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Abstract Sn—Co—C composites were prepared by carbo-
thermal reaction of ball-milled precursors. X-ray diffrac-
tion and ''’Sn Mossbauer spectroscopy of the original
composites revealed the predominance of Sn and CoSn,
phases for those samples prepared with a high Sn/Co ratio.
Electron microscopy images showed a homogeneous
dispersion of sub-micrometric metallic particles in the
carbon matrix. Galvanostatic cycling at several kinetic
rates revealed that Sn;Co;Cq, and SngCo4Cgg are able to
maintain 400 mA h g' after 40 cycles at 35 mA g '. The
large CoSn, contribution revealed by Mdssbauer spectros-
copy in the original and cycled electrodes is responsible
for the good electrochemical performance. This interpre-
tation is also supported by impedance spectroscopy
measurements.

Introduction

Tin has been regarded as a suitable option to replace
graphite in the anode of lithium-ion batteries because of the
high Li/Sn ratio known for different intermetallic com-
pounds (up to Liy4Sn). The element is able to deliver
specific capacities as high as 994 mA h g ' [I, 2].
Nevertheless, the real application of metallic tin electrodes
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is restricted by a limited reversibility, which arises from the
dramatic volume changes occurring upon cycling [3, 4]. The
detrimental contraction—expansion effects can be attenuated
by multiple procedures, including the use of glasses and the
combination with different elements [5, 6]. More recently,
different studies evidenced the advantages of using tin-TM
(TM: Ti, V, Cr, Mn, Fe, Ni, Co, and Cu) intermetallic
compounds [7, 8]. TM is electrochemically inactive [9, 10],
although ternary lithiated phases have been identified in
some cases, e.g., for CugSns [11]. In consequence, a
reduction in theoretical capacity is inherent to this approach.

On the other hand, the use of Sn—TM-C composites was
found to be an effective way of improving electrode
performance [12, 13]. The carbon component forms a
stable dispersion matrix, which hinders the agglomeration
of intermetallic particles upon cycling. Moreover, carbon
provides an electron- and ion-conducting matrix that
facilitates the electrochemical reaction with lithium. Also,
the ability of carbon materials to reversibly insert lithium
contributes positively to the overall reversible capacity. In
fact, Sn—TM—-C composites are more efficient than their
individual components taken separately [14]. In this
context, disordered carbons prepared at low temperatures,
such as coke, may play an important role. The reduced cost
of cokes obtained as a by-product of the petroleum industry
is an added value for commercial purposes. Also, low
structural ordering leads to large number of different sites
for lithium insertion [3].

The intimate mixing of composite components can be
carried out by several routes [15—17]. Among others, ball
milling has recently attracted more attention in the synthesis
of anode materials for lithium-ion batteries based on
intermetallic compounds [18-21]. Homogeneous mixtures
of ultrafine metal particles embedded in the carbon phase
are commonly obtained by mechanical treatments.
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The aim of this work is to evaluate the validity of a low-
cost coke material to act as the carbon source in composites
with different Sn/Co and metal/carbon ratios. For this
purpose, several Sn—Co—C composites were prepared by
ball milling metal oxides and carbon precursors followed by
carbothermal reduction. This is a cost-effective procedure for
the large-scale production of electrode materials.

Experimental

Sn—Co—C composites were prepared by a two step process.
Suitable amounts of commercial SnO, (Panreac), CoO
(Aldrich), and green coke (REPSOL) were used as
precursors of the composite materials. Coke was the only
source of the electroactive carbon matrix that embeds the
particles of intermetallic compounds in the final composite.
The precursors were weighed to prepare a set of samples
with different elemental contents. A 15% coke excess was
added for balancing the weight loss occurring during
carbonization, according to previous reports [14]. The
precursors were ground in a planetary ball mill RETSCH

S100. The agate jar contained 4 g of precursor material and
two 11 g agate balls. The material was ball milled for 5 h at
500 rpm under an air atmosphere. Then, the composite
precursors were separated and annealed at 800 °C under a
flowing stream of argon (90 mL min™") for 6 h. The heating
rate was 2 °C min ', Carbon content was analyzed in an
Elemental CHNS Analyser Eurovector EA 3000, while tin
and cobalt contents were determined by EDS. According to
their nominal composition, samples will be henceforth
referred to as Sn,7Co0;4Cs9, Sn;Co0;Cy,, SngCoy4Cgg,
Sn(,CO(,ng, and SH4C02C94.

X-ray diffraction (XRD) patterns were recorded in a
Siemens D-5000 apparatus provided with CuKo radiation
and graphite monochromator. The 206 scan rate was
0.04°/1.2 s. Scanning electron microscopy (SEM) images
were obtained in a JEOL-SM6300 microscope located at
the Research Support Service, University of Cordoba. The
9Sn Mossbauer spectra (MS) were recorded at room
temperature with an Ametek—Wissel constant-acceleration
spectrometer in transmission mode. The source of radiation
was ''°™Sn in a BaSnO; matrix. The isomer shift scale was
set by using a BaSnO; pattern. The peak center of the Sn

Fig. 1 XRD patterns of
Sn—Co—C composites. Indexed
phases were marked with
symbols
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(IV) signal was set as the scale zero. The spectra profile
was decomposed in Lorentzian lines by using a least-
square-based method [22]. The goodness of the fit was
controlled by the x? value.

The electrochemical behavior of the Sn—Co—C compo-
sites was evaluated by cycling lithium test cells in
galvanostatic conditions. The working electrode was pre-
pared by blending active material (60%), carbon black
(30%), and PVDF binder (10%). In order to ensure the
homogeneous distribution of the polymer binder, n-methyl
pyrrolidinone was added to form a paste that was spread on
a 9-mm cooper disk. The cell assembly was completed with
a lithium metal disk of the same diameter as a counter
electrode. The electrodes were separated by Whatman glass
fiber disks soaked in 1 M LiPFs (EC/DEC=1:1) electrolyte
solution. The cell was finally enclosed in a two-electrode
Swagelok™ type cell. The assembly of test cells and
handling of the discharged electrodes were carried out in an
MBraun glove box under a controlled Ar atmosphere.

An Arbin multichannel galvanostat system was used to
cycle lithium cells, with kinetic rates ranging from 35 to
700 mA g ' for both charge and discharge branches.
Electrochemical impedance spectroscopy was carried out
in an Autolab PGSTAT12 system. Three-electrode lithium
cells were used with a lithium metal disk as reference
electrode. Before measuring the impedance values, the cells
were kept in open circuit for at least 5 h to achieve quasi-
equilibrium conditions. An AC voltage signal of 5 mV was
applied from 100 kHz to 2 mHz.

Results and discussion

The chemical analysis of the samples revealed high carbon
contents, around 90 at.%, except for Sny;C014Cso. In the
latter composite, lower carbon content was used during the
preparation in order to evaluate the influence of the metallic
elements in the electrochemical behavior. Concerning the
Sn/Co ratio, the chemical analysis showed substantially
differing values. Such diversity was also planned during the
synthesis in order to determine the effect of Sn/Co ratios on
the performance.

Figure 1 shows the XRD patterns of the annealed
composites. The short-range ordering of the carbon phase
precludes its detection by this technique. Contrarily, a set of
narrow reflections can be ascribed to the presence of
different crystalline tin-cobalt phases, including tetragonal
metallic tin (JCPDS 04-0673), tetragonal CoSn, (JCPDS
25-0256), CosSn, (JCPDS 27-1124), and hexagonal CoSn
phase (JCPDS 02-0559). No peaks ascribable to Co30,4
were identified. Only minor peaks were assigned to SnO,
cassiterite (JCPDS 14-1445). The evaluation of the XRD
patterns suggests that an efficient carbothermal reduction

occurred during the carbonization at 800 °C. Those samples
with close Sn/Co ratios (Sn,;Co14Cs9, SngCo4Cgg, and
SnyCo,Co4) were characterized by similar patterns. The
diffraction pattern corresponding to SngCogCgg reveals the
major CoSn phase and minor contributions from CoSn, and
Co3Sn,. Finally, a significant contribution of metallic tin
and CoSn, is observed for Sn;Co;Co,.

A significant effect of the carbon matrix on the size and
morphology of the metallic particles is clearly observed in
the SEM micrographs of selected samples (Fig. 2). Thus,
samples containing high carbon content showed sub-
micrometric metallic particles, embedded in the carbon
matrix (Fig. 2b, c). The spherical metallic particles attached
to the carbon surface can be assigned to tin. The low

Fig. 2 SEM micrographs of Sn,7C0;4Cs9, SngCo4Cgg and SngCogCgg
composites
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melting point of this metal leads to its partial exudation
during the carbonization process. These particles appear
well dispersed and, most probably firmly attached, on the
carbon surface. The exudation effect could be considered
as detrimental for the reversibility of the electrochemical
reaction. However, previous reports have demonstrated
that the use of tin nanoparticles as separated nanowires
or nanopillars on the electrode surface provides a suitable
morphology that prevents tin agglomeration upon the
electrochemical reaction [23, 24]. The sample with low
carbon content (Sn,;Co4Cs9) revealed large metallic
particles of several microns isolated from the carbon
phase (Fig. 2a). This particular morphology and phase
distribution may have a negative effect on the electro-
chemical reversibility, as compared with nanodispersed
materials.

1981 Méssbauer spectroscopy is a valuable technique to
evaluate the local environment of the probe atom. The
spectra of the original composites are shown in Fig. 3. They

are characterized by large asymmetric profiles in which
the contribution of the distinct Sn—Co phases cannot be
visually resolved (Fig. 3). To overcome this problem, the
hyperfine parameters of the Co—Sn phases, previously
identified by XRD, were taken from the literature and
introduced in the fitting procedure to determine their relative
contributions. However, slight changes in the hyperfine
parameters were allowed in order to achieve a good fitting
(Table 1). Recently, it has been demonstrated that the
presence of carbon atoms cause an increase in the isomer
shift value of the spectrum barycentre as compared with pure
tin-cobalt compounds [25]. The quantification of the tin
atomic fractions is proportional to the relative contribution to
the MS spectrum and the recoil-free fraction. Unfortunately,
a complete study of the recoil-free fraction of cobalt-tin
compounds is not available in the literature, hence limiting
the quantification of tin phases. A Lamb—Mossbauer factor
of 0.55was recently reported for CoSn [27]. On the other
hand, a factor as low as 0.039 was reported for (3-Sn [28].

Fig. 3 ''’Sn Méssbauer spectra
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Table 1 Hyperfine parameters of fitted Mossbauer spectra of
Sn—Co—C composites

Sample s/d Tin 0 A r C X’
phase  (mm/s) (mm/s) (mm/s) (%)
Sn;Co;Coy s  B-Sn 2.76(2) 1.084 (8) 423 0.601
d CoSn 1.82(3) 1.542(3) 1.084(8) 0.92
d 2.02 (3) 3.025(7) 1.084 (8) 2.7
d CoSn, 222(2) 077(1) 1.084(8) 75.09
d SnO, 0.08(6) 0.64(7) 1.084(8) 17.06
Sny,;Co1sCsy d CoSn  1.83(4) 1.549 (3) 1.089 (7) 21.03 0.556
d 2.03(2) 3.038(7) 1.089 (7) 8.86
d CoSn, 229(1) 073(2) 1.089(7) 5038
s CosSn, 1.739 (3) 1.089 (7) 11.18
d SnO, 0.001 (3) 0.242 (1) 1.089 (7) 8.55
SngCosCss s B-Sn 278 (1) 1.089 (7) 321 0.649
d CoSn 1.81(4) 1.549(3) 1.089 (7) 32.18
d 2.05(5) 3.038(7) 1.089 (1) 12.7
d CoSn, 229(7) 0.6(1)  1.089(7) 32.09
s CosSn, 1.74 (2) 1.089 (7) 8.59
d SnO, 0.001 (8) 0.242 (1) 1.089 (7) 11.23
SnyCo0,Co4 s B-Sn 2.80(3) 1.095 (6) 7.04 0.762
d CoSn 1.847 (8) 1.558 (3) 1.095 (6) 29.65
d 2.05(2) 3.055(7) 1.095(6) 14.12
d CoSn, 231(4) 0.58(7) 1.095(6) 24.62
s CosSmy 1.753 (7) 1.095 (6) 12.19
d SnO, 0.00(1) 0243(1) 1.095(6) 1237
SngCosCsgsg d CoSn 1.83(1) 1.55(2) 1.088(9) 66.78 0.556
d 2,00 (5) 3.25(9) 1.088 (9) 22.27
d CoSn, 2.292(3) 0.572(1) 1.088(9) 4.13
d SnO, 0.001 (4) 0.50(9) 1.088(9) 6.82
Hyperfine s  p-Sn 2559 (3) 1.022 (9) 100
parameters 4 CoSn  1.854(6) 1.60 (1) 099 (1) 67 097
from the 4 203(1) 3.14(Q2) 099 (2) 33
literature
[25, 26] s CoSn, 2.14 0.78
d CosSn, 1.74 1.3 100
SnO, —0.011 0.65 1.27 100  0.48

s/d singlet (s) or doublet (d), § isomeric shift, A quadrupole splitting,
I"line-width at half maximum, C relative contribution, x> goodness of
the fitting

The marked difference between these values explains the
low contribution of (3-Sn to the Mdssbauer spectra, as
compared with XRD patterns.

Figure 4 shows the voltage vs. capacity plots for the first
cycle and second discharge of lithium test cells using the
metal-carbon composites as working electrodes. The first
discharge evidences a large capacity which is not recovered
after subsequent charge. This phenomenon is commonly
ascribed to the irreversibility of the quasi-plateau observed
at 0.8—1 V, which is attributed to the formation of the solid-
electrolyte interface that impedes further electrolyte decom-
position [29]. Below 0.5 V, a sloping voltage extends for
several hundreds of mA h g™'. A good reversibility of this
effect is observed on further cycling and is attributed to
both the reversible formation of Li—Sn intermetallic com-

Voltage / V

0 100 200 300 400 500 600 700 800 900

Specific Capacity / mA h g_1

Fig. 4 Voltage versus capacity plots of Sn—Co—C composites for the
first discharge and charge and second discharge. Lithium cells were
cycled at 35 mA g

pounds and the insertion of lithium in the carbon matrix [1,
2, 22]. According to the theoretical capacity of carbon and
tin, electrochemical reactions of the composite with lithium
can be summarized as:

Li+ 6 C=LiCs (1)

4.4 Li+ SnzLis4Sn (2)

According to these reactions, a maximum LiySn;Co;Co,
nominal stoichiometry could be reached, that can be
converted to 618 mA h g '. The experimental capacity
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value recorded for this sample after the first discharge is
higher than the theoretical value. However, it is well known
that the disordered structure of coke provides additional sites
for lithium insertion. The resulting capacity values are
significantly higher than those found when lithium is
exclusively hosted in the interlayer space of the grapheme
layers. Moreover, the Sn—Co or Sn—Co—C interactions may
involve an additional contribution to the electrochemical
process which justifies a deeper analysis.

Large capacities were observed for Sn,;Co4Cs9 and
Sn;Co;Cys. In the former sample, the high metal content
may explain this behavior, while for Sn;Co,Cq, the high
contribution of CoSn, is responsible for the good perfor-
mance. The high Sn/Co ratio in the CoSn, stoichiometry
would justify a high theoretical capacity and hence a
positive contribution to the overall capacity of the compos-
ite. Concerning CoSn and Co;Sn,, different cell perform-
ances can be found in the literature. Thus, Zhang et al.
reported that CoSn and Co;Sn, intermetallics did not
completely convert to the Li,Sn during the first discharge
while CoSn, is able to reach full lithiation [30]. Xie et al.
have reported capacity fading in microcrystalline Co;Sn,. It
was ascribed to a crystallization process during cycling
[31]. On the contrary, nanocrystalline Co;Sn, shows
capacities around 450 mA h g ' and good capacity
retention at different rates [32]. For nanocrystalline CoSn,
the reaction with lithium produces a reversible amorphiza-
tion of the intermetallic compound. The presence of Co
atoms avoids the formation of crystalline phases of Li,Sn
[33]. These differences imply that, together with composi-
tion, both crystallinity and particle morphology play an
important role. Concerning the possible effect of Sn—Co—C
interactions on the electrochemical response vs. lithium, the
addition of both Co and C was envisaged as a way to
stabilize the structure during the repeated reaction with
lithium [34].

Lithium cells were galvanostatically cycled in order to
evaluate capacity retention in the composite electrodes
(Fig. 5). For the carbonized coke, the capacity was initially
high. However, an enhanced capacity fading was observed
during the first few cycles. Thus, the separate contribution
of the carbon matrix to the electrochemical performance
must be considered as having a secondary role. On the
contrary, the effect of carbon matrix on capacity retention in
the composites is clearly evidenced for Sn,;C014Csg
sample. Thus, the high metal/carbon ratio for this sample
can be considered the origin of the enhanced capacity
fading, as found in pure tin electrodes [3, 4].

The differential capacity curves for Sn,,Co;4Cs9 and
SngCo4Cgg showed important differences between samples
with different carbon content. Thus, the charging curves for
Sn,;Co,4Csg are characterized by an intense peak at 0.58 V
which is shifted to 0.60 V while its intensity is diminished
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Fig. 5 Galvanostatic cycling of Sn—Co—C composites at 35 mA g '

(Fig. 6). This behavior has been ascribed to the occurrence
of microcrystalline CoSn, with detrimental effect on the
lithium cell cycling. On the contrary, SngCo4Cgg revealed a
cathodic peak at 0.6 V which remained basically unmodified
after five cycles. A similar behavior was observed in
nanocrystalline CoSn, and correlated to good capacity
retention on prolonged cycling [35].

It is well known that the metallic particles detached from
the carbonaceous phase (Fig. 2a) are more prone to suffer
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particle aggregation, which leads to electrode degradation
[4]. However, a large capacity fading was also observed for
SngCogCgs, despite of its high carbon content. It means that
additional factors must be considered. Irrespective of their
similar Sn/Co ratios, SngCo04Cgg, Sn,;Co0,4Cs9, and
SnyCo,Coy show distinct cycling performances. This
behavior evidences that the metal/carbon ratio has more
influence on the electrochemical response. Dahn et al. have
evaluated a wide variety of Sn;_Co, compounds. A plot of
specific capacity vs. Co atomic percent showed a nonlinear
behavior and an enhanced decrease of capacity for low Sn/
Co ratios [34]. Thus, the low Sn/Co ratios favoring the
presence of less reactive CoSn and Co3Sn, is detrimental as
compared with large CoSn, contributions [30]. Capacity
values of 400 mA h g ' at 35 mA g ' were recorded after
40 cycles. This electrochemical behavior is also reflected in
the different capability of the electrodes to retain suitable
capacity values at high C rates (Fig. 7). These results show
that Sn;Co;Cy, and SngCo4Cgg are able to maintain
300 mA h g ' at 2 °C after 28 cycles. In contrast, capacity
values as low as 203 mA h g~ were recorded at 2°C for
SH6CO6C83.

Electrochemical impedance spectroscopy allows an
evaluation of the internal resistance at the working
electrode/electrolyte interphase, which plays a significant
role in lithium migration. Figure 8a displays the Nyquist
plots of selected samples, chosen in the basis of their
different composition and electrochemical behavior. The
spectra were fitted according to an equivalent circuit
commonly reported in the literature for carbonaceous
materials (Fig. 8b) [36, 37]. RE refers to the resistance of
the electrolyte. Two depressed semicircles at high and
intermediate frequencies are commonly attributed to the
kinetic limitations to lithium migration through the solid-

1000

9007 o 4 sn,Co.C,
_ 800- © snCocC,
' ® SnCo,C
_2’700-9 8o
< ®  SnCoC,
€ 600 4
< 35mAg U snCoC,
T %01 2% mag
& A
S 4004 0@s4a Qo0 350 mAg"

S :Dﬁ,EPo?%QQOQQ 9030 700 mA g’
O 300 "ERCanpnanR .s ge0000
S memmmnm g RE el AA0apaD
Q 200+ "L LL
»

100
0 T T
0 10 20 30

Cycle Number

Fig. 7 Galvanostatic cycling of Sn—Co—C composites at different
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SEI

electrolyte interface (SEI) and the charge transfer at the
electrode surface. These phenomena are interpreted in terms
of a resistance and a constant phase element (CPE) placed
in parallel in the equivalent circuit (Rgg;, CPEsg1), (Rets
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Table 2 Electrical resistance of selected Sn—Co—C composites as calculated by fitting their impedance spectra

Sample Resistance/Q2x g 1 discharge S discharge 10 discharge 15 discharge 20 discharge
Sn;Co;Co, Rggr 0.0535 0.0766 0.0932 0.0826 0.0865

Rer 0.1233 0.1292 0.1618 0.2056 0.2880
Sn,7C014Cso Rk 0.062 0.0742 0.1708 0.1843 0.2092

Rer 0.1329 0.1863 0.3147 0.3589 0.4486
SnsCosCss Rsgr 0.1562 0.2180 0.2034 0.2675 0.2974

Rer 0.1919 0.1978 0.1868 0.2412 0.2649

CPEcr). In addition, the line observed at low frequencies is
ascribed to lithium diffusion into the electrode material and
is fitted to a Warburg element (W) [37, 38]. The resulting
resistance values are listed in Table 2. The values of solid-
electrolyte interphase resistance (Rsg;) were generally of
lower magnitude than charge transfer resistances (Rct). For
sample Sn,Co;Cy,, the Rgg; values were low and tended to
stabilize at ca. 0.08 Qxg after 20 cycles. In contrast,
resistance values higher than 0.2 Qxg were recorded for
SngCogCgg and Sny;Co14Cse. Concerning Rcr values, a
marked increase on cycling was observed for Sn,7Co14Cso,
while the other samples reflect the beneficial effect of the
carbon matrix to provide a stable and conductive electrode—
electrolyte interphase. Considering both contributions, sample
Sn,;Co0;Cq, has the lower overall resistance values upon 20
cycles. It can be correlated with the higher capacity values
retained by this sample after 20 cycles, as shown in Fig. 5.

Ex situ XRD and ''’Sn Méssbauer measurements were
recorded on cycled electrodes to unveil changes in the
intermetallic phases upon cycling. Figure 9 shows the ex
situ XRD patterns of Sn;Co;Cy, eclectrodes after one
discharge and after one and five cycles. The discharged
electrode revealed the effective Li—Sn alloy formation by
the presence of LisSn, (JCPDS 29-0839) and Lij3Sns
(JCPDS 29-0838). This fact was also confirmed by ''°Sn
Mossbauer spectroscopy (Fig. 10). A split signal was
observed for the discharged electrode, with the centroid
isomer shift value located close to those reported for
crystalline Lij;3Sns and LisSn, [39]. Most probably, Li,Sn
phases are the products of the electrochemical reaction of
tin metal component in the composite material. Recently, it
was demonstrated that pure nanodispersed CoSn, does not
show the typical anodic peak commonly ascribed to the
formation of Li, Sn phases [40]. On further charge, a large
number of reflections could be indexed to Sn, CoSn,
CoSn,, and Lij3Sns (Fig. 9). The presence of tin-cobalt
compounds support the reversibility of the electrochemical
reaction of lithium with CoSn,. Nevertheless, the presence
of minor Li—Sn phases is also visible. It can be assigned to
the limited lithium diffusion at the selected charging rate
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and/or to particle isolation into the composite material.
19Sn Mossbauer spectra of cycled electrodes are charac-
terized by asymmetric profiles in which most of the
components are overlapped. For this reason, the existing
phases were determined from the XRD patterns depicted in
Fig. 8. Then, their hyperfine parameters were fixed in the
fitting process and only their relative contributions were
allowed to change (Table 3). The highest contribution
corresponded to CoSn,, although a significant increase of
CoSn was detected as compared with the original compos-
ite, which evidenced a partial recovery of the cobalt-tin
intermetallic compound after charging, as found in nano-
crystalline CoSn alone [33]. The presence of residual
Li;3Sns was less pronounced for the fifth charge and may
involve an enhanced cycling efficiency after the first cycle,
in agreement with the capacity fading observed during the
first cycles. Finally, the increase in (3-tin contribution on
cycling can be explained in terms of a degradation of the
cobalt-tin linkage during cycling.
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Conclusions

Sn—Co—C composites were prepared by the carbothermal
reaction of precursors containing a green coke and tin
and cobalt oxides. The homogeneity of the resulting
product was assured by ball milling the precursor
mixture before the carbonization under Ar atmosphere.
Samples with different carbon and metal content were
produced. The XRD and ''”Sn Massbauer spectroscopy of
the original composites revealed the prevalence of Sn and
CoSn, phases for those samples prepared with a high
Sn/Co ratio. SEM images showed a homogeneous dispersion
of sub-micrometric metallic particles in the carbon matrix. In
contrast, large isolated metallic grains were present in the
sample with the lowest carbon content.

4 3 2 4 0 A1 2 3 4 5 6
Velocity / mm s

Galvanostatic cycling at several kinetic rates revealed
that Sn;Co,Cy, and SngCo4Cgg are able to maintain
400 mA h g ' at 35 mA g ' after 40 cycles. A major
CoSn, contribution, revealed by Mdssbauer spectroscopy,
could be correlated with a good electrochemical perfor-
mance in these composites. These results are supported by
the low internal impedance measured in Sn;Co,Co, electro-
des after several discharges.

A more detailed analysis of discharged and cycled
electrodes of Sn;Co;Cy, by XRD and Mdssbauer spec-
troscopy allowed to conclude that the presence of non-
oxidized Li;3Sns arising from metallic tin may contribute
to the undesirable irreversibility of the first cycle.
However, after five cycles, the contribution of CoSn,
remained significant while Li;3Sns almost disappeared,

Table 3 Hyperfine parameters

of fitted Méssbauer spectra of Sn;Co,Cqy s/d Tin phase 0 (mm/s) A (mm/s) I" (mm/s) C (%) X’
Sn;Co,Co, cycled electrodes
Ist discharge d Li;3Sns 2.16 (3) 0.91 (5) 1.272 100.0 0.531
Ist cycle d CoSn 1.82 (3) 1.542 (3) 1.084 (8) 18.9 0.400
d 2.02 (3) 3.025 (7) 1.084 (8)  7.79
d CoSns, 222 (2) 0.77 (1) 1.084 (8)  49.98
s B-Sn 2.76 (2) - 1.084 (8) 2.0
d Li;»Sns 2.16 (3) 0.91 (5) 1.084 (8)  21.33
Sth cycle s B-Sn 2.76 (2) - 1.084 (8) 19.12 0.619
d CoS 1.82 (3 1.542 (3 1.084 (8 13.33
s/d singlet (s) or doublet (d), § oo ) ®) ®
isomeric shift, A quadrupole d 20203) 3.025 (7) 1.084 (8) 9.78
splitting, I" line-width at half d CoSn, 222 (2) 0.77 (1) 1.084 (8) 56.51
maximum, C relative contribu- d Li;»Sns 2.16 3) 0.91 (5) 1.084 (8) 1.26

tion, x> goodness of the fitting
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thus explaining the better capacity retention observed in
subsequent cycles.
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