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ARTICLE INFO ABSTRACT

Keywords: Lithium/graphite fluoride (Li/CF,) batteries have attracted great attention because of the highest energy density
Li/CF, batteries among all commercially available lithium primary batteries. However, the inferior electrochemical performances
BF, . at high discharge current densities impede their applications in high-power devices. Herein, we have found a
Ellie(;:mlyte a:jid1t1've novel and low-cost gaseous electrolyte additive BF; that can remarkably improve the rate capability of the Li/CF,
gh power density batteries. The CF, (x=1.15) cathode in the carbonate electrolyte with 0.01M BF; additive can deliver a maximum
power density of 23040 W kg~! with a high gravimetric energy density of 722.8 Wh kg~!. By contrast, the CF,

cathodes in the electrolyte without additive can barely provide capacity at discharge rates above 5C. Such signifi-

cant enhancement can be attributed to the ability of the BF; additive to dissolve the insulating discharge product

LiF without passivating the cathode surface and impeding the intercalation of lithium ions. This work provides

a way that enables Li/CF, batteries to have an ultrahigh power density comparable to that of supercapacitors

while maintaining high energy densities.

1. Introduction

Lithium primary batteries (LPBs) have widely been used as a power
source in various application fields such as medical electronics, elec-
tronic equipment, and military installations [1,2]. These applications
have put forward ever-growing requirements on the performances of
batteries, among which higher energy density, higher power density,
and reliable safety are of the greatest concern [3-5]. As one of the com-
mercially available LPBs, lithium/graphite fluoride (Li/CFy) batteries
have been generating considerable research interest because they pos-
sess the highest theoretical energy density (2189 Wh kg~! for CF) [6,7].
The concept of using graphite fluoride (CF,) as cathode material in LPBs
was firstly proposed by N. Watanabe and co-workers [8]. Despite hav-
ing the core advantage on energy density, Li/CF, batteries face great
challenges, including initial potential delay, limited rate capability, and
heat generation during operation, hindering the wide adoption of Li/CF,
batteries in high-power devices [9-11]. These problems arise from the
insulating feature of the pristine CF, and the reaction product LiF. It is
well-known that the CF, has intrinsic inferior electronic conductivity.
While the increase of the carbon content can bring higher electronic
conductivity of the CF,, it will simultaneously lower the specific capac-
ity [12,13]. The discharge product LiF is also highly insulated, which
will be deposited into the surface pores of the cathode electrode and
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prevent the subsequent migration of lithium ions into the bulk of the
cathode, significantly increasing the cell resistance [14].

To solve these problems and enable Li/CF, batteries competent
in high-power application scenarios, several strategies have been at-
tempted. Conducting additives, including carbon, [15] polythiophene,
[16] and polypyrrole, [17] were coated on the surface of CF, parti-
cles. These conductive coating layers improve the exterior electronic
conductivity between particles, thus better rate capabilities could be
achieved. Sub-fluorinated CF, (x<1) were synthesized by a direct fluo-
rination method from natural graphite [18] and carbon nanofibers [19].
The reduced fluorine contents indicate the presence of unreacted carbon
inside the particles, which can serve as an intrinsic facile electron trans-
port path and thereby ameliorate the rate performance of CF, cathodes.
Another approach is to synthesize nano-sized CF, materials by using
different precursors such as carbon nanotubes, [20] carbon nano-flakes,
[21] and graphene [22] The nanoparticle provides a large specific sur-
face area and shortens the diffusion distance of lithium ions, leading to
much enhanced electrochemical performances. While these aforemen-
tioned approaches demonstrate the great effectiveness of the materials
engineering on promoting the fast discharge properties of Li/CF, batter-
ies, the pre-treatments on the CF, materials could be complicated and
increase the production cost. By contrast, the use of electrolyte additives
is easier to operate. Nagasubramanian et al. used anion-binding-agents
(ABAs, e.g., Tris(1,1,1,3,3,3-hexafluoroisopropyl) borate) as electrolyte
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Figure 1. Galvanostatic discharge curves of Li/CF, batteries in the electrolytes (a) without and (b) with BF; additive at different current densities. (c) Nyquist plots of
electrochemical impedance spectra (EIS were measured for Li/CF, batteries after discharge at 5C) and (d) Summary of the highest power density and corresponding
energy density of Li/CF, batteries achieved in literature by various approaches, as shown in Table S2.

additives, which can lower the interfacial resistance and improves the
electrochemical performances of Li/CF, batteries at high discharge rates
[23]. Nevertheless, the cost-effectiveness of electrolyte additives is al-
ways an issue that should be considered for practical applications [24].

Here, we present a facile and low-cost approach to improve the rate
capabilities of Li/CF, batteries by using a novel gaseous electrolyte ad-
ditive BF5. At the additive concentration of 0.01 M, the CF, (x=1.15)
cathode delivers a discharge capacity of 415.5 mAh g~! with an out-
standing power density of 23040 W kg~! (at a discharge rate of 15C).
By contrast, without BF; additive, the cathode material is not able to
provide capacity at current densities higher than 5C. The extraordinary
enhancement in the electrochemical performances of Li/CF, batteries
can be attributed to the ability of the BF; additive to dissolve the LiF,
which is generated through the discharge reaction and can block the
cathode pores, and thus reducing the diffusion resistance of lithium ions
into the bulk of the cathode material. This work proposes a low-cost BF;
electrolyte additive, which can effectively improve the rate performance
of CF, material with high fluorine contents (x>1), exhibiting a promis-
ing application prospect.
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2. Experimental methods
2.1. Materials

Graphite fluoride powder was purchased from XFNANO Materials
Tech Co., Ltd, China. LiBF, was purchased from Beijing Innochem Sci-
ence & Technology Co., Ltd. Graphite fluorides powder, PVdF binder and
carbon black (8:1:1, mass ratio) were mixed into NMP solution with the
planetary centrifugal mixer (Shashin Kagaku Co., Ltd, Japan) at 2000
rpm for 30 min. The obtained slurry was cast on a carbon-coated alu-
minium foil using a tape casting method, with the active material load-
ing of 1.5~1.6 mg/cm?. The produced cathodes were dried in a vacuum
oven at 393 K for 8 h. The solution of 1.0 M LiBF, in ethylene carbonate
(EC) and dimethyl carbonate (DMC) (1:1, in volume) was used as the
control electrolyte. The BF; gas (Wuhan Newradar Co., Ltd, China) was
then blown into the electrolyte under Ar atmosphere in a glove box. The
concentration of BF; additive in electrolytes can be controlled by adjust-
ing the ventilation time. Lithium foils (China Energy Lithium Co., Ltd.)
with a thickness of 200 pm were used. In this work, all the chemicals
were used as received without further purification.
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Figure 2. The morphology of (a) pristine CF, cathode and discharged CF, cathodes in electrolytes (c) without additive and (e) with BF; additive. (b, d, f) The
corresponding SEM images at a higher magnification. (g) The XRD patterns of pristine CF, cathode and discharged CF, cathodes in electrolytes without additive and

with BF; additive. The discharge rate is 5C.
2.2. Electrochemical Tests

The Li/CF, coin cells were assembled in an argon-filled glovebox
(H,0 < 0.1 ppm, O, < 0.1 ppm) with 100 pL electrolytes with and with-
out BF; additive. The coin cells were discharged under different current
densities from 0.05C to 15C (based on the active material of cathodes)
on Land BA2100A Battery Test System (Wuhan LAND Electronic Co.,
Ltd, China) with a termination discharging voltage of 1.5 V. The elec-
trochemical impedance spectroscopy (EIS) measurements were carried
out on an electrochemical workstation (Zahner-Zennium, Germany) in
a frequency range between 10 kHz and 200 mHz with a voltage ampli-
tude of 5 mV. Cyclic voltammetry (CV) measurements were conducted
using a CHI1000C instrument (Chenhua, China) from 4.0 V to 1.5 V at
a scanning rate of 0.1 mV s~ 1.

2.3. Characterizations

The discharged Li/CF, coin cells were dissembled in the glove box to
obtain CF, cathodes. The discharged CF, cathodes were washed three
times by DMC solvent to remove the residual electrolyte before further
analysis. The morphologies of the pristine and discharged cathodes were
characterized by scanning electron microscopy (SEM, S-8100, Hitachi)
with an accelerating voltage of 10.0 kV. The valence states and elemen-
tal composition of CF, powder and CF, cathodes were obtained from
X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Sci-
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entific). The Ar* sputtering rate for the XPS depth-profiling calibration
on Si0, surface was 10 nm min~!. XRD patterns were recorded by a D8
advance X-ray diffractometer (Bruker).

3. Results and discussion

To determine the elemental composition of the graphite fluorides
powder utilized in this research, X-ray photoelectron spectroscopy (XPS)
measurement was carried out, and the results are shown in Figure S1
and Table S1. The fluorine content of the CF, (or the F/C ratio) is a key
parameter that determines the theoretical specific capacity (Q.) of CF,
material by the following equation, [25]

_ xF

T 3.6 x (12+ 19x) M

Q. (mAhg™")
where F is the Faraday’s constant (96485 C mol~!) and 3.6 is a unit con-
version constant. The XPS results indicate that the employed CF, powder
possesses a high F/C ratio of 1.15 (Table S1), which can theoretically
deliver an exceedingly large specific capacity of 910.5 mAh g~1. How-
ever, the high fluorine content can simultaneously reduce the electronic
conductivity of CF, particles [26]. Moreover, the situation will get ag-
gravated during the discharge process when the formed reaction prod-
uct LiF plugs the void space of the cathode electrode at the surface and
blocks the lithium intercalation into the CF, particles [27]. Inferior elec-
tronic and lithium-ion conductivities are anticipated to severely impede
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Figure 3. XPS depth profiling results of C 1s and F 1s spectra for discharged CF, cathdes (a, d) with and (b, e) without BF; additive (the discharge rate is 5C). The
relative contents of different compositions from C 1s and F 1s are given in (c) and (f), respectively.

the discharge performance of CF, at high current densities in conven-
tional electrolytes.

The discharge performances of CF, were evaluated in Li/CF, bat-
teries. The solutions of 1.0 M LiBF, in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1, in volume) with and without BF5 addi-
tive (0.01M) were used as electrolytes, respectively. The discharge ca-
pacities of the Li/CF, batteries with and without BF; additive are com-
parable at low current densities, exhibiting 884.9 mAh g~! and 883.6
mAh g‘1 respectively at 0.05C rate (Figure 1), which are close to the
theoretical specific capacity of the CF, cathode. However, the perfor-
mances of CF, batteries without BF; additive degrade significantly at
high rates, with their discharge voltages and specific capacities fade
rapidly (Figure 1a). At a discharge rate of 1C, the CF, can merely give
out a specific capacity of 486.9 mAh g~!, which is around 55% of that at
0.05C. Meanwhile, the CF, can hardly provide capacity due to serious
voltage polarization at discharge rates above 5C. The inferior discharge
performances and severe polarization of CF, at fast discharge rates,
which are consistent with previous reports, [28,29] can be ascribed to
the poor electronic conductivity and sluggish lithium-ion transport ki-
netics of CF,. In contrast, the CF, cathodes working in the electrolyte
containing BF5 additive exhibit remarkably improved discharge perfor-
mance at high current densities (Figure 1b). The specific capacity of the
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CF, cathode at 5C is 735.7 mAh g1, which is about 83% of that at 0.05C.
Besides, even at a high discharge rate of 15C, the CF, cathode can still
provide a high capacity of 415.5 mAh g~!, accompanied by an ultrahigh
power density of 23040 W kg~1. The effect of additive concentration on
the rate capabilities was investigated (Figure S2), and we found that the
electrolyte with 0.01 M BF; additive can yield the best performance. The
effects of BF5 additive in a different electrolyte (1 M LiPFg EC/DMC (1:1
in volume)) and on higher loading CF, cathodes have also been studied
(Figure S3 and S4). It is clear that after adding the BF5 additive (0.01
M) in electrolytes, the discharge performance of CF; cathodes has been
greatly enhanced, indicating that the BF; additive can work in various
conditions. It is noteworthy that the CF, powder adopted in this work
was used as received without any pretreatments, thereby the electronic
conductivity of the cathode should be very low (can be verified by the
poor-quality of the SEM image caused by charging effect, Figure S5).
Thus, the superior electrochemical performance in terms of power den-
sity and energy density (Figure 1d and Table S2) is reasonably assumed
to be related to the enhanced ionic transport kinetics of CF, cathodes,
which is facilitated by the BF5; additive in the electrolyte.
Electrochemical impedance spectroscopy (EIS) and cyclic voltamme-
try (CV) were used to study the electrochemical kinetics of the CF, cath-
odes in the electrolytes with and without BF5 additive. The impedance
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Figure 4. The schematic of the action mechanism of BF; additive on CF, cathodes. The deposited LiF in the surface pores of CF, particles can be dissolved by BFj,
facilitating the transport of lithium ions into the bulk of the cathode material and thus significantly enhancing the electrochemical performance of Li/CF, batteries

at fast discharge rates.

spectra were recorded at a fully discharged state and shown in Figure 1c
and S6. The semicircle in the high and middle-frequency region is des-
ignated to the bulk resistance (R;) and charge transfer resistance (R.;)
[30]. It is obvious that the R, of the Li/CF, battery with BF5 additive
(11.9 ohm) is much lower than that without additive (58.6 ohm), indi-
cating a faster reaction kinetics when BF5 additive is introduced. Mean-
while, the slope of the straight line in the low-frequency region reflects
the diffusion coefficient of lithium ions in the bulk of the CF, electrode,
[31] thus the greater slope of a straight line in the electrolyte with BF5
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additive than that without additive indicates an enhanced lithium ionic
conductivity of CF, particles. The CV profiles exhibit a much higher
reaction current in the electrolyte with BF; additive than that without
additive, which suggests the same conclusion as revealed in the EIS mea-
surements (Figure S7).

To explore why the BF; additive renders superior rate capabilities,
the morphologies and crystal structures of the pristine and the dis-
charged CF, cathode electrodes were characterized by scanning elec-
tron microscopy (SEM) and X-ray diffraction (XRD) (Figure 2). In the
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pristine cathode, the CF, particles show an integrated and typical lay-
ered stacking structure, with a relatively large particle size ranged from
several to tens of microns (Figure 2a and 2b). The large particle size
is not beneficial for the lithium ionic conduction as a longer diffusion
distance is required [32]. After discharge at 5C, the discharged cath-
odes display notable morphologic changes but with different degrees of
particle fracture with and without BF; additive (Figure 2¢ and 2e).

The destruction of the CF, structure can be attributed to the fact
that the reaction product LiF will deposit into CF, interlayers during
discharge and induce a significant amount of internal stress, leading to
the creation of cracks and even breakage of CF, particles [33]. It is gen-
erally accepted that the collapse of the cathode structure is detrimental
to the cycling performance of rechargeable batteries [34,35]. However,
as to lithium primary batteries, the exfoliation of the CF, can effectively
reduce the particle size and expose more active materials from the in-
terior of the sample particles, which is favorable for fast lithium inter-
calation kinetics. As shown in Figure 2c¢, 2d and S8, although a large
number of broken particles can be observed in the discharged cathode
without BF; additive, there are still unbroken, sheet or column-shaped
particles. The surface of these unbroken particles is completely covered
by reaction products (Figure $9), which may impede further discharge
reaction from occurring at the bulk of CF, cathode and thus integrated
particle structures are maintained. By contrast, the discharged cathode
with BF; additive shows greater degrees of fragmentation (Figure 2e
and 2f), with no large-size CF, particles observed. The utter destruction
of particle structure reflects a more complete usage of CF, capacity and
facilitates a faster diffusion rate of lithium ions. In addition, no charac-
teristic diffraction peaks of LiF were detected in the discharged cathodes
(Figure 2g), suggesting the crystalline nature of the discharge product
LiF is amorphous. The structure of pristine CF, is mainly in an amor-
phous state, while after discharge more ordered graphite structure is
observed, which is in good agreement with previous report [36]. The
(001) plane with an interlayer distance of 0.67 nm corresponds to the
unreacted CF, and its absence in the discharged cathode with BF; ad-
ditive indicates that almost all CF, has participated in the discharge
reaction.

To further understand the working mechanism of the BF5 additive, X-
ray photoelectron spectroscopy (XPS) depth profiling was performed to
investigate the chemical compositions of discharged cathodes in depth.
The C=C sp2 bonds (283.8 eV) in Figure 3a and 3b correspond to amor-
phous carbon, which is generated by the discharge reaction: xLi + CFy
— xLiF + C [37]. Two peaks at 290.1 eV and 286.6 eV in Cls spec-
tra are attributed to -CF, and C-O bonds, [38] which stem from PVdF
binder and decomposition products of electrolyte solvents, respectively.
In comparison to the CF, cathode without additive, the CF, cathode with
BF; additive possesses lower C-F bond (289.1 eV) contents both on the
surface and after 5, 10 min etching by Ar* ions (Figure 3c), which indi-
cates that more CF, material has participated in the discharge reaction
(especially the material in the bulk) with the assistance of BF5; additive.
A similar conclusion can be obtained from F 1s spectra (Figure 3d, 3e
and 3f). More LiF and less C-F bond are detected in the bulk of the cath-
ode with BF; additive than that without additive, indicating that lithium
ions can diffuse into the bulk of the cathode more easily in the presence
of BF; additive. The action mechanism of BF; was further studied by
analysing the B 1s spectra of discharged cathodes. In order to eliminate
the interference of LiBF, salt on detection, another lithium salt LiPFg
was used in electrolytes. The discharged cathodes were not washed be-
fore dried in vacuum to maintain the solutes on the electrode surface.
As shown in Figure S10, there is no signal of elemental B in the cathode
without additive. In contrast, the peak for BF,~ anion can be observed
in the cathode with BF; additive. This indicates that the BF; additive
can react with LiF to form soluble species BF,~, thereby improving the
discharge performance of CF, cathodes.

Based on the above results and analysis, a mechanism proposed for
the effectively upgraded rate capability of CF, cathodes facilitated by
BF; additive is illustrated in Figure 4. Through the discharge reaction,
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the produced LiF can generate large internal stress in the CF, struc-
ture, which leads to the breakage of CF, particles and exposes more
active material from the bulk. However, as the reaction progresses, the
surface pores of some CF, particles will be completely blocked by LiF
and the diffusion of lithium ions into the bulk of cathodes is retarded.
These CF, particles could maintain relatively integrated structures, but
give rise to fairly high interfacial resistances and limited rate capabili-
ties. By contrast, when the electrolyte contains BF; additive, the stuck
LiF will be dissolved through the reaction: LiF + BF; — LiBF,, which
keeps the bulk of CF, particles accessible for further discharge reaction.
Consequently, adding BF; into the electrolyte can reduce the diffusion
resistance of lithium ions and make full use of CF, capacity, leading to
significantly enhanced electrochemical performance of Li/CF; batteries
especially at fast discharge rates. Meanwhile, it is noteworthy that the
lithium salt (LiBF,) concentration of the BF3-added electrolyte can in-
crease during discharge, but to a fairly limited extent owing to the low
concentration of BF5 additive (0.01M). Therefore, this minor change in
lithium salt concentration may not be the main reason for the enhanced
electrochemical performance of Li/CF, batteries.

4. Conclusion

In summary, considerably improved rate capability of Li/CF, pri-
mary batteries have been realized by adding gaseous BF; electrolyte
additive. The CF, cathode in the electrolyte without additive can hardly
deliver capacity at discharge rates above 5C. In contrast, the CF, cath-
ode in the electrolyte with BF5 additive can provide an ultrahigh power
density of 23040 W kg~! at 15C, associated with a high energy density of
722.8 Wh kg~1. Faster lithium-ion transport kinetics and more complete
utilization of CF, capacity have been achieved with the assistance of BF;
additive because the additive can dissolve the plugged reaction product
LiF and facilitate the lithium-ions diffusion into the bulk of cathodes.
This work provides a facile and low-cost approach to enhance the elec-
trochemical performance of Li/CF, primary batteries at high discharge
rates, which will promote the practical application of Li/CF, batteries
in high-power devices.
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