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The impact of various concentrations of fluoroethylene carbonate (FEC) on the electrochemical
performance of mesophase-pitch-based carbon fibers (MCF) in ethylene carbonate (EC)-based
electrolyte for lithium-ion batteries is investigated using cyclic voltammetry (CV) and charge-
discharge test. As expected, adding increased concentrations of FEC (up to 1 vol%) to the control
electrolyte resulted in better electrolyte conductivity, cycling performance and reversible capacity.
However, high concentrations of FEC lead to the deterioration of electrochemical performance.
Electrochemical impedance spectroscopy (EIS) combining with Scanning electron microscopy (SEM),
Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) spectroscopy are used
in order to better understand the failure mechanisms of graphite electrode in electrolytes with high
concentrations of FEC. The results reveal that the deterioration of electrochemical performance is
mainly due to the poor cohesion and flexibility of the solid electrolyte interphase (SEI) film formed on
the graphite electrode which leads to larger charge transfer resistance as well as the SEI film
resistance. Understanding how varying amounts of FEC impact cell lifetime and impedance allows for
optimized electrolyte formulations to be found for different applications that may balance lifetime and
power demands.

Keywords: Lithium-ion battery; Mesophase-pitch-based carbon fibers electrode; Solid electrolyte
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1. INTRODUCTION

Lithium-ion batteries have been widely used for portable electronics and more recently are
finding usage in transportation applications owing to their high energy densities, long cycle life and
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environmental friendliness [1-3]. At present, graphite is the most widely adopted anode material in
commercial lithium-ion batteries due to its high specific capacity, low working potential close to that
of lithium metal, and superior cycling behavior[4]. It is generally known that during the first
intercalation of lithium into the graphite electrode, the compositions of electrolyte solution are reduced
to form a surface film on graphite electrode that is commonly called the solid electrolyte interphase
(SEI) [5-7]. The formation of SEI film would inevitably lead to an irreversible capacity loss during the
initial charge/discharge cycle of the lithium-ion cells [8]. However, if the SEI film is steady enough,
the SEI film can suppress any further electrolyte decomposition and avoids the exfoliation of the
graphite structure [9]. In addition, it allows the passage of lithium ions which is the key for the
achievement of a good reversibility of the battery even for prolonged cycling.

Much research has been published on the film forming additives because of the critical
influences on the performance of lithium-ion batteries [5]. Up to mow, many film forming additives
such as vinylene carbonate (VC) [10, 11], SO, [12], Li,CO3 [13-15], K,CO3 [16, 17], ethylene sulfite
(ES)[18], propylene sulfite (PS) [19], vinyl ethylene sulfite (VES) [20] and vinylethylene carbonate
(VEC) [21-25] were successfully used in improving the electrochemical performance and modifying
the surface chemistry of graphite or Si anodes for lithium-ion batteries.

As a film forming additive, the structure of fluoroethylene carbonate (FEC) is similar to
ethylene carbonate (EC). A fluorine atom takes the place of a hydrogen atom which connects to the
cyclic carbonate and the electronegativity of fluorine is stronger than hydrogen, which is easy to attract
electrons, so the reductive decomposition of FEC to form SEI film can occur at higher potential than
that of EC.

In the past few years, FEC was reported a lot as electrolyte additive, mainly for cathode
materials such as LiMn,0O,4[26] and Li,CoO, [27] to high/low temperature performances modified, for
anode material Si[28, 29], graphite [30, 31] and Li-S cells [32] to improve the properties of SEI film,
for a graphite anode to demonstrate the effect of FEC on the cycling performance of a lithium-ion
battery[33], for graphite anodes at elevated temperatures to describe the role of FEC on the thermal
behaviors [34], or for Na-ion batteries[35]. Now, FEC has been widely used as a film formation
additive in commercial electrolyte, however, the content of FEC adding in EC-based electrolyte is
commonly operating by experience, the effect of the content of FEC on the electrochemical properties
of graphite anode as well as the surface film formation is still not clear, and even the effect of the
content of FEC on the conductivity of the electrolytes are rarely reported. Thus, whether is there an
optimal concentration? And if there is an optimal concentration, what is the failure mechanism of
graphite electrode in the case of excessive addition of FEC? As for our knowledge, the above questions
have not been known until now. The optimal concentration of FEC is highly application dependent, but
understanding the impact of adding FEC at various percentages will lead to the ability to better
optimize electrolyte formulations for the demands of different applications.

Herein, the electrochemical behaviors of MCF electrode in 1M LiPFg dissolved in EC/diethy
carbonate (DEC)/dimethyl carbonate (DMC) (1:1:1, v/v/v) electrolyte with and without FEC were
investigated using charge/discharge tests and cyclic voltammograms(CV). Scanning electron
microscopy (SEM) combining with XPS techniques were used to investigate the effect of FEC on the
morphology and surface chemistry of the SEI film. To elaborate the film-forming properties and
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failure mechanism of MCF electrode in the FEC-containing electrolyte, electrochemical impedance
spectroscopic (EIS) measurement, which is one of the most powerful tools to analyze electrochemical
processes occurring at electrode/electrolyte interfaces and has been widely applied to the analysis of
electrochemical lithium intercalation into carbonaceous materials including graphite [36-43], was
applied.

2. EXPERIMENTAL

2.1 Preparation of the graphite electrode

The graphite electrode used in this study was prepared by spreading a mixture comprising, by
weight, 90 % MCF (Petoca, Japan) and 10 % PVdF (HSV910, USA) binder dissolved in N-methyl-2-
pyrrolidone (NMP, Alfa Aaesar, A. Johnson Matthey Company, China) onto a copper foil current
collector.

2.2 Electrochemical measurement

CV and EIS were carried out by a three-electrode glass cell with Li foils as the counter and
reference electrode using an electrochemical workstation (CHI660D, Chenhua Co., Shanghai, China)
at room temperature, and the area of the work electrode is 1.5x1.5 cm® Charge-discharge test was
evaluated using CR2025-type coin cell. Coin cell was assembled with a graphite working electrode and
a Li foil counter electrode, separated by a polypropylene microporous separator (Celgard 2400) soaked
in electrolyte. The electrolyte was 1M LiPFg dissolved in EC/ DEC/ DMC (1:1:1, v/v/v, Shanshan Inc.,
China). FEC (Provided by Shanshan Inc., China) as an electrolyte additive was added at different
volume ratio (0.5, 1.0, 3.0, 5.0 and 10.0 %) with the above electrolyte. CV was measured at a scan rate
of 0.5 mV-s™ in the potential range of 3.0-0.0 V (vs. Li/Li*). EIS was measured over the frequency
range from 10° to 107 Hz with a potentiostatic signal amplitude of 5 mV. The electrode was
equilibrated for 1 h before the EIS measurements, in order to attain steady-state conditions. And the
obtained impedance results were fitted using Zview software. The coin cells were galvanostatically
charged and discharged in a battery analzyers (Neware, Shenzhen, China) over a range of 1.5-0.001 V
vs. Li/Li" at a constant current density of 0.1 C (1C=372 mA g™).

2.3 SEM, XPS and FTIR measurements

The specimen after CV test was transferred into the glove box and scraped from the copper foil
current collector, washed in DMC and dried under vacuum to remove the residual electrolyte. The
change in morphology of the graphite electrode before and after electrochemical tests in different
electrolyte compositions was investigated by a LEO 1530 Field Emission Scanning Electron
Microscopy (FE-SEM, Oxford Instrument). The components of the surface film formed on cycled
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electrodes were characterized by XPS (ESCALAB 250XI, Thermo Scientific, USA) and FTIR
(Tensor-27, BRUKER) using a pellet containing a mixture of KBr in the range of 4000~650 cm .

3. RESULTS

3.1 The conductivity of the electrolytes
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Figure 1. Variation of the conductivity of the electrolytes (I mol-L™ LiPFg in EC: DEC: DMC (1:1:1,
v/viv)) with the content of FEC
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The conductivity of the electrolytes varying with the content of FEC is investigated and the
results are shown in Fig. 1. It can be seen that with the increase of the content of FEC, the conductivity
of the electrolytes first increase rapidly from 0 % to 1 % and then decrease slowly from 3 % to 10 %,
but the conductivity of the electrolytes still larger than that of the electrolyte without FEC even when
the content of FEC reach to 10 %.

3.2 CV Results

Cyclic voltammograms of graphite electrodes in the electrolytes of 1 mol-L™* LiPFg in EC:
DEC: DMC (1:1:1, v/viv) and with different volume ratio (0.5, 1.0, 3.0, 5.0 and 10.0 vol%) of FEC
additive are presented in Fig. 2. For the electrode cycled in FEC-free electrolyte, as can be seen in Fig.
2(a), there are two reductive current peaks (peak a at the voltage around 0.8 V and B around 0.5 V) can
be observed in the first lithium ion insertion process. After the first cycle, peaks a and B disappear,
implying that peaks o and  are attributed to the formation of the SEI film on the surface of the
graphite. According to Naji et al. [44, 45], the reduction process of EC mainly includes two steps.

The first step (single electron reduction process):
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EC +2e +2Li" — LiCO, + CH,=CH,

The second step (double electrons reduction process):
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Figure 2. Cyclic voltammetry recorded on graphite electrode in a three-electrode glass cell using the
electrolyte with different contents of FEC

Thus, it can be proposed that peak a is attributed to the reduction of EC into Li,CO3 and peak f
is associated with EC reduced into alkyl lithium carbonate (ROCO,Li). A pair of reduction and
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oxidation peaks are found around 0.0 and 0.3 V, respectively, indicating that the processes of lithium-
ion insertion and extraction.

As shown in Fig 2(b), after 0.5 vol% FEC was added into the electrolyte, the peak B is greatly
weakened and a new reduction peak, y, which could be assigned to the formation of SEI film due to the
reductive decomposition of FEC, is observed in the potential region from 1.4 to 1.3 V, which indicate
that the formation of lithium alkyl carbonate due to the double electrons reduction process of EC is
strongly suppressed. Moreover, the CV curves of graphite electrode in the 0.5 % FEC-containing
electrolyte show good coincidence. But when the content of FEC reaches to 3.0 %, the coincidence of
the CV curves deteriorate, and even worse as the content of FEC continue increasing. An abnormal
phenomenon can be found that peak a still exists and become more apparent as the increase of the
content of FEC after the first cycle, which indicate the unstable performance of SEI film. This
phenomenon may be due to that the SEI film breakdown during the processes of lithium-ion insertion
and extraction, then the new SEI film form on the fresh surface of graphite which will inevitably lead
to more and more irreversible loss of capacity of the lithium-ion batteries during charge-discharge
cycles.

3.3 Charge-discharge test

The charge/discharge curves and cyclic performance of the graphite electrode in electrolytes
without and with different volume ratio (0, 0.5, 1.0, 3.0 and 5.0 vol%) of FEC additive are displayed in
Fig. 3 and Fig. 4. For the result in the electrolyte without FEC, it can be seen from Fig. 3 (a), the
slowly decreasing potential starts from about 1.0 V, and forms a potential plateau in the potential range
of 1.0-0.5 V in the first lithium-ion insertion process, which is obviously attributed to the reduction of
EC to form SEI film with a discharge capacity of about 30 mAhg™, corresponding to the CV results.
But in the electrolyte with FEC, the slope &, which appears in the potential range of 0.8-0.5 V in the
FEC free electrolytes, disappears. Thus, the slope € can be attributed to the reduction of EC into
ROCO,Li with a discharge capacity of about 15 mAhg™, and its disappearing displays the strong
inhibition of this process. With the increase of FEC, the start potential of the plateau increases to 1.5
V, which can be ascribed to the reduction of FEC to form SEI film.

Fig. 4 shows the cyclic performance of the graphite electrode in electrolytes without and with
different volume ratio (0, 0.5, 1.0, 3.0 and 5.0 vol%) of FEC. When the FEC content is 0.5% and 1.0
vol%, although the initial charging capacity of the battery is similar to that in the electrolyte without
FEC, the cyclic performance and reversible capacity are both improved, especially for 1.0 vol% FEC.
After 30 cycles, the reversible capacity of the battery in the electrolyte with 1.0 vol% FEC is 304 mAh
« ¢!, while the battery in the electrolyte without FEC is only 293.9 mAh « g . However, the reversible
capacity and cyclic performance in the electrolytes with 3.0 vol % and 5.0 vol% FEC are lower than
that in the electrolyte without FEC with the reversible capacity of 260.8 mAh « g * and 269.2 mAh + g’
! after 30 weeks cycle, displaying that when choosing FEC as a film-forming additives, we must
control the amount of FEC in the electrolyte to achieve the best effect of improvement, and 1.0 vol %
FEC may be the appropriate content.
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3.4 Surface morphology and chemical composition

To further study of the effects of FEC on the surface chemistry and morphology of graphite
electrodes, SEM, FTIR and XPS were introduced.

Fig. 5 shows the SEM images of the surface of the graphite electrode after CV test in
electrolytes without, with 1.0 vol% and 10 vol% FEC. From the SEM images of the graphite electrode
after CV test in FEC free electrolytes in Fig. 5 (a), it can seen that the surface of the SEI film looks
relatively smooth, showing a state of an amorphous polymer. Compared with that in FEC free
electrolytes, great changes take place in the SEM images of the graphite electrode after CV test in the
electrolyte with 1.0 vol% FEC. The surface of the graphite particle is covered by uniform and small
particles with the diameter of about 100 nm, and these small particles are evenly distributed over the
surface of the electrode. But as the content of FEC in the electrolyte reaches to 10 vol%, some of the
particles on the surface of graphite grows to about 300 nm and unevenly distributed.

Figure 5. SEM images of graphite electrode after CV cycles in (a) FEC-free (b) 1% FEC and (c) 10%
FEC electrolytes
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Fig. 6 shows FTIR spectra of the electrode obtained after electrochemical cycles in FEC-free
and FEC-containing electrolytes. For FTIR spectrum of the electrode cycled in FEC-free electrolyte,
the pronounced peaks at 1695.6 cm™ (vas C-H), 1397.4 cm™ (vs C-H) and 1070.2 cm™ (v C-O) are
assigned to lithium alkylcarbonates (ROCO,Li) [21, 42], which are the major reduction products of EC
solvent via the double electrons reduction process. The pronounced peaks at around 1457.6 and 878.36
cm™ (v C-0) belong to the inorganic carbonate, Li,COs, which is mainly formed due to the single
electron reduction process of EC.

—FEC-free
——FEC-containing

ROCOLi

/ y Li,CO,

Absorbance

| | 1 1 1 1
2000 1800 1600 1400 1200 1000  BO0O 600

Wavenumber / crm’

Figure 6. FTIR spectra of the electrode obtained after electrochemical cycles in FEC-free and FEC-
containing electrolytes

For the spectrum related to the electrode cycled in the FEC-containing electrolyte, peaks
assigned to ROCO,L.i are much smaller than that of FEC-free electrolyte, indicating that the formation
of ROCO,Li due to the double electrons reduction process of EC is suppressed, in accordance with
CV result.

Fig. 7 shows the XPS spectra for the surface layer formed on the graphite electrode after CV
test in electrolyte without and with 1.0 vol% FEC. The strongest peak in C1s XPS spectra centered at
284.8 eV can be assigned to C-C bond in the SEI film [28], the peak centered at 290 eV is assigned to
the C-O and COz** in the SEI film [28], and the peak centered at 286 eV is assigned to alkoxy and
alkyl in the SEI film 8. Compared to XPS spectra in FEC free electrolyte, there is a new peak at 287
eV in the electrolyte with 1.0 vol% FEC which can be assigned to the polycarbonate compounds due to
the reduction of FEC.

In F1s XPS spectra, the strongest peak centered at 687.5 eV in the FEC free electrolyte can be
assigned to PVDF binder [46], and a shoulder at 685 eV is assigned to LiF. However, the strongest
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peak in the electrolyte with 1.0 vol% FEC appears at 685 eV, indicating that LiF is an important
product for the formation of the SEI film in the FEC-containing electrolyte.
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Figure 7. C 1s, F 1s and O 1s XPS spectra of graphite electrodes after electrochemical cycles in FEC-
free electrolyte ((a), (c), (e)) and FEC-containing electrolyte ((b), (d), (f))

There are three peaks centered at 530.8, 532.2, 533.2 respectively in Ols XPS spectra are
assigned to Li,CO3 and alkyl lithium carbonate due to the reduction of EC [28]. Compared to XPS
spectra in FEC free electrolyte, the new peak centered at 534.5 eV in the electrolyte with 1.0 vol%
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FEC can be assigned to polycarbonate compounds due to the reduction of FEC [47], in accordance
with C1s XPS results.

3.5 EIS characterizations

EIS is one of the most powerful tools to analyze electrochemical processes occurring at
electrode/electrolyte interfaces, and has been widely applied to the analysis of electrochemical lithium
intercalation into carbonaceous materials including graphite [48, 49], so EIS measurements were
performed on the graphite electrode during the process of the first lithium ion insertion. Fig. 8 and 9
depict the Nyquist plots of the graphite electrodes at various potentials from 3.0 to 0.1 V during the
first lithium-ion insertion process in the electrolytes without FEC, with 1% FEC and 10% FEC. At
open-circuit voltage (OCV) 3.0 V, as can be seen in Fig. 8 (a)-(b) and Fig. 9 (a), the impedance
spectroscopy of the graphite electrodes are similar, all of them show a small semicircle in high-
frequency region and a sloping line in low-frequency region. Because there is no SEI film formed at
3.0 V, the high frequency semicircle should be assigned to the contact problems that may relate to the
contact between the electrolyte and graphite, or graphite and graphite in the electrode bulk, as
suggested by Holzapfel et al. [50]. The sloping line represents the retardance characteristic of graphite
electrode [51]. with the electrode polarization potential changing from OCV to 2.0 V, the Nyquist plots
does not change much in the electrolytes without FEC, with 1% and 10% FEC, and no important
modification of the impedance spectroscopy can be observed.
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Along with the further decrease of the electrode potential, the sloping line which is strongly
potential-dependent bends toward the real axis and forms a semicircle at 1.0 V, then turns into a
semicircle in the middle-frequency and an inclined line in the low frequency at 0.9 V in the FEC free
electrolytes. Nevertheless, the sloping line forms a semicircle at 1.5 V in the electrolytes FEC with
10% FEC, and evolves into a semicircle in the middle-frequency and an inclined line in the low
frequency at 1.0 V in the electrolytes with 1% and 10% FEC which is higher than that in the FEC free
electrolytes, implying that the reductive decomposition of FEC to form SEI film can occur at higher
potential than that of EC. When the potential drops to 0.8 V, the Nyquist plots for all electrodes are
consisted of three parts, essentially two semicircles and one line. According to Aurbach et al. [52-54],
the semicircle in the high-frequency region (high-frequency semicircle, abbreviated as HFS) is usually
attributed to the SEI film covering on the graphite electrode, the semicircle in the middle-frequency
region (middle-frequency semicircle, abbreviated as MFS) is ascribed to charge transfer process at the
electrolyte/electrode interface, and the inclined line in the low-frequency region is attributed to solid-
state diffusion of the lithium-ion in the graphite matrix. Considering the truth that there has been an
initial semicircle in the high-frequency region when the potential is above 1.0 V, here HFS should be
related to not only the contact problems but also the migration of lithium-ion through SEI film.

R, Ret O

M_/\/\/\_:l_

—_ ] I

Q-‘ E’:

Figure 10. Equivalent circuit proposed for fitting impedance spectra of graphite electrode during the
first lithium-ion insertion process

According to the experimental results obtained in this work and our previous study on graphite
electrode [17, 55-56], an equivalent circuit, as shown in Fig. 10, is proposed to fit the impedance
spectra of the graphite electrode in FEC-containing and FEC-free electrolytes in the first lithium-ion
insertion process. The resistance-capacitance (RC) circuit signifies the semicircle in the Nyquist plots
of the EIS. CPE is a constant phase element, and CPE is used instead of capacitance in this study. Rs is
the Ohmic resistance; R; is the uncompensated resistance, including the resistance of SEI and contact
problems. R¢; and Qg represent the charge-transfer resistance and the double-layer capacitance in the
middle-frequency region. The low-frequency region, however, cannot be modeled properly by a finite
Warburg element. We have chosen, therefore, to replace the finite diffusion by a CPE, that is, Qp. This
approach has been used to characterize the graphite electrode [41] and has allowed us to obtain a good
superposition with the experimental data.
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3.6 Variations of R; with the electrode potential in the high-frequency region
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Figure 11. Variation of R; with the electrode potential in FEC-free, 1% FEC and 10% FEC
electrolytes

Variations of R; with electrode potential obtained from fitting the experimental impedance
spectra of the graphite electrode in the first lithium insertion process in FEC-free, 1 % FEC and 10 %
FEC electrolytes are displayed in Fig. 11. In FEC-free electrolyte, Ry remains almost invariant with
electrode polarization potential decreasing from 3.0 to 1.1 V. Here, Ry could only be attributed to the
contact resistance, as discussed above. On charging from 1.1 to 0.5 V, R; increases rapidly, indicating
the SEI film begin to form and signifying the increase of the thickness of the SEI film. When the
electrode potential is changed from 0.5 to 0.2 V, R; decreases rapidly, which may be ascribed to that
the reduction products of EC, such as alkyl lithium carbonate, react with the trace amount of water to
form a composition with better lithium ion conducting property [17], resulting in the SEI film
containing more inorganic salts. With the potential changing from 0.2 to 0.05 V, R; increases again,
this may be attributed to the processes of the cracking and repairing of the SEI film [17], which will be
discussed below.

In 1% FEC electrolyte, on charging from 3.0 to 1.5 V, R; has a similar trend with that in FEC-
free electrolyte. With the electrode polarization potential changing from 1.5 to 1.0 V, R; increases
gradually, reflecting the SEI film due to the reduction and polymerization of FEC begin to form. On
further charging from 1.0 to 0.8 V, R; increases rapidly, implying the increase of the thickness of the
SEI film due to the single electron reduction process of EC to form Li,CO3[45]. On further charging to
0.5 V, Ry decreases slowly, which is different from that in FEC-free electrolyte, implying that the
reduction and polymerization of EC via double electrons reduction process has been inhibited,
corresponding to the CV and charge-discharge results. On further charging from 0.5 to 0.05 V, R;
behaves like in the FEC-free electrolyte. In addition, Ry in 1% FEC electrolyte are smaller than that in
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FEC-free electrolyte in the whole lithium insertion process, designating that the SEI film formed in 1%
FEC electrolyte is thinner and better conductivity than that in FEC-free electrolyte.

When the content of FEC reaches to 10 %, with the electrode polarization potential changing
from 1.5 to 1.2 V, R; increases, reflecting that the SEI film forms on the graphite electrode due to the
reduction decomposition of FEC. On charging from 1.2 to 0.7 V, R; keeps almost invariable, which is
different from that in FEC-free and 1% FEC electrolyte, indicating that the reduction decomposition of
EC via single and double electrons reduction processes both have been inhibited. On further charging
to 0.05 V, Ry behaves like in the FEC-free and 1% FEC electrolyte.

3.7 Variation of R¢; with electrode potential in the middle-frequency region
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Figure 12. Variations of (a) R with the electrode potential in FEC-free, 1% FEC and 10% FEC
electrolytes and (b) InR; in FEC-free and 1% FEC

Fig. 12 reflect the dependence of R on the electrode potential in FEC-free and FEC-containing
electrolytes. As can be seen from Fig. 12(a), for the electrolytes without and with 1 % FEC, R
decreases with the decrease of electrode polarization potential from 1.0 to 0.5 V during the first lithium
ion insertion process and R essentially has a small value below the potential of 0.4 V. However, R is
smaller in 1% FEC than that in FEC-free electrolyte electrolyte, indicating that it is easier for lithium
ions to insert into and extract from the graphite electrode in FEC-containing electrolyte. In 10 % FEC
electrolyte, R decreases in the potential range from 3.0 to 0.6 V, but it increases as the decrease of the
potential from 0.6 to 0.35 V, and the semicircle attributed to charge transfer process as shown in Fig. 9
(d) can not be distinguished, which indicates that the charge transfer process has been seriously
affected, and it is more difficult for lithium ions to insert into and extract from the graphite electrode,
similar to the result of vinylene carbonate (\VVC) reported by Burns et al. [57].

According to our previous study [58], InR.; can be written as:

RT ~of (E-E,)

InR, =In nZFZCmaxko(M N )(1_a)
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Where R and T represent the thermodynamic constant and temperature, respectively, n is the
number of electrons exchanged on the processes of lithium-ion insertion and extraction, F is the
Faraday constant, cmax (mol/cm®) is the maximum concentration of lithium ion in graphite electrode,
M;" is the concentration of lithium ion in the electrolyte near the electrode, ko represents the standard
reaction speed constant, E and Ey define the electrode’s real and standard potentials, and a is
representing symmetry factor for the electrochemical reaction.

It can be seen that R.; decreases in an exponential manner with the decreasing of potential when
the insertion level x—0, which coincides with our simulation data, just as shown in Fig. 12(b). InR
has been linear with the electrode potentials in the potential region from 0.9~0.5 V in the first lithium
ion insertion process in both FEC-free and 1% FEC electrolytes. Also, the symmetry factor, o, can be
calculated from the slope of the simulation line. The calculated values of a in FEC-free and FEC-
containing electrolytes are 0.1552 and 0.1603, respectively, implying that the reversibility of charge
transfer reaction during the lithium ion insertion and extraction processes has been improved in FEC-
containing electrolyte.

4 DISCUSSION

FEC[33,59] is an interesting compound that itself does not contain vinyl group, however, it can
form a VVC molecule with losing a HF molecule and provide F to form LiF to as below[28,60]:

F C C
K N ( ROLI i O+ ROH + LiF
HF elimination”
C C

Then VC in turn severs as a polymerizable additive, and there are two reaction pathways of
polymerization as below[61,62]:
(1) the first reaction pathway [28]

® c
_e, V€, [ROCO,;
VC

(2) the second reaction pathway[63]
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L,/I\@ Li ROCOZL.Polymerization _[ROCOZLi]n

VC

C

If the resulting VC polymerize mainly via the first reaction pathway, SEI film composed of
purely charge-neutral oligomer products which do not contain Li* would be leak of Li* conductivity.
Moreover, Li* diffusion in Li,COs3 and Li,O was as fast as in graphite, but more difficult in LiF[64,65].
Then, it can be deduced that the SEI film resistance in the FEC-containing electrolyte must be higher
than that in the FEC-free electrolyte. On the contrary, as can be seen from EIS results shown in Fig.
11, the SEI film resistance in the FEC-containing electrolyte is lower than that in the FEC-free
electrolyte. Thus, it can be concluded that the resulting VC polymerize mainly via the second reaction
pathway, and the reaction products is an electrochemically and structurally stable polymers with better
Li* conductivity, the SEI film containing these polymers is expected to be more cohesive and flexible,
and thus provide better passivation than the SEI film comprising only Li salts[66]. Furthermore,
concomitant with the formation of VC, LiF is produced from the elimination of HF from FEC and
becomes an important component of the SEI film as shown in XPS results. These compounds which do
not decompose due to the high bonding energy, are prohibitive to electronic conduction and have a
lower solubility in the electrolyte, may be also an important reason for maintaining the stable interface
on extending the cycle life [26]. As a result, the performance of graphite electrode in the FEC-
containing electrolyte is improved.

In the electrolyte with higher contents of FEC (3 %, 5 % and 10 %), more inorganic
components (LiF) appear in the SEI film as shown in SEM and XPS results. In the first Li-ions
insertion process, the volume expansion of the graphite particles as Li insertion proceeds, and this
expansion is expected to stretch the surface films at the edge planes of the graphite particles through
which Li-ions are inserted during the course of Li intercalation and volume expansion[66]. More LiF
precipitants that cannot be regarded as being flexible materials in the electrolyte with higher contents
of FEC, will result in the decrease of the cohesion and flexibility of the SEI film, and the SEI film can
not accommodate the volume expansion. As a result, the initially formed SEI film is cracked because
of the expansion of the graphite particles, the electrolyte species permeate and repair the damaged SEI
film. The cracking-repairing processes lead to increase in the SEI films’ impedance and thickness, in
accordance with the EIS results that the resistance of the SEI film increases in the 10% FEC electrolyte
more rapidly than that in the FEC-free and 1% FEC electrolyte. More importantly, the volume
expansion of the graphite particles upon lithiation—delithiation may be suppressed due to the decrease
of the cohesion and flexibility of the SEI film, and then it is more difficult for lithium ions to
intercalate into and deintercalate from the graphite electrode in the electrolyte with higher contents of
FEC, as evidenced by EIS results. Hence, the major failure mechanism of graphite electrode in the
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electrolyte with higher contents of FEC is due to The SEI film comprising more LiF precipitants which
result in the decrease of the cohesion and flexibility of the SEI film.

5. CONCLUSIONS

This report has discussed the content effect of the electrolyte additive, fluoroethylene
carbonate, on cycling performance of mesophase-pitch-based carbon fibers electrode in EC-based
electrolyte. Increasing the FEC concentration resulted in improved cycling performance and electrolyte
conductivity up to 1 vol%. It was shown that FEC can lose a HF molecule to form a VC molecule and
lead to rapid release of F to form LiF, the resulting VC polymerize mainly via the second reaction
pathway, and its polymerization products combining with LiF can provide better passivation for
graphite electrode, leading to the improved performance of graphite electrode in the FEC-containing
electrolyte.

However, as the FEC concentration increased above 3 vol%, the cycling performance and
reversible capacity of graphite electrode take a turn for the worse. It was revealed that the SEI film
comprising more LiF precipitants which result in the decrease of the cohesion and flexibility of the SEI
film can not accommodate the volume expansion of graphite electrode upon lithiation—delithiation,
leading to larger charge transfer instance and SEI film resistance, and then the deterioration of
electrochemical performance of graphite electrode.

It is clear that FEC is a beneficial additive for the improvement of electrochemical performance
of graphite electrode, however, when choosing FEC as a film-forming additives, we must control the
amount of FEC in the electrolyte to achieve the best effect of improvement, and 1.0 vol % FEC may be
the appropriate content.
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