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The challenge of increasing low-temperature performances of anodes for Li-ion batteries is faced by
preparing graphite-tin composite electrodes. The anodes are prepared by mixing partially oxidized
graphite with nanometric Sn powder or by coating the oxidized graphite electrode with a thin Sn layer.
Long-term cycling stability and intercalation/deintercalation performances of the composite anodes in
the temperature range 20°C to —30°C are evaluated. Kinetics is investigated by cyclic voltammetry and
electrochemical impedance spectroscopy, in the attempt to explain the role of Sn in reducing the overall
electrode polarization at low temperature. Two possible mechanisms of action for bulk metal powder
and surface metal layer are proposed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the introduction of Li-ion batteries in the market, graphite
has been the most used anodic material, due to the relatively flat
charge/discharge profiles, with potentials quite close to the one of
metal Li, the relatively high reversible capacity and the intrinsic
safety of the material.

However, graphite anodes suffer from severe limitations when
used at low temperature [1-4], mainly because of a high polariza-
tion during Li loading that forces the electrode to closely approach
the Li deposition potential before the intercalation process is com-
pleted. This behavior can be ascribed to kinetic limitations, such
as an activation polarization of the charge-transfer process, or to a
reduced Li* ion solid-state diffusivity, as well as to an increase of
the ohmic resistance of the active material, of the liquid electrolyte
and of the passivation layer. All of these factors concur in producing
an abrupt decrease of lithium intercalation capacity at tempera-
tures below —20°C. At —30°C graphite totally loses its intercalation
ability [5].

Mild oxidation of graphite, performed by thermal treatment, has
been proven to be effective in enhancing performances and reduc-
ing irreversible capacity [6], while several electrolyte formulations
have been investigated in order to improve the surface layer and
the properties of Li* transport [7-10].

A practice commonly used to increase the anode intercalation
ability is the preparation of metal—graphite composites, either by
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dispersing a metal powder in the formulation of the electrodes or
by covering the electrodes surface with metal coatings [11-26]. In
recent papers we investigated [5,27-29] the behavior of several
composite anodes prepared with graphite and metals, both form-
ing and not forming alloys with Li, such as Sn and Cu, respectively.
The electrodes have been prepared by finely dispersing very low
amounts (1%, w/o) of nanosized metallic powders (Ag, Al, Ay, Cu, Ni,
Sn) in the bulk of graphite or by coating the graphite anode surface
with very thin (50 A thick) metallic layers (Ag, Al, Au, Bi, Cu, In, Ni,
Pb, Pd, Sn, Zn). Both preparation methodologies are relatively inex-
pensive and very easy to carry out. The same technique, therefore,
canalso been applied to the preparation of metal-graphite compos-
ites with higher metal loadings, potentially leading to composite
electrodes in which both graphite and alloy-forming metal may
reversibly exchange lithium and, at the same time, graphite may act
as a buffer material to compensate for the volume expansion char-
acteristic of metal alloy electrodes, without the use of expensive
organic precursors as templates [30-37].

For all the electrodes an improvement of the cycling behavior
has been demonstrated, with the only drawback of an increased
irreversible capacity in the first cycle, due to formation of a solid
electrolyte interface (SEI) that probably involves also the metals.
Metal-graphite composite anodes prepared by mixing Cu, Sn or Al
nanosized powders retain a remarkable intercalation ability even at
—30°C (up to 30% of the theoretical capacity) [5]. The same behav-
ior has been observed for Cu-coated graphite electrodes. In this
case the dependence of the electrochemical performances on the
thickness of the coating has also been studied [28,29]. Recently, Cu
or Sn coatings have been also successfully applied to improve the
electrochemical behavior of anatase TiO, anodes [38,39].
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The intercalation kinetics of some metal-graphite compos-
ite anodes has been already investigated. A reduction of the
charge-transfer and SEI resistances with respect to the unmodified
electrodes has been found. For Cu-graphite composite electrodes
an enhancement in charge-transfer kinetics has been demon-
strated. This has been tentatively attributed to a catalytic effect
of the metal on the Li* ion desolvation, that is known to be the
rate-limiting step of the intercalation process [27,40-43].

In order to further validate this hypothesis in the case of a
Li-alloy forming metal, this paper deals with the electrochemical
characterization at several temperatures of the charge/discharge
behavior and of the intercalation kinetics of Sn—-graphite compos-
ite anodes, prepared either by dispersing the metallic powder in
graphite or by coating the electrodes with a thin metallic layer. The
evaluation of intercalation/deintercalation performances, already
introduced in Refs. [5,28], is completed here for all the Sn-graphite
anodes in the temperature range 20 °C to —30°C. The investigation
of kinetics is carried out by the analysis of impedance response of
the electrodes in the same temperature range.

2. Experimental

Mild oxidation of graphite (Timrex KS-15 by Timcall, specific
area 12m? g1, average particle size 7.7 wm, interlayer distance
3.36A) has been carried out by thermal treatment at 750°C for
45 min. Since the pristine graphite had been previously dried under
vacuum at 200 °C, the oxidation degree could be roughly estimated
by weight loss (about 25-30%) and by oxygen content (about 11%),
as determined by elemental analysis.

Electrodes of oxidized graphite, used for comparison purposes
(designated as A), were prepared using the “doctor blade” tech-
nique [5,27-29] that permits control of the loading. A slurry
containing 84.5% oxidized graphite, 5% conductive carbon (Super-
P by MMM Carbon), 10% binder (PVdF by Aldrich), 0.5% oxalic
acid H,C,04 (Carlo Erba) (weight ratio) in NM2P (N-metyl-2-
pyrrolidinone by Aldrich) was spread with a controlled thickness
over a Cu foil current collector (12.5 wm thick by Schlenk). The
oxalic acid in the slurry partially etches the Cu current collector by
removing surface oxides, and thus improves graphite adhesion to
the substrate. Unreacted acid decomposes during the drying step,
that has been carried out at 75°C in air atmosphere and then at
120°C under vacuum.

Sn-coated anodes, designated as B, were prepared following the
same procedure reported in Ref. [28]. A 50 A thick Sn coating has
been applied over type A electrodes by physical vapor deposition
(PVD) in a vacuum chamber, using a tungsten crucible to hold pure
Sn metal. The metal has been evaporated onto the graphite elec-
trode, used as substrate and kept at room temperature, by applying
suitable currents (about 100A) to the crucible. Deposit thickness
has been monitored by a quartz crystal microbalance close to the
electrode.

Anodes containing metal particles, designated as C, were pre-
pared by following the same procedure reported in Ref. [5]. A
dispersion of Sn powder (<100nm, Aldrich) in Super-P carbon
(weight ratio carbon:Sn 80:20) has been prepared by mechani-
cal stirring in Ar atmosphere. This dispersion was used instead of
pure Super P as conductive agent in the slurry used to prepare the
electrodes, to obtain a final metal content of about 1% (w/o).

The graphite loadings of all the electrodes A-C (0.64 cm? area)
resulted in the range 2-3 mgcm—2.

Electrode morphology was investigated using a Cambridge
Stereoscan mod. 360 scanning electron microscope (SEM).

The electrochemical measurements were performed with T-
shaped polypropylene Swagelok type cells, equipped with stainless
steel (SS304) current collectors. Two polypropylene films (Cel-

gard 2400, Celanese Co.) were used as separators. A solution of
LiPFg 1M in EC:DEC:DMC 1:1:1 (LP71 by Merck) was used as elec-
trolyte. The ternary solvent system allows to avoid complications
due to solvent freezing at low temperatures [10,44]. Metallic Li by
Foote Mineral Co. has been used for counter and reference elec-
trodes. The reference electrode has been assembled as a Li strip
supported on a stainless steel grid interposed between two Cel-
gard disks and placed between counter and working electrodes.
This arrangement is crucial in improving the quality of electro-
chemical impedance spectroscopy measurements. The cells were
assembled in a glove box under Ar atmosphere with O, and H,0
contents below 10 ppm and cycled 3 times at C/3 rate in order to
allow a complete and homogeneous formation of solid electrolyte
interface (SEI) over the surface of the electrodes. The cells were
successively opened in order to eliminate any possible gases devel-
oped during SEI formation, sealed again and brought out of the box
to complete the electrochemical investigations. Temperature was
regulated by holding the cells in a programmable freezer in which
the temperature was controlled within +1°C.

The cells were continuously cycled between 0.01V and 1.5V, at
a C/5 charge/discharge rate and in the temperature range 20°C to
—30°C. Slow scan rate cyclic voltammetries (SSCV) were performed
in the potential range 0.01-0.3V at 0.01 mV s~!. The electrochem-
ical impedance spectra (EIS) were acquired in the frequency range
1 mHz to 100 kHz with a sinusoidal perturbation of 5mV applied
over the bias potential.

All the electrochemical measurements have been performed
using a VMP2/Z multi-channel galvanostat-potentiostat by PAR
Instruments (Oak Ridge, TN). For sake of comparison, all the results
obtained have been normalized to the actual active masses of the
electrodes. All the potentials are given vs Li*/Li.

3. Results and discussion
3.1. Morphology

Morphology of the electrodes has been investigated by scan-
ning electrode microscopy (SEM). The micrographs of electrodes A
and B have already been shown in Ref. [27]. The secondary elec-
trons image of electrode C (Fig. 1a) reveals that the average size of
graphite grains is of the order of few micrometers, as for the other
anodes investigated. The backscattered electrons image (Fig. 1b)
reveals that most of the dispersed Sn powder is still at nanosize
level, even if few micrometric aggregates are present.

3.2. Galvanostatic measurements

Galvanostatic cycles have been performed in order to evaluate
cycling stability of the electrodes and to compare reversible and
irreversible capacity. The trends of intercalation capacity are shown
in Fig. 2 and relevant values at selected cycles are listed in Table 1.
For both Sn-graphite composites, the irreversible capacity is of the
order of 180-200 mAh g~!. These quite high values are common for
this class of electrodes [5,27-29], and can be ascribed to alterna-
tive/additional processes of SEI formation involving the metal, that
provides a further surface at which electrolyte reactions can be cat-
alyzed. This is in agreement with the results obtained, for instance,
by Hassoun et al. [45], who propose an active role of Sn surface in
catalyzing electrolyte decomposition.

The reversible intercalation capacity is practically constant after
40 cycles, revealing a good cycling stability. The values obtained for
type B electrodes are, within an experimental error of few mAh g1,
in good agreement with those published in Ref. [28] referring to the
deintercalation step.
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Fig. 1. SEM images of composite anode (C), containing 1% Sn dispersed in the bulk of graphite. Secondary electrons micrograph (a), backscattered electrons micrograph (b).

Table 1
Capacity values obtained during intercalation and deintercalation at selected cycles (first and second cycles at C/3 rate, twentieth cycle at C/5 rate). Values for electrode A
from Ref. [27].
Electrode Experimental capacity (mAhg1)
1stint. C/3 1st deint. C/3 1stirrev. C/3 2nd int. C/3 2nd deint. C/3 20th int. C/5 20th deint. C/5
A 440 356 84 376 353 353 352
B 541 362 179 392 365 374 361
C 556 361 195 379 355 371 348
The cycling behavior as a function of temperature has been
evaluated at C/5 rate in the range 20 to —30°C. Both charge and 400
discharge steps are limited by the amount of Li than can be inserted
during the intercalation, that is the only process substantially
affected by the low temperature conditions [5]. As a consequence, 350 -
the reversible capacity can be estimated as a mean of the val-
ues obtained during intercalation and deintercalation steps. The 300 -
obtained results are shown in Fig. 3. The electrochemical behav- o -
ior of all the electrodes is similar down to 0°C, while at lower £ 250 |
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Table 2
I Reversible capacity values for electrodes A-C in the temperature range 20°C to
0 ) A ) . . | . i —30°C. Values averaged among 5 galvanostatic cycles run continuously at C/5 rate.
0 10 20 30 40

E /V vs Li"/Li

Fig. 2. Specific capacity values obtained during intercalation of Li* into pristine oxi-
dized graphite anode (A), composite anode coated by a 50 A Sn layer (B), composite
anode containing 1% (w/o) Sn powder in the bulk of formulation (C). First 3 cycles
run at C/3, the following at C/5 charge-discharge rate, T=20°C.

Reversible capacity (mAhg-1)

Temperature (°C) 20 10 0 -10 -20 -30
Electrode
A 365 351 339 296 196 1
B 377 360 357 342 273 152
C 370 365 339 299 226 94
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Fig. 4. Intercalation profiles of Sn—graphite composite anode B recorded at C/5 rate
in the temperature range 20°C to —30°C.

[5], with only marginal differences at temperatures below 0°C due
to the lack of a potentiostatic top-off step. The intercalation curves
at different temperatures for electrode B are shown in Fig. 4. In
Fig. 5 the corresponding dQ/dE vs E profiles are reported, showing
that at least one Li-graphite stage is formed even at the low tem-
perature limit. This behavior is similar to the one observed for Sn
powder-graphite electrode C reported in Ref. [5].

It should be noted that the very small amounts of Sn introduced
in both anodes B and C (Sn loadings never exceed 1%, w/o) have no
practical effect on the overall capacity of the electrodes. As a con-
sequence, it is quite difficult, from the inspection of galvanostatic
cycles and of the corresponding dQ/dE profiles, to detect features
of eventual Li-Sn phases.

However, the differential capacity curves of type B electrodes
prepared with thicker Sn deposits show in the range 0.3-1V
peaks pertaining to several Li-Sn alloying/dealloying processes
[54]. The associated capacities, much lower than that of graphite
because of the relatively low amount of metal, are retained dur-
ing repeated cycles. This demonstrates two important facts: (1) the
intercalation process, at least at coated electrodes, involves Li-Sn
alloys formation and (2) the expansion-contraction processes that
cause the rapid capacity losses do not appear to be important in
the present case, probably because of the low amount of metal
involved.

3.3. Cyclic voltammetry (CV)

In order to investigate the reasons of the improved intercalation
capacity at low temperature, the different electrodes have been
studied using low scan rate cyclic voltammetry.

Fig. 6 shows the voltammogram of the Sn powder-graphite com-
posite anode C, compared to those of pristine oxidized graphite and
Sn-coated electrodes A and B as taken from Ref. [28].

For all the electrodes the values of the intercalated charge, as
calculated by integration of the voltammograms, are close to the
theoretical one of 372 mAh g~1. The shape of the voltammograms
and the mid-point potentials (Epmean in Table 3) of the three main
processes (LiCg/LiCq2, LiC12/LiCy7, LiC3g/LiC73) are similar for all
the electrodes and close to the ones expected for graphite (85 mV,
120 mV, 210 mV, respectively). This confirms that low amounts of
Sn (1% for electrode C, less than 1% for coated electrode B) do not
modify the thermodynamics of graphite intercalation compounds
(GICs) formation.

Nevertheless, some differences in the kinetics of the processes
are evidenced by different widths and resolutions of the cor-

responding peaks, and by different separations (Epan — Epcan in
Table 3) between the anodic and cathodic potentials. Every peaks
of the electrodes B and C are sharper and with a lower separation
between cathodic and anodic potentials than for electrode A. For
instance, for the LiCg/LiC;; process, the peak separation is 58 mV for
electrode A, 28 mV for electrode B, 40 mV for electrode C. The same
trend holds for the other processes. This indicates that the overall
kinetics of the intercalation/deintercalation processes is better in
the composite electrodes.

3.4. Electrochemical impedance spectroscopy (EIS)

The nature of the kinetic improvement has been investigated at
various temperatures by electrochemical impedance spectroscopy.
The EIS dispersions have been recorded at selected potentials in the
range 0.25-0.05V, in the temperature range 20°C to —30°C. At any
potential or temperature variations, the electrodes have been equi-
librated at the selected bias potentials for several hours, in order to
ensure reproducible intercalation levels.

Fig. 7 shows the Nyquist plots recorded for the anodes A-C
at 0.09V, corresponding to the potential of LiCg formation, in
the temperature range analyzed. The impedance dispersions of
electrode A are in agreement with those reported in Ref. [27].
Some characteristic frequencies, representative for pristine and
Sn-graphite composite anodes, respectively, are reported in panels
(a) and (b). The dispersions are translated along Z” axis for sake of
clarity.

The most relevant feature of the dispersions is a middle-
frequency semicircle that describes the rate-determining step of
the overall intercalation process, i.e. the charge-transfer at the elec-
trode/electrolyte interface. A partly overlapped semicircle at higher
frequencies, more pronounced at lower temperatures, describes
the accumulation of charge at the surface of SEI. At lower frequen-
cies, a 45° dispersion followed by a vertical line describes diffusion
towards a blocking electrode.

The comparison of Nyquist plots reveals that, at every tempera-
ture, the overall impedance, and particularly the middle-frequency
semicircles, are about one order of magnitude lower for Sn-
modified electrodes than for pristine graphite. In addition, the
middle-frequency semicircle is the feature most affected by the
temperature decrease. For all electrodes the diameter of the semi-
circle increases up to about two orders of magnitude when the
temperature is lowered down to —30°C.

The EIS data have been analyzed with the equivalent circuit
method [46]. The experimental dispersions have been fitted with
a circuit commonly used to simulate the behavior of intercalation
electrodes [27-29,47-50]. In Boukamp’s notation [51], the equiv-
alent circuit may be written as Re(RsgiCsg)(RetCq )WG;, where Ry
is the resistance of the electrolyte, Rsg; and Csg are the resistance
and the capacitance of the passivation layer, Rt and Cy; are the
charge-transfer resistance and the capacitance of the associated
electrical double layer at electrode/electrolyte interface, W is the
Warburg impedance that describes Li* diffusion and C; is the dif-
ferential intercalation capacity. In the fitting procedure C and W
elements have been replaced with constant phase elements Q, in
order to take in account any deviations from ideal behavior of the
electrodes, due to heterogeneity or roughness [52]. The circuit is
shown in the inset in Fig. 7 panel (c).

All of the fits were obtained with a good agreement between
experimental and simulated data, with 2 values of the order of
104/1075.

Fig. 8 shows the values of the SEI resistances for the elec-
trodes A-C, obtained at 20 °C at the different potentials. Despite the
poor quality of the high-frequency-region data, these values clearly
show that the addition of Sn in the formulation of the electrodes
, either as a dispersed powder or as a surface coating, leads to a
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0.01-0.3V at 0.01mVs~! scan rate. Peak potentials (mV) of main processes are
marked. CV of electrodes A and B from Refs. [27,28], respectively, shown here for
sake of comparison.

reduced resistance of the SEI. At any potential it is reasonable to
expect that some of the metal, previously incorporated in SEI for-
mation, is now part of the SEI structure presumably as some type
of Li-Sn alloy.

Fig. 9a-c shows the calculated values of charge-transfer resis-
tance at 20°C, 0°C and —30°C. At all the temperatures, the R¢
values of Sn-graphite composites B and C are lower than those
of electrode A, indicating a more facile electron transfer. At each
temperature the values of Rt are practically invariant with the
potentials. This is in line with both old and recent findings and
models for intercalation of Lithium into graphite, that attribute
the so-called “charge-transfer” semicircle to a thermally activated
process related to the rates of deintercalation of Li* ions and migra-
tion through the passivation layer. These two processes precede
the Li* incorporation into the graphite lattice. As a consequence,
the intercalation rate, that is directly proportional to 1/R., does
not follow a classical Butler-Volmer type relationship with poten-
tial. This is known as the “adatom model” introduced by Bruce
and Saidi [47], and extensively applied to intercalation electrodes
[40-43,48-50].

The adatom model can also explain the reduction of R.; observed
for Sn-graphite composites. As already observed in the case of
Cu-graphite composites [27-29], the reduction of R, can be
ascribed to an active role of metal in enhancing the rate of des-
olvation of the adatom at electrode/electrolyte interface. This

Table 3
Mean values and separations between intercalation and deintercalation potentials of the three main voltammetric peaks (Epmean) for electrodes A-C.
Electrode LiC5/LiC12 LiC]z/LiC27 LiC3G/LiC72
EpPmean (MV) Epan — Epcath (MV) EPmean (MV) Epan — Epcath (MV) EPmean (MV) Epan — EPcath (MV)
A 95 58 130 51 216 28
B 91 28 131 35 216 15
C 84 40 124 40 212 21
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interpretation is in agreement with Huang et al. [ 16], that showed a
catalytic effect exerted by some metals or metallic oxides in accel-
erating Li* ion intercalation into graphite, either by enhancing the
desolvation rate or by increasing the electron concentration at the
electrode/electrolyte interface.

Since the intercalation is a thermally activated process, the
dependence of Rt on temperature can be described in terms of
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A, E; and R represent, respectively a pre-exponential factor, the
activation energy for the charge-transfer process and the universal
constant of gases. The obtained values for E;, and the corresponding
Arrhenius plots of the R for electrode B, are shown in Fig. 10, panel
(a) and (b), respectively.

The average values allover the entire potential range are
about 57 kJmol~! for electrode A, 51 k] mol~! for electrode B and
57 k] mol~"! for electrode C.

The Sn-coated electrode B benefits of the catalytic effect at every
potential, since the activation energy values for the charge-transfer
process are 6 k] mol~! lower than those found for the pristine oxi-
dized graphite electrode A. This reduction is in agreement with that
already observed for Cu-graphite composites [27]. The activation
energies are consistent with the values listed by Ogumi and Xu
[40-43] for a process limited by the desolvation rate, as demon-
strated by a study of the break-up of a Li* ion solvation shell formed
by several organic solvents, that resulted in activation energies
for charge-transfer depending both on the strength of coordina-
tion of intercalating Li* ion and on the chemistry of interface. We
can assume that Sn coating of electrode B affects both strength of
Li*/solvent interactions and SEI chemistry, as already revealed by
reduced SEI resistance and increased irreversible capacity at the
first cycle.

It should be pointed out that Li* ion migration through the
surface Sn layer does not follow the same mechanism hypothe-
sized in the case of a non-alloy forming metal as Cu. In fact, while
the mass transfer of the Li* ion through a compact Cu layer can
occur only through the vacant spaces occasionally created by lat-
tice defects or phonon vibrations [29,53], the migration through the
Sn layer is most likely occurring through alloying/dealloying pro-
cesses. However, migration through the metallic layers, either in
the case of Cu or Sn, requires the complete desolvation of the adion
at the electrode/electrolyte interface. The macroscopic effect, i.e.
the reduction of the related activation energy, is thus comparable
for Sn- and Cu-coated electrodes.

For electrode C, containing Sn nanopowder dispersed in the bulk
of graphite, the activation energy values are comparable to those of
electrode A. This is probably due to the fact that the finely dispersed
Sn may act only locally rather than constituting a physical barrier
over the entire electrode surface.

Nevertheless, also the electrode C shows higher reversible
capacities at low temperatures and a lower polarization than elec-

trode A. In addition, the reduced R values observed in Fig. 9 leave
no doubts about an active role exerted by Sn powder in enhanc-
ing the charge-transfer rate. This behavior can be explained by a
bulk effect produced by the finely dispersed Sn powder. The over-
all charge-transfer process involves both solvated Li* ions, that
approach the interface from electrolyte side, and electrons from
current collector side in order to restore electroneutrality. The
main contribution of the dispersed Sn powder is thus probably
an improvement of the bulk conductivity of the electrodes, that
enhances the inter-particles electron conduction, together with a
local effect on the intercalation mechanism.

4. Conclusions

Sn-graphite composite anodes containing very low amounts of
metal, either as a nanopowder dispersed in the bulk or as a surface
layer, show good cycling stability and great performances improve-
ments at low temperatures with respect to unmodified graphite
electrodes. The analysis of intercalation kinetics, performed by
cyclic voltammetry and electrochemical impedance spectroscopy,
reveals an improvement in the rate of charge-transfer process, that
can been mainly attributed to a catalysis of adion desolvation by
the surface Sn coating, or to an enhancement of internal conduc-
tivity of the bulk electrode by the Sn dispersed powder. A further
contribution evidenced by both kinds of Sn—graphite composites is
an increase of passivation layer conductivity, probably due to the
incorporation of part of the metal into the SEI. This behavior makes
this class of electrodes particularly appealing for low-temperature
operation.

With the aim to validate the proposed kinetic models, further
studies are currently in progress involving Sn-graphite composites
with different formulations, e.g. containing different amounts of
dispersed Sn or coated by metallic layers of different thicknesses.
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