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ABSTRACT: Electroless plating of tin on copper foil (2-D)
and foams (3-D) was used to create carbon- and binder-free
thin films for solid electrolyte interphase (SEI) property
investigation. When electrochemically cycled vs lithium metal
in coin cells, the foam electrodes exhibited better cycling
performance than the planar electrodes due to electrode
curvature. The effect of the additive/cosolvent fluoroethylene
carbonate (FEC) was found to drastically improve the capacity
retention and Coulombic efficiency of the cells. The additive
amount of 2% FEC is enough to derive the benefits in the cells
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at a slow (C/9) cycling rate. The interfacial properties of Sn thin film electrodes in electrolyte with/without FEC additive were
investigated using in situ electrochemical quartz crystal microbalance with dissipation (EQCM-D). The processes of the
decomposition of the electrolyte on the electrode surface and Li alloying/dealloying with Sn were characterized quantitatively by
surface mass change at the molecular level. FEC-containing electrolytes deposited less than electrolyte without FEC on the initial
reduction sweep, yet increased the overall thickness/mass of SEI after several cyclic voltammetry cycles. EQCM-D studies
demonstrate that the mass accumulated per mole of electrons (mpe) was varied in different voltage ranges, which reveals that the
reduction products of the electrolyte with/without FEC are different.
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1. INTRODUCTION

Graphite has been commonly used as the anode material in
commercial Li-ion rechargeable batteries for many years.'
Nevertheless, graphite cannot fulfill requirements for higher
storage capacity owing to its intrinsic limitation in lithiation
capacity.” Naturally, many groups are interested in developing
alternative anodes that can provide enhanced performance
while still possessing the desired stability and safety character-
istics. Among various anode materials, silicon and tin are widely
researched, high specific capacity replacements to carbonaceous
anodes in Li-ion batteries.” > However, direct employment of
Si or Sn in Li-ion batteries is hindered by their limited cycle life,
which is due to material degradation brought on by severe
volume changes during repeated lithiation and delithiation.®
Ideas for ways to minimize the deleterious effects of the volume
change include using a second inactive phase to buffer the
expansion and engineering three-dimensional electrode archi-
tectures with sufficient porosity to accommodate the excessive
volume changes occurring during the charge—discharge
cycles.6_13 In this study, copper current collectors with a 3-D
foam structure conformally coated with very thin films of active
material were used to enhance the electrochemical performance
of Sn electrodes. Although not suitable for replacing state of the
art graphite anodes, our electrodes are carbon- and binder-free,
and thus are engineered to enable insight into the phenomenon
of solid electrolyte interphase (SEI) formation.
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Electrolyte additives are one of the most promising and
effective ways for improving the performance of Li-ion
batteries.'* For example, research has shown that discharge
capacity retention and Coulombic efficiency are remarkably
improved by the addition of fluoroethylene carbonate (FEC)
and vinylene carbonate (VC) for Si-based and carbon-based
cells.">™° Various techniques have been established to study
additive effects on the SEI, such as Fourier transform infrared
(FTIR), X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), spectroscopic ellispsometry, and mass
spectrometry,'>1%21723 Although the beneficial role of anode
SEI additives has been demonstrated, the exact mechanisms
underlying the improvements are not understood beyond some
broad areas of agreement.24 For instance, SEI formation on
silicon electrodes cycled with the FEC additive have been
studied with both XPS and spectroscopic ellipsometry (SE)
with contradictory conclusions. Many discrepancies focus on
whether FEC increases the SEI thickness and LiF composition
on Si anodes.** Nakai et al. found that electrolytes containing
FEC form very thin SEI layers compared to those formed by
ethylene carbonate electrolytes.'® In contrast, the SEI layer is
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Figure 1. (a) SEM image of the uncoated 3D porous Cu foam. (b) SEM image of the Cu foam after coating with a thin layer of Sn. (c) EDS
spectrum of coated foam cross section. (d) XRD pattern of the synthesized Sn thin layer on porous Cu foam.

thicker on anodes cycled in electrolyte with FEC revealed by
the SE technique.'®

Although surface-sensitive methods are valuable, it is often
difficult to quantify mass gain/loss and the timing of those
changes as they relate to applied current or voltage. One of the
more direct ways of probing the chemical and electrochemical
reactions is to use electrochemical quartz crystal microbalance
(EQCM). In EQCM lies the possibility of detecting the in situ
surface mass chansge of an electrode involved in an electro-
chemical process.”>*® In this work, we employ electrochemical
quartz crystal microbalance coupled with dissipation monitor-
ing (EQCM-D). In addition to the frequency, EQCM-D
uniquely measures a second parameter, dissipation (D) on the
electrode, which is related to the properties of interfacial films
such as rigidity and viscoelasticity. By including a set of
frequency overtones in the measurement, we effectively probe
different depths of the deposited layer which allows for a more
detailed analysis of the SEI properties. Herein we use EQCM-D
to compare the SEI formation on tin electrodes as a function of
FEC concentration in the electrolyte. These first studies
utilizing in situ EQCM-D for Li-ion battery anode materials will
ultimately be a useful addition to the library of SEI
characterization information.

2. EXPERIMENTAL SECTION

Sn-based electrodes were prepared by electroless tin plating on Cu
foam/foil for 60 s from the Caswell plating bath at 50 °C. The surface
of the Cu was cleaned by soaking in a dilute HCI solution followed by
acetone before Sn coating. The deposition rate is determined by bath
temperature, which was held steady for each batch. Large area foil and
foams were coated in a batch process before punching electrodes, each
batch producing 12+ electrodes. The Sn electrodes were washed
thoroughly with water and acetone and then dried with air flow. Sn
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electrodes were stored overnight in a vacuum oven at 70 °C. The
electrochemistry of the material was studied using 2032 coin cells. The
electrodes were punched into 1.4 cm diameter discs. Lithium foil was
used as the negative/counter electrode. The positive and negative
electrodes were separated by two layers of separator (Celgard 2325).
Cells were cycled in “Gen 2” electrolyte with and without additives at
room temperature. The Gen 2 electrolyte (1.2 M LiPFy in a mixture of
ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (3:7 by
weight)) was used as received without further purification (Tomiyama
High Purity Chemical Industries Ltd.). Fluoroethylene carbonate
(FEC, Alfa Aesar, 98%) containing electrolytes were prepared by
adding different amounts FEC: 2 wt %, S wt %, 10 wt % into Gen 2 in
a dry argon atmosphere glovebox. Once assembled, the cells rested for
1 h to enable complete wetting of the electrochemically active surfaces,
and then cycled from open circuit potential (OCP) to 10 mV
(lithiation). Extended cycling was conducted for SO cycles between 10
mV and 1.5 V vs lithium metal at different current densities (0.03,
0.06, and 0.27 mA/cm?) using a MACCOR 4000 battery cycler.
EQCM-D measurements were carried out with a two-electrode
electrochemical cell (E1 module, Q-sense). Cu-coated, planar AT-cut
quartz crystals with a basic resonant frequency 5.0 MHz were coated
with electroless tin and used as the working sensor (Biolin Scientific).
The same electroless method described above was used to deposit a
thin layer of Sn (4 s plating) on Cu quartz crystals for EQCM. The Sn
thin film electrodes were washed thoroughly with water and acetone
and then dried with air flow. A thin layer of Li was deposited onto the
Pt electrode from Gen 2 electrolyte at a constant current 0.001 A for
10 min, which was used as the counter electrode. The seal between the
crystal and the Li/Pt counter in the cell was achieved with Kalrez O-
rings (Biolin Scientific), leaving an exposed geometric area of 1.13 cm?
of the Sn—Cu film in contact with the electrolyte. Kalrez O-rings were
found to be resistant to swelling in the presence of the organic
electrolytes used here. The commercial QCM-D apparatus allows
simultaneous measurements of changes in the resonance frequency
(Af) and in the energy dissipation (AD). The quartz crystal can be
excited to oscillate in thickness-shear mode at its fundamental
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Figure 2. Normalized discharge capacity in (a) and capacity in mAh/cm? (areal) in (b) vs cycle number of the Sn/porous Cu electrode (3-D) and
that of Sn/flat Cu electrode (2-D) at a current density of 0.03 mA/ cm?, voltage range between 0.01 and 1.5 V vs Li.

resonance frequency (fl = 5 MHz) and odd overtones (n =3, 5, 7, 9,
11, 13) by applying an rf voltage across the electrode. All overtones
show the same tendency of frequency shifts during the measurements,
which indicate that the processes governing the responses occur
homogeneously over the Sn—Cu surface. The resonant frequency of
the EQCM sensor was measured with an accuracy of 0.1 Hz, which
corresponds to a mass change sensitivity of 1.8 ng/cm>

To elucidate the effect of the additive, measurements were carried
out in Gen 2 electrolyte with and without 10 wt % FEC at 25 °C. Prior
to cyclic voltammetry, the electrolyte was injected into the EQCM
chamber and allowed to rest until the QCM frequency stabilized. A
CH potentiostat (Model 660) was used to control the electrical
potential. The CV used a scan rate of 100 mV/s for 10 cycles between
the OCP (~3 V vs Li*/Li®) and 100 mV. All measurements were
carried out in a glovebox with dry argon atmosphere.

3. RESULTS AND DISCUSSION

3.1. Characterization of Sn Electrode and Basic
Electrochemical Performance. Thin layers of tin were
coated onto ~100 pm-thick macroporous Cu foams via
electroless deposition. Figure la shows the scanning electron
microscopy (SEM) image of the uncoated Cu substrate,
displaying a three-dimensional interconnected macroporous
structure with internal spacings of 100—200 pum. The inset
shows a photograph of the Cu foam disc. The Cu substrates
were immersed in the Caswell plating bath for 60 s, turning the
copper foam silver in color, as shown in the inset of Figure 1b.
Compared with electrodeposition, electroless plating is
relatively simple immersion method to conformally deposit
Sn onto Cu.”’ Figure 1b shows that the Sn coating mimics the
Cu substrate, indicating the coating is conformal and thin. EDS
mapping for a cross section of the coated foam is shown in
Figure lc. The Sn and Cu distribution is different in the
overlapped mapping image, in which a thin layer of Sn (green)
uniformly covers on the surface of Cu film (blue/black). The
thickness of the Sn film is about 2 ym. Figure 1d shows the
corresponding X-ray diffraction (XRD) pattern of the as-
deposited Sn electrode on Cu foam. XRD data does not show
individual Sn peaks, but CugSny character was detected at 30°
and 43° (JCPDS No. 45-1488).” It is likely that the CugSng
intermetallic compound, which is a stable binary phase at room
temperature, formed between tin and copper during the
electroless-plating process. It is also expected and confirmed by
the voltammetry that the remaining amorphous Sn is oxidized
due to the nature of the plating and the air exposure. Tin oxides
undergo conversion reactions (the oxygen lithiates to form
Li,0) followed by the Sn—Li alloying reaction.”*™*° For
simplicity, the complex Cu/Cu4Sns/SnO, electrodes will be
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referred to as Sn, although it is important to note that the oxide
surface, which is the same for all experiments reported herein, is
the true surface for the initial measurements. Using the 3-D
porous current collector we expect this thin layer of active Sn
has better elasticity to effectively accommodate the strain of
volume change during Li" insertion/extraction.

Figure 2 displays the electrochemical performance of the 3-D
porous Sn/Cu electrode. For comparison, the cycle perform-
ance of the Sn electrode deposited on a flat and smooth Cu foil
(2-D) is also shown. The capacities are normalized at the fourth
cycle to justify for cell-to-cell variations resulting from
differences in electrode loading, allowing the rate of fade to
be prominent. The total areal capacity (Figure 2b) of the foam
is higher than that of the foil due to the increased copper
surface area, yet the thickness of tin on the two different
substrates is relatively the same as it is based on electroless bath
deposition rates, barring diffusion limitations in the foam
interjor. Similar to other reports, the reversible capacity for the
Sn electrode deposited onto smooth Cu foil is abruptly
degraded after 16 cycles due to large Li-driven volume
variations during the lithiation/delithiation processes.’ This
problem has been a major challenge for Sn-based anodes in Li-
ion batteries. The 3-D macroporous Sn/Cu electrode shows
enhanced capacity retention relative to the 2D film in the first
30 cycles. The results confirm that compared to the flat Cu foil,
curved Cu is a more suitable as a current collector for Sn anode
because the material expansion is not entirely limited to one
direction normal to the Cu.®’

3.2, Effect of FEC Additive on Electrochemical
Performance. Although the Sn/porous Cu composite
electrode delivered a stable capacity during the early cycles,
there was an abrupt onset of capacity fade at cycle 30. The loss
of electrochemical capacity after 30 cycles is partially related to
the degradation of the lithium metal counter electrode, which
suffers from impedance rise due to extensive SEI formation at
this electrode during repeated plating.6 Additionally, there is
also the possibility that electronic contact is lost between some
of the Sn/Cu particles and the Cu foam substrate during
prolonged electrochemical cycling due to the formation of a
particle encapsulating, electrically resistive SEI layer.”'

Recent research shows fluoroethylene carbonate (FEC) can
significantly improve the cycle life and enhance the thermal
stability of Si-based electrodes by facilitating SEI forma-
tion.'”'*3273* To investigate the effect of electrolyte additives
on the cell performance, half cells (3-D Sn/Cu vs Li) with
different amounts of FEC in the battery electrolyte were
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Figure 3. Plots of (a) discharge capacity and (b) Coulombic efficiency vs cycle number with 2%, 5%, 10% FEC addition (weight %) in the
electrolytes, all cycled at 0.03 mA/cm?”. Retention of the discharge capacity of the cell can be enhanced by the introduction of FEC additive to the
electrolyte solution and the overall Coulombic efficiency is also improved. Discharge capacities normalized on the 4th cycle.
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Figure 4. Voltage profiles of Sn/Cu foam cycled at 0.03 mA/cm? between 0.01 and 1.5 V vs Li in (a) Gen 2 and (b) 2% FEC in Gen 2, during 1st—

Sth cycles, 10th, 15th, 20th, 25th, 30th, 35th, and 40th cycles.

galvanostatically cycled between 0.01 and 1.5 V at 0.03 mA/cm”
(C/15), as shown in Figure 3. The discharge capacity was
normalized on the fourth cycle, as shown in Figure 3a. Without
FEC, the cell retains its >80% capacity in first 30 cycles.
However, the discharge capacity of the half cells without FEC
dramatically decays after 30 cycles. The cell steadily loses its
capacity at a rate of 0.5% per cycle. The cells containing FEC
show similar capacity retention in the first 30 cycles,
demonstrating that the addition of FEC does not change the
initial discharge—charge cycling characteristics in any significant
manner. However, a distinct trend can be seen after 30 cycles:
capacity retention is clearly improved when FEC is present in
long-term cycling. Among the cells with three different FEC
concentrations, the 2 wt % addition shows the best overall
performance (highest average and final discharge capacity) over
50 cycles.

Long-term Coulombic efficiencies are also improved when
FEC is added to the electrolyte, as shown in Figure 3b. The
Coulombic efficiency is a measure of how much lithium is
trapped at the electrode after delithiation, either from
incorporation into the SEI or electronic isolation of lithiated
tin particles. During the first two cycles, when the original SEI
is formed, the Coulombic efficiencies without FEC are slightly
higher than those of cells with FEC. From Figure 3b, we can
see that the Coulombic efficiency of FEC-free cells decreases
steadily after initial SEI formation, reaching 89% after SO cycles.
By contrast, the cells containing FEC retains 95% efficiency
over 50 cycles. The cells with 2%, 5%, and 10% FEC are
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virtually the same after S0 cycles, indicating that varying the
concentration effect of FEC from 2 to 10 wt % does not impact
Coulombic efficiency between the cells of the same negative
electrode, but does increase discharge capacity retention.
Because choosing the optimal amount of electrolyte additive
is a balancing act between Coulombic efficiency and discharge
capacity, it was concluded that the half cells with 2% FEC
exhibit the best overall performance for this porous Sn-based
anode at a slow discharge—charge rate (C/1S) from both of
results.

Opverall, the electrochemical measurements on the porous Sn
electrode described in this work indicate that presence of FEC
in the solutions plays beneficial roles in decreasing the
irreversible capacity of these electrodes while improving of
the reversibility of Li* insertion/extraction. There are two
metals in the half cell, however; lithium metal is also benefiting
from the FEC addition in terms of capacity retention and
Coulombic efficiency. The effect of the FEC on the tin
electrode will be isolated with the help of the EQCM-D, in
section 3.4.

Figure 4 details representative voltage profiles at a relatively
slow cycling rate (C/15) for the cells free of FEC (Figure 4a)
and with 2% FEC (Figure 4b). The initial discharge/charge
curves for both cells are very similar. However, steadier cycling
(less span in voltage ranges) over time can be obtained with
FEC, which suggests additives affect the anode electrochemistry
on long-term cycling rather than only on the first cycle.”® In the
course of the first discharge process, the cell potential
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cm?® (C/9) and (b) 0.27 mA/cm?* (C/2).

immediately drops from OCP to 2.0 V after starting the test,
and then gradually falls toward 0.01 V for both of the cells. An
obvious potential plateau at 1.2 V can be observed for the cell
with or without additive present, which is assigned to the
decomposition of ethylene carbonate.*® This point is clearly
shown in the dQ/dV graph of Figure Sa, which can be used to
better understand the effects of the electrolyte additives on the
cycling of the cells. In cells free of FEC, a specific reduction
peak arises at 0.4 V, just preceding the main tin lithiation event,
shown in the inset of Figure Sa. This peak fades in following
cycles and can be attributed to the reduction of ethyl-methyl
carbonate.>” This specifies that although EC is a film-formation
component in the Gen 2 electrolyte, its reduction is not
passivating enough to prohibit the decomposition of EMC.
However, when FEC is present, the 0.4 V peak disappears and
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peaks around 1.7, 0.95, and 0.58 V are apparent. The
disappearance of the 0.4 V peak in the presence of FEC
suggests that FEC suppresses the decomposition of EMC and is
involved in the surface film forming processes during initial
activation.

The reaction of tin oxides with Li* converting to lithium
oxide (Li,O) and tin occur above 0.4 V vs Li*/Li’, typically
attributed between 0.7 and 0.5 V,**7*° an area convoluted with
SEI formation. In FEC-containing electrolytes, this region
exhibits reduction (negative dQ/dV), but no clear peaks
throughout cycling. In the absence of FEC, features are
observed in this region, particularly between 0.6 and 0.5 V,
throughout 40 cycles. Below 0.4 V, typical plateaus for the
lithiation into Sn are observed for all the cells, but the
lithiation/delithiation peaks are sharper with FEC present
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particularly for extended cycling (Figure Sc,d). The nearly
identical dQ/dV plots shown in Figure Sb, when the materials
cycle with relative high capacity in cycle S, suggest the material
being cycled on both electrodes is highly similar in mass and
composition. Figure Sc shows the cycle where the performance
of the Gen 2 cell precipitously declines; the peaks related to the
reaction of Sn with Li* were almost diminished without FEC,
whereas they still exist with FEC addition. Hence, a small
increase of the specific discharge capacity can be obtained in
electrolytes with FEC. Furthermore, the Cu4Sng phase exists on
the porous Sn/Cu foam electrode, and it can be transformed
into an intermediate phase of Li,CuSn and an even higher
lithiated phase Li,,Sn below 0.4 V.*' Therefore, electrode
potential plateaus at 0.38, 0.2, and 0.1 V in the discharge profile
reflect both CugSng and Sn participating in Li alloying, which is
consistent with the literature.”?’

3.3. Benefits of FEC as a Function of Cycling Rate. It is
known that FEC addition is of special importance for the
specific operations where charging at fast rate or at low
temperature is required as these conditions inevitably result in
lithium plating.'* Figure 6 compares the rate performance of
Sn/Cu anodes with different FEC amounts. The batteries are
discharged/charged at two rates: 0.06 mA/cm?* (C/9) and 0.27
mA/cm* (C/2). Figure 6 shows that capacity retention is
enhanced at high rates for all of the FEC-containing cells. For
example, with 2% FEC addition, the relative capacity after 50
cycles at each rate tested maintains 76% (0.03 mA/cm?), 88%
(0.06 mA/cm?), and 89% (0.27 mA/cm?), respectively. One
proposed reason for this improvement is that FEC molecules
can slowly release HF that, in turn, serves as the additive for
lithium metal deposition during cycling.'***** It has also been
proposed that electrical properties of SEI films are affected by
FEC, e.g., lower interfacial resistance is revealed by electro-
chemical impedance spectroscopy (EIS).'*?® As a result, the Li-
ion migration through the SEI layer accelerates and electro-
chemical reaction rate increases.

Figure 6a shows there are minimal differences in charge
capacity between cells with different concentrations of FEC,
meaning capacity fade rate is not strongly affected by the
amount of FEC at moderate cycling rate. At faster rates (C/2,
Figure 6b), the FEC-free cell retained capacity longer relative to
that found at slower rates, likely due to the short total testing
time. The cell containing 5% FEC delivers superior perform-
ance compared with the cells containing 2% and 10% FEC
including the baseline electrolyte. However, more tests would
need to be done to find the optimal FEC concentration at this
rate. Recent cycling studies engaging a Sn—Fe—P anode
similarly show an increase in cycle life with the addition of
FEC, with 10% FEC slightly outperforming a 5% addition.**
The enhancement is correlated to an increased inorganic and
decreased organic nature of the SEI as evaluated by X-ray
photoelectron spectroscopy.>* Overall, our coin cells results
highlight the importance of selecting the appropriate
concentration of electrolyte additive for different cycling
rates, yet to understand why this is, we turned to EQCM-D.

3.4. Interfacial Analysis by EQCM-D of Sn Surface
with/without FEC Additive. FEC reacts predominantly on
the electrodes’ surface, and its presence in the solutions
contributes to the SEI layer formation,'”*** leading to
differences in cycleablility (capacity, reversibility) and rate
performance. Thus, the next step in the analysis is the use of
EQCM to better understand the impact of FEC additive on
electrode surface chemistry. EQCM has been applied in studies
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of LIB interfaces to monitor the formation of SEI and to probe
the lithium-ion intercalation/deintercalation processes.”"*~*
We performed EQCM measurements on planar, mirror-like Sn
electrodes rather than the porous Sn in order to eliminate
putative effects arising from the porous electrode.

Figure 7 presents the real-time recording of the EQCM-D
measurement including frequency shifts (Af) and dissipation
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Figure 7. Normalized frequency shifts, Af,/n and energy dissipation
shifts, AD,, vs time obtained for Sn—Cu crystal in Gen 2 at 3rd (n =
3), Sth (n = 5), and 7th (n = 7), and 9th (n = 9) overtones. Drops in
frequency correspond with cathodic sweeps (reduction) and rises
correspond to anodic sweeps (oxidation) in CV cycling

changes (AD) for various harmonics during CV cycling in Gen
2. Changes in frequency are monitored at this time to assess if
significant SEI forms due to spontaneous chemical reactions at
OCP, and on these electrodes, it does not. Based on the
immediate and rapid frequency change after starting the CV, it
appears that the film formation at the electrode—electrolyte
interface is fast. The overall decrease in resonant frequency
relates to added mass on the Sn surface with cycling time which
is associated with a combination of SEI formation, SnO,
conversion, and CusSns/Sn lithiation.

In the traditional QCM analysis using the Sauerbrey relation,
mass uptake on the electrode is proportional to the frequency
change. However, because there are some cases when the
Sauerbrey equation cannot be applied, (for example soft or
porous and unevenly deposited film on the electrode surface,)**
we evaluated the impact of the SEI viscoelastic properties by
measuring the energy dissipation of EQCM on the Sn—Cu
crystal during SEI formation, SnO, conversion, and Li
insertion/deinsertion, shown in the top panel of Figure 7.
The Q-sense EQCM-D system can measure dissipation by
turning off the voltage periodically to the sensor, which causes
the oscillation to decay. The decay is related to the deposited
film properties, like elasticity, viscosity, and structure. A soft
film attached to the quartz crystal is deformed during
oscillation, which lead to short decay time and gives high
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Figure 8. (a) Representative frequency changes in Gen 2 electrolytes with/without 10% FEC. (b) Comparison of Coulombic efficiency for both
electrolytes in CV cycling. (c and d) Corresponding mass changes vs potential on Sn surface in Gen 2 electrolytes with/without 10% FEC,
respectively. Sauerbrey areal mass was calculated using f; overtone, as this overtone signal showed the best signal-to-noise ratio.

dissipation.”>*’ In contrast, for a rigid film the decay time is
long and gives a low dissipation. It is noteworthy that D values
fluctuate with frequency change during discharge/charge,
showing that the structure of deposited film on Sn also
changes with cycling. However, the film formation and Li*
interlation/deinterlation induce relative low total magnitude
energy dissipation change as compared to the frequency
change. Consequently after 10 cycles of CV scanning, the total
frequency change observed from the Gen 2 electrolyte is 120
Hz, while the dissipation remains around zero, as shown in
Figure 7. This indicates that the initial SEI forms a rigid
structure on the electrode, a result that is equally valid when
10% FEC is added to Gen 2. Moreover, if the frequency data is
normalized by overtone number (Af5/3, Afs/S, Af7/7, Afo/9),
the identical change in frequency for all overtones will be
observed, which suggests the SEI remains mostly rigid and is
distributed evenly on the surface during the measurement.
Indeed, it is well-known the initial conversion reaction forming
a Li,O layer from SnO, dominates the response of the
electrode both electrochemically and with regard to develop-
ment of stress. Therefore, the Sauerbrey relation is valid in this
system and can be used to estimate the mass.

EQCM-D response upon SEI formation with FEC content in
electrolyte was also evaluated under the same CV cycling for an
analogous Sn electrode. We used 10 wt % FEC instead of the
optimal 2 wt % in order to clarify the effect of FEC addition.
Figure 8 compares the frequency change for the 3rd overtone
of the cell with and without 10% FEC. The fraction of total
anodic to cathodic Coulombs passed per half cycle, described as
the Coulombic efficiency of each CV cycle, is shown in Figure
8b. Changes in calculated mass for both cells vs potential are
shown in Figure 8¢,d. Similar to the one without FEC, there is a
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steady decrease in frequency response due to continuous film
formation on the Sn surface over time. A significant frequency
decrease occurs in the first negative scan for both of the cells.
Correspondingly, most mass change, ca. 60% of total, occurs
during the first reductive wave from OCP to 0.1 V for the cell
without FEC. For the cell with FEC, about 30% mass was
produced in this potential range. This initial mass gain is
associated with the formation of SEI upon electrolyte
decomposition, and assuming relatively equal SEI densities,
the surface film for the cell without FEC is thicker during the
first lithiation process, or there may be a higher efficiency of the
conversion reaction in the absence of FEC.

Moreover, the frequency responses coincide with current
behavior, that is, the frequency decreases with increasing
cathodic current and increases with anodic current, thus
representing reversible conversion reactions and Li alloying/
dealloying with Sn.>' However, it should be noted that the
frequency increases in the successive positive scans are not
completely equal to the absolute value of frequency decreases
in negative scans. Therefore, the deposited mass and removed
(or decomposed) mass upon every cycle completion are not
balanced. The unequal phenomena can be exhibited by the
Coulombic efficiency in Figure 8b. The initial Coulombic
efficiency is very low due to SEI formation and the conversion
reaction. About 80—90% of Li dealloys from Sn during anodic
sweeps for the last S cycles; however, some Li is left in the Sn
after each cycle, i.e,, some Li* that diffuses into the bulk is not
completely delithiated after charging.*” The Coulombic
efficiency is slightly higher in the cell with FEC compared to
Gen 2 without FEC, which is consistent with data from
galvanostatic cycling in coin cells. It is likely that this “leftover”
lithium is related to the observed decrease in cell capacity and
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variable rate performance. Alternatively, the larger deposited
mass might be partially attributed to continuous SEI growth in
the following cycles. The amplitude of frequency variations in
each cycle is larger in Gen 2 with FEC than that of the cell
without. As the result, after 10 cycles the accumulated mass in
Gen 2 with FEC (2770 ng/cm?) is larger than that of without
(2217 ng/cm?). Roughly 1.3 times more total mass suggests the
SEI is continuously growing on the successive cycles in the cell
with FEC, which contributes to longer cycle life when we refer
back to performance measurements. To summarize, assuming
relatively equal SEI densities, the SEI layer without FEC is
initially thicker than the SEI layer with FEC. This trend
reverses with increased cycling.

Although EQCM measurements do not directly identify the
species constituting SEI, we can estimate this information from
the mpe (moles per electron) calculation associated with the
electrochemical measurements. Figure 9 displays the plot of
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Figure 9. Plot of Af vs Q for the Sn thin film electrode in the first

negative potential scan. The measured mpe values are indicated in the
inset table for both systems.

frequency change vs charge change during the first negative
sweep in both electrolytes. MPE is calculated from the df/dQ
slope and summarized for each system in the Table within
Figure 9. It should be noted that mpe does not vary
continuously, which suggests that different reduction reactions
occur at different voltage stages. When the potential is scanned
from OCP (2.8 V) to 1.7 V, the mpe is 131 and 117 g/mol for
the cell with and without FEC, respectively. The large initial
mpe may be related mainly with the adsorption of solvent
molecules on the Sn electrode before their reduction at E > 1.7
V. Based on previous spectroscopic studies, the possible
decomposition products in EC-containing solutions are
(CH,0CO,Li), (81 g/mol), Li,CO; (37 g/mol), CH;—OLi
(38g/mol), or CH;0CO,Li (82 g/mol).>*>%! The measured
mpe (38.3 g/mol) values between 1.7 and 0.8 V in Gen 2 are
close to those of CH;OLi and Li,CO;, meaning EC is reduced
to CH;OLi and/or Li,CO; as the major surface reaction.
Compared to the mpe value in the cell without FEC, the mpe
value is smaller (26.0 g/mol) for the one with 10% FEC in this
potential range. This value reflects the formation of LiF (26 g/
mol) or LIOH (24 g/mol) is part of the process. Considering
the XPS analysis that FEC-derived SEI contains greater
concentration of F than EC-based SEL'>**%* we can deduce
LiF species are involved in SEI growth with FEC present. It is
postulated that increased LiF is due to the preferential
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reduction of FEC on the electrode surface compared to EC
or EMC, thereby suppressing further decomposition of
electrolyte. When the potential decreases to 0.8—0.1 V, the
mpe should be 7 g/mol if only Li alloying with Sn occurs. The
measured value of mpe (9.85 g/mol) between 0.8 and 0.3 V in
Gen 2 is close to the theoretical value, indicating in this range
the major process consists of Li* alloying with Sn. The product
of the conversion reaction, Li,O, has an mpe of 15. The higher
mpe in Gen 2 in this range compared to Gen 2 + FEC suggests
the conversion reaction may play a larger role on the electrode
in the absence of fluorinated EC. However, the lower mpe
measured with the addition of FEC might be associated with
uncompleted alloying reaction below 0.8 V due to slow kinetics
(and fast scan rate). Future studies will focus on the
clarification of SEI species produced upon different rates.

4. CONCLUSIONS

In this work, we have investigated the electrochemical
performance of composite Sn—Cu anodes in Li-ion half cells
cycled with and without the FEC additive. The electrodes were
fabricated by simple electroless tin plating on copper foam
current collectors and Cu-coated EQCM crystals. The cycling
data shows significant differences in lifetime expectations for
the 3-D Cu foam current collectors compared to 2-D Cu foils.
Better performance could also be expected from the addition of
FEC in the electrolytes by changing the basic properties of the
solid electrolyte interphase. The comparative studies of
different FEC concentrations allow the appropriate additive
concentration to be selected based on the demands of the
application. EQCM-D was shown to be capable of detecting
mass increase and structural changes upon cycling of Sn on Cu
vs Li with various electrolytes. In cyclic voltammetry, the SEI
layer on Sn electrodes exhibits a dynamic behavior in the sense
that it forms significantly during the first negative scan, and on
subsequent scans, continues to evolve differently based on
electrolyte constituents. Overall, increased SEI/surface mass
was measured for the cells containing 10% FEC compared to
electrolytes with no additive when formed on Cu—Sn anodes in
CV vs lithium.
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