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ARTICLE INFO ABSTRACT

Keywords: Fluoroethylene carbonate (FEC) and vinylene carbonate (VC) are the most frequently used electrolyte
FEC components to enhance the lifetime of anode materials in Li-ion batteries, but for silicon it is still ambiguous
ve when FEC or VC is more beneficial. Herein, a nanostructured silicon/carbon anode derived from low-cost

Silicon anode

- HSiCl; is tailored by the rational choice of the electrolyte component, to obtain an anode material
Li-ion battery

outperforming current complex silicon structures. We demonstrate highly reversible areal capacities of up to
5 mA h/cm? at 4.4 mg/cm? mass loading, a specific capacity of 1280 mA h/ggjectroae, @ capacity retention of 81%
after 500 deep-discharge cycles versus lithium metal and successful full-cell tests with high-voltage cathodes
meeting the requirements for real application. Electrochemical impedance spectroscopy and post-mortem
investigation provide new insights in tailoring the interfacial properties of silicon-based anodes for high
performance anode materials based on an alloying mechanism with large volume changes. The role of fluorine
in the FEC-derived interfacial layer is discussed in comparison with the VC-derived layer and possible
degradation mechanisms are proposed. We believe that this study gives a valuable understanding and provides
new strategies on the facile use of additives for highly reversible silicon anodes in Li-ion batteries.

1. Introduction

Silicon has gained tremendous attention in the last two decades as
potential anode material for Li-ion batteries (LIBs) due to its high
specific capacity of up to 3600 mA h/g. The development of silicon
anodes is currently reaching a point for real application in commercial
Li—ion batteries as advanced anode beyond commonly used graphite
[1-3]. A large variety of well-designed nanostructured, thin film and
amorphous silicon anodes have been proven to overcome the general
issue of a low reversibility [4-9]. The high production costs and
unsatisfactory lifetime are two major issues preventing its broad
commercialization. Among others, one of the most promising strategies
to overcome the low reversibility is the use of modified electrolytes or

electrolyte additives. These additives, if well designed, have the ability
to form a stable solid-electrolyte-Interface (SEI), a typical surface film
on any anode material in LIB composed of reduced -electrolyte
components [10]. Its stability is essential for long lifetime and safe
operation of LIB owing to the prevention of continuous electrolyte
decomposition. The SEI on silicon is challenging to stabilize due to the
large volume changes during lithium insertion which is the main
critical reason for high degradation [11]. It was shown that particular
compounds have the ability to form a flexible SEI on silicon surviving
the volume changes and to open the way for application of even low-
cost silicon anodes with excellent cycling stability [12-15].
Fluoroethylene carbonate (FEC) is one of the best-known and most
studied additives for silicon anodes in Li-ion batteries [15] and is
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nowadays a standard additive for testing silicon anodes [9,16—22]
because of its significant positive effect on the reversibility [13,15].
Vinylene carbonate (VC), already commercialized for LIB in order to
increase the Coulombic efficiency and thermal stability of graphite, is
another well-known additive with longer history in battery application
than FEC [23]. VC is considered to be the most effective additive for
enhanced lifetime of graphite anodes [10,24] and is sometimes used for
silicon anodes as well [1,11,25]. FEC and VC were both reported nearly
at the same time for silicon to enhance the stability of thin film silicon
anodes [15,26], but FEC became the most frequently used additive for
silicon anodes [27] although the superior properties of FEC for silicon
have not clearly been proven yet and literature shows partially contrary
results. Dalavi et al. and Leveau et al. evaluated both additives on thin
film as well as nanostructured silicon anodes and found very similar
results [28,29]. In contrast, Uchida et al. found enhanced performance
with FEC on micro-structured silicon [30]. The reason for such
partially controversial results maybe found in different anode design
and in similar chemical structures as well as decomposition products of
both additives. It is well accepted that both additives form a flexible
and stable layer on the surface which can accommodate the large
volume changes of silicon during lithiation. Their chemical structure is
closely related to ethylene carbonate and similar final polymeric
products were proposed [31] and postulated by DFT calculation [32].
The polymeric products were proven to be polycarbonates for VC and it
is well-accepted that they are the origin for enhanced reversibility
[26,33,34]. In the case of FEC, the origin of an enhanced reversibility is
still discussed controversially. It has been consistently reported that
FEC causes increased LiF formation, but the role of LiF on silicon is not
clear. Etacheri et al. found polycarbonates as decomposition product of
FEC [31] suggesting that LiF may not be responsible for an enhanced
reversibility but rather VC-derived products, which agrees well with
our previous study [35]. Other studies report on fluorinated polymers
[36,37] or stable LiF-rich layered SEIs, which are formed as essential
compounds for high reversibility [15,38,39]. From experiences of
commercial electrolyte systems and anode materials (i.e. graphite) in
LIBs, the formation of LiF seems not to stabilize the reversibility
[10,40]. In this regard, we recently reported that massive LiF formation
cannot stabilize the reversibility of nanostructured silicon anodes in
ether-based systems [41]. In order to identify the role of fluorine, a
comparative study between VC and FEC seems to be the most
promising approach to shed light on this matter. It must be noted that
the choice of VC or FEC as additive in LIB not only depends on the
positive effect on the anode, but also on the cathode. Shin et al.
reported that FEC seems to have a detrimental effect to the cathode
(LMO) side especially at elevated temperature because of increased HF
release [42], whereas some other groups reported positive effects on
high-voltage cathodes with FEC [43,44]. Burns et al. studied 18650
cells with graphite/NCM materials and found the lowest cycle lives for
FEC [45]. VC offers higher thermal stability [46] and is mainly
considered to have a positive influence on the cathode performance
[33]. In order to enhance the lifetime of LIBs equipped with advanced
silicon-based anodes, a fundamental discussion with respect to these
additives is required. In this contribution, we provide new insights into
the anodic mechanism of both additives and unveil advantages and
disadvantages of FEC and VC additives for high-capacitive nanostruc-
tured silicon anodes with excellent lifetime.

For this purpose, both electrolyte additives were evaluated in a
commercial electrolyte on a high-capacitive and low-cost nanostruc-
tured silicon/carbon anode comprised of small-sized silicon nanopar-
ticles attached to a porous carbon scaffold. The electrochemical
performance of our nanostructured material is governed by its surface
characteristics defined by the small size of the silicon nanoparticles
(smaller than 5 nm) and the high surface area. It allows a detailed
analysis of degradation phenomena caused by an instable SEI. Other
degradation phenomena, especially material pulverization, can be
neglected, since the crystallite size is determined far to be lower than
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the critical crack lengths of silicon [47]. We will first characterize the
nanostructured silicon/carbon anode and proceed with the electro-
chemical testing. Post mortem investigations of cycled electrodes will
be reported followed by a fundamental discussion to understand the
degradation phenomena by the SEI. Finally, we demonstrate a highly
reversible nanostructured silicon-based anode capable to deliver a high
specific capacity of 1280 mA h/ggjectrode and an areal capacity of up to
5 mA h/em? outperforming current complexly designed silicon anodes.
The superior performance was verified in real systems by testing the
silicon anode versus high-voltage cathode materials.

2. Experimental section
2.1. Synthesis of nanostructured silicon/carbon (Si@C)

We used a modified synthesis of our previous report which offers
higher capacities, but therefore poorer reversibility [9,35]. In a typical
synthesis, 10 ml of HSiCl3 (Sigma-Aldrich, > 99 vol%) were provided
in a three-neck round-bottom flask cooled with an ice bath (~-5 °C),
flushed and kept under argon using standard Schlenk technique in
order to allow a safe polycondensation [48]. Under vigorous magnetic
stirring, 0.2 ml ethanol (> 99.9 vol%) were slowly injected through a
septum and 10 min later 8 ml of deionized water were slowly added.
One exhaust of the flask was connected with a hose leading to a beaker
filled with 0.1 M NaOH in order to neutralize the generated HCI. After
the injection of water, the flask was kept for 1h in the ice bath to
complete the reaction. The flask was heated to 80 °C for 3 h under
argon flow in order to remove unreacted HSiCl; and HCI. Finally, the
obtained white powder was dried under dynamic vacuum over night
and was then ground in a mortar. The (HSiO;5), precursor was
annealed with an infrared oven (Gero LHTG 150-200/30-1G) at
1150 °C+20 °C in argon atmosphere for 2h at a heating rate of
50 °C/min up to 800 °C and 12.5 °C/min up to 1150 °C. Afterwards,
the composite was again ground. 150 mg sucrose and 1.5g of the
annealed material were mixed together in 5 ml of 3 wt% H»SO4 and
sonicated for 1h at 50 °C before heating to 100 °C under vigorous
stirring for another 1 h. The black powder was dried at 150 °C for about
4 h. The sucrose coating procedure was repeated once. Finally, the
material was annealed at 900 °C (5 °C/min heating rate) for 5 h under
argon flow to carbonize the sucrose. About 1.5 g of the carbonized
material was mixed with 15 ml deionized water and 3 ml HCl in a
Teflon beaker equipped with a magnetic stirring bar. Under vigorous
stirring 7.5 ml of HF (40 wt%) was slowly added and the suspension
was stirred for no longer than 25 min in total to selectively remove the
silicon oxides. The solution was filtered and washed twice with
deionized water and once with ethanol within 30 min. Finally, the
product was dried under vacuum overnight and stored under argon.
Long exposure (more than 5 h) to air should be avoided due to the
unknown stability of the silicon nanoparticles.

2.2. Material characterization

X-ray powder diffraction (XRD) was performed with a STOE Stadi
P diffractometer with curved Ge(111) crystal monochromator and 6°-
position sensitive detector. The as-synthesized powder was fixed
between acetate foils with a collodion glue. The samples were measured
in the range of 10°<20<90° with a step size of A26=0.01° in transmis-
sion geometry with Cu K1 radiation. Rietveld-analysis was performed
with the program MAUD [49] and the Popa-line broadening model
assuming isotropic crystallite size. Scanning electron microscopy
(SEM) was carried out with a LEO Gemini 1530 microscope. The
acceleration voltage was 10 kV and a Bruker detector (XFlash 6) was
used for energy dispersive X-ray (EDXS) analysis. For transmission
electron microscopy (TEM) a FEI Tecnai F30 with field emission gun
and 300 kV acceleration voltage was applied. Thermo gravimetric
analysis in synthetic air was conducted with a Netzsch Jupiter STA
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449C. X-ray photoemission spectroscopy (XPS) has been conducted by
a Physical Electronics PHI 5600 CI system with Mg Ka (1253.6 eV)
radiation (350 W) at a pass energy of 29 eV and a step size of 0.1 eV.
Standard single-element sensitivity factors were used to calculate the
elemental concentrations from the XP spectra. The core level signals
were fitted with a Gaussian function (MagicPlot Software) using a basic
linear background after normalization to 1. For post-mortem investi-
gation, the cells were cycled 300 times at =500 mA/g between 0.01—
1.2 V vs. Li/Li* and disassembled in the delithiated state inside a glove
box under argon atmosphere (H,O <1 ppm, O,<0.1 ppm). Each
electrode was washed three times in 1 ml DMC. For XRD analysis,
the samples were pressed between Kapton tapes under argon atmo-
sphere to avoid contact with air during scanning. For the sample
transfer into the SEM, the samples was exposed to air for about 1 min.

2.3. Electrochemical testing

A slurry of Si@C (85%), Super P Li (Timcal) (10%) and polyacrylic
acid (Sigma-Aldrich, M, ~ 450 000) (5%) was prepared in ethanol
under ambient conditions by a ball milling for 15 min. Ethanol-based
slurries turned out to be the optimal solvent for electrode fabrication in
air of this material. The homogeneous slurry was blade casted (250 pm
wet thickness) on copper foil (MTI Corp., 10 um thickness). After
20 min. of drying, 12 mm electrodes were punched out and transferred
to the glove box to avoid further oxidation of the active silicon species.

-
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The mass loading on each electrode was determined by a micro balance
(Mettler Toledo XSE) and accounts to 0.7 mg/cm?. Because of serious
issues in structural integrity of high mass loadings, a cellular copper
mesh structure infiltrated with the slurry was used to obtain mass
loadings of up to 5 mg/cm?. The preparation and the characteristics of
the 3D copper structure is placed in the supporting information. (Fig.
S1 and Fig. S2) All electrodes were dried at 100 °C over night under
vacuum prior to assembly in Swagelok cells under argon atmosphere
(H>0 < 1 ppm, O3 < 0.1 ppm). Two glass fiber layers (Whatman) were
used as separator and lithium metal (250 um thickness, Chemetall) as
counter electrode. The reference electrolyte was 1 M LiPFq in EC/DMC
(1:1) (LP30 Selectilyte, BASF) and 10 vol% vinylene carbonate (Sigma-
Aldrich, >99.9%) or 20vol% fluoroethylene carbonate (Sigma-
Aldrich, >99.9%) were used as additive, if not otherwise mentioned.
A BaSyTec Cell Test System was used for galvanostatic cycling in the
range of 0.01-1.2 V vs Li/Li* (half-cell). The current rates were based
on the mass of Si@C and the capacities were calculated on the entire
electrode mass (without copper). For full-cell tests, tape cast high-
energy NCM (HE-NCM) electrodes were used as cathode. Details on
the synthesis of the active material and on the electrode preparation are
given in the support information. Full-cells (Si vs HE-NCM) were
cycled between 1.8-4.6V. Prior to full-cell assembling, the silicon
anodes were pre-cycled twice between 0.01-1.2V wvs. Li/Li* at
250 mA/g and disassembled at 0.4 V in order to compensate lithium
loss due to initial SEI formation. The silicon anode was roughly 40—
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Fig. 1. a) TEM bright-field image of the silicon/carbon composite with the corresponding SAED pattern (inset), b) High-resolution image, ¢) EDX spectrum of the Si@C and d) XP

spectrum of the Si 2p core level of the prepared electrode.
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80% over dimensioned in terms of capacity. For electrochemical
impedance spectroscopy (EIS) a VMP3 system (Biologic) was used.
The amplitude was 5 mV and the frequency range was 1 MHz—10 mHz.
The spectrum was taken in the delithiated state at 1V vs. Li/Li*. The
fits of the equivalent circuit were carried out with the EC-lab software.
All measurements were recorded at 25 °C in a climate chamber.

3. Results
3.1. Morphology of the nanostructured silicon/carbon (Si@C)

The synthesis of the Si@C requires a condensation of low-cost
trichlorosilane with water to form the hydrogen silsesquioxane (HSQ),
a temperature treatment and an etching procedure, making it an
attractive candidate for up-scaling processes. Note that HSQ is also
commercially available. The structure of the silicon/carbon nanocom-
posite was characterized by electron microscopy and X-ray diffraction.
TEM bright-field images (Fig. 1a) show agglomerated hollow carbon
spheres with diameters of 50-150 nm, which are partially open
probably because of incomplete carbon coating with sucrose and the
etching procedure. As can be seen from high-resolution TEM images
(Fig. 1b), silicon nanoparticles depicted by the crystalline (111) lattice
planes are attached at the outside and inside of these carbon spheres.
We also observe some bigger silicon crystallites of up to 100 nm
depicted by the dark areas in the TEM image (Fig. 1a) and concluded
from the SAED pattern (Fig. 1a, inset) as point reflections typical for
oriented large crystallites. EDXS analysis with a scanning electron
microscope proves the presence of silicon and carbon (Fig. 1c). The as-
prepared Si@C electrode was studied by XPS in order to characterize
the surface species and the stability of silicon nanoparticles. The XP
spectrum of the Si 2p core level (Fig. 1d) clearly proves the presence of
predominantly elemental silicon (63 at%) along with some silica (SiO»,
37 at%) due to surface oxidation and incomplete etching. Each species
is represented by two functions due to spin-orbit coupling. Note that
silica is present on any silicon surface as native oxide layer. The results
further demonstrate that the material can be fabricated to electrodes
under ambient conditions without significant oxidation.

XRD was performed for both, the temperature treated HSQ
precursor and the final Si@C. In both cases, the XRD pattern
(Fig. 2a) show broad reflections corresponding to the cubic silicon
structure (Fd3m) with a lattice constant of 5.431 A indexed by the
Bragg positions (green). The broad reflection at 21° mainly corre-
sponds to silica, but may also result from the background (polyacetat
foil and collodium glue). As expected the peak intensity of the silicon
phase and the Si/SiO» ratio in the Si@C increases because SiO, is
etched during preparation, while the silicon remains within in compo-
site. The results demonstrate the successful formation of silicon
nanoparticles and their retained structure after the etching process to
remove the silica. The crystallite size of silicon was determined to be
3 nm, which corresponds well to our recent studies [9]. We also
determined some large crystallites of 50—70 nm. The Bragg positions
of both phases merely change due to similar lattice constants, thus
presented only once for the small silicon crystals as main phase. The
mass of the larger crystals is rather low and accounts to roughly 5 wt%
considering the crystalline silicon phases, which have been observed by
TEM investigations as well. These crystallites may result from the rapid
heating during annealing in the oven in order to prevent diffusion of
SiH,4 [48,50]. The total silicon content in the carbon composite was
determined by thermogravimetric (TGA) combustion in air (Fig. 2b).

Initially, the mass curve increases along with temperature due to
oxidation of silicon nanoparticles and drops at about 500 °C because of
gaseous CO/CO, formation. Since both oxidation processes occur
simultaneously, the carbon loss at about 500 °C is little accurate to
determine the ratio of Si/C within the composite. Therefore, we took
the final mass at the end of combustion to determine a silicon content
of about 53 wt% assuming that only SiO» remains after combustion at
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Fig. 2. a) observed XRD (red) and calculated (black) pattern with difference line (blue)
of the Rietveld analysis with crystallite sizes and phase contents of the temperature
treated HSQ precursor and after processing to Si@C, b) TGA combustion of Si@C in
synthetic air at a heating rate of 10 °C/min to 900 °C.

900 °C [51]. From the overall results, the structure of the material at
hand is best described as a porous carbon scaffold with attached silicon
nanoparticles of sizes below 5 nm. Note that the small particle size
below 5 nm with high surface area is not only beneficial for the analysis
of the surficial SEI formation through different electrolyte additives,
but also positive for enhanced reversibility compared to conventional
silicon nanoparticles [52].

3.2. Electrochemical performance (half-cell)

The electrochemical performance was studied by galvanostatic
cycling between 0.01-1.2V vs. Li/Li* at current rates of 250 mA/g
to 4 A/g in a commercial electrolyte 1 M LiPF¢ in EC/DMC (1:1) for
LIB in dependence of FEC and VC addition.

Initially, the electrochemical performance was analyzed in depen-
dence of the FEC concentration in the electrolyte and the current rate.
Commonly, the concentrations of additives in commercial LIB are 1-
2 vol% [24]. However, in contrast to graphite anodes, the large volume
changes and high surface area of nanostructured anodes consume
considerable more electrolyte to form a stable SEI. Thus a remarkably
higher amount of additives up to 20 vol% is necessary to maintain a
good performance. We added 10 vol% and 20vol% of FEC to the
electrolyte, which is according to literature the range that offers best
performance for silicon anodes [13,35,37,44]. For comparison, the VC
concentration was set to 10 vol%, which was reported to show highest
reversibility on graphite anodes and LIB full cells [24]. The addition of
high amounts of FEC/VC does not substantially influence the ion
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Table 1
The resistances determined by EIS in dependency of electrolyte additive and cycle
number. Values were calculated with the equivalent circuit model in Fig. 4a.

Electrolyte Cycle Re1 RsEr+int Rcr

number (Ohm) (Ohm) (Ohm)
w/o 1 10 47 2

300 16 115 1154
20vol% FEC 1 10 28 5

300 14 36 546
10vol% FEC 1 12 18 2
10 vol% VC 1 10 47 8

300 10 80 75

conductivity of the electrolyte as concluded from impedance spectro-
scopy (Table 1). The results of galvanostatic cycling are shown in
Fig. 3a. The first delithiation capacity of around 1280 mA h/ggectrode 1S
independent of the electrolyte composition and almost 4 times higher
than for graphite-based anodes in commercial Li-ion batteries. Note
that the capacity is based on the total weight of the electrode. The
capacity based on the mass of silicon is calculated to 3000 mA h/gsiticon
initially, which is about 85% of the theoretical value for silicon
(=3600 mA h/g) [6]. The capacity resulting from the carbon can be
neglected [41]. Lowest reversibility is observed without any additive, as
expected. The specific capacity rapidly drops to 244 mA h/ggjectrode and
20% of its initial value, respectively, after 100 cycles independent of the
current rate. FEC addition enhances the reversibility. In this case the
capacity still reaches 63 % of the initial value and 796 mA h/ggectrodes
respectively, after 100 cycles at 250 mA/g. At a higher current rate of
500 mA/g the capacity and reversibility is merely affected. Importantly,
the reversibility is independent of the FEC concentration in the range
of 10 vol% and 20 vol%. For both FEC concentrations a capacity loss of
30-40% after 100 cycles is observed independent of the current rate.
With VC addition the reversibility is even more improved and outper-
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W 250 mA/g
—~ 1200 ~\
£
8 1000
w
)]
< 8004
<C
£ 6004
=
‘C 400
§ = wio additive 500 mA/g
= 2004 " with 20 vol.% FEC
(8] with 10 vol.% FEC
o with 10 vol.% VC 250 mA/g
T T T T T £
0 25 50 75 100 125 150
le number
C) cycle numbe
1.6 —— w/o additive
’ —— with 20 vol.% FEC
with 10 vol.% FEC
; 1.2 —— with 10 vol.% VC
=
»
>
2
b=
e
L

T T T T
0 300 600 900 1200

capacity (mAh/g, ..)

T
2000 2400

Energy Storage Materials 6 (2017) 26-35

forms both concentrations of FEC in the electrolyte. After 100 cycles a
capacity of 1045 mA h/ggjectrode 1S Observed, which corresponds to 80%
of the initial value. Considering the fact that the capacity drops to
1080 mA h/ggjectrode already in the initial seven cycles, the capacity
fading in the following 100 cycles accounts to only 3%. Such a dramatic
effect of VC has not yet been reported for any type of silicon anodes
[24]. However, in contrast to the additive-free and FEC containing
electrolyte, high current rates drastically reduce the capacity in the case
of VC addition. While at 250 mA/g the capacity is comparable to the
FEC-containing electrolyte, the capacity significantly drops at a twofold
current rate.

From the results, we conclude that i) the concentration of FEC
between 10 and 20 vol% in the electrolyte merely affects the reversi-
bility of our silicon anode and ii) the 10 vol% VC addition to the
electrolyte clearly outperforms both low and high FEC concentrations
in the electrolyte. However, at high current rates, the capacity with VC
significantly drops, indicating high resistance.

The Coulombic efficiency (CE) provides further information about
side reactions on the surface of the electrode (Fig. 3b). Initially, a high
amount of electrolyte is consumed to form a protective SEI on the
composite. The electrolyte consumption is highest with VC since the CE
is only 53% and increases to 55% with FEC addition at the same
volume concentration. The highest CE is obtained without any additive
as found in our previous report [35]. After the first two cycles, the CE is
highest with VC and reaches more than 99% after the 20th cycle. Also
with FEC addition the CE is considerably higher than without any
additive suggesting less side reactions during cycling, but still lower
compared to VC. Without any additive the CE is always lower than 97%
indicating high electrolyte consumption during the cycling period. The
discharging/charging curves of the first cycle are presented in Fig. 3c.
The prompt decomposition of FEC is clearly visible as plateau at a
potential of around 1.47 V vs. Li/Li* independent of the FEC concen-
tration. In contrast, VC decomposition shows a different behavior and

b)

100
98
96 -
3 1
< %4 - = w/o additive
L = with 20 vol.% FEC
O 921 with 10 vol.% FEC
90 " = with 10 vol.% VC
60
56
52
T T T T T T
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gm Q S
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Fig. 3. Galvanostatic cycling of the Si@C electrode between 0.01-1.2 V vs. Li/Li* in dependence of VC and FEC addition a) at 250 mA/g and 500 mA/g, b) the corresponding Coulombic
Efficiency (CE) at 250 mA/g, c) the discharging/charging curves of the first cycle and d) long-term cycling at 250 mA/g—4 A/g with 20 vol% FEC or 10 vol% VC.
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is depicted as a gradual slope starting at around 1.25V vs. Li/Li*
similar to the EC/DMC decomposition at ~0.8 V vs. Li/Li* in the
additive-free electrolyte.

Further long-term experiments at different current rates ranging
from 0.25 A/g to 4 A/g were carried out in dependence of FEC and VC
addition (Fig. 3d). Best rate capability is achieved with FEC addition
whereas the capacity with VC considerably drops to lower values with
increasing current rates and shows about 15% lower capacity at 2 A/g
compared to FEC. However, the faster degradation with FEC compared
to VC is clearly visible and after 125 cycles the VC electrolyte outper-
forms the FEC electrolyte even at high current rates of 0.5 A/g because
literally no degradation occurs with VC. After 500 cycles in VC only
19% capacity loss is observed neglecting the initial capacity drop after
the first 7 cycles. In contrast, the reversibility in the FEC electrolyte is
relatively poor and the degradation accounts to 65% after 500 cycles.
These results confirm our preliminary tests and clearly suggest that VC
outperforms FEC in terms of reversibility likely because of an
extremely stable SEI.

The results agree well with Leveau et al. and Dalavi et al. They
observed slightly enhanced performances with VC on silicon nanowires
and amorphous silicon thin films, respectively, independent of different
concentrations of FEC and VC [28,29]. In contrast, Uchida et al.
observed enhanced reversibility with FEC [30], which may be attrib-
uted to the use of micro-sized silicon particles suffering from crack
propagation of individual particles during volume changes as an
additional degradation mechanism [47]. However, VC seems to cause
a high impedance and considerable internal resistance (IR-drop) since
the rate capability is poor. The reason may be found in different charge
and mass transport conductivity on the electrode surface influencing
the rate capability. In order to study these transport processes and to
corroborate our findings, we performed electrochemical impedance
spectroscopy (EIS) at different cycling states (for I=500 mA/g) and
post-mortem investigations. EIS is a powerful technique to evaluate
mass and charge transport processes in the battery. By applying
different frequencies at defined AC potentials, the response of various
resistances resulting from mass transport inside different phases and
charge transfer processes at the phase boundaries can be separated and
measured. The electrolyte and other Ohmic resistances are typically
determined at high frequencies of around 1 MHz—100 kHz and may be
modeled as a simple resistor element R. The film resistance for Li*
migration through the SEI (Rgg;) coupled with film capacitance and the
impedance of the substrate/electrode interface (Ry,) are evaluated in
the frequency range of around 1 kHz—10 Hz and is typically modeled as
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a parallel constant phase element and resistor circuit Q Il Rggrimt. The
charge transfer resistance (Rcr) at the phase boundaries typically
observed at frequencies of 10 Hz—0.1 Hz is also modeled as a Q || Rey
circuit. Charge transfer corresponds to Li* transfer at the film/silicon
interface and interparticle electron transfer from silicon to carbon [53].
At frequencies below somewhat 40—20 mHz the transport processes of
solid state diffusion are evaluated, herein modeled as series of a
Warburg element (W) and a capacitor (C) [53—-55]. The impedance
contribution of the counter electrode, here metallic lithium, will be
neglected because of the low surface area and presumably equal
contribution in all electrolyte compositions [56]. Fig. 4b shows the
Nyquist plots in dependence of electrolyte additive and cycle number.
Additionally, the Bode plot is provided in the support information (Fig.
S3) to evidence the dependence of the impedance on the frequency. The
electrolyte resistance at high frequencies is constant and independent
of the additive addition. After the first cycle all impedance spectra show
a semi-circle at frequencies of 10 kHz—10 Hz, majorly corresponding to
the film resistance of the SEI. By applying the equivalent circuit model
(Fig. 4a), we find the lowest film resistance of 28 Q for FEC addition
(Table 1). With VC and without any additive the film resistance is
considerably higher and accounts to 47 Q. This result is consistent with
other reports. For example, Burns et al. observed increasing impedance
with higher concentrations of VC at a prolonged cell life on graphite
anodes [24]. Uchida et al. also reported higher impedance with VC on
micro-sized silicon anodes [30]. These results well confirm the
observations described here and suggest a very similar SEI structure
and probably SEI formation on silicon and graphite. The Rer deter-
mined for all electrolyte configurations is rather low after the first cycle
(2-8 Q), since the SEI is still relatively thin and interparticle electron
transfer may not be hindered. After long-term cycling the impedance
increased dramatically without additive and reaches overall the highest
values with a Rggrime of 115 Q and a Rer of 1154 Q.

These results suggest a rapidly growing SEI which is neither
ionically nor electrically conducting. Probably, the thick surface film
isolates the active silicon particles from the conductive carbon causing
low reversibility. With FEC as electrolyte additive the overall impe-
dance is significantly lower after long-term cycling. Rggr.mt remains
almost constant and reaches up to 36 Q. However, Rer increases
dramatically to about 546 Q. This result indicates an unstable SEI,
non-resistant to withstand the dramatic volume changes, causing a
continuously growing SEI. Although the instable SEI remains well
conductive for ions, Rcr increases dramatically, which is attributed to
the electron transfer between silicon and carbon. Hence, the electronic
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Fig. 4. a) Equivalent circuit model for determination of resistance values R with W= Warburg element, C= capacitor, Q= constant phase element and b) Nyquist plots after 1 cycle and
300 cycles in dependency of the electrolyte composition. The mass loading was 0.9 mg + 0.4 mg per electrode.
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addition at current density of 0.25 mA/cm?, 0.5 mA/cm? and 1 mA/cm?

contact of the active species slowly decays and is eventually lost,
causing a continuous degradation even for FEC addition. In contrast,
for VC the overall impedance is lowest after long-term cycling. The Rggy
+mt after 300 cycles increases from 47 Q to 80 Q, while the Rer only
increases to 75 Q, which is remarkably low compared to the other
electrolyte compositions. VC seems to form a very stable surface film,
which merely changes its transport and charge transfer process
characteristics over cycling. VC therewith exhibits a clearly different
behavior and has a much higher impact on cycle life and lifetime of a
cell compared to the FEC-containing and the additive-free electrolyte.

In order to demonstrate the practical relevance of our findings, we
tested the nanostructured composite with high mass loading in both
additives, FEC and VC. The results are shown in Fig. 5.

With FEC addition high areal capacities of 3 to 5 mAh/cm? at mass
loading of 2.8—4.4 mg/cm? are obtained at current rates of 0.5 mA/cm?
and even at high current rates of 1 mA/cm? the capacity merely drops.
However, the degradation for the FEC electrolyte is clearly visible and
after 100 cycles about 22% of the initial capacity is lost. With VC as
electrolyte additive the initial areal capacity is comparable to the FEC
electrolyte at low current rates of 0.25 mA/cm? and at mass loadings of
3 mg/cm?, but higher current rates of 0.5 or even 1 mA/cm? cause a
drastic drop of the capacity. Additionally, a high mass loading of up to
4 mg/em? reduces the capacity of the cell with the VC electrolyte
compared to FEC due to the increasing impedance. However, the
reversibility is still excellent and almost no degradation is observed
even after 170 cycles. We compared our results to current complex
silicon/carbon nanostructures tested as anode in LIB (Table 2).

Liu et al. prepared complex hollow nano-silicon/carbon electrodes
and demonstrated 100 cycles at 3 mA h/cm? with 3.12 mg/cm? mass
loading [1]. The capacity loss after 100 cycles was almost zero. Peled

Table 2
Comparison to some outperforming nano-silicon/carbon anodes recently reported in
literature. Galvanostatic cycling: 0.01-1.0 V vs. Li/Li*.

Reference Initial Mass Current Cycle Capacity
capacity loading (mA/ number loss after
(mA h/ (mg/ cm?) cycle
cm?) cm?) number

%)
[1] 3.1 3.1 0.7 100 0-3
[19] 2-5 1.0-1.5 0.1 200 16-38
(+3.86p1)
Here 3-4.5 2.9-44 0.25 80-170 0-3

" The first cycle was not considered in the calculation
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et al. tested silicon nanowires on gas-diffusion-layers (GDL) with 2—
5 mA h/cm? and reported 16—35% capacity loss after 200 cycles [19].
Both studies used VC and/or FEC. Comparable results are obtained by
using a simple nano-silicon/carbon anode. We highlight reversible
areal capacities of 4-5 mA h/cm? at a low mass loading of 4.4 mg/cm?
meeting the requirements for real application in LIBs achieved by a
low-cost silicon/carbon nanocomposite.

3.3. Electrochemical performance (full-cell)

As already pointed out, the choice of the additive not only depends
on the anode, but also on the cathode material. Therefore, we tested
our silicon anode versus HE-NMC cathodes of the composition
Liy 23Mng 61Nig,15C00,00502 in order to prove that our findings are
adaptive to real full-cell systems and that high concentrations of FEC/
VC can indeed be used in LIB. The HE-NCM cathode material enables
electrode potentials up to 4.8 V1., going along with an oxidative
decomposition of the electrolyte. Thus, the effect of the additives is of
higher interest in this case, compared to common cathode materials
such as LFP (3.6 Vy;/1i.) or even LiCoO; (up to 4.3 Vy;/1;.). Therefore,
the general compatibility of the HE-NCM with FEC-containing electro-
Iytes had been tested in half-cells before. These tests showed no
negative effect of the additive concerning the capacity or the degrada-
tion behavior of the cathode. Moreover, a lower internal resistance of
the cell was observed, indicating a less distinct film of decomposition
products deposited onto the cathode surface. These results are in
accordance with other studies [24,43]. The first charge/discharge
curves of the full cells are shown in Fig. S4. They are dominated by
the electrode potential course of the cathode, showing the typical
plateau for HE-NMC materials independent of the chosen electrolyte
[43]. The results of galvanostatic long-term cycling between 1.8-4.6 V
at current densities ranging between 0.25 mA/cm? to 1 mA/cm? are
depicted in Fig. 6a/b. First and most important, all electrolyte
compositions are successfully employed in full-cells and show good
cycle stability. In the first cycles, a capacity increase from about
80 mA h/gcathode to @ maximum of about 110 mA h/gcamode is found
which may be related to the activation of both the cathode and anode.
Theoretically, HE-NCM can deliver up to 200 mA h/gcanode When
higher potentials up to 4.8 V are applied. However, the limitation of
the cell voltage to 4.6 V remarkably increases the cycling stability of the
cathode material. As the scope for this study is to examine the behavior
of the anode, a possibly disturbing effect of a prematurely aged cathode
can be excluded.

With respect of the VC or FEC addition to the electrolyte, we
observe the same trend as already found for half-cells. This finding
suggests that the electrolyte has the most significant impact on the
silicon anode. Without an additive, the cycle stability and CE is clearly
least, presumably originating from an instable SEI on the silicon anode.
The addition of FEC increases the long-term cycle stability (Fig. 6a)
and the overall CE up to 1% (Fig. 6b). However, the electrochemical
performance is marginally improved as expected based on the half-cell
measurements and the capacity after 100 cycles accounts to 82 mA h/
gue-Nnem, only slightly higher than w/o additive (77 mA h/gue nem)-
This observation might indicate that FEC has a negative impact at
certain conditions on the cathode, also suggested by Shin et al. [44].
Nevertheless, this behavior is contradictory to the results on HE-NMC
half-cells and has to be investigated in detail. With VC in the
electrolyte, the long-term cycle stability and efficiency are far highest
indicating a stable SEI on the anode. After 100 cycles still 96 mA h/
gue-NncMm are obtained and the CE reaches 99.8% almost fulfilling the
requirements for practical application. In the beginning the rate
capability is slightly lower compared to the FEC-containing electrolyte
composition due to higher resistance as already found for half-cells.
Overall, these findings are in accordance with the half-cell tests and
clearly prove the relevance for real Li-ion systems.
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density in dependence of VC and FEC addition. (w/o additive the cell was cycled between
1.8-4.5V for the first 10 cycles).

3.4. Post—mortem investigations

To understand the structural differences of silicon anodes cycled in
FEC- and VC-containing electrolytes, Swagelok half-cells (versus
lithium metal) were disassembled after 300 cycles at 500 mA/g and
were characterized by SEM/EDXS and XRD. Many excellent studies
have already determined the chemical surface species of the SEI on
silicon/carbon structures in dependence of FEC and VC additions,
typically by XPS and FT-IR techniques [29,31,33,34]. With the use of
SEM/EDXS and XRD we obtain further information about nanocrys-
talline phases and the structures on the electrode for different electro-
lyte compositions. Secondary electron (SE) images of the electrodes are
shown in Fig. S5. No significant differences in the microstructure of the
composites in dependence of the electrolyte composition are observed.
Most important degradation phenomena likely occur on the nanoscale
of the anode material, but a high-resolution transmission electron
microscopic image would destroy any surface components with the
electron beam [35]. However, SEM is useful to get information about
the elemental concentration on each electrode by EDX spectroscopy
(Table 3).

In the case of the sample cycled the additive-free electrolyte,
fluorine and phosphorous are observed as traces, whereas the concen-
trations of carbon and oxygen describe the main components. A C/O
ratio of 0.8 suggests a high decomposition of EC/DMC to form typical
SEI compounds such as CH;0CO,Li, (CH>,OCO»Li), and Li,CO3 [53].
In contrast to this observation, the decomposition of the conductive
salt LiPFq as only source for fluorine and phosphorous is therewith
negligible. With the addition of FEC to the electrolyte the fluorine
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Table 3
Elemental composition of the nc-Si@C anode after 300 cycles determined by EDXS.

Sample Si (at%) C (at%) O (at%) F (at%) P (at%)
w/o 5 41 52 2 u?
FEC 5 35 37 22 u’
vC 7 50 41 3 u?

@ Unverifiable.

concentration remarkably increases without an increase of the phos-
phorous concentration. The C/O ratio is almost equal to 1. These
results suggest a severely reduced decomposition of EC/DMC com-
pared to the electrolyte without additive. For FEC a high decomposition
rate has to be assumed to allow the formation of a relatively stable SEI
what agrees well with current literature [35,37]. The electrode cycled in
the presence of VC shows similar concentrations for F and P as the
additive-free electrolyte. However, the silicon concentration and the C/
O ratio is significantly higher (1.2), indicating a considerably lower EC/
DMC decomposition due to the formation of a protective and flexible
polymer film (presumably polycarbonate), as already proposed [33,34].

Fig. 7a shows the EDX elemental mapping of an area of around
10 um*6 pum for the FEC and VC additions. In both cases, carbon and
silicon are well dispersed on the electrode material. However, fluorine
is much finer dispersed and well distributed in the case of FEC
addition, whereas for VC addition it is spread over the entire image
with less fluctuation. This results indicates no particular deposition of
fluorine and rather suggests traces of LiPF4-related compounds. XRD
was carried out in order to determine crystalline phases in the electrode
structure. The patterns are shown in Fig. 7b. The crystalline structure
of silicon disappeared because the silicon becomes amorphous during
cycling [57]. The additive-free electrolyte exhibits no crystalline phases
and the entire material is amorphous. With FEC we find nanocrystal-
line LiF (space group Fm3m), which is likely embedded within the SEI
[35]. The crystallite size of LiF is determined to 5 nm according to a
Rietveld analysis, which is in good agreement with the finely dispersed
fluorine in the elemental mapping (Fig. 7a). The pattern of the
electrode cycled in VC again shows no reflections indicating no long
range orders and observable crystalline phases.

4. Discussion

It is supposed that VC and FEC form similar polymeric structures
[29,31,32,36]. In general, it is well accepted that the VC-derived SEI
mainly consists of polycarbonates [33,34]. These polycarbonates may
also be formed by the decomposition of FEC although there is still
dispute on how the decomposition proceeds. Etacheri et al. proposed a
defluorination of FEC to VC and HF resulting in polycarbonates and
LiF. Our previous results support this assumption [35]. Other groups
propose a ring opening mechanism for the FEC decomposition at first
leading to fluorinated polymers or LiF [36,37]. Both mechanisms can
occur as DFT calculations have shown [32]. All studies commonly
reported large quantities of LiF, but the role of LiF in the SEI is not yet
clear. Our results show that the LiF nanocrystals derived from FEC
enhance the Li* ion conductivity inside the SEI, but cause a lower
reversibility than that obtained with VC due to a less stable and
continuously growing SEI resulting in an increase of the charge
transfer resistance, presumably describable as electron transfer be-
tween silicon and carbon. In contrast, VC forms a dense and very
flexible polycarbonate layer, which resists the dramatic volume changes
of silicon without any fracture, thus preventing any electrolyte decom-
position and further growth of the SEI. The VC-derived polycarbonate
layer provides only low Li* ion conductivity due to the absence of any
defects turning high rate performance tests to an almost impossible
task. Using FEC instead of VC causes the precipitation of nanocrystal-
line LiF in the flexible polycarbonate layer. These LiF nanocrystals may
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Fig. 7. a) EDXS elemental mapping of the cycled Si@C electrodes (for 300 cycles) in dependence of FEC or VC addition corresponding to the area shown in the SE image. The elements
Si, F and C were recorded. b) XRD patterns of the cycled electrodes in dependence of the electrolyte compositions. A Rietveld analysis was performed with the structure model of LiF

(space group Fm3m) for the sample cycled in the FEC-based electrolyte.

cause defects in the dense and flexible layer allowing enhanced Li* ion
conductivity and thus high rate capabilities. However, the FEC-derived
polycarbonate SEI is less flexible and cannot resist the dramatic volume
changes of silicon. Cracks and continuous electrolyte decomposition,
preferentially of FEC, promote a slowly growing SEI, rich in LiF
nanocrystals. Since LiF is certainly nonconductive for electrons like
in principal most salts, the active silicon particle eventually loses
electrical contact to the carbon scaffold resulting in a continuous
capacity drop. We propose that the FEC- and VC-derived SEIs contain
similar polymeric layers but modified with LiF nanocrystals in the case
of FEC. Such enhanced ion conductivity by LiF deposition was also
found by other groups [58,39,59]. However, it is unclear whether the
enhanced Li* migration properties result from the LiF nanocrystals or
defects formed at the interface of polymer and LiF. Compared to other
SEI compounds such as semi organic lithium carbonates, LiOH or
Li,COs, the diffusion of Li* in LiF is rather low [60,61]. LiF is certainly
a stable compound, but exhibits no flexibility and is a compact,
inorganic substance, which therefore turns out to be rather disadvan-
tageously on the reversibility of anode materials with large volume
changes such as silicon. Altogether, the degradation mechanisms of
silicon nanoparticles attached to a porous carbon scaffold are summar-
ized as follows:

a) Without additive, two major degradation mechanisms occur in
our silicon/carbon anode both attributed to the rapidly and continu-

34

ously growing SEI:

I) Loss of electrical contact of individual silicon particles to the
carbon scaffold.

II) Loss of ionic contact due to high film resistance suppressing Li*
migration.

b) With FEC addition, the film resistance decreases dramatically
and the SEI growth rate is considerably lower. However, the growth of
the SEI cannot be completely suppressed and eventually a thick SEI is
formed, causing a loss of electrical contact between individual silicon
particles.

¢) With VC addition, the growth of the SEI is nearly completely
suppressed. The loss of electrical and ionic contact is prevented.
However, the dense surface film causes only low Li* conductivity
hindering the use of high current rates or thick electrode layers.

5. Conclusions

The VC-Additive for nano-silicon anodes clearly outperforms the
additive FEC in terms of lifetime and efficiency owing to the formation
of a very flexible surface film which survives the large volume changes
of silicon without surficial crack propagation. However, the surface film
shows high film resistance for Li* migration as rate determining step,



T. Jaumann et al.

likely due to the absence of defects in the film structure turning VC
unfavorable for high power applications. In contrast, the FEC-derived
SEI shows less flexibility and reversibility compared to VC, but offers
remarkable conductivity for Li* ions, which are excellent requirements
for high power applications. We propose that the polymeric properties
of both, VC and FEC-derived SEIs are equal; both consist of poly-
carbonates. However, in the case of FEC additional LiF nanocrystals
are embedded within the surface film. These crystallites may cause
defects in the homogeneous structure of the SEI allowing enhanced Li*
ion conductivity, but at the expense of reversibility and cycle life. The
inorganic and compact nanocrystals decrease the flexibility of the
surface film resulting in cracks during the volume changes of the
silicon particles, which eventually results in a loss of electrical contact
to the carbon. In the absence of any electrolyte additive, both loss of
electrical and ionic contact are responsible for fast degradation. We
highlight the development of a facile and low-cost synthesis strategy for
a high-capacitive nanostructured silicon anode for LIBs. Highly
reversible areal capacities of around 5 mA h/cm? were demonstrated
and our findings were successfully confirmed in real Li-ion systems
with high-energy cathode materials. We believe that this study unveils
the role of fluorine in FEC not only for silicon anodes, but likely for
several other types of alloying anodes. Our findings open new strategies
to develop advanced electrolyte additives for anode material with large
volume changes during metalation or demetalation.
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