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Highly Reversible Sn-Co Alloy Anode Using Porous Cu Foam
Substrate for Li-Ion Batteries
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A three-dimensional Sn-Co alloy electrode is prepared on porous Cu foam by electrodeposition, and its electrochemical properties
are investigated by galvanostatic charge/discharge tests. The effects of the Cu foam substrate and Co alloying on the morphological
and phase structural changes with cycles are examined by ex situ SEM observation and XRD analysis. The Sn-Co alloy electrode
exhibits an outstanding cyclic performance with a high coulombic efficiency compared with the electrochemical performance of
a pure Sn electrode deposited on a smooth Cu sheet. Ex situ SEM analysis reveals that the porous Cu foam not only inhibits the
pulverization and delamination of the Sn-Co alloy from the substrate by enhancing the bond between them, but also accommodates
the volumetric expansion of the active phase. Moreover, the nonequilibrium CoSn; phase formed on the Cu foam substrate reversibly
reacts with Li without structural deterioration, and hence remains unchanged for 50 cycles.
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With an increasing demand on advanced power sources with higher
capacity and higher energy density compared to conventional batter-
ies, research for new electrode materials for Li-ion batteries has be-
come more intense. Currently, graphite anodes are insufficient to meet
the needs of high-capacity batteries because of their low theoretical
capacity of 372 mAh g~!. Among the various alternative materials for
graphite, Sn has been considered to be very attractive anode material
due to its high theoretical capacity of 991 mAh g~!.'-% However, pure
Sn anode has not been put to practical use because of its poor cycle
stability originating from the significant volumetric changes (up to ap-
proximately 360%) that occurs during alloying/dealloying with Li.!
The pulverization of Sn anode caused by the volume change during
cycling may produce failures in electrical contacts between Sn and
current collector, thereby reducing the cyclic performance.>

To overcome the problem of Sn anode, two different approaches
have been adopted by numerous research groups. One approach in-
troduces inactive phases such as Ni,”® Cu®'? and Co'*?’ to act as
a buffer matrix against the volumetric change of the active phase.
The other approach uses porous substrates that offer vacant volume
to accommodate the volumetric expansion of active materials and
also enhance the bond between the active materials and the current
collector.!%2+2" Both strategies have demonstrated to be effective in
improving the cyclic stability of the electrode.

In a recent communication, we reported a new type of three-
dimensional porous Cu foam composed of grape-like nanodeposits>®
that showed high porosity, enlarged surface area, and improved me-
chanical properties compared with previous foam structures.'®23°
When the porous Cu foam was used as substrate for Sn anode, the
Cu foam accommodated the volumetric expansion of Sn and effec-
tively inhibited the delamination of the active materials, and hence
the cyclic performance of Sn anode was considerably improved.*
Despite the effects of Cu foam, however, the gradual degradation of
reversible capacity caused by the structural failure of Sn was unre-
solved. Accordingly, to obtain the better cyclic performance, Sn-Co al-
loy which exhibits high specific capacity and good cycle stability'+'8
was electrodeposited on the porous Cu foam substrate. Alloying Co
with Sn reduces the absolute volume expansion of Sn by forming
the buffer matrix of Co nanoparticles during the Li insertion process,
and it also stabilizes the liberated Sn atoms after the Li extraction
process.'> In particular, some Sn-Co intermetallic phases such as
CoSn, and CoSnj exhibit relatively high charge/discharge capacity
as Li-rich phases are formed; on the other hand, Co3;Sn, and CoSn
show small capacity due to the incomplete alloying reaction of Sn
with Li.3
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Therefore, the objective of this work is to fabricate the Sn-Co alloy
electrode using the highly porous Cu foam as substrate and to examine
the electrochemical properties of such electrode for Li-ion batteries
anode. To evaluate the effects of Co alloying and the Cu foam substrate
on the cyclic stability of a Sn-Co alloy electrode, the electrochemical
characteristics of the Sn-Co alloy were investigated and compared
with those of the pure Sn electrode deposited on a smooth Cu sheet.
The morphological and phase structural changes of both electrodes
with the cycles were studied by ex situ SEM observation and XRD
analysis.

Experimental

A three-dimensional porous Cu foam was fabricated by electrode-
position at a constant current density of —3 A cm™? for 4 s in a Cu
sulfate electrolytic bath containing 0.2 M CuSOy, 0.7 M H,SO,, 1.2
M (NH,),S0, and 0.4 mM BTA(benzotriazole).?® The electrodeposi-
tion was conducted using a two-electrode cell: a nodule-type Cu sheet
was used as the cathode, and a Cu plate was used as the anode. The
distance between the cathode and the anode was 3 cm, and the bath
solution was stirred magnetically at 800 rpm and at room temperature
(25°C). After the foam substrate was prepared, the Sn-Co alloy was
electrodeposited on the porous Cu foam at a constant current density
of —40 mA cm™2 for 2 min in an electrolytic bath containing 40 g
L' SnCl,, 17.8 gL~! CoCl,, 44.6 g L~! Na,P,07, 10 g L~! glycine,
and 29.8 g L~! NH,OH. The electrodeposition was performed us-
ing a standard three-electrode cell with the Cu foam as the working
electrode, a Pt mesh as the counter electrode, and a saturated calomel
electrode (SCE, 0.241 V vs. SHE) as the reference electrode. The
solution temperature was maintained at 55°C.

A pure Sn electrode was prepared on a smooth Cu sheet in a Sn
pyrophosphate bath containing 30 g L~! Sn,P,0, 120 g L~! K,P,0,
and 0.15 g L~! of PEG (polyethylene glycol). The electrodeposition
of Sn was executed in a two-electrode cell that consists of a smooth
Cu sheet as the cathode and a Sn plate as the anode. A constant current
density of —10 mA cm™2 was applied for 4 min at room temperature.

The electrochemical properties of the Sn-Co alloy electrode and
the pure Sn electrode were investigated using 2016 coin-type cells
assembled in an Ar-filled glove box. The cell is composed of a sheet
of the Sn-Co alloy electrode or the pure Sn electrode (with an area of
1 cm?), a Li metal electrode (with an area of 1 cm?), and electrolyte
containing 1 M LiPF; dissolved in EC:DMC (1:1 volume ratio). The
charge/discharge characteristics of the electrode were galvanostati-
cally examined at a current density of 100 mA g~! between 0.02 V
and 1.0 V (vs. Li/Li™) at 30°C.

The surface morphology and phase structure of the electrodes
were examined by scanning electron microscopy (SEM) and X-ray
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Figure 1. SEM images of (a) the porous Cu foam prepared by electrodeposi-
tion, (b) Sn-Co alloy deposited on the Cu foam, (c) the smooth Cu sheet, and
(d) Sn deposited on the smooth Cu sheet.

diffraction (XRD), respectively. The composition of the electrodes was
characterized by energy dispersive spectroscopy (EDS). To investigate
the changes in morphology and phase structure of the electrode with
cycling, ex situ SEM observation and XRD analysis were performed
on each electrode.
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Results and Discussion

Preparation of the Sn-Co/Cu foam electrode and the Sn/smooth
Cu sheet electrode.— To clearly examine the effects of the Cu foam
substrate and Co alloying on the electrochemical performance of the
Sn-Co alloy electrode, two different electrodes were prepared; a Sn-
Co alloy electrode deposited on Cu foam, and a pure Sn electrode
deposited on a smooth Cu sheet.

Fig. 1 shows the SEM images of (a) the Cu foam, (b) the Sn-
Co alloy deposited on the Cu foam, (c) the smooth Cu sheet, and
(d) Sn deposited on the smooth Cu sheet. As shown in Fig. 1a, the
Cu foam prepared by electrodeposition exhibits a three-dimensional
porous structure with compact foam walls that consist of grape-like
Cu nanostructures.”® The Cu foam also shows a smaller pore size
and larger surface area than those reported previously.'®?>?° Fig. 1b
demonstrates that the Sn-Co alloy is uniformly deposited along the
surface of the Cu deposits; thus, the Sn-Co alloy electrode also exhibits
a three-dimensional porous structure with a large surface area, similar
to the structure of the Cu foam. On the other hand, the surface of the
smooth Cu sheet is flat with no pits or bumps (shown in Fig 1¢). When
the Sn was electrodeposited on the smooth Cu sheet, the morphology
of the electrodes was similar to that of the smooth Cu sheet.

Microstructural characteristics of the Sn-Co alloy electrode on the
Cu foam and the pure Sn electrode on the smooth Cu sheet are shown
in Fig. 2. It is evident from EDS analysis in Fig. 2a that Sn and Co
were successfully deposited on Cu foam substrate. The molar ratio of
Sn to Co was measured to be 2.08 by EDS analysis. Further, the XRD
diffraction pattern for the Sn-Co alloy, shown in Fig. 2c clearly shows
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Figure 2. EDS analysis of (a) the Sn-Co electrode deposited on the Cu foam and (b) Sn electrode deposited on the smooth Cu sheet. The figure also shows the
XRD patterns for (c) the Sn-Co alloy electrode deposited on the Cu foam and (d) the Sn electrode deposited on the smooth Cu sheet.
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Figure 3. (a) Cyclic performance and (b) charge/discharge behavior of the Sn-Co alloy electrode deposited on the Cu foam. (c) Cyclic performance and (d)

charge/discharge behavior of the Sn electrode deposited on the smooth Cu sheet. All tests were performed at galvanostatic current densities of 100 mA g

the potential range between 0.02 and 1.0 V (vs. Li/Li").

the formation of nonequilibrium Sn-Co alloy phase. When compared
with the reference CoSn; phase (JCPDS card No. 00-048-1813) or
the reference CoSn, phase (JCPDS card No. 00-065-2697), the XRD
main peaks of the Sn-Co alloy do not correspond to those of CoSnj
or those of CoSny,, but these are identical to the XRD pattern of the
sputtered CoSn, film."” Based on the results of previous studies,'”'8
it could be assumed that the deposited Sn-Co alloy may be mainly
composed of crystalline CoSn, and a small amount of amorphous
Sn-rich phase. As shown in Fig. 2b and Fig. 2d, the EDS and XRD
analysis on the Sn electrode confirm that pure Sn was successfully
deposited on the smooth Cu sheet without impurities, and it matched
the crystalline B-Sn phase shown in the reference p-Sn phase (JCPDS
Card No. 00-065-7657).

Electrochemical properties of the Sn-Co/Cu foam electrode and
the Sn/smooth Cu sheet electrode.— Fig. 3 shows cyclic performance
and charge/discharge behavior of the Sn-Co alloy electrode on the
Cu foam and the pure Sn electrode on the smooth Cu sheet at a
constant current density of 100 mA g~! between 0.02 and 1.0 V (vs.
Li/Li*). In this paper, a Li insertion into the electrode is referred
to as discharge and a Li extraction as charge, based on the half-cell
reaction. As illustrated in Fig. 3a, the Sn-Co alloy electrode exhibits
outstanding cyclic performance, and a charge capacity is maintained
at 444.7 mAh g~! after 50 cycles; this corresponds to 91.8% of its
initial charge capacity. Moreover, the Sn-Co alloy electrode retains
high coulombic efficiency higher than 95% during 50 cycles, with the
exception of the initial cycle. These results verify that the Sn-Co alloy
reversibly reacted with Li with high stability, and the capacity fade

—!and

caused by volumetric changes of Sn was effectively inhibited. Fig. 3b
displays the charge/discharge behavior of the Sn-Co alloy electrode. In
the initial cycle, the discharge and charge capacities were 671.7 mAh
¢~ and 484.5 mAh g~!, respectively, corresponding to a capacity loss
of 27.8%.

During lithiation process, Li would be inserted into the Sn-Co
alloy and cause the Li,Sn alloy to be formed uniformly in the Co
nanoparticles according to the following equation: '

CoSn, + 2xLi* +2xe™ — 2Li,Sn + Co (x ~ 3.5) [1]

Ionica-Bousquet et al. demonstrated that one Sn atom would react
with 3.5 Li atoms in the reaction of CoSn, with Li; thus, the estimated
theoretical capacity of CoSn, is calculated to be 633 mAh g=!. In
Fig. 3b, however, the first charge capacity of 494.49 mAh g~! was
much lower than the estimated capacity of 633 mAh g~!, indicating
an incomplete alloying reaction of Sn; i.e., not all Sn atoms in the
Sn-Co alloy reacted with Li.

In the subsequent cycles, the potential plateau assigned to the
insertion of Li into the Sn-Co alloy increases from 0.25 V to 0.5 V
in the 2" cycle, and the discharge and charge curves remain almost
the same behavior from the 2™ cycle to 50" cycle. Since the process
of the lithiation/delithiation reactions depends on the phase structure
of the electrode, the voltage profiles sustained for 50 cycles indicate
that the Sn-Co alloy undergoes stable lithiation/delithiation reactions
without changing its phase structure.

On the other hand, the cyclic performance of the pure Sn electrode
deposited on the smooth Cu sheet was very poor. As shown in Fig. 3c,
the initial charge capacity was measured to be 710.13 mAh g~! with
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a coulombic efficiency of 83.75%. In the following cycles, the charge
capacity increased slightly to 760.82 mAh g~' until the 4™ cycle, but
the charge capacity decreased sharply after the 5 cycle. The charge
capacity of the Sn electrode faded to 94.21 mAh g~! after 50 cycles,
which is 13.26% of its initial charge capacity. The abrupt degradation
of capacity is typical behavior for the pure Sn electrode, and this is
due to the electrical isolation of Sn from the current collector caused
by the pulverization associated with extreme volume changes in Sn
during lithiation/delithiation.>™

The charge/discharge curves of the Sn electrode were quite differ-
ent from those of the Sn-Co alloy electrode. As shown in Fig. 3d, a
number of potential plateaus can be observed in the discharge-charge
curves that correspond to the lithiation/delithiation potentials of the
Li-Sn cell.>™ In the 1% and 2" cycle, the longest flat potential was ob-
served at 0.4 V in the discharge curve and at 0.6 V in the charge curve;
those plateaus are attributed to the phase transitions between LiSn and
Li;Sn,.5 In the subsequent cycles, however, the longest plateaus be-
came shorter and the charge/discharge curves became round. These
changes were clearly observed before and after the 10 cycle, when
the discharge and charge capacities rapidly faded, indicating that the
reaction process of Sn with Li was changed by factors such as the
loss of the active phase or the structural changes of the active mate-
rial. Consequently, the amount of Li inserted to Sn was significantly
reduced.

Structural changes of the Sn-Co/Cu foam electrode and the
Sn/smooth Cu sheet electrode after cycling.— Generally, the lithi-
ation/delithiation characteristics and the reversible charge capacity
of the electrode are determined by the phase structure and surface
morphology of the electrode; the process of the reactions with Li de-
pend on the structure of the active phase, and the reaction kinetics are
affected by the surface area and morphology of the electrode.'® There-
fore, to explain how the electrochemical performance of the Sn-Co
alloy electrode on the Cu foam improves, the changes in the electrode
morphology and phase structure during the cycles were investigated,
and their effects on the electrochemical properties were discussed.

Fig. 4 shows the morphological changes of the pure Sn electrode
after (a) 1 cycle, (b) 5 cycles, (c) 10 cycles, and (d) 20 cycles. After
the 1% cycle (Fig. 4a), a large number of cracks were generated
on the electrode surface due to the volumetric expansion of Sn during
the 1% discharge, and these cracks divided into much smaller islands
with gaps widening between them after 5 cycles (Fig. 4b). These mor-
phological changes enlarged the surface area and provided additional
reaction sites not available with the small surface area at the 1% cycle.
Therefore, the discharge capacity of the pure Sn electrode increased
slightly during the first 5 cycles due to the increase in the reaction
sites. After 10 cycles (Fig. 4c), however, the islands of active materi-

Figure 4. SEM images of the Sn electrode deposited on the smooth Cu sheet
after (a) 1 cycle, (b) 5 cycles, (c) 10 cycles, and (d) 20 cycles.
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Figure 5. SEM images of the Sn-Co electrode deposited on the Cu foam after
(a) 5 cycles, (b) 10 cycles, (c) 20 cycles, and (d) 40 cycles.

als were peeled off from the smooth Cu sheet, resulting in electrical
disconnection; this became more obvious after 20 cycles (Fig. 4d).
Thus, it is clear that the reversible capacity of the pure Sn electrode
rapidly decreased as the Sn islands were detached from the current
collector with the cycles.”™®

In contrast, the Sn-Co alloy electrode deposited on the Cu foam
showed much less cracking and detachment between the active mate-
rials and the substrate with cycling. Fig. 5 shows the morphological
changes of the Sn-Co alloy electrode after (a) 5 cycles, (b) 10 cycles,
(c) 20 cycles, and (d) 40 cycles. As shown in Fig. 5a, the porous foam
structure was maintained even after 5 cycles, indicating that the Sn-Co
alloy reversibly expands and contracts without significant cracking.
This is due primarily to the fact that the Cu foam with high poros-
ity accommodates the volumetric expansion of the electrode. Even
though the surface morphology of the electrode did not sustain the
“foam structure” after 10 cycles, the micropores of the electrode were
changed to sufficient voids that can accommodate the volumetric ex-
pansion of the active materials, resulting in the reduced internal stress
and strain. Thus, active materials were not detached from the substrate
during 40 cycles. A highly magnified SEM image shown in the inset
of Fig. 5d confirms the presence of the pores in Sn-Co alloys even
after 40 cycles.

XRD patterns for the pure Sn electrode deposited on the smooth Cu
sheet with cycles are shown in Fig. 6a. Until the 5" cycle, the XRD
pattern for the Sn electrode was similar to that of the as-deposited
electrode, exhibiting crystalline p-Sn. However, the intensity of the
main peaks assigned to B-Sn dramatically decreased after 20 cycles,
which implies that $-Sn changed to a phase with lower crystallinity.
Typically, an amorphization of active materials may occur in Li stor-
age metals such as Sn and Si after a number of cycles; this is because
forming a stable amorphous phase is thermodynamically more favor-
able than forming a crystalline phase.’! Therefore, the decrease in
the peak intensity of Sn implies that the crystalline Sn transformed
into the stable amorphous Sn to reduce the free energy of the sys-
tem. Accordingly, the lithiation/delithiation reactions of Sn should
be modified by the change in its phase structure; this is why the
charge/discharge behavior of the pure Sn electrode changed after a
number of cycles (Fig. 3d). On the contrary, the phase structure of
the Sn-Co alloy remained same after 50 cycles without any phase
transformation. As depicted in Fig. 2c, the phase of Sn-Co alloy was
characterized as the nonequilibrium CoSn, by the three main peaks
around 30° and the three additional peaks at around 43°. As shown
in Fig. 6b, the peak intensities were unchanged from the as-deposited
electrode to the electrode after 50 cycles, confirming that the CoSn,
reacted with Li without changing its phase structure. N. Tamura et al.
demonstrated that the nonequlilibrium CoSn, phase which has phase
structure of 92.1Sn-7.9Co can reversibly react with Li by recovering
its crystal structure, because that phase is the most stable structure
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20 cycles and 50 cycles, and (b) Sn-Co alloy electrode on the Cu foam after 1 cycle, 10 cycles, 30 cycles and 50 cycles.

for electrochemical reaction with Li.'” Hence, the CoSn, effectively
resists to a structural deterioration due probably to its highly stable
phase structure.

Conclusions

A three-dimensional Sn-Co alloy electrode was prepared by elec-
trodeposition on the porous Cu foam, and its electrochemical proper-
ties were examined. Compared with the electrochemical performance
of a pure Sn electrode deposited on a smooth Cu sheet, the Sn-Co al-
loy electrode on the Cu foam exhibits an improved cycle performance
with a relatively high coulombic efficiency. It was confirmed from
the analysis on the changes in morphology and phase structure of the
Sn-Co alloy electrode with cycling that the significant improvement
in the cycleability of the electrode was attributed to the following
three factors: the enhanced bond between the active materials and
the current collector, the high porosity in the electrode, and the high
structural stability of the active phase in the reaction with Li. Ex situ
SEM analysis revealed that the porous Cu foam can effectively inhibit
the pulverization and delamination of the Sn-Co electrode from the
substrate by enhancing the bond between the active material and cur-
rent collector, and its pores accommodate the volumetric expansion of
the active phase upon cycling. Concurrently, the phase structure of the
nonequilibrium CoSn, remained unchanged after 50 cycles in the ex
situ XRD analysis, indicating that the CoSn, reacted reversibly with
Li without structural deterioration due to its high stability in phase
structure.
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