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e High rate capability can be achieved with FEC additive electrolyte.
o A stable SEI composed of inorganic species is formed with FEC additive electrolyte.
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Lithium ion batteries (LIBs) containing silicon (Si) as a negative electrode have gained much attention
recently because they deliver high energy density. However, the commercialization of LIBs with Si anode
is limited due to the unstable electrochemical performance associated with expansion and contraction
during electrochemical cycling. This study investigates the electrochemical performance and degradation
mechanism of a full cell containing Si composite anode and LiFePO4 (lithium iron phosphate (LFP))
cathode. Enhanced electrochemical cycling performance is observed when the full cell is cycled with
fluoroethylene carbonate (FEC) additive compared to the standard electrolyte. To understand the
improvement in the electrochemical performance, x-ray photoelectron spectroscopy (XPS), cyclic vol-
silicon anode tammetry (CV), electrochemical impedance spectroscopy (EIS), and scanning electron microscopy (SEM)
Full cell are used. Based on the electrochemical behavior, FEC improves the reversibility of lithium ion diffusion
SEI into the solid electrolyte interphase (SEI) on the Si composite anode. Moreover, XPS analysis demon-
strates that the SEI composition generated from the addition of FEC consists of a large amount of LiF and
less carbonate species, which leads to better capacity retention over 40 cycles. The effective SEI suc-
cessively yields more stable capacity retention and enhances the reversibility of lithium ion diffusion
through the interphase of the Si anode, even at higher discharge rate. This study contributes to a basic
comprehension of electrochemical performance and SEI formation of LIB full cells with a high loading Si
composite anode.
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1. Introduction (graphite) anode which offers limited power and energy density

(372 mAh g~ 1). In order to make a significant increase in power

Rechargeable LIBs are widely used for many types of electronic
devices because of their high energy density and longevity [1,2].
Many researchers have focused on high capacity materials to
further propel the electrochemical performance, creating the next
generation LIBs [3—6]. The current market is dominated by carbon
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density, higher capacity anode materials are required given that
carbon materials have already reached their full theoretical
capacity.

Silicon (Si) is theoretically expected to have almost 10 times
higher capacity than the conventional graphite material (Si:
3579 mAh g~!) [7]. However, Si as an anode poses several chal-
lenges such as serious volume change during electrochemical
cycling causing rapid capacity decay and continuous electrolyte
side reactions on the surface that prevent its stability during cycling
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[8—10]. Researchers have investigated several types of Si anodes
and binders such as nano sized Si particles, Si imbedded in a carbon
matrix, and amorphous Si thin film to overcome these issues
[11,12]. While these strategies improve the cycling performance,
they have not reached a basic resolution. This is partially due to the
solid electrolyte interphase (SEI) which forms on the surface of the
anode due to instability of the conventional electrolyte at the lower
voltage regime and dictates the electrochemical stability of the
anode. The SEI formation is also affected by the large volume
expansion and contraction during the charge and discharge, which
propagates the sequestration of Li ions at each cycle [13,14]. The
morphology and composition of the SEI also depends on the elec-
trolyte components, thus it is crucial to produce a stable SEI on the
anode surface to achieve long cycle performance. To enhance the
electrochemical stability of Si, vinylene carbonate (VC) [15] and
fluoroethylene carbonate (FEC) are extensively used as additives for
the standard carbonate electrolyte (LiPFg, ethylene carbonate (EC):
diethyl carbonate (DEC)) [16—18]. FEC has favorably been consid-
ered a more effective electrolyte additive because it is more effec-
tive at stabilizing the capacity retention and lowering the cell
impedance. Schroder, Alvarado et al. demonstrated the effect of FEC
additive (10 wt%) to the conventional carbonate electrolyte and
found that the SEI derived from FEC can effectively improve the
discharge capacity retention and coulombic efficiency (C.E.) [19].
According to Mullins and coworkers, the addition of 3 wt% FEC into
a EC-based electrolyte demonstrated that capacity retention of the
Si anode can slightly improve, albeit, until 20 cycles [16]. However,
Lucht and coworkers showed that 5% FEC is not sufficient to form an
effective SEI on the Si interface. On the other hand, increasing the
FEC percentage to 25% does not further stabilize the electro-
chemical cycling and increase cell resistance [20]. Given, the
extensive studies on the effect of FEC percentage in conventional
electrolytes, the addition of gives the best results for increasing
capacity retention and C.E [17,19].

Typically, researchers have focused their efforts in investigating
the electrochemical performance of Si anode in a half cell, where
lithium (Li) metal is used as a counter electrode which contains a
limitless supply of Li in the cell. This inherently hides the true
electrochemical properties of the anode. Conversely, in a full cell
the supply of Li is governed by the cathode material; hence, making
it more difficult to maintain the electrochemical performance of the
Si composite anode [21—23]. Given what is known about the SEI,
during the charge and discharge process the active Li ions are
continuously consumed by the SEI on the negative electrode, which
can cause devastating effects in a full cell. Dupre and coworkers
demonstrated the electrochemical performance and degradation
mechanism of the Si composite anode in a full cell using lithium
nickel manganese cobalt oxide (NMC) as the cathode [24]. They
suggest that the available Li ions are consumed in the SEI or in the
electrolyte causing capacity fade for extended cycles. Their study
gave a detailed understanding for the decomposition mechanism of
Si composite in a full cell when cycled with FEC. However, previous
full cell studies fail to reveal the actual effect of FEC additive to the
electrolyte because their work do not compare the results with an
electrolyte not containing the additive [24—26]. A systematic
comparison of the standard electrolyte and FEC additive electrolyte
has yet to be studied. One must fully understand if the effect of FEC
is also positive when used in a full cell with Si anode and the
cathode to further verify the use of FEC additive in commercial cells.

In this study, we compare the electrochemical performance of
the Si composite anode full cell in LiPFg/ethylene carbonate (EC)/
diethyl carbonate (DEC) and LiPFg/EC/DEC/FEC (10 wt%). The detail
influence of FEC additive on the electrochemical reaction of the full
cell is investigated by means of cyclic voltammetry (CV). Electro-
chemical impedance spectroscopy (EIS) measurement is used to

determine effect of FEC in the electrolyte on the overall impedance
of the cell after electrochemical cycling and XPS is used to char-
acterize the chemical components of the SEI on the Si composite
anode. Given the transition metal instabilities of NMC during
electrochemical cycling, researchers have focused their efforts on
LiFePO4 (LFP) to enhance the electrochemical performance in both
half cells and full cells [27—30]. Until now, LFP has been one of the
most versatile, stable, and promising cathode materials. Therefore,
to isolate the effects of Si anode and its SEI in a full cell, LFP is
utilized in this study. LFP has been extensively studied in a half cell
in the literature, the results suggest that the LFP cathode is stable
upon prolonged cycling. This is reflected by the negligible iron
dissolution and reduced formation of the cathode electrolyte
interphase, therefore, the resistance within the cell during elec-
trochemical cycling of the half cell is negligible. Moreover, this has
been verified by XPS and electrochemical analyses [27,31,32].
Herein, we discuss the difference between the full cell cycled in
LiPFg/EC/DEC and LiPFg/EC/DEC/FEC. CV measurement gives insight
to highly reversible lithium ion diffusion into the Si SEI for elec-
trodes cycled with FEC at high scan rate. Si electrodes cycled with
FEC have higher amounts of LiF and less carbonate species
compared to electrodes cycled without FEC, contributing to the
improvement of the full cell battery performance.

2. Experimental methods
2.1. Electrode fabrication

Si nanoparticle (Alfa Aesar, average particle size: 50 nm) was
used as the active material of negative electrode. The Si composite
anode was fabricated as follows: 50 wt% nano-Si powder, 25 wt%
Ketjenblack (Akzo Nobe: EC-600]D), and 25 wt% sodium carbox-
ymethyl cellulose (CMC-Na, DS = 0.9, Mw = 250,000, Sigma
Aldrich) were mixed in water. The obtained slurry was coated on Cu
foil by using a doctor blade and dried at 100 °C for 20 h under a
vacuum to completely dry any water on the surface. The electrode
sheet was cut into a disk and applied for the battery test. The mass
of the Si active material on the electrode was 0.5 mg of Si per cm?.
The positive electrode was prepared as follows: 80 wt% LiFePO4
powder (MTI Corporation), 10 wt% carbon black (Timcal, Super-P)
and polyvinylidene fluoride (PVDF) were mixed in N-methyl-2-
pyrrolidone (NMP) as solvent to prepare a slurry. The obtained
slurry was coated on Al foil by using a doctor blade and dried at
100 °C for 20 h under a vacuum to completely dry any NMP on the
surface. These electrodes were used to assemble the 2032 coin cell
using a polymer separator (C480, Celgard Inc., USA). The electrolyte
(Battery grade, BASF) was a solution of 1 M LiPFg dissolved in EC/
DEC 1:1 (wt%): Selectilyte LP 40 and EC/DEC/FEC 45:45:10 (wt%):
Selectilyte A6 where LiPFg/EC/DEC and FEC stand for ethylene car-
bonate, diethyl carbonate, and fluoroethylene carbonate, respec-
tively. Coin cells were assembled in a glovebox purged with high
purity Ar gas and maintained with water vapor levels at or less than
5 ppm.

2.2. Electrochemical test

After the coin cells were assembled, electrochemical perfor-
mance tests were performed using an Arbin battery cycler in gal-
vanostatic mode. The charge and discharge performance of the full
cell was conducted between 2.5 V and 3.5 V. The open circuit
voltage of the coin cells was monitored for 10 h and then we started
to charge and discharge the cell with the current density of
60 pA cm 2, which is approximately corresponding to a C-rate of C/
15. The percent capacity retention was calculated with respect to
the first discharge capacity. Cyclic voltammetry (CV) measurements
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were carried out at a sweep rate of 0.1 mV s 'and 1 mV s~ .
Additional electrochemical impedance spectroscopy (EIS) mea-
surements were conducted over the frequency range scanned from
1 MHz to 0.01 Hz at the fully lithiated states. The impedance was
collected by using Biologic SP-200 electrochemical interface after
the first cycle, 20th cycle and the 40th cycle. ZView software was
used to fit the collected EIS spectra to the equivalent circuit. A
three-electrode Swagelok cell configuration was used for the EIS
measurement. Si active material was the working electrode, and Li
metal served as the counter and reference electrode. The three
electrode cell allows for proper isolation of the working electrode
impedance. It was first lithiated at a cell potential of 0.05 V and then
it was carried out with EIS measurement, as described earlier. All
electrochemical measurements were carried out at 20 °C.

2.3. Scanning electron microscopy (SEM)

After the electrochemical cycling test, coin cells were dis-
assembled and the Si anodes were rinsed with DEC to remove the
electrolyte residual and dried in the Ar-filled glovebox. The surface
images of the Si anode were collected with a field emission envi-
ronmental scanning electron microscope (Philips XL30).

2.4. X-ray photoelectron spectroscopy (XPS)

XPS was performed at the Laboratory for Electron and X-ray
Instrumentation at UC Irvine, using a Kratos AXIS Supra. In order to
avoid air exposer, the samples were prepared in the glovebox
connected to the XPS. Samples were transferred from the glove box
to the XPS from argon atmosphere to ultra-high vacuum greater
than 10® torr. XPS was operated using Al anode source at 15 kV.

All XPS measurements were collected with a 300 um by 700 pm
spot size without using a charge neutralizer during acquisition.
Survey scans were collected with a 1.0 eV step size followed by
high-resolution scans with a step size of 0.05 eV, for carbon 1s,
oxygen 1s, lithium 1s, fluorine 1s, silicon 2p, and phosphorus 2p
regions.

Fits of the XPS spectra were performed with CasaXPS software
(version 2.3.15, Casa Software Ltd.) to estimate the atomic com-
positions and chemical species comprising the SEI. All fitting fol-
lowed a self-consistent method similar our previous publication.
(cite all of our previous work and recent published papers) All SEI
species were assumed to be electronically insulating, therefore,
fitted with linear backgrounds and with Voight functions
composed of 15% Lorentzian and 85% Guassian. Initial peak fits
were made of the spectra using a Levenberg—Marquardt least-
squares algorithm, and atoms in the same functionality were
assumed to be stoichiometric [19,33,34]. The resulting spectra were
then refit and all spectra were shifted relative to the binding energy
of the carbon 1s sp [3] (assigned to 284.8 eV) to compensate for any
off-set during the measurement.

3. Results
3.1. Electrochemical characterization

It is difficult to make an in house full cell, balancing the weight
of both the anode and cathode. In some practices, the matched
capacity electrodes are purchased and assembled in a laboratory
setting. In our case we make both the anode and cathode, match the
capacity and assemble the full cell. Given the difficulty, we wanted
to ensure that we were able to assemble a proper working full cell
with LFP vs MCMB graphite. The cycling performance is consistent
with the proper working capacity and demonstrates suitable
coulombic efficiency (Fig. 1S (a)). Prior to investigating the

electrochemical performance of the lithium ion full cell, we show
the initial cycle performance of lithium half cells for both Si anode
and LFP cathode materials cycled with LiPFg/EC/DEC (Fig. 1 (a)). The
lithiation capacity of Si anode in a half cell is 1.48 mAh and the
delithiation capacity of LFP is 1.30 mAh, demonstrating that the
capacity of the Si anode is 1.13 times higher than that of LFP cath-
ode. Furthermore, it shows that both cathode and anode electrodes
perform adequately.

Si anode is combined with the LFP cathode to fabricate a lithium
ion full cell and is tested using LiPFg/EC/DEC and LiPFs/EC/DEC/FEC
to compare the electrochemical performance of each cell. Fig. 1 (b)
shows the typical initial charge and discharge voltage profiles of the
lithium ion full cell within the potential window of 2.5 V—3.5V at C/
15 rate. Both electrolytes show an inflection in the voltage profile
around 2.7 V and show a distinctive plateau at 3.3 V. The coulombic
efficiency (C.E.) for the first cycle is 61.2% and 60.0% for LiPFg/EC/
DEC and LiPFg/EC/DEC/FEC electrolyte, respectively. Among these
electrolytes, the C.E. of the cell cycled with LiPFg/EC/DEC/FEC is
slightly lower than that of the cell cycled with LiPFg/EC/DEC,
consistent with half cell work found in the literature [33,34]. The
irreversible capacity is known to originate from the rapid decom-
position of the FEC additive to form the SEI on the surface of Si
anode. A small shift observed around 1.8 V of the cell cycled in
LiPFg/EC/DEC/FEC is assumed to be associated with the irreversible
reaction of FEC to form a more inorganic SEI.

To understand the electrochemical reactions that occur during
cycling in better detail, cyclic voltammetry (CV) studies were con-
ducted to compare the effects each electrolyte. Fig. 2 (a) shows the
various full cell CV profiles for the cell cycled in LiPFg/EC/DEC
measured over the potential window of 2.5 V and 3.5 V using
0.1 mV s~ scan rate. In general, the first scan process involves the
SEI formation from the decomposition of EC and DEC at a voltage
range of 2.7—2.9 V (Fig. 2 (a)). The sharp peak at 3.4 V corresponds
to the intercalation and deintercalation process of the Li ion into the
electrodes. During the subsequent cycles, specifically the large
sharp peak at 3.4 V found in the first cycle decreased and a new
peak emerged at 3.25 V. This peak remains stable throughout
cycling, similar to the behavior of the Si anode electrochemical
reaction in half cell, shown in Fig. 1S (b).

Conversely, Fig. 2 (b) shows that the full cell cycled in LiPFg/EC/
DEC/FEC demonstrated an additional peak in the CV around 1.8 V,
corresponding to the decomposition of FEC seen in the inset. As
shown in Fig. 1S (c), the FEC decomposition can be clearly seen in
the CV of Si half cell, but is not seen in the CV of LFP half cell [34,35].
This validates that the FEC decomposition only occurs on the Si
anode surface. Therefore, the two peaks presented at around 1.9 V
and 2.3 Vin the CV can be attributed to the FEC reduction because it
is known to decompose prior to EC or DEC to form an effective SEI.
For the full cell cycled in the LiPFg/EC/DEC electrolyte, oxidation and
reduction peaks in the second cycle are shown at around 3.252 V
and 2.901 V, the potential separation between peaks is 0.351 V
(Fig. 2 (a)). Subsequent cycling reveals that the peak separation
increases to 0.512 V in the 25th cycle. On the other hand when the
cell is cycled in the LiPFg/EC/DEC/FEC electrolyte as shown in Fig. 2
(b), the potential separation between the oxidation and reduction
peaks in the second cycle and 25th cycle are 0.333 and 0.338 V. The
difference of the potential separation for the LiPFg/EC/DEC/FEC is
smaller than that of LiPFg/EC/DEC, indicating that lithium ions and
electrons are more electrochemically active due to the conditions of
the electrode-electrolyte interface.

To understand the difference in the interface generated from
each electrolyte the full cells were cycled at higher scan rate
(1 mV s~! scan rate), shown in Fig. 3. It is clearly shown that the
addition of FEC to the electrolyte improves the reversibility of
lithium ion than that of standard electrolyte (Fig. 3 (a) and (b)). It is
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also obvious that the difference of the potential separation for the
LiPFg/EC/DEC electrolyte is 0.209 V, which is much larger than that
of the LiPFg/EC/DEC/FEC electrolyte (0.111 V). These results sug-
gested that the reversibility and reactivity of the full cell with LiPFg/
EC/DEC/FEC are improved due to the enhancement of the lithium
ion diffusion and electronic conductivity due to the reductive
products generated by FEC on the anode surface.

Fig. 4 compares the discharge capacity retention and C.E. of the
full cells cycled with LiPFg/EC/DEC and LiPFg/EC/DEC/FEC electro-
lyte at a C/10 rate. Although the full cell cycled with LiPFg/EC/DEC
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Fig. 3. CV of Si anode full cell with (a) LiPFs/EC/DEC/FEC and (b) LiPFg/EC/DEC at
1mVs

exhibits higher discharge capacity in the earlier cycles
(0.51 mAh cm™2), the capacity gradually begins to decrease after
the tenth cycle. By the 40th cycle the capacity retention dramati-
cally decreases to 39% with capacity of 0.21 mAh cm 2, ultimately,
leading to poor electrochemical performance. On the other hand,
the cells cycled with LiPFg/EC/DEC/FEC shows quite stable capacity
retention, achieving a discharge capacity of 0.34 mAh cm 2 after 40
cycles with 75% capacity retention. This confirms that the addition
of FEC to the electrolyte can be useful to enhance the electro-
chemical performance of the Si anode full cell as well as in the
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graphite anode full cell [36].

3.2. Electrochemical impedance spectroscopy (EIS)

To further prove the effect of the FEC additive and factors that
contribute to the full cell electrochemical enhancement, EIS mea-
surements were performed. First we focus on the effect of FEC
additive on the Si electrode interface by using three-electrode
Swagelok cell. Fig. 3S (a) and (b) show the Nyquist plot of the
counter electrode (Li) and working electrode (Si) when cycled with
LiPFg/EC/DEC and LiPFg/EC/DEC/FEC electrolytes after first lith-
iation. Each of these plots are composed of a semicircle in high
frequency region, second semicircle in middle frequency region
and a slope in the low frequency region, which are attributed to the
SEI resistance, charge transfer resistance and Warburg impedance,
respectively. There were remarkable differences in the size of
semicircle  between LiPFg/EC/DEC and LiPFg/EC/DEC/FEC
electrolytes.

The impedance of the Si electrode for LiPFg/EC/DEC is increased
in comparison with that of LiPFg/EC/DEC/FEC because the Si elec-
trode cycled with LiPFg/EC/DEC is assumed to be thicker than that
of LiPFg/EC/DEC/FEC [16]. This same phenomenon can be seen in
the counter electrode lithium metal. As a result, FEC decomposes to
form an effective SEI with lower cell interfacial resistance. More-
over, note that the impedance of Li metal has a significant contri-
bution to cell resistance, as a result it is important to take that into
consideration when measuring the cell resistance in half cells. Now
that we know how FEC affects the resistance on the Si anode, we
further evaluate the fundamental resistance in the full cell. Fig. 5 (a
and b) shows the impedance spectra (Nyquist plot) of the cells
cycled with LiPFg/EC/DEC and LiPFg/EC/DEC/FEC electrolytes after
the 1st, 20th and 40th cycle in the charged state. The equivalent
circuit parameter shown in Fig. 5 (c) fitted for Rs, the resistance of
the bulk electrolyte, Rsg; which is the resistance of the SEI and Rct
which is the charge transfer resistance of the intercalation process
between the electrodes and the electrolytes. The Warburg imped-
ance is due to the solid state lithium ion diffusion into the electrode.
The clear difference in the impedance spectra between the full cell
cycled in the LiPFg/EC/DEC and LiPFg/EC/DEC/FEC is the SEI resis-
tance, summarized in Fig. 5 (c). Since these EIS experiments were
conducted in a two electrode cell, the spectra include the imped-
ance of both Si anode and LFP cathode. This makes it difficult to
isolate the effects of each electrode, however, we wanted to ensure
that we tested the full cell as it would be commercially made. The
Rsgr gives a clear indication of the health and stability of the full cell
which is why we focus more on this aspect. It is also considered that
the resistance of LFP is more stable, allowing us to think more about
the influence of the Si anode in the system. The Rgg; in the first cycle

for the cell cycled with LiPFg/EC/DEC is 12.69 Q which is slightly
larger than that of the cell cycled with LiPFg/EC/DEC/FEC (11.2 Q).
After subsequent cycles the Rsgy of LiPFg/EC/DEC becomes signifi-
cantly larger compared to the cell cycled with LiPFg/EC/DEC/FEC.
Further examination of the Rct, we find a significant difference
between the cells cycled with LiPFg/EC/DEC and LiPFg/EC/DEC/FEC.
Rct is usually affected by the kinetics of lithium ion diffusing on the
interface between the SEI and Si anode surface, which might be
related to the electrode morphology or SEI components [37]. As a
result, in the presence of FEC the impedance decreased over pro-
longed cycles compared to its electrolyte counterpart, demon-
strating that FEC helps form an effective SEI, positively affecting the
electrochemical performance.

3.3. Surface morphology of Si composite anode after cycling (SEM)

The morphology of the Si composite anode after prolonged cy-
cles was investigated by SEM. Fig. 6 (a) shows an image of the
pristine (uncycled and unassembled electrode) Si composite anode,
which is composed of Si nano powder mixed well with Ketjen black
and CMC binder at a weight ratio of 2:1:1. The Si anode cycled in
LiPFg/EC/DEC after 40 cycles clearly demonstrates significant par-
ticle agglomeration (Fig. 6 (b)). Furthermore, there is also severe
cracking in the Si composite anode after the insertion of lithium
ions; ultimately, increasing the polarization of electrode and poor
electric network between active material particles and conductive
additives or copper foil current collector. These effects are inher-
ently seen in the supporting information (Fig. 2S), demonstrating
the large overpotential and capacity fade occur when the cell is
cycled without FEC, making it difficult to maintain good capacity
retention and stable C.E. On the other hand, when the full cell was
cycled with LiPFg/EC/DEC/FEC to 40 cycles, large amount of Si par-
ticle aggregates without large crack formations are found on the
electrode surface (Fig. 6 (c)). The comparison of the SEM images
between the two electrodes after cycling further confirms that SEI
generated with the addition of FEC effectively stabilizes the full cell
performance significantly because the FEC decomposition products
are believed to suppress the generation of the newly exposed sur-
face by maintaining the structural integrity in the Si composite
anode in the initial cycles [33,34].

There are several factors the affect the performance of the Si
anode, one of which is due to the different surface morphology
shown in Fig. 6; however, when the full cell was investigated at a
high CV scan (1 mV s~ ') there is a significant difference at the 10th
cycle between the electrolytes. The reason for capacity fade may
not be only the surface degradation but also the degree of the
lithium migration into the surface of the Si composite anode. The
poor lithium migration should be related to the surface condition.
Surface chemistry might affect the electrochemical performance,
which vary the kinetics of lithium ion migration through the
interface of the electrode.

As a result, these investigations indicate that the SEI comprised
from the addition of FEC would prevent the electrolyte from further
decomposition and maintain the lithium ion diffusion into the SEI
to some extent. To further investigate the relationship between
surface chemistry and electrochemical behavior of the full cell
cycled with LiPFg/EC/DEC and LiPFs/EC/DEC/FEC, XPS measure-
ments were performed on the Si composite anode after 1st and
40th lithiation.

3.4. Surface analysis of the cycled Si composite anode by XPS
It is important to understand the surface chemistry that occurs

as a result of electrolyte degradation because the SEI components
play a significant role in electrochemical performance. The cycled
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electrodes were characterized by XPS at the lithiated state for the
1st and 40th cycle when cycled in LiPFg/EC/DEC and LiPFg/EC/DEC/
FEC. The electrodes were washed with DEC to make sure that there
is no remaining Li salt or solvent residue on the electrodes. Detailed
scans of all prepared Si anodes are collected from the C1s,0 1s,F 1s
and Li 1s and P 2p spectra (shown in supporting information).
Herein, we focused on the surface species of the Si composite anode
because of the stability of LFP. The stability of the cathode is
demonstrated in the survey scans of the cycled Si anode in both
electrolytes. The low resolution survey demonstrates that there is

(b)

Fig. 6. SEM images of Si anode surface at (a) Pristine state, cycled with (b) LiPFs/EC/DEC and (c) LiPFs/EC/DEC/FEC after 40 cycles.

no “cross talk” between that cathode and the anode, with no clear
Fe peaks after 40 cycles. These results lead us to believe that the
degradation mechanism solely comes from the Si anode.

As shown in Fig. 7, the high resolution of O 1s spectra demon-
strate the electrolyte decomposition components generated from
cycling the cells with LiPFg/EC/DEC and LiPFg/EC/DEC/FEC electro-
lyte. The oxygenated compounds include carbonate, carbonyl,
ether, LiOy and OPF species. This result is quite consistent with the
experiment performed by Edstrom et al. and Schroder et al. [19,38]
The O 1s spectra of each electrolyte correspond to the species found
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Fig. 7. High resolution O 1s spectra of the Si composite electrolyte decomposition products the after 1st cycle and 40th cycle with (a) LiPFg/EC/DEC and (b) LiPFg/EC/DEC/FEC.

in the C 1s as shown in Fig. 4S. When the cell is cycled with LiPFg/
EC/DEC/FEC there is a reduction in CO species, which is mainly
generated by the EC decomposition. The P 2p spectra are similar
and contain two peaks, one around 134 eV related to OPF and the
other 136 eV related to LixPyF, in Fig. 5S. However the intensity of
LixPyFz for the Si anode cycled with LiPFs/EC/DEC electrolyte is
larger than that of LiPFg/EC/DEC/FEC electrolyte. This result would
suggest that cycling the cell without the addition of FEC results in
more LiPFg decomposition.

4. Discussion

The effect of the FEC additive on full cell electrochemical per-
formance when using Si composite anode and LFP cathode is dis-
cussed here. Conducting CV experiments on full cells evaluates the
electrochemical behavior and electrode kinetics of the active ma-
terials. An important feature is the difference between the first
cycle and subsequent cycles shown in Fig. 2 (a), where the peak at
3.25 Vin the first cycle shifts to a slightly higher potential in sub-
sequent cycles because of the cell overpotential. Potential differ-
ence allows one to determine reversibility of lithium ion
intercalation and deintercalation process. For the cell cycled
without FEC, the potential separation between the anodic and
cathodic peak of 2nd cycle and 25th cycle is nearly 0.161 V.
Conversely, Fig. 2 (b) shows no significant difference in the po-
tential difference for the cell cycled in LiPFg/EC/DEC/FEC. In addi-
tion, the current intensity of the LiPFg/EC/DEC/FEC can be
maintained even at the 25th cycle while there is a drastic drop in
current intensity when the cell is cycled with LiPFs/EC/DEC. The
effect of FEC is clearly confirmed even at a faster scan rate (Fig. 3). In
the case of LiPFg/EC/DEC, the potential difference is 0.209 V at a
scan of 1 mV s~!, which is almost twice that of LiPFs/EC/DEC/FEC
(0.111 V). Fig. 3 (a) also shows that the peak intensity decreases and
the shape of the peak is clearly distorted after 25 cycles, while the
peak integrity is maintained when the cell is cycled with LiPFg/EC/
DEC/FEC. This suggests that LiPFg/EC/DEC/FEC electrolyte

effectively restrains the overpotential during cycling by maintain-
ing the higher reversibility of lithium ion diffusion between the Si
anode and the SEI. The reversibility of the electrode should be
affected by the interfacial impedance and electrode morphology.
The EIS results demonstrate that the impedance of the cell cycled
with LiPFg/EC/DEC increased after cycling, which leads to signifi-
cant capacity decay because the unstable SEI formation increasing
the surface film resistance. This result is in good agreement with
the study calculated by Soto et al., which suggest FEC produces less
short oligomer products compared to EC which produces a thick
organic layer that increases the surface resistance [39]. As discussed
above, the electrode surface of the Si anode cycled in LiPFg/EC/DEC
(Fig. 6 (b)) has severe cracks which cause significant capacity decay
during electrochemical cycling. According to Edstrom and co-
workers, the Si nanoparticle electrodes cycled with LiPFg/EC/DEC
has an uneven SEI Therefore, it is highly likely that in our study we
have low kinetic Li ion diffusion through the Si anode SEI during
electrochemical cycling, consistent with high charge transfer
resistance. On the other hand, the homogeneous SEI decomposed
from LiPFg/EC/DEC/FEC can prevent the Si anode from cracking, as a
result, lithium ion diffusion into the electrode improves the
coulombic efficiency. This in-depth electrochemical measurement
demonstrates that the decomposition products derived from FEC
might be effective not only for enhancement the lithium ion
diffusion through SEI but also alleviating the undesired extra side
reactions on the surface of the Si anode. Here we believe that the
FEC decomposition components play an important role to keep the
electrochemical performance stable for the full cell as shown in the
half cell.

It is expected that the surface chemistry is closely related to the
electrochemical behavior. In this regard, the addition of FEC might
contribute to protect the Si nanoparticles from having direct con-
tact with the electrolyte by generating a LiF rich SEI layer at the
beginning of the electrochemical cycling. This is demonstrated by
Sina, Alvarado et al., where STEM/EELS clearly shows that in the
first lithiation process the addition of FEC forms a uniformly dense
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SEI that maintains the Si particle integrity [33]. Conversely, the Si
anode cycled without FEC had a porous nonuniform SEI that
exposed the Si particles to the electrolyte, demonstrating the lack of
electrode stability. The difference between LiPFg/EC/DEC and LiPFg/
EC/DEC/FEC on the surface reaction might affect the electro-
chemical performance, therefore, XPS surface analysis were
conducted.

After 40 cycles, several chemical reactions are involved in the
SEI growth process and these reactions generate organic and
inorganic type components on the Si anode. The above demon-
strated XPS results of the Si composite anode enabled us to un-
derstand the important mechanism of the surface chemistry. The
relative elemental compositions of the surface after 40 cycles ob-
tained from the XPS measurement are summarized in Fig. 8. From
these results, significant difference in the elemental composition
can be observed between LiPFg/EC/DEC and LiPFg/EC/DEC/FEC. It
should be noted that the atomic percentage of C species at the
surface of the electrode may also have contributions from the
conductive additive. However, given that XPS probes the first 10 nm
of the surface, it is likely that most of the signal comes from the
electrolyte decomposition products. The SEI generated from the
decomposition of LiPFg/EC/DEC has more carbon species when
comparing it to the LiPFs/EC/DEC/FEC electrolyte decomposition.
This might be because of the EC decomposition products primarily
forming carbon containing species such as carbonate, carbonyl, and
ethers. The ratio of OPF species between the first cycle and 40th
cycle for the cell cycled with LiPFg/EC/DEC is also larger than that of
the cell cycled with LiPFg/EC/DEC/FEC (Fig. 8S). The OPF is assumed
to be an indication of LiPFg decomposition, which might become
the resistive species on the surface of the Si composite anode. The
accumulations of these types of decomposition compounds on the
Si anode surface significantly increases the impedance and degrade
the cycle performance [19,38]. On the other hand, FEC is more
reactive and decomposes at earlier reduction potential compared to
EC or DEC at 1.8 V to form a more resistive SEI. Fig. 8 shows that the
amount of F and Li for the cycled with LiPFg/EC/DEC/FEC are higher
than that of LiPFg/EC/DEC, corresponding to LiF formation. Some
studies have shown that the higher amount of inorganic compo-
nents, like LiF is correlated to the improvement in electrochemical
performance and reversibility of lithium ion diffusion [34,35,40].
Previous DFT calculations enabled one to further understand the
FEC decomposition mechanism. According to Balbuena and co-
workers, a ring-opening mechanism of FEC at the carbon-ether
oxygen bond lead to form LiF as a main reduction product [41,42].
Investigating different current density may lead us to understand
how rate affects the surface chemistry on Si anode. In our study we
measured CVs at a higher scan rate, where the FEC additive
improved the reversibility of lithium ion compared to the electro-
lyte without FEC. In our galvanostatic cycling we used only one
current density to understand the surface chemistry with XPS, so it
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Fig. 8. Elemental composition of the SEI on the Si composite anode after 40 cycles in
LiPFg/EC/DEC and LiPFg/EC/DEC/FEC.

would be interesting to investigate the effect on current density on
SEI composition. Anyway, we believe that these abovementioned
effects of FEC additive can successively hamper the increase of the
cell impedance and improve the capacity retention and C.E. in full
cells.

In our study, the comparison of the SEI between LiPFg/EC/DEC
and LiPFg/EC/DEC/FEC is demonstrated and the FEC additive elec-
trolyte is more effective in improving the electrochemical perfor-
mance. However, we do begin to see that the capacity retention of
the LiPFg/EC/DEC/FEC electrolyte gradually begins to decay because
it seems that some of available lithium ion is consumed or trapped
in the SEI, consistent with work demonstrated by Dupre and co-
workers [24]. Unstable organic species due to the degradation of
the EC and DEC solvent might be lithiated on the surface of the Si
composite anode during cycling leading to poor retention. In a half
cell the supply of lithium ion is limitless, even if lithium ions are
consumed by the decomposed organic species, the Li ions flows
consistently from the counter electrode (Li metal) allowing the Si
anode to cycle over 100 cycles building a continuous SEI eventually
increasing impedance in the cell.

To overcome this issue, further improvement is necessary to
form a stable SEI on the Si anode surface. The addition of FEC to the
conventional electrolyte is not enough to further improve the Si
anode full cell. Even if FEC additive is used in the electrolyte for full
cells, organic species decomposed will eventually sequester lithium
ions after prolonged cycles, demonstrated in this work and by
others [24]. Therefore, it is important to seek other more effective
electrolytes that would avoid the continuous decomposition of
organic species and prevent the extra lithiation on the interface.
Moreover, electrode surface modification techniques might also be
effective in order for the Si composite anode to prevent the excess
degradation of organic electrolyte. Or one could improve the full
cell retention is to choose a higher capacity cathode like an excess Li
cathode material types [43]. Nevertheless, the use of high voltage
cathode materials poses challenges of dissolution of transition
metal ions which can “cross-over” to the anode and poison the SEI
on anode. Improving the energy and power density of full cells with
Si anode still requires further investigation particularly in the
aspect of stabilizing the SEI, as we demonstrate that FEC helps
improve cycling performance but it is not the optimum solution to
the unstable Si anode SEI.

5. Conclusion

We have investigated the difference between standard carbon-
ate electrolyte and FEC additive to the electrolyte on the electro-
chemical properties, electrode morphology, and surface chemistry
of Si composite anode full cell. Electrochemical cycling perfor-
mance and impedance of LiPFg/EC/DEC degrade significantly after
cycling. On the other hand, the presence of FEC tends to suppress
this degradation reaction. LiPFs/EC/DEC/FEC electrolyte leads to
higher electrochemical performance and lower interfacial resis-
tance on the Si composite anode full cell. It also exhibits superior
reversibility at a higher scan rate. The SEI analyzed by XPS contains
both organic and inorganic species. The Si anode cycled with FEC
has an SEI that is inorganic components, with a large amount of LiF
with less carbonate species. Both the electrochemical analysis (CV
and EIS) and XPS gives further understanding that the kinetics of
lithium ion migration can be controlled by the surface chemistry.
All the above results indicate that these properties associated with
the addition of FEC to the electrolyte influence the electrode surface
morphology, forming less cracks. This leads to less overpotential
during prolonged cycles and better cycle performance. This study
provides the important insight of the interphase phenomenon for
the Si composite anode full cell.
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