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Abstract Sn—Co—C composites have been prepared by
using the resorcinol/formaldehyde polymerization method
combined with the carbothermal reduction of metal oxides
during carbonization. Homogeneously dispersed metal/
carbon composites were identified by electron microscopy.
Scanning electron microscopy images revealed the pres-
ence of carbonaceous particles with inclusions of metal
agglomerates, and the X-ray diffraction patterns revealed
the presence of tin and cobalt—tin phases. The introduction
of small amounts of cobalt led to higher capacities as
compared to coke and cobalt-free samples. The sample
with a Sn/Co molar ratio of 85:15 and a higher, initial
metal oxide-to-resorcinol ratio was able to maintain
capacity values near 380 mAh/g after 30 cycles. The
instability of cobalt-tin phases on cycling was not a
hindrance for the electrochemical behavior. Charge trans-
fer resistance values were kept low during cycling for
cobalt-containing composites.

Keywords Lithium - Coke - Battery - Mdssbauer -
Composite

Introduction

At present, the research for new anodes in lithium ion
batteries is mature in the field of both carbonaceous
materials and metals, such as tin, which are able to form
alloys with lithium [1]. Graphite is a preferred option due to
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the low working voltage and stable capacity for a large
number of cycles [2, 3]. On the other hand, the theoretical
capacity limit (372 mAh/g) is regarded as a major drawback
to develop new batteries with higher capacities in the near
future. New approaches are continuously proposed to
overcome this limitation including mild oxidation [4] and
fluorination [5].

Disordered carbons prepared at low temperatures, as
cokes, must not be discarded yet. Their low cost is an
advantage for commercial purposes. Also the existence of
additional sites for lithium linking, provided by the
incomplete structural ordering, is a factor deserving the
evaluation of new approaches for their use in lithium ion
batteries.

On the other hand, tin metal is able to reversibly react
with important amounts of lithium to deliver high capacity.
The volume expansion occurring during the reversible
alloying process has been attenuated by several means,
including preparation of glasses and combination with
different counter ions and/or metals [6, 7]. However, a
new approach considers the introduction of transition
metals, as cobalt, in the anode composition [8]. The lack
of reactivity of cobalt metal with lithium prevents the
addition of large amounts of this element, which could
significantly reduce the electrode capacity. However, it has
been reported that small amounts of cobalt contribute to
introduce structural disorder in the tin phase. This phenom-
enon can be envisaged as a beneficial factor for capacity
stability [8].

Several methods have been reported to achieve a
homogeneous mixture of metal and carbon phases, ensuring
a suitable buffering effect of the carbonaceous materials.
Milling [9], sputtering [10], or chemical deposition [11]
procedures have been employed. Nongraphitic microspher-
ical carbon particles obtained from polymerization of a
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mixture of resorcinol/formaldehyde have demonstrated to
be suitable electrode materials for sodium ion cells [12].
Moreover, these carbon gels are promising materials for
encasing metal powder because of the gelly-like texture of
the departure precursor. Thus, containing silicon [13] and
tin [14] based composite materials have been reported.

This paper reports the evaluation of Sn—Co—C compo-
sites prepared by carbothermal reduction of the metal
oxides parallel to carbonization of a resorcinol—formalde-
hyde polymer. The aim was to evaluate the electrochemical
behavior in lithium cells of tin—cobalt intermetallics when
they are dispersed into a carbon matrix. The gel-like nature
of the resorcinol-formaldehyde polymer may ensure a
suitable embedding of the resulting alloy.

Materials and methods

The preparation of the Sn—Co—C composites was carried
out by the impregnation of a homogeneous mixture of the
metal oxides finely powdered in an organic gel formed by
the resorcinol/formaldehyde method. For this purpose,
commercial SnO, (Panreac) and CoO (Aldrich) in 95:5
and 85:15 molar ratios were ball-milled for 5 h at 300 rpm.
For the preparation of the organic gel, 4.5 g of resorcinol
were added to 6.5 mL of formaldehyde stabilized in
methanol [Panreac, 37% (wt)] and 15 mL of distilled water
under continuous stirring at room temperature. A volume of
60 mL of 0.035 M sodium carbonate solution was added to
promote polymerization. After 1 h of stirring at room
temperature, the aquagel was mixed with the metal oxides
in the appropriated proportion to prepare several carbon to
metal ratios. The content was transferred to a round-bottom
flask and was refluxed at 85 °C for approximately 3 h. This
was the time needed for a solid gel formation ensuring the
homogenous mixture of carbonaceous and metal phases.
Then, the gel was transferred in a closed glass flask and
cured with acetone for 3 days at room temperature. The role
of acetone was the gel dehydration; therefore, the solvent
was replaced daily for an optimal operation. The solid gel
was eventually filtered, washed, and then heated at 300 °C
for 2 h. The composite precursor was ground and re-heated
at 800 °C for 4 h under an argon stream in a tube furnace.
The heating rate was 2.5 °C/min.

Two different Sn/Co molar ratios, henceforth referred to
as 85:15, 95:5, and one tin-only composition, were selected
for this study. For the 85:15 ratio, three different ratios
between the metal oxides (MO,=SnO,+Co0) and resor-
cinol (R) masses were used in the synthesis. The resulting
samples are referred to as MO,/R and ratio took the
following values: 0.3, 0.67, and 1.5. Additionally, a coke
material prepared in the same conditions, but free of metal
elements, was also prepared for comparison purposes.
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X-ray diffraction (XRD) patterns were recorded in a
Siemens D-5000 apparatus provided with CuKo radiation
and graphite monochromator. The 26 scan rate was 0.04°
per 1.2 s. Scanning electron microscopy (SEM) images
were obtained in a JEOL-SM6300 microscope provided by
the Service of Support to Research at the University of
Coérdoba. The ''?Sn Méssbauer 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 is set by using a BaSnO; pattern. The center of
the peak of the Sn(IV) signal is established as the zero
value of the scale. The spectra profile was decomposed in
Lorentzian lines using a least-square-based method (F.
Landry and P. Schaaf, WinISO—Windows MJdssbauer
Fitting 625 Programme, 1998, private communication).
The goodness of the fit was controlled by the x* value.

The electrochemical performance of the Sn—-Co-C
composites was evaluated by using two-electrode
Swagelok-type cells. The assembly used 9-mm discs of
lithium metal as counter electrodes. The working electrode
was fabricated by mixing 92% of active material and 8%
polyvinylidene difluoride binder. A paste was formed with
that mixture and n-methyl pyrrolidinone and eventually
deposited as a film on a cooper foil of the same diameter.
Both electrodes were separated by a 1 M LiPF4 (EC/DEC=
1:1) electrolyte solution that was supported in Whatman
glass fiber discs. The assembly of test cells and handling of
the discharged electrode was carried out in an MBraun
glove box under an argon atmosphere. An Arbin potentio-
stat/galvanostat multichannel system was used to cycle
galvanostatically the lithium cells at 20 mA/g rate for both
charge and discharge branches. Electrochemical impedance
spectroscopy was carried out in an Autolab PGSTAT12
system. Three-electrode lithium cells were used, providing
a lithium metal disc as a reference electrode. The test cells
were previously discharged using a MacPile system by step
potential electrochemical spectroscopy. The scan rate was
set at 10 mV/0.1 h. Before measuring the impedance
values, the cells were kept in open circuit for at least 5 h to
achieve a quasi-equilibrium system. An AC voltage signal
of 5 mV was applied from 100 kHz to 2 mHz.

Results and discussion
XRD analysis

XRD patterns of the annealed samples are shown in Fig. 1.
A set of narrow reflections could be ascribed to the
presence of several tin-containing solids, including metallic
phases such as tin (JCPDS 04-0673), CoSn, (JCPDS 25-
0256), and CoSn (JCPDS 02-0559). Some oxide impurities
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Fig. 1 X ray diffraction patterns of Sn—Co—C composites

can be ascribed to either an incomplete reduction during the
annealing process or to further surface oxidation. The
selected annealing temperature prevented an appreciable
structural ordering of the carbonaceous phase, and hence,
reflections were not detected.

19Sn Méssbauer spectroscopy

119Gn Méssbauer spectroscopy is a useful tool to quantify
the contribution of tin phases to the studied samples.
Figure 2 shows the experimental spectra of the tin-
containing phases and the Lorentzian signal profiles
calculated from the fitting. The hyperfine parameters are
written in Table 1. The cobalt-free sample showed two
resolved signals located at the regions belonging to
metallic tin and Sn(IV). According to the XRD pattern,
they can be assigned to 3-Sn and SnO,. The presence of
SnO, can be justified by a partial oxidation of the surface
of tin particles. For samples containing cobalt, the
spectrum profile progressively changes until it eventually
becomes an asymmetric and highly broadened profile.
This behavior is due to the occurrence of new bands at
intermediate shifts. The overlapped signals are difficult to
fit. To overcome this problem, the hyperfine parameters of
CoSn and CoSn, phases were taken from the literature
[15] and used as initial values in the fitting procedure. The
most remarkable feature is the significant contribution of
SnO,, though it slightly decreased when cobalt and
carbonaceous proportion was augmented. This fact evi-
dences the important role of carbon material in the
reduction of the initial oxides. In addition, the reactivity
of cobalt to form alloys with tin is revealed by the abrupt
decrease of [3-tin contribution when cobalt content is
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Fig. 2 ''"Sn Massbauer spectra of Sn—-Co—C composites

increased. This effect is parallel to the increasing contri-
bution of cobalt-tin phases.

Electron microscopy

The morphological properties of these samples were
evaluated from the SEM micrographs. Figure 3a shows a
close view of sample-only containing tin. Spherical
particles of tin, with diameter values ranging from some
tenth to several micrometers, are mainly decorating the
surface of the carbon substrate. When cobalt atoms are
present in the composition, the population of surface
particles is drastically reduced. Agglomerates of nanometric
particles are mostly embedded in the carbonaceous matrix.
The influence of cobalt atoms to provide strong links
between tin and carbon that improves the stability of the
composite material has been reported [16].
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Table 1 Hyperfine parameters of the deconvoluted Mdssbauer spectra

Sample s/d Tin phase 0 (mm/s) A (mm/s) I" (mm/s) C (%) X’
MO,/R=0.67 Tin only d SnoO, 0.10 3) 0.66 (2) 0.98 (4) 28.1 0.738

s B-Sn 2.58 (1) - 1.2 (1) 71.9
MO,/R=0.67 Sn/Co=95:5 d SnO, —0.04 (4) 0.65 (3) 0.96 (5) 21.5 0.670

s B-Sn 2.55 (1) - 1.1 2) 26.7

d CoSn 1.82 (1) 1.57 (1) 1.1 (1) 44

d CoSn 2.038 (1) 3.08 (2) 1.1 (D) 2.2

d CoSn, 2.32 (1) 0.86 (2) 1.1 (2) 452
MO,/R=0.67 Sn/Co=85:15 d SnO, 0.00 (2) 0.54 (3) 1.0 (2) 18.7 0.551

s B-Sn 2.57 (1) - 1.1 2) 7.0

d CoSn 1.89 (2) 1.56 (1) 1.1 (1) 203

d CoSn 2.08 (5) 3.06 (1) 1.1 (1) 6.7

d CoSn, 2.28 (1) 0.77 (1) 1.1(Q2) 474
MO,/R=1.5 Sn/Co=85:15 d SnoO, 0.00 (3) 0.60 (5) 1.0 (2) 10.9 0.696

S 3-Sn 2.57 (1) — 1.0 (2) 10.4

d CoSn 1.95 (2) 1.56 (1) 1.0 (1) 16.0

d CoSn 1.98 (4) 3.06 (1) 1.0 (1) 11.8

d CoSn, 2.23 (1) 0.77 (1) 1.0 (2) 50.9
MO,/R=0.33 Sn/Co=85:15 d Sno, 0.00 (4) 0.63 (7) 1.0 (2) 14.1 0.502

s B-Sn 2.57 (1) - 1.0 (2) 154

d CoSn 1.86 (3) 1.56 (3) 1.0 (1) 20.9

d CoSn 2.0 (1) 3.06 (1) 1.0 (1) 5.8

d CoSn, 222 (2) 0.77 (1) 1.0 (1) 43.8
MO,/R=0.67 Sn/Co=85:15 Disch. to 0 V s -Sn 2.65 (2) - 1.0 (1) 22.6 0.338

d LiySns 1.79 (2) 0.24 (1) 0.94 (1) 38.7

d LipSns 1.82 (2) 0.94 (1) 0.94(1) 38.7

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

Fig. 3 SEM micrographs of
metal-carbon composites (a)
tin-only sample (MO,/R=0.67);
b Sn:Co=95:5 (MO,/R=0.67); ¢
Sn/Co=85:15 (MO,/R=0.67); d
Sn/Co=85:15 (MO,/R=1.5)
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Electrochemical performance

Figure 4 shows the intensity versus voltage plots for the
first few cycles of lithium test cells using composites
prepared with different Sn/Co and/or MO,/R ratios. The
first discharge profile differs from subsequent discharges. It
is assigned to the drastic structural and morphological
changes occurring upon alloy formation that cannot be
recovered after the first discharge. Therefore, the new sites
for the reaction with lithium possess quite different energy
what is reflected in the profile of the second discharge. The
contribution of the irreversible reduction of SnO, phase, at
0.9 V, was negligible in all cases. The observed bands in the

| MO,:R=0.33

Sn:Co=85:15

MO,:R=0.67
100 1sn:Co=85:15

Intensity (A g™)

MOR=0.67

100 4 Sn:Co=95:5
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Fig. 4 Intensity versus voltage plots recorded by step potential
electrochemical spectroscopy. a Sn/Co=85:15 (MO,/R=0.33); b Sn/
Co=85:15 (MO,/R=1.5); ¢ Sn/Co=85:15 (MO,/R=0.67). d Sn/Co=
95:5 (MO,/R=0.67); e tin only. Scan rate, 10 mV/0.1 h

discharge and charge curves correspond to the reversible
formation of Li—Sn alloys. The enhanced broadening of the
bands would be indicative of low crystalline domains
achieved by the dispersion effect of the carbon matrix
during the carbothermal reaction. For the samples with Sn/
Co=285:15, a decrease in the MO,/R ratio (Fig. 4a—c) led to
the decrease of the intensity of the alloy main signal. This
behavior is in contrast with the higher contribution of
lithium insertion in the carbon material occurring in the 0—
0.2 V range.

On decreasing the cobalt content (Fig. 4c—e), the main
reduction peak at approximately 0.25 V is shifted to
approximately 0.3 V, while a new highly broadened band
is observed at approximately 0.1 V (marked with an
asterisk). It has been reported that the occurrence of
cobalt-tin alloys induces a diminution of the working
potential in the main alloying plateau [17]. Hence, the latter
signal could be assigned to the increased contribution of
these phases when cobalt content is increased. This signal
disappeared on subsequent cycling, and hence, an electro-
chemical reaction between Li and Sn can be inferred for a
long-term cycling.

To unfold the nature of the tin phases yielded by the
discharging process, the ''’Sn Mossbauer spectrum of a
fully discharged electrode was recorded at room tempera-
ture (Fig. 5). The asymmetric signal could be decomposed
in several components ascribable to Li»,»,Sns and (3-Sn
(Table 1). Different reports have evaluated the ex situ ''°Sn
MS of Sn-based intermetallic materials such as CoSn, [18],
NizSny [18], and CugSns [19] when used as working
electrodes in lithium cells. In these cases, the occurrence of
the Li-rich Li;Sn;, alloy at the end of the first discharge was
reported. In contrast, a recent study on CoSn revealed that
no Li,Sn phases were detectable by XRD or Mdssbauer
spectroscopy [20]. Thus, the absence of signals
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Fig. 5 ''°Sn Méssbauer spectrum of a fully discharged electrode with
Sn/Co=85:15 and a MO,/R=0.67 ratio
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corresponding to non-reacted Co—Sn alloys could be
indicative of a higher reactivity of these intermetallic
compounds as compared to tin metal. Nevertheless, its
contribution to the Liy»Sns cannot be established unequiv-
ocally. The presence of non-reacted tin at the end of the
discharge can be attributed to kinetic factors contributing to
the polarization of the discharge branch. This fact would
justify their enhanced performance as electrode materials in
lithium cells.

Figure 6 shows the discharge capacity values of lithium
test cells assembled using samples with different metal
contents. The cells were galvanostatically cycled between
0.02 and 1.0 V. The introduction of tin led to an important
increase of the reversible capacity as expected from the
significant contribution of Li,Sn alloys formation. Further-
more, an increase of the irreversible capacity in the first
discharge is observed (inset in Fig. 6). Likely, tin phases
also contribute to the initial irreversibility. Thus, a non-
negligible contribution of SnO, was observed in the MS
(Fig. 2). Moreover, the significant changes between the
profile of the first and second discharges, mainly in the
region of lithium—tin alloy formation, may involve addi-
tional irreversible reactions to that expected from solid
electrolyte interphase (SEI) formation on the carbon
surface. On the other hand, some authors have attributed
the enhanced initial coulombic efficiency to the nano-tin-
induced decomposition of the ROCO,Li species in the SEI
layer [21]. However, it is has been reported that the
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introduction of tin particles plays an important role on the
cyclability upon alloying and de-alloying with lithium.
Thus, tin particles confined within the carbon micropores
exhibit better performance, since the detrimental effect of
the volume expansion is avoided [22]. Unfortunately, the
capacity retention was very poor, even if the upper cut off
voltage was selected at 1 V to avoid deleterious structural
and morphological changes [23]. The introduction of cobalt
contributed to improve both capacity and cyclability. Only
minor cobalt contents (Sn/Co=95:5) were able to improve
the capacity retention as compared to the cobalt-free
sample. Capacity values higher than 330 mAh/g were
maintained after more than 30 cycles. This result evidences
the efficiency of this transition metal to enhance the
electrochemical reactivity of the composite. A further
increase of the cobalt content (Sn/Co=85:15) did not cause
an improvement of the overall capacity. The lack of
reactivity versus lithium is responsible for the increase of
non-active electrode material. Nevertheless, the response
could be improved if the MO,/R ratio is allowed to
increase.

In order to determine the influence of the carbon matrix
on the electrochemical performance, the samples with the
Sn/Co=85:15 ratio and different MO,/R ratios were also
cycled. Figure 7 shows a decrease in capacity of the first
discharge attributable to the lesser molar capacity of carbon
as compared to tin. This fact affected to subsequent cycles,
and hence, the sample with higher carbon content (lower



J Solid State Electrochem (2010) 14:139-148

145

1100

—m—MO,:R= 0.67
—e— MO,:R=0.33
—A—MO,R=1.5

1000

900}

800 -
700 |
600 -

500

YNV VNN
AAA
ADAAAA
AAAA

400 -
00 DAANNADDAAAN

300

Specific Capacity (mA h g

|
e,
EEm

4 @ LT T
[ EEEm
200 | .Ooooo..o\......... ...lll..lllllll...

100

ot———————7— 77—

0 5 10 15 20 25 30 35 40
Cycle number

Fig. 7 Galvanostatic cycling of Sn—Co—C composites prepared with a
Sn/Co=85:15 metal ratio and different MO,/R ratios (MO,/R=0.33,
0.67 and 1.5). Kinetic rate, 20 mA/g

Fig. 8 a Nyquist plots fully
discharged electrodes on the
first, fifth, 11th, and 15th cycles. 0.0 0.2 0.4

ratio, MO,/R=0.33) delivered the lowest capacities in the
whole range. In turn, an increase of the tin content
positively contributed to improve both capacity values and
retention. A high reversible capacity value (475 mAh/g)
was reached in the second cycle. Capacity values higher
than 380 mAh/g were maintained after more than 30 cycles.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy provides interest-
ing information concerning the kinetic properties of those
electrode/electrolyte interphases playing a significant role
in lithium migration. Nyquist plots of selected samples are
included in Fig. 8a. The common profile is characterized by
two depressed semicircles at high and intermediate fre-
quencies and a straight line at low frequencies. The
semicircles are respectively attributed to the kinetic barriers
imposed to lithium migration through the SEI film and
charge transfer occurring on the electrode surface. More-
over, the line observed at low frequencies corresponds to
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lithium diffusion into the electrode material [24, 25]. The
overall impedance was kept almost constant for the coke
material on cycling. This result differs from previous
reported data on sulfur-containing vacuum residua in which
an important increase of impedance was monitored. In the
latter case, the presence of significant sulfur content was
considered detrimental for the electrochemical behavior [26].
The inclusion of tin in the composite provoked a huge
increment of the impedance for a large number of cycles.
Likely, the volume expansion induced by the reversible alloy
formation may contribute to a loss of electrical connectivity
among particles during a repeated cell operation.

The introduction of cobalt in the composite stoichiom-
etry, even at low concentrations, led to a significant
decrease of the impedance during cycling. This fact

evidences that the beneficial effect of low cobalt contents
can be attributed to kinetic effects. In order to determine the
specific influence of the interphases, several examples of
equivalent circuits have been proposed in the literature [27,
28]. In this work, the resistance values were calculated from
the fitting of the spectra to the selected equivalent circuit
displayed in Fig. 8b. In the used circuit, the migration
phenomena described above are taken into the necessary
account.

Figure 9 plots the resistance values (Rsg; and Rcr)
versus cycle number. Although, Rgp; values did not reach
values higher than 0.11 €2g in the measured range, a clear
tendency could not be inferred. The instability of SEI films
on both graphitized materials [29] and cokes [30] as a result
of impedance measurements has been reported. Most likely,

Fig. 9 Resistance versus cycle 0.16
number plots of coke, tin only,
Sn/Co=95:5 (MO,:R=0.67) and ® Coke
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the erratic behavior of the SEI values in Fig. 9 could be
ascribed to the presence of dislodge passivation debris
migrating cataphoretically.

Otherwise, charge transfer resistance steadily increased
in cycling for coke and Sn—Co—C composites. Contrarily,
an enhanced increase of resistance was recorded for the
cobalt-free sample. This result would indicate an important
charge accumulation on the electric interphase. In turn, this
is likely due to a significant decrease in the electrical
conductivity during cycling.

Conclusions

The resorcinol/formaldehyde polymerization—carbonization
plus carbothermal reduction process has been used to
prepare Sn—Co—C composites. For this purpose, finely
powdered tin and cobalt oxides were embedded in the
organic gel like precursor. Highly dispersed tin and cobalt—
tin phases were eventually obtained by carbothermal
reaction after carbonization of the composite precursors.
SEM images revealed the presence of carbonaceous
particles with metal agglomerates homogeneously dis-
persed, either decorating the surface or embedded in the
carbonaceous matrix. The effective reduction of metal
oxides was verified by the XRD technique, in which tin
and cobalt-tin phases were predominant.

"9Sn Mdssbauer spectroscopy evidences the high
contribution of cobalt-tin alloys in the initial composites.
However, the discharge process involved the disappearance
of these phases in further cycling as monitored by step
potential electrochemical measurements and ex situ ''”Sn
Mossbauer spectroscopy of a fully discharged electrode.

Nevertheless, the beneficial effect of the presence of
cobalt was detected on a galvanostatic cycling and
impedance measurements even with small amounts of
cobalt added. The sample with Sn/Co=95:5 was able to
improve the retention, as compare with tin-only composites.
Capacity values around 330 mAh/g after 30 cycles were
recorded. In contrast, only 140 and 191 mAh/g were,
respectively, measured for coke and cobalt-free samples.
This fact would indicate that the presence of crystalline or
well-formed cobalt-tin phases is not essential for an
improvement of the electrochemical performance of the
metal carbon composite. Cobalt plays a determining effect
even in amorphous domains and relatively small quantities.

However, the moderated capacity values recorded in this
study demanded a new strategy in order to achieve more
performing results. An increase of the MO,/R ratio on the
Sn/Co=85:15 ratio led to higher reversible capacity values
of 380 mAh/g after 30 cycles.

The kinetic response of the electrode materials was
determined by impedance measurements. The cobalt-

containing composites showed a lower increase in charge
transfer resistance as compared to the cobalt-free samples.
Therefore, the kinetic component seems to play an
important role in the improvement of capacity retention
observed in Sn—Co—C composites.
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