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ABSTRACT: Here we demonstrate for the first time that CF,
cathodes show rechargeable capability in sodium ion batteries
with an initial discharge capacity of 1061 mAh g™ and a
reversible discharge capacity of 786 mAh g~'. The highly
reversible electrochemical reactivity of CF, with Na at room
temperature indicates that the decomposition of NaF could be
driven by carbon formed during the first discharge. The high
reversible capacity made it become a promising cathode
material for future rechargeable sodium batteries.
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1. INTRODUCTION

Driven by the constant demands on rechargeable batteries with
higher energy density and more sustainable economy for
energy storage and electric vehicles, great efforts are being
directed towards exploring and optimizing light element
materials such as sulfur and oxygen with their potential in
advantageously offering a high energy density as advanced
cathode materials.'~* For example, in lithium or sodium—sulfur
and lithium or sodium—oxygen/air batteries based on the
cathode materials of S and O light elements, the electrons and
lithium or sodium are stored at the positive electrode by
reacting them with sulfur and oxygen to form lithium or sodium
sulfide (Li,S or Na,S) and Li,O, or NaO,, which ensure a far
higher energy density of 300—500 Wh/kg than the lithium-ion
counterparts currently used simply (<200 Wh/kg). Theoret-
ically, elemental fluorine (F) as cathode material could also
react with lithium or sodium to form LiF or NaF to achieve a
high specific capacity of 1411 mAh/g and should hold the same
great promise as other cathode materials of S and O.
Unfortunately, rechargeable batteries based fluorine seem
impossible to be handled and there has been less work about
the possibility of rechargeable batteries with fluorine as cathode.

Elemental fluorine is known to react with carbon to yield
CF,.>® This material was firstly selected as an active cathode in
primary lithium batteries,” and such primary Li/CF, batteries
(theoretical energy density was 2189 Wh/kg) with high energy
density up to 560 Wh/kg were commercialized by Matsushita
Electric Corporation (Japan) in 1975.° It has been confirmed
that CF, will convert into LiF and carbon when reacting with
lithium. These primary Li/CF, batteries indicated the
irreversible reaction of CF, with lithium and many attempts
for extending the application concepts of CF, in lithium ion
batteries were made to conclude no any evidence on its
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reversibility.” The electrochemical reversibility of CF, with
lithium firstly reported in F-ion battery and a low capacity of
less than 120 mAh/g was achieved.'® Al/CF, also purposed for
future batteries,'" other metal fluorides such as FeF; or CoF,
have been intensively studied as electrodes for Li-ion batteries,
and exhibited a fascinating conversion reactivity with
lithium."””™" Here, we demonstrate that CF, as cathode
material can be applied to rechargeable sodium battery, and the
reversible formation and decomposition of NaF could be driven
by carbon in Na-CF, batteries.

2. RESULTS AND DISCUSSION

Details of cathode preparation and cell assembly as well as
related physical characterization are provided in the Supporting
Information. Figure la shows the first discharge—charge curves
of Na-CF, cell cycled between 1.5 V and 44 V at room
temperature. The data of Li-CF, cell were also included for
comparison. CF, cathodes in all cells were exposed in argon
ambient in order to avoid the effect of air ambient on the
electrochemical behaviour of CF,. The open-circuit voltages of
two cells are close to 2.6 V. During the discharge process of Li-
CF, cell, a long plateau at about 2.5 V (vs. Li*/Li) is observed
and agrees well with the previous reports in Li-CF,,***" which
indicates the formation of LiF. While in Na-CF, cell, a
discharge voltage plateau appear at 2.4 V (vs. Na*/Na), which is
lower than the theoretical value of 2.83 V, with NaF as
products. This polarization phenomenon was similar to that in
the Li-CF, cell,”” which may be caused by the existence of a
large activation energy associated with the breaking of the
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Figure 1. (a) Comparison of the first discharge—charge curves of Na-CF, cell and Li-CF, cell at a current density of 100 mAh/g; (b) Potential
profiles and specific discharge/charge capacities of Na-CF, cell at a current density of 200 mAh/g.
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Figure 2. (a) XRD patterns of (1) the pure CF, powder; (2) a pristine CF, electrode; (3) CF, electrode after the firstly discharging to 1.5 V; (4) CF,
electrode after the firstly charging to 4.4 V. SEM image of a CF, electrode (b) after the firstly discharging to 1.5 V and (c) after the firstly charging to

44 V.

covalent C—F bonds found in CF, materials coupled with the
anodic oxidation of organic electrolyte solvents by the strongly
oxidizing cathode material. On charging, the voltage increases
quickly to about 4.4 V in Li-CF, cell with a charge capacity of
only 95 mAh/g (10% of the initial discharge capacity),
reflecting the irreversible of Li-CF, cell. As a comparison, the
charge voltage of Na-CF, cell rises up to 3.6 V in short time,
then increases slowly to 4.4 V with a charge capacity of 941
mAh/g (89.6% of the initial discharge capacity), far higher than
that of Li-CF, cell. In this window from 1.5-44 V, the
electrolyte containing NaPF; is stable (seen in Figure S1 in the
Supporting Information), indicating that the charge capacity
was attributed to decomposing NaF. Interestingly, Na-CF, cell
exhibits highly reversible at room temperature. Potential
profiles and specific discharge/charge capacities of Na-CF,
cell at a current density of 200 mAh/g are shown in Figure
1b. The cell was cycled at round-trip efficiency of 100%. A
plateau voltage at around 2.25 V with obvious initial voltage
delay is observed during the first discharge process, and
subsequent discharge processes exhibit a sloping voltage
plateaus from 2.3 to 1.5 V. For the initial charge process, the
charging voltage profile shows a hump at early stage and then
increases to around 4.25 V steadily. The appearance of the
hump is related to the sluggish diffusion and reaction kinetics of
the charging process for CF, electrode. The first discharge
capacity of 1061 mAh/g is almost the same as that of Li-CF,
cell. This discharge process should be attributed to the
conversion reaction. In subsequent cycles, the discharge
capacities gradually decrease. The discharge capacities are 786
and 409 mAh/g in the second and sixth cycle. These results
indicate highly reversible electrochemical reactivity of CF, with
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Na at room temperature. However, it can be seen that the
charge potential is about 4.25 V leading a gap of 2 V between
discharge and charge potential. Obviously, Na-CF, batteries
should be further improved in the future work.

To reveal the electrochemical reaction features of CF, with
sodium, we performed ex situ SEM, XRD, and XPS
measurements on CF, electrodes arrested at different stages
during the first cycle. Figure 2a shows the ex situ XRD patterns
of CF, power and CF, electrodes: the pristine, that after
discharging to 1.5 V and that after charging to 4.4 V,
respectively. Two broad peaks corresponding to the fluorinated
phase as shown in Figure 2a-1 at around 12 and 40° are in good
agreement with previous data,”*** indicating an amorphous
structure of the pristine CF, power. The diffraction peaks of the
pristine CF, electrode (marked with star) should be attributed
to the aluminum substrate (Figure 2a-2). When the electrode
was firstly discharged to 1.5 V, the original broad peak of CF,
disappeared (Figure 2a-3), and two new diffraction peaks at
38.7 and 56.0° could be well assigned to the (200) and (220)
reflection of NaF (JCPDS card no. 04-0793). This finding
indicates the decomposition of CF, and the formation of NaF
after discharge progress. Interestingly, diffraction peaks from
NaF disappeared while one broad peak at around 12° appeared
again after charging to 4.4 V (Figure 2a-4)), indicating the
decomposition of NaF and reconstruction of an amorphous
structure after charging to 4.4 V. Figure 2b shows the SEM
image of CF, electrode after the first discharging to 1.5 V, with
significant amount of cubic shaped particles protruding from
the surface. The size of the particles was about 70 nm. The
surface of the pristine CF, electrode(seen in Figure S2 in the
Supporting Information) is smooth macroscopically for the
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Figure 3. XPS spectra of (a) C 1s and (b) F 1s of CF, electrodes at different stages of the first cycle: before cycling; after discharging to 1.5 V; after

charging to 4.4 V.

comparison. Thus, it can be concluded that these cubic shaped
particles formed during the discharge process were the
discharge products, which consist of NaF (see Figure S3 in
the Supporting Information). After charging to 4.4 V, the
surface of CFx electrode became much smoother than that after
discharge even though there are some spots which are not
cubic-shaped crystals obviously as shown in Figure 2c. The
cubic products disappear totally. This result provides clear
evidence that the discharge products of NaF can be
decomposed during charge process (see Figure S4 in the
Supporting Information). This result is well-consistent with the
XRD data, which can be further confirmed by ex situ XPS data.

XPS spectra of C 1s and F 1s for the CF, electrode at
different discharge/charge stages of the first cycle are presented
in panels a and b in Figure 3, respectively. For the pristine
sample, the peaks at 285.3 and 290.0 eV in C 1s spectrum
(Figure 3a) correspond to C—C and C—F in CF,, the peak at
689.0 eV in F 1s spectrum can be assigned to C—F. When Na-
CF, cell was fully discharged to 1.5V, the C 1s and F 1s spectra
were changed obviously. The peak at 290.0 eV in Cls spectrum
and the peak at 689.0 eV in F 1s spectrum disappear
simultaneity, which reveals reaction of C—F bond with sodium.
Furthermore, a new strong signal at 685.7 eV and a weak signal
at 687.9 eV in F 1s spectrum appear. They can be attributed to
NaF and PF¢~ conducting salt in the electrolyte, respectively.
This result is well consistent with the analyses from XRD
(Figure 2) and EDX (see Figure S3 in the Supporting
Information). After charging to 4.4 V, C 1s spectrum and F 1s
spectrum are utterly different from those of electrode after
discharging to 1.5 V. The peak of C 1s spectrum at 290.0 eV
and the peak of F 1s spectrum at 689.0 eV appear again, which
should be attributed to the generation of C—F bond renewedly.
At the same time, the disappearance of the peak at 685.7 eV in
F 1s spectrum indicates that NaF is decomposed. This is
consistent with the results from SEM, XRD and EDX (see
Figure S4 in the Supporting Information). But after fully
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charged, the peak intensity of C—F at 290.0 eV is still weaker
than that of the pristine CF, sample, which may be attributed to
the dissolution of part of fluorine in the electrolyte, thus results
in the loss of active material and the fading of the discharge
capacity.

The reversible electrochemical reaction mechanism of
sodium with CF, involving the reversible formation and
decomposition of NaF is proposed

CE, + xNa* + xe © xNaF(crystalline) + C (1)
Electrochemical conversion reaction of CF, with Na may be
similar to that of transition metal fluoride with Li. The stable
NaF was electrochemical active and can be reversible
decomposed in the interaction with carbon at the voltage
range from 1.5—4.4 V. However, the electromotive force to
decompose NaF can be found to be 5.65 eV according to Nerst
equation and related thermodynamic data (see Table S1 in the
Supporting Information). Thus, the carbon framework should
act as a mini-reaction chamber, encouraging a conversion
reaction of NaF into CF,. This reversible reaction is
thermodynamically feasible as the reaction of lithium with
CF, (see Table S1 in the Supporting Information). However,
the conventional view about the irreversible reaction of CF,
with lithium was further confirmed by our own failed attempts
(Figure 1a) to electrochemically decompose LiF. The differ-
ence between driving the decomposition of NaF and LiF
electrochemically by carbon is amazing. This should be due to
the fact that the crystallize size of NaF (about 70 nm) is less
than that of LiF (around 150 nm, see Figure SS in the
Supporting Information) formed after discharge process,
resulting in the better kinetically electrochemical process to
decompose NaF than LiF considering higher ion conductivity
of NaF (see Table S1 in the Supporting Information). On the
other hand, the bond energy and dissociation energy of NaF are
lower than that of LiF (see Table S1 in the Supporting
Information), the decomposition of NaF need lower energy
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than that of LiF from the thermodynamical view. Apparently,
the electrochemical driven size confinement of electroactive
species should be considered to improve the conversion
reversibility of Na-CF, cell.

On the basis of eq. 1, our finding indicates that CF, is one of
the so-called “conversionreaction” materials in sodium ion
batteries. So CF, also suffers from the high voltage-polarization
between charge and discharge, and poor cycle performance as
well as poor discharge curves existing in “conversion reaction”
materials.'>~">*> However, the high specific capacity and much
higher discharge potential make CF, material become a
promising cathode material for future rechargeable sodium
batteries (see Table S2 in the Supporting Information). Further
development is needed on this system to resolve these
problems for practical uses.

3. CONCLUSIONS

In conclusion, the decomposition of discharge products NaF in
the charge process indicates the reversibility of Na-CF, cell.
The highly reversible electrochemical reactivity of CF, with Na
at room temperature led to the interesting conclusion that the
reversible formation and decomposition of NaF could be driven
by carbon formed during the first discharge progress. A highly
reversible electrochemical reactivity of CF, with Na makes Na-
CF, cells become a new generation of batteries that have a
higher energy density and more sustainable economy.
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Assembly and electrochemical measurements of CFx/Na cell;
CV curve of electrolyte; SEM and EDX of CF, electrode; SEM
image of CF, electrode in Li batteries. This information is
available free of charge via the Internet at http://pubs.acs.org/.
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