (CFx) is a promising option for lithium primary batteries. However, its application in high-power-

demanding scenarios is limited by its poor rate performance, mainly due to its intrinsic low electrical

conductivity and sluggish electrochemical kinetics. Herein, we demonstrate an innovative method that

could improve the electron-transport properties and electrochemical kinetics of CFx simultaneously. This

was achieved by exfoliating CFx into quasi-2D flakes and constructing conductive networks within the

interlayers. The strong electronic interaction between CFx and the conductive network enabled facile

charge transfer, as reflected by photoluminescence quenching and electrochemical characterization

tests. This newly designed CFx cathode outperformed conventional ones in a lithium primary battery,

delivering a specific capacity of 580 mA h g−1 at a high discharge rate of 2C, which was 77% of the

charge capacity at 0.1C.
Introduction

The lithium/uorinated carbon (Li/CFx)-based primary battery,
developed by Watanabe et al. and available from the Matsushita
Electric Industrial Company since 1970s,1–3 is a promising route
toward high-energy-density devices. With a high and stable
discharge platform, large capacity, excellent shelf-life with
capacity losses of only 0.5% per year and other advantages, Li/
CFx batteries have been widely applied in medical devices and
aerospace equipment.2 However, at a fast discharge rate, the Li/
CFx battery can hardly reach its theoretical capacity
(865 mA h g−1, x = 1 for CFx) or operate without sacricing
plateau voltages (open-circuit voltage of 3.1–3.6 V).4,5 This is due
to the intrinsic low electrical conductivity of CFx and the
impedance of lithium-ion insertion into CFx layers,6 which in
turn lead to electrochemical polarization and deterioration of
the rate performance.7–9

It is widely acknowledged that CFx suffers from a poor
conductivity if x is close or greater than 1, which originates from
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the ionic or covalent nature of the C–F bond.10,11 Several
methods have been employed to tackle this problem; for
instance, coating conducting additives, e.g., carbon from any
sources,12 or polymers such as polypyrrole and PANI13,14 on the
CFx particles to form surface conductive layers. Another alter-
native strategy is to utilize sub-uorinated CFx (x < 1),15 wherein
the reduced uorine–carbon ratio indicates the presence of sp2

carbon, which serves as a facile electron-transport path. Addi-
tionally, low-dimensional CFx, such as nano CFx synthesized
from different precursors, e.g., carbon nanotubes, carbon nano-
akes, and reduced graphene oxide (RGO),5,16–20 is also a great
way to mitigate the conductivity issue. The low-dimensional CFx
not only provides a large specic surface area and shortens the
diffusion distance of lithium ions, but also facilitates electron
transfer due to an intentional or unintentional deuorination
effect. While these approaches have been successful regarding
the overall performances of Li/CFx batteries, overcoming the
intrinsic conductivity bottleneck of the CFx cathode at
a submicron scale remains a challenge.

In this work, we demonstrate a novel CFx cathode design that
includes single-walled carbon nanotubes (SWCNT) between
layers of exfoliated CFx (Fig. 1a). The cathode design serves two
important roles: (a) it improves the electron-transport rate and
(b) promotes the electrochemical kinetics because of the
enlarged interlayer distances. We should emphasize here that
the SWCNTs in this work were not simply “additives” or
“coating layers” that facilitate charge transfer dictated in Ohm's
law;8,21 instead, they formed channels for both electrons and
ions transportation. By utilizing high-spatial-resolution optical
J. Mater. Chem. A, 2023, 11, 20187–20192 | 20187
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Fig. 1 (a) Schematic diagram of the CFx/SWCNT cathode. (b) Optical
and SEM image of the CFx/SWCNT film.
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spectroscopy, we conrmed the rapid charge transfer between
SWCNT and CFx at the micrometre scale. Furthermore, based
on the newly designed CFx cathode, an as-fabricated Li/CFx
primary battery performed well, with an excellent power
density, delivering 675 and 580 mA h g−1 at 1C and 2C high
discharge rates.
Experimental section
CFx electrode fabrication

CFx (x ranging from 0.9 to 1, as determined by EDX, XFNANO
Materials Tech Co., Ltd) was investigated as the active cathode
material in Li/CFx batteries. First, 15 mg CFx, 3 mg SWCNT, and
300 mL n-methylpyrrolidone (NMP) were stirred and dispersed
by an ultrasonic homogenizer at 260 W for 20 min. The exfoli-
ation of CFx takes place during this stage. The mixed solution
was then pumped and ltered through a microporous lter
membrane (with a diameter of 4.7 cm and a pore diameter of
0.45 mm), and deposited as a self-supported hybrid lm. To
improve the conductivity, 1 mg SWCNT was deposited on this
lm following the same procedure. Aer drying in the oven at
80 °C to remove the residual solvent, the resulting lm was cut
into small discs with a diameter of 1 cm. Then, these were
pressed on titanium mesh as a current collector, forming
a working cathode.

For comparison, the same CFx, Super P as a conductive
additive, and poly (vinylidene uoride) (PVDF) as a binder were
mixed in NMP with an 8 : 1 : 1 weight ratio, following conven-
tional recipes.22,23 The CFx electrode lm was prepared by
coating slurries on pre-cleaned Al foil. Then, shaped electrode
pieces were further dried at 80 °C under vacuum for at least
12 h. The loading of the active materials was about 1–2 mg for
each electrode. Finally, both lms were transferred to a glove-
box for Li coin cell assembly.
Electrochemical measurements

The Li/CFx coin cells were assembled in an argon-lled glove-
box (H2O < 0.1 ppm, O2 < 1 ppm) with electrolytes (1 M LiPF6
with an EC : DMC ratio of 1 : 1). The coin cells were discharged
under different current densities from 0.1C to 2C for each
electrode on a Neware Battery Test System (Neware Technology
Limited, Shenzhen, China) with a termination discharge voltage
of 1.5 V. Electrochemical impedance spectroscopy measure-
ments were carried out on an electrochemical workstation (CHI
760E from CH Instruments, Inc.) in the frequency range
20188 | J. Mater. Chem. A, 2023, 11, 20187–20192
between 10 kHz and 200 mHz with a voltage amplitude of 5 mV.
Galvanostatic intermittent titration technique (GITT) experi-
ments were carried out using the Neware Battery Testing
System. The assembled Li/CFx cell was discharged at a 0.1C rate
for 10 min followed by a relaxation time interval of 20 min, and
this procedure was repeated until the voltage reached 1.5 V.

Optical characterization

Photoluminescence and Raman measurements were conducted
with a Horiba LabRam HR Evolution confocal Raman micro-
scope with a 600 g mm−1 grating and 633 and 532 nm lasers as
the excitation source. Data were taken using a 50× (NA = 0.5)
microscope lens. For the 325 nm laser, a 15× (NA = 0.31) NUV
lens was applied. Before measurement, the CFx samples were
heated at 80 °C in a vacuum to remove any possible solvent
residue. All the measurements were performed at room
temperature under ambient conditions. Each spectrum shown
in the main text and ESI† is representative of at least 8 different
locations on the sample surface.

Results and discussion
Design of the CFx/SWCNT cathode

To improve the electron-transport rate of the CFx cathode as
much as we could, bulk CFx was exfoliated rst, together with
monodispersed SWCNT insertion into the CFx akes (Fig. 1a,
details of the fabrication process are given in the Experimental
section). High-resolution SEM imaging was used to provide
morphology information of this self-supported hybrid CFx lm
(Fig. 1b), indicating a conductive network was formed in the CFx
matrix. In this work, CFx could be dispersed as quasi-2D akes
(Fig. S1a†), so the SWCNTs could be easily “inserted” into the
CFx interlayers in the nal fabricated lm (Fig. S1b†), which
improved the conductivity signicantly. Here, the CFx was
considered as exfoliated two-dimensional layers instead of
a bulk material, so the SWCNT networks could go between the
CFx layers. This design offers several advantages over cathodes
made from slurries by simply mixing CFx and SWCNTs, in
which SWCNTs can easily aggregate (Fig. S1d†).

In order to test whether the conductive network in the CFx/
SWCNT cathode was effective, we needed to make sure the
charge transfer was locally optimized. However, conventional
electrical or electrochemical characterization methods can only
probe the charge-transfer rate/efficiency at the macroscopic
scale, while microscopic information and detailed mechanism
are missing. Therefore, confocal microscopy was employed in
this work to provide microscopic electrical conductivity infor-
mation at a resolution of ∼1 mm.

Rapid charge transfer between CFx and SWCNT

The photoluminescence (PL) of the exfoliated CFx and CFx/
SWCNT lm was measured at different excitation wavelengths.
Fig. 2a shows the PL spectra of the exfoliated CFx under 633 and
532 nm excitation, where strong and broad PL peaks centred at
705 nm could be observed in both cases. Also, shoulder peaks
appeared at 652 and 590 nm for the 633 and 532 nm excitation
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) PL spectra of exfoliated CFx and CFx/SWCNT with 633 and
532 nm lasers under 0.68 and 0.32 kW cm−2 excitation. Amplification
of the CFx/SWCNT spectra is shown in the ESI.† Vertical dashed line
represents the laser wavelength. (b) Scheme of the fluorescence
process and charge transfer between CFx and SWCNT. Green arrows
represent the slight visible-light absorption related to defects.

Fig. 3 Galvanostatic charge–discharge (GCD) curves of a Li/CFx
battery based on the SWCNT cathode (a) and on a Super P cathode (b)
under different discharge rates.
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conditions, respectively. The laser excitation energy (1.96, 2.33
eV) and 1.76 eV peak energy (705 nm) were much lower than the
estimated band gap value of CFx (x = 1), which is at least
3.1 eV.11 If CFx was similar to intrinsic semiconductors, like
silicon or GaAs, then electronic transition would be impossible.
As a result, it is unlikely that the strong PL that can be seen in
Fig. 2a was from band edge emission. Actually, the broad peak
suggests that electronic transition was between defects and the
conduction or valence band.24 Fig. S2† shows the PL spectrum
of the exfoliated CFx under a 325 nm laser. With a 3.8 eV high
excitation energy, a broad PL spectrum can still be observed,
while the obtained peak energy (2.21 eV) was different from that
at a lower energy excitation, suggesting various kinds of defects
within the exfoliated CFx. Similar to carbon dots and reduced
graphene oxide, CFx has abundant mid-gap states, which
substantially enhance the luminescence through recombina-
tion between the conduction band (or valence band) and defect
levels (Fig. 2b).25,26 During the exfoliation process, a slight
surface deuorination, together with sp2 and sp3 carbon rear-
rangement, unavoidably takes place on the surfaces of CFx
particles,22,27 leading to a stronger background PL.

When the exfoliated CFx was mixed with monodispersed
SWCNTs, the background PL of CFx/SWCNT was zero, or close
to zero in most spots we tested (at lines in Fig. 2a, S2, and S3,†
under 633 to 325 nm wavelength excitation), exhibiting
a signicant difference from the case of exfoliated CFx. As
shown in these gures, only the Raman signals from SWCNT
and CFx were observed.28 Here the SWCNTs formed conductive
networks within the 2D layers (Fig. 1b and S1b†), not like the
additives in the Super P sample (Fig. S1c†). As a result, the PL
quenching of the exfoliated CFx was attributed to the distin-
guished electronic interaction between CFx and SWCNT,
instead of a light-blocking effect.

The link between the PL quenching and electron transport
can be understood as follows. As shown in Fig. 2b, excited
This journal is © The Royal Society of Chemistry 2023
carriers in CFx can be created by photoexcitation or injection
from the outer electrical circuit. No matter which kind, they will
eventually recombine to the ground state, mainly through the
defects. During the transition process, luminescence was
observed (Fig. 2a and S2a†). For the trapped electrons, their
mobility, and thus the conductivity of the lm, is limited by the
scattering effects with defects, disordering, and other
factors.29,30While in CFx primary batteries, a higher conductivity
of the cathode material is benecial for device performance,
and any trapped carrier is unwanted. Therefore, complete PL
quenching in this case suggests that even the carriers trapped in
defects can be extracted. In the literature, similar PL quenching
experiments as above are normally performed with an addi-
tional electron or hole extraction layer for photovoltaic mate-
rials, like in the newly emerged hybrid perovskites, to illustrate
a fast photoexcited charge-transfer rate.31 However, usually PL
intensity reduction instead of quenching has been observed,32,33

due to bulk carrier localization or a poor interfacial electrical
contact. Therefore, the nearly complete PL quenching of CFx/
SWCNT suggests a stronger electronic interaction between the
additive (SWCNT) and host (CFx) in this work.

In reality, for the exfoliated CFx, the sp2 carbon produced
within the fabrication processes helps carrier transportation or
extraction to some extent, but not enough to quench the PL as
the CFx akes are isolated from each other; rather it is the
SWCNTs bridging these akes and facilitating charge transfer
that eventually lead to the complete quenching of the PL. For
accuracy we performed the same measurement microscopically
using confocal microscopy to ensure good electrical contact was
maintained throughout the CFx/SWCNT. This argument was
also used in the optimization of the CFx cathodes.
Electrochemical performance of the CFx/SWCNT cathode

Coin cells with a metallic lithium counter electrode were tested
to evaluate the newly designed cathode's performance (Fig. 3).
The CFx/SWCNT cathode showed an improved rate perfor-
mance, especially at 1C and 2C discharge rates (Fig. 3a),
compared to the conventional ones with Super P as the
conductive additive. For example, the specic capacity at the
discharge rate of 2C was 580 mA h g−1, which was an impressive
77% of the level under the 0.1C rate, and the plateau voltage was
maintained at 2.1 V. Moreover, the cathode based on the
SWCNT network showed little voltage delay, verifying the
J. Mater. Chem. A, 2023, 11, 20187–20192 | 20189
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improved electronic conductivity of the active CFx particles at
the initial stage of discharge. Meanwhile, the Super P cathode
delivered a discharge capacity of 830 mA h g−1 at 0.1C,
approaching the theoretical value of 865 mA h g−1 for CFx (x =

1), with the plateau voltage of 2.4 V (Fig. 3b). At high discharge
rates of 1C and 2C, although an optimized ratio (10 wt%) of
Super P was applied to improve the conductivity, the CFx
cathode without the SWCNT conductive network still showed
inferior electrochemical performance. At the 2C discharge rate,
the capacity was reduced to ∼400 mA h g−1 and the operating
voltage was below 1.9 V.

The rate performance of the CFx/Super P cathode, dened
here as the capacity ratio between the performance at 2C and
0.1C, was consistent with the PL measurements discussed
above. For nearly insulating CFx,6 complete PL quenching or
effective electron conduction was difficult, even with the opti-
mized ratio of Super P additives. The observed rate performance
enhancement of the CFx/SWCNT cathode could not be simply
attributed to the higher weight ratio of conductive “additive”.
For instance, we fabricated a CFx cathode with 10% SWCNTs
incorporated as conductive networks (Fig. S4†). With a similar
weight ratio of conductive agent as the CFx/Super P sample, the
specic capacity of this cathode at the discharge rate of 2C still
maintained 73% of the level under the 0.1C rate. These results
suggest the need to pay more attention to the interaction
between the conductive agent and CFx than to the ratio of
certain components.

We note here that the specic capacity of the CFx/SWCNT
cathodes at 0.1C was 750mA h g−1, which was lower than for the
Super P counterpart (830 mA h g−1). The slightly declined
capacities of the CFx/SWCNT cathode at 0.1C may be related to
surface deuorination,22 as conrmed by the PL characteristics
of the exfoliated CFx and the EDX results (Table S1†). However,
over 90% capacities were maintained, suggesting only a slight
degree of deuorination. Aer all, the C–F bonds in CFx are
semi-ionic and covalent,4,34 which can hardly be broken during
our fabrication processes.

To conrm the inuence of the conductive network and
layered structure on the electrochemical performance, electro-
chemical impedance spectroscopy (EIS) was carried out at the
initial and end stages of the discharge process, and the differ-
ence in electrochemical performance was explored (Fig. 4). In
the equivalent circuit model,35 the symbols R1, Rct, W1, and C
Fig. 4 Nyquist plots of the electrochemical impedance spectra,
measured for Li/CFx batteries based on the SWCNT (a) and Super P
cathode (b) before and after discharge at 1C, together with the fitting
model.

20190 | J. Mater. Chem. A, 2023, 11, 20187–20192
denote the ohmic resistance, charge-transfer resistance, War-
burg impedance (Ws-R as the diffusion impedance), and
double-layer capacitance, respectively. The tting results of R1,
Rct, and Ws-R are listed in Table 1. Comparing Fig. 4a and b, it
can be seen that the SWCNT conductive network within the CFx
akes led to a signicantly lower ohmic resistance (∼29U versus
over 41 U). For Rct, CFx/SWCNT showed a smaller value before
discharge (3454 U vs. 4337 U), implying faster lithium-ion
diffusion and reaction kinetics. The huge difference in ion-
diffusion impedance (Ws-R, Table 1, 56.0 U vs. 604.1 U)
between the two cathodes further proved that the effective
diffusion barrier was lowered because of CFx layer exfoliation
and SWCNT intercalation.

As a requirement for charge balance for faradaic electro-
chemical reactions, electron transfer and ion movement are
coupled with each other. Therefore, the better electron transfer
rate conrmed above was also responsible for the enhanced
electrochemical kinetics. InWang's previous work,36 in situ TEM
experiments were performed and showed an abrupt switch from
a high-resistance to low-resistance state for a single CFx particle
during discharge. The observed electrical resistance decrease
was accompanied by easier lithium-ion intercalation into the
CFx interlayer, together with carbon generation during
discharge. For the CFx/SWCNT cathode in this work, the
conductive matrix instead of reaction-produced carbon
provides a facile electron pathway. Also, the quasi-2D structure
of exfoliated CFx is benecial for lithium-ion transportation, as
evidenced by comparison of the EIS parameters between the two
cathodes in Table 1. Therefore, the design of CFx/SWCNT
improved the coupling between electrons and ions, and thus led
to the better electrochemical performance.

Moreover, the CFx/SWCNT hybrid cathode showed little
differences in R1, Rct, and Ws-R before and aer discharge,
while an obvious variance in CFx/Super P could be observed
from the tted EIS parameters in Table 1 and Fig. 4b. Similar to
the mechanism unveiled in ref. 36, we rationalize this
phenomena as follows. Carbon and LiF are continuously
produced in the CFx/Super P composite. Especially at the
beginning of discharge, CFx relies on the carbon to transport
electrons, which causes voltage delay. The overall electrical
conductivity changes rapidly in this case, together with a large
variance in the ion-diffusion barrier due to possible diffusion
channel blockage. While for CFx/SWCNT, the conductive
network exists at the initial stage, and the charge transfer is fast
all the time, which explains its good performance under high
discharge rates in Fig. 3a.

To reveal the advantage of the CFx/SWCNT design more
clearly, we measured the diffusion coefficient DLi+ between CFx
Table 1 Selected fitting parameters of the EIS model in Fig. 4

Cathode R1 (U) Rct (U) Ws-R (U)

CFx/SWCNT initial 29.4 3454 56.0
CFx/SWCNT discharged 26.9 3412 55.9
CFx/Super P initial 41.0 4337 604.1
CFx/Super P discharged 85.0 2118 447.6

This journal is © The Royal Society of Chemistry 2023
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layers by the galvanostatic intermittent titration technique
(GITT) method (Fig. 5a–d). During the GITT measurement, the
cell was discharged with a constant current density of 0.1C for
an interval of 10 min, followed by 20 min relaxation to get the
steady-state voltage Es, until the voltage was below 1.5 V. The
resulting voltage prole for a single titration at the plateau
voltage during the discharge process is shown in Fig. 5b with
the parameters labelled. Meanwhile, Fig. 5c shows the plot of
voltage vs. t1/2 recorded for both cathodes, indicating a roughly
linear relationship in the time domain from 10 to 100 s. Then,
DLi+ was calculated from eqn (1), where the average radius of CFx
particles Rs was determined from the SEM images.37

DLiþ ¼ 4

ps

�
Rs

3

�2�
DEs

DEt

�2

(1)

The DLi+ for both CFx cathodes fell in the range from ∼10−14

to ∼10−11 cm2 s−1 (Fig. 5d), which is the same order of
magnitude as the values in the literature.7,38 The DLi+ values of
the two samples were almost equivalent at the beginning of the
discharge state. In this region, C–F bond consumption, LiF
growth, and carbon generation have profound and complex
inuences on the ion-diffusion kinetics. In the deep discharged
state, CFx/SWCNT possessed a higher DLi+ than that of the CFx/
Super P cathode, especially in the potential under 2.0 V. Here,
too much non-conducting LiF generation leads to a partial
blockage of ion diffusion, together with the decay of DLi+ aer
the maximum value.6 Note that the DLi+ is the diffusion coeffi-
cient in layered or bulk CFx materials according to its deni-
tion,39 which is related to but different from the Ws-R in EIS
measurements. The higher DLi+ values of the CFx/SWCNT
sample originated from the 2D nature of the CFx akes, indi-
cating better coupling between electron transfer and Li+ trans-
portation within the interlayers.
Fig. 5 (a) GITT curve of Li/CFx batteries at 0.1C. (b) Scheme for a single
step of a GITT experiment in the yellow region in (a). (c) Linear
behaviour of the transient voltage changes against s1/2 during a single
titration process. (d) Derived lithium diffusion coefficient of the two
cathodes at 0.1C. Plotted line is for eye guidance.

This journal is © The Royal Society of Chemistry 2023
The above analyses indicate that the sluggish charge transfer
in bulk CFx and slow ion diffusion are the main reasons for the
poor electrochemical performance of the conventional CFx
cathode at high discharge rates. During the discharge process,
the generated sp2 carbon might transport charges well, but the
nonconductive LiF accompanying it blocks the ion-diffusion
channels. This problem was solved with the newly designed
cathode, which maintained a high level electron-transfer rate
from the initial to the nal discharge stage, as well as “open”
ion-diffusion channels, as indicated in the EIS and GITT
measurements.
Conclusions

In summary, to improve the rate performance of Li/CFx primary
batteries, we proposed a novel CFx cathode design that could
overcome the poor electrical conductivity and slow electro-
chemical kinetic problem for the inherently insulating CFx
material. By constructing a conductive network within exfoli-
ated CFx interlayers, the transport kinetics of electrons and ions
were simultaneously improved, which was conrmed by both
electrochemical and optical characterization methods.
Beneting from intimate contact between the conductive
networks and CFx akes, together with the enlarged CFx inter-
layer spacing, an enhanced rate performance of a Li/CFx battery
was observed. The design of the CFx cathode in this work sheds
light on the charge-transfer mechanism in electrochemical cells
and batteries.
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