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Electrodes composed of silicon nanoparticles (SiNP) were
prepared by slurry casting and then electrochemically tested in
a fluoroethylene carbonate (FEC)-based electrolyte. The capacity
retention after cycling was significantly improved compared to
electrodes cycled in a traditional ethylene carbonate (EC)-based
electrolyte.

We report excellent performance from a silicon Li-ion battery
anode made with commercially-available Si nanoparticles by
conventional slurry-casting with a 1:1 fluoroethylene carbo-
nate:dimethyl carbonate electrolyte exhibiting reversible capa-
cities of (i) 2.6 Ah g~' when cycled 100 times at 0.2 C and
(i) 2.0 Ah g=' for 250 cycles at 1 C. To the best of our
knowledge, this is the first demonstration of stable, high rate
capacity results for a slurry cast, silicon particle based anode
using an electrolyte with FEC as a co-solvent. For utility,
electrodes to be used in lithium ion batteries must simulta-
neously meet criteria of manufacturability, safety, high capa-
city, high Coulombic efficiency, high power density and long
cycle life."! One of the promising alternatives for the conven-
tional graphite anode is silicon because of its high capacity
for lithium storage: its maximum theoretical capacity of
3579 mAh g~!, corresponding to the formation of a Li;sSis
alloy upon full lithiation at room temperature,” is nearly
tenfold higher than that of graphite. However, the lithiation/
de-lithiation of Si is associated with a large volume change
that typically results in unacceptable rapid capacity fade
within a few cycles.® It is well known that nanostructured
electrode materials not only better accommodate large strains
but also provide short diffusion distances in the small grains
necessary for rapid Li™ insertion/de-insertion.* Hence, electrode
performance has been improved with nanostructured Si for a
range of morphologies.’ Most of this previous research has
been conducted employing an ethylene carbonate (EC)-based
electrolyte containing lithium salt, with the chemical structure
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Scheme 1 Chemical structures of (a) ethylene carbonate (EC) and
(b) fluoroethylene carbonate (FEC).

shown in Scheme 1a. Fluoroethylene carbonate (FEC, 4-fluoro-
1,3-dioxolan-2-one), with the chemical structure shown in
Scheme 1b, was first reported as an alternative solvent for
Li-ion batteries with graphite anodes by McMillan and
coworkers.°

Thus far, only Si thin film anodes have been investigated
with electrolytes containing FEC. Choi and coworkers were
the first to use FEC-added electrolytes with silicon thin film
electrodes. They reported that a low concentration of FEC
(3%) added to an EC-based electrolyte resulted in a smoother
solid electrolyte interface (SEI) layer on the silicon film.”
Nakai and coworkers further investigated the formation of
SEI on Si thin film electrodes in a FEC-based electrolyte
(EC was totally replaced by FEC).® They concluded that the
FEC-derived SEI on the Si thin film was thinner and more
stable than the EC-derived SEI, thus improving the capacity
retention of the Si anode. Recently, Aurbach and coworkers
reported positive effects from FEC as a co-solvent for thin film
Si-nanowire anodes which were prepared by a vapour-liquid-
solid (VLS) method.’

These previous works all showed the attractive merits of
using FEC for Si thin film electrodes. However, these anode
are not well suited for industrial scale-up. Electrodes for
commercial lithium ion batteries are commonly manufactured
by casting a slurry comprised of active material, conductive
additive, and polymer binder onto a current collector, rather
than the thin film electrodes described above. Herein, we
report on tests of silicon nanoparticle (SiNP) anodes made
by a conventional slurry casting process matched with FEC-
based electrolytes. Our results using the FEC: DMC electro-
lyte have practical importance for the engineering of stable
silicon based anodes with improved performance at high
charge rates but also have scientific value when combined
with consideration of the poor cycling performance we report
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for the nominally identical anodes tested using EC-based
electrolytes: an expanded or revised model for understanding
capacity fade may be needed to explain how the same nano-
sized active material either sustains stable cycling performance
or rapidly deteriorates during identical testing regimes.

A scanning transmission electron microscopy analysis
(Fig. S1 in the Electronic Supplementary Information, ESI¥)
of the commercial Si powder shows that it has a bimodal
particle size distribution in which the majority of the particles
are smaller than 200 nm (Fig. S2 in the ESI{). In order to
evaluate the electrochemical performance, electrodes made of
SiNPs with sodium carboxymethyl cellulose (CMC) as the
binder and carbon black as the conductive additive on
Cu-substrates were incorporated into coin cells. Cells were
made with: (i) 1 M LiPFg in EC/DMC (1:1), a commercially
available EC-based electrolyte for current Li-ion batteries,
(i1) 1 M LiPF4 in FEC/DMC (1:1), a home made FEC-based
electrolyte, or (iii) 1 M LiPF¢ in FEC/EC/DMC (1:1:2). The
cells were cycled between 10 mV and 1 V versus Li/Li* at a
0.2 C rate (716 mA gg; "), corresponding to a rate of fully
charging or discharging the cell within 5 h.

Fig. 1 shows the performance of the cells made with the
EC-based (50% EC) and the FEC-based (50% FEC) electro-
lytes when fully charged/discharged (the detailed voltage
profiles can be seen in Fig. S3a and S3b in the ESIf).
Reversible capacities for SiNP electrodes in EC and FEC-
based electrolytes cycled at 0.2 C rate up to 100 cycles are
shown in Fig. 1a. The reversible capacity of the SiNP electrode
in the EC-based electrolyte is 2353 mAh g~ for the initial cycle,
which gradually increases to a peak value of ~2800 mAh g~}
after 10 cycles and then continuously decreases to 1157 mAh g~
by the 100th cycle. The SiNP electrode in the FEC-based
electrolyte has an initial capacity of 2142 mAh g~!, slightly
lower than that of the same electrode in the EC-based electro-
lyte. Similarly to the electrode in the EC-based electrolyte,
the electrode cycled in the FEC-based electrolyte reaches a
maximum capacity of ~2800 mAh g~' after a few cycles.
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Fig. 1 (a) Reversible capacity (b) capacity retention and (c) Coulombic
efficiency of SiNP electrode cycled in various electrolytes at a 0.2 C rate
(716 mA gg;~Y). (The mass loading of Si is ~200 pg cm2).

However, unlike the electrode in the EC-based electrolyte, the
SiNP electrode in the FEC-based electrolyte demonstrates
significantly improved stability during prolonged lithium
insertion/de-insertion cycling, with 95% of the reversible
capacity being retained from the 10th cycle to the 100th
cycle (Fig. 1b). The Coulombic efficiencies in the first cycle
are 80% for the electrode in the EC-based electrolyte and
72% for the electrode in the FEC-based electrolyte (Fig. lc).
However, the SiNP electrode in the EC-based electrolyte
shows lower efficiencies than with the FEC-based electrolyte
after the second cycle. The low Coulombic efficiency (~95%)
after ~ 30 cycles for the electrode in the EC-based electrolyte
can be correlated to the pronounced capacity fading between
the 20th and the 50th cycles. Although the first cycle efficiency
of the SiNP electrode in the FEC-based electrolyte is lower,
it quickly increases to 98% within 10 cycles and eventually
exceeds 99%. The high Coulombic effiency of the SiNP
electrode in the FEC-based electrolyte results in signifi-
cantly improved electrochemical stability for lithium storage
when compared to the same electrode in an EC-based
electrolyte.

SiNP electrodes were tested in 1 M LiPF¢ in FEC/EC/DMC
(25%/25%/50%), as the results in Fig. 1 show. The reversible
capacities are lower in 25% FEC compared to the results in
50% FEC, but still show much better stability than in the 50%
EC. Interestingly, the Coulombic efficiency of SiNP electrodes
in 25% FEC was the lowest among these three electrolytes.
A supplemental study of the differential capacity plot
(Fig. S4) along with additional discussion can be found in
the ESI.{ Besides being used as a primary cosolvent, FEC was
also tested as an additive in the EC-based electrolyte. Fig. S5
in the ESI{ shows the result of the SiNP electrode cycled in
1 M LiPF¢ in EC/DMC with and without 3% FEC at a
charge/discharge rate of C/10. Although adding a small
amount of FEC (3%) into the EC-based electrolyte can
slightly improve the cycling stability, the capacities still
dropped rapidly after 20 cycles. Combined with the cycling
test data shown above, these results suggest that the more FEC
present (up to 50%) in the electrolyte, the better the cycling
performance.

Electrochemical impedance spectroscopy (EIS) of the SINP
electrode tested in the EC-based electrolyte after 100 cycles at
a 0.2 C rate are presented in a Nyquist plot (Fig. 2a). The plot
consists of two semicircles in the high frequency region which
can be attributed to charge transfer processes, and a sloped
line in the low frequency region that is related to the mass
transfer of lithium ions. The first small semicircle represents
the contribution of the charge transfer between the electrolyte
and the SEI (as indicated by the green arrow in the inset of
Fig. 3a), and the second semicircle represents the charge
transfer between the SEI and the silicon. The electrochemical
system can be modeled by an equivalent circuit as shown in
Fig. 2b,'" where Rgq is the ohmic resistance, Rggy is the charge
resistance between the SEI layer and the electrolyte, Rcr is the
charge transfer resistance between the SEI and Si, Cggy is the
capacitance of the SEI, Cg is the double layer capacitance on
Si, and Zy is the Warburg impedance describing the solid state
diffusion of Li* in the electrode. The charge transfer resis-
tances are determined to be 8 Q (Rggy) and 57 Q (Ret) for
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Fig. 2 (a) Electrochemical impedance spectroscopy of SiNP electrodes
cycled in EC and FEC-based electrolyte after 100 cycles with an inset
that shows a zoom view of Z' between 0 and 100 ohms. (The green
arrow indicates a small semicircle contributed by the SEI derived from
the EC-based electrolyte.) (b) Equivalent circuit.
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Fig. 3 Reversible capacity vs. cycle number of SiNP electrodes cycled
in EC and FEC-based electrolyte at C/5 (716 mA gg; ) for the initial
10 cycles and switched to 1C (3.6 A gg; ") for subsequent cycles.

the electrode cycled in the EC-based electrolyte. The Nyquist
plot of the SiNP electrode cycled in the FEC-based electrolyte
at the same rate and cycle numbers is also shown in Fig. 2a.
Unlike the electrode cycled in the EC-based electrolyte, only a
single semicircle can be observed for the SiNP electrode cycled
in the FEC-based electrolyte. The absence of the first semi-
circle implies that the resistance through the FEC-derived SEI
is negligible, consistent with the thin SEI formation on thin
film Si in a FEC-based electrolyte reported by Nakai and
coworkers.® The SiNP electrode cycled in the FEC-based
electrolyte has a charge transfer resistance (Rct) of ~34 Q,
smaller than the electrode cycled in the EC-based electrolyte,
indicative of the ease of interfacial charge transfer between Si
and the FEC-derived SEI.

In order to further investigate the high rate performance of
the SiNP electrodes, galvanostatic tests were carried out by
applying a higher current density onto electrodes within the
same voltage window (10 mV to 1 V) in the EC and the FEC-
based electrolyte, separately. Cells were initially tested for
10 cycles at 0.2 C (716 mA g~ ') followed by continuous
charging/discharging at 1 C (3.6 A g~ ') up to 250 cycles,

and their reversible capacity for lithium storage as a function
of cycle number is shown in Fig. 3. The SiNP electrodes in
both electrolytes show capacities of ~2800 mAh g™ ! at their
10th cycle tested at 0.2 C, consistent with the previous results
in this communication. After switching to a 1 C rate, the
capacity of the electrode in the EC-based electrolyte mono-
tonically decays to ~600 mAh g~! after 250 cycles. However,
the capacity of the SiNP electrode in the FEC-based electro-
lyte continued increasing from the 30th cycle to the 160th cycle
before attaining stable reversible capacity. A linear fit from
cycle 160 to cycle 250 shows that the rate of capacity fade is
only ~0.57 mAh g~! per cycle, or ~0.03% per cycle. The
Coulombic efficiencies for these cycles are in a range from
99.4% to 99.6%. At the end of the cycling test, a reversible
capacity of more than 2000 mAh g~! is achieved for the SiNP
electrode cycled at 1 C within the FEC-based electrolyte.

In conclusion, slurry cast silicon nanoparticle-based electrodes
matched with an electrolyte containing fluorinated ethylene
carbonate were electrochemically tested in coin cells vs.
Li/Li*. The SiNP electrode in the FEC-based electrolyte
outperforms the electrode in the conventional EC-based
electrolyte in terms of capacity retention and Coulombic
efficiency. The improved performance of the SiNP electrode
in the FEC-based electrolyte is attributed to the better pro-
perties of the FEC-derived solid electrolyte interface on the
surface of the silicon. Future work will further characterize
and investigate the properties of these alternative electrolytes
and their effect upon the silicon anode system.

The Welch Foundation supported Y.-M.L. and A.H. (grant
F-1131), and C.B.M. (grant F-1436). K.C.K. acknowledges
the NSF for a graduate fellowship. P.R.A. thanks the Hertz
foundation for a graduate fellowship. Special thanks is given
to Solvay Special Chemicals for providing the FEC.

Notes and references

1 (a) S. G. Chalk and J. E. Miller, J. Power Sources, 2006, 159,
73-80; (b)) M. Armand and J. M. Tarascon, Nature, 2008, 451,
652-657.

2 M. N. Obrovac and L. Christensen, Electrochem. Solid-State Lett.,

2004, 7, A93-A96.

U. Kasavajjula, C. S. Wang and A. J. Appleby, J. Power Sources,

2007, 163, 1003-1039.

4 A. S. Arico, P. Bruce, B. Scrosati, J. M. Tarascon and

W. Van Schalkwijk, Nat. Mater., 2005, 4, 366-377.

(a) C. K. Chan, H. L. Peng, G. Liu, K. Mcllwrath, X. F. Zhang,

R. A. Huggins and Y. Cui, Nat. Nanotechnol., 2007, 3, 31-35;

(h) C. K. Chan, R. N. Patel, M. J. O’Connell, B. A. Korgel and

Y. Cui, ACS Nano, 2010, 4, 1443-1450; (¢) H. Li, X. J. Huang,

L. Q. Chen, Z. G. Wu and Y. Liang, Electrochem. Solid-State

Lett., 1999, 2, 547-549; (d) J. Graetz, C. C. Ahn, R. Yazami and

B. Fultz, Electrochem. Solid-State Lett., 2003, 6, A194-A197,

(e) M. D. Fleischauer, J. Li and M. J. Brett, J. Electrochem.

Soc., 2009, 156, A33-A36; (f) P. R. Abel, Y.-M. Lin, H. Celio,

A. Heller and C. B. Mullins, ACS Nano, 2012, 6, 2506-2516.

R. McMillan, H. Slegr, Z. X. Shu and W. D. Wang, J. Power

Sources, 1999, 81-82, 20-26.

N.S. Choi, K. H. Yew, K. Y. Lee, M. Sung, H. Kim and S. S. Kim,

J. Power Sources, 2006, 161, 1254-1259.

H. Nakai, T. Kubota, A. Kita and A. Kawashima, J. Electrochem.

Soc., 2011, 158, A798-A801.

9 V. Etacheri, O. Haik, Y. Goffer, G. A. Roberts, I. C. Stefan,
R. Fasching and D. Aurbach, Langmuir, 2012, 28, 965-976.

10 Y. Yamada, Y. Iriyama, T. Abe and Z. Ogumi, J. Electrochem.
Soc., 2010, 157, A26-A30.

w2

w

(=)}

~

oo

7270 | Chem. Commun., 2012, 48, 7268-7270

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2cc31712e

