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Three-Dimensional Porous Copper-Tin Alloy Electrodes for

Rechargeable Lithium Batteries**

By Heon-Cheol Shin and Meilin Liu*

Three-dimensional (3D) foam structure of a CueSns alloy was fabricated via an electrochemical deposition process. The walls
of the foam structure are highly porous and consist of numerous small grains. When used as a negative electrode for a recharge-
able lithium battery, the CueSns samples delivered a reversible capacity of about 400 mA h g™ up to 30 cycles. Further, these
materials exhibit superior rate capability, attributed primarily to the unique porous structure and the large surface area for fast
mass transport and rapid surface reactions. For instance, at a current drain of 10 mA cm™ (20C rate), the obtainable capacity
(220 mA hg!) was more than 50 % of the capacity at 0.5 mA cm > (1C rate).

1. Introduction

The demand for electrode materials with higher reversible
capacity than carbon-based materials has stimulated research-
ers to explore many different types of materials as the negative
electrode for lithium batteries.'”) Among them, tin has been
widely studied because of its much higher theoretical capacity
(991 mAhg™'; 7200mAhcc™”) than graphite (372 mAhg™;
837 mA hcc™).[*%! However, the poor cyclability due to large
volume change (up to 360 %) during cycling makes it impracti-
cal to use pure tin metal as electrode for rechargeable lithium
batteries,! despite the fact that many attempts have been
made to improve the cycling stability. Recently, tin-based
intermetallic compounds Sn,Me, (Me: inactive element) have
been reported as promising electrode materials, including
Cu-Sn,7 1% Ni-Sn,"31 and Fe-Sn'41] systems. The reaction
of the intermetallic compounds Sn,Me, with lithium has been
described as the formation of brittle Li—-Sn alloys within a rela-
tively soft (ductile) inactive matrix Me, which buffers the large
volume change in the course of alloying processes.[l6’17] Ac-
cordingly, the Sn,Me, can provide a much more stable cycling
performance than pure tin metal and at the same time still
offer larger reversible specific (gravimetric and/or volumetric)
capacity as compared to graphite.

In a recent communication,'® three-dimensional (3D) metal
foam structures (of copper and tin) with nano-dendritic walls
have been fabricated using an electrochemical deposition pro-
cess. This unique porous structure is attributed to the concur-
rent generation of hydrogen bubbles with extremely fast metal
deposition at high cathodic current densities. The porous foam
structure would allow not only fast transport of lithium ions
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through the electrolyte and the electrode (due to short diffu-
sion length) but also rapid electrochemical reactions (due to
high surface area), resulting in a high-performance anode for
lithium batteries with superior rate capability. Here, we report
the detailed microscopic features and the electrochemical per-
formance of a highly open, porous Cu-Sn intermetallic com-
pound, 7’-CugSns, prepared via an electrochemical deposition
process.

2. Results and Discussion

Shown in Figure 1 are some typical scanning electron
microscopy (SEM) images of porous copper-tin alloys, created
by an electrochemical deposition process for different periods
of time. The deposited films were characterized by a 3D foam
structure. The origin of this unique structure is as discussed
elsewhere!™ and briefly summarized as follows. Since the
hydrogen over-voltage of the copper substrate is low to gener-
ate hydrogen gas in highly acidic media and at high cathodic
current densities,'”! a large number of hydrogen bubbles creat-
ed on the copper substrate move towards the electrolyte/air in-
terface during the electrodeposition process. Thus, the metal
growth towards the gas bubble is prohibited simply because
there are no metal ions available there, leading to deposition
only between gas bubbles. In other words, the hydrogen
bubbles function as a dynamic template during metal deposi-
tion when deposition parameters are carefully selected, includ-

20 pm

Figure 1. Typical SEM images of porous Cu-Sn alloys created by an
electrochemical deposition process for different periods of time: a) 5's,
b) 10 s,and c) 20 s.
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ing the concentrations of Cu/Sn sulfates and sulfuric acid as
well as the applied current densities. The effect of deposition
parameters on the morphology of the foam structure can be
found elsewhere.!'™!

As depicted in Figure 1, the surface pore size of the foam in-
creases with the time of deposition, which is attributed to the
coalescence of hydrogen bubbles generated during electrode-
position. It is noted that the pore walls are partially cracked
and the crack formation becomes severe as the deposition time
(i.e., film thickness) increases. The partial cracking of the
deposits is probably a consequence of the stresses induced by
vigorous hydrogen evolution under extreme deposition condi-
tions, damaging the continuous structure of the foam walls.

Figure 2 shows the typical microstructures of a copper—tin
deposit at different magnifications. Clearly, the walls of the
foam are highly porous and contain numerous small grains. It
is conceivable that the large pores of the foam structure, seen
in Figure 2a, are created by the hydrogen bubbles evolved
from the copper substrate, whereas the small pores inside the
walls, seen in Figure 2c, originate mainly from the hydrogen
bubbles liberated from the freshly formed porous deposits of
copper-tin alloys.™”! Although the large nodules (of the size of
about 1 um) resulting from the aggregation of small particles
are sporadically observed through the foam walls, the feature
size of the particles in the foam walls is of the order of hun-
dreds of nanometers (Fig. 2c). While the average size of the
large pores of the foam structure increased with the deposition
time, the size of the small pores and the microstructures of the
foam wall remain similar, implying that the well-defined micro-
structures are uniformly created throughout the foam struc-
ture.

The powders of the deposits (scratched from the substrates)
typically have surface area of about 20 m?g™, as measured
using the Brunauer-Emmett-Teller (BET) technique
(ASAP 2000, Micromeritics). Based on the BET results, the
equivalent particle size of the CueSns alloys was estimated to
be about 363 nm, assuming that the particles are spherical and
that there is no contact among the particles. The calculated par-
ticle size matches satisfactorily the observed particle size from
SEM, implying that the effect of other factors is relatively
small, including the roughness of the particle, interconnection

between the particles, and the increase in surface area due to
the scratching of the coatings off the substrates. From the
rough calculation from the BET result, the surface area of the
electrode deposited for 5 s is about 160 times that of a dense
electrode film of the same superficial area.

Shown in Figure 3 is an X-ray diffraction (XRD) pattern of
the copper—tin alloy scratched from the substrate. The XRD
pattern is in good agreement with those reported for low-tem-
perature modification of CugSns, i.e., 1’-CusSns, which is
known to have a monoclinic lattice with a space-group symme-
try of C2/c.?'?) The elemental analysis of the deposits using
energy-dispersive X-ray spectroscopy (EDS) showed that the
atomic ratio of Cu to Sn is 1.18, which matches the expected
atomic ratio of Cu to Sn in #’-CugSns.

Intensity (Arbitrary Units)

40“ o0 80 ' 100
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Figure 3. XRD patterns of the powders of Cu-Sn alloy (upper) scratched
from the substrate showing that the electrodeposit is an intermetallic
compound 7’-CugSns with high crystallinity. The XRD patterns of electro-
deposited Cu and Sn (lower) are also given for the sake of comparison
[18]. Further details of the crystal-structure investigation(s) may be ob-
tained from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-
Leopoldshafen (Germany), on quoting the depository numbers CSD-
413067 (Cu), 413068 (Sn), and 413 560 (CugShs).

Figure 2. 3D foam structure of a porous Cu—Sn alloy sample (created for 10 s) at different magnification showing
that a) the large pores formed due to evolution of H, from the substrate, b) the detailed microstructure of the walls,
and c) the small pores within the walls formed by the evolution of H, from the deposited Cu-Sn particles.
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Figure 4a shows the typical voltage versus specific capacity
of a CugSns sample (created for 10s) for the five cycles
(16th-20th) at a current density of 0.5 mA cm™ (1C rate), im-
plying that CueSns reacted reversibly with lithium to deliver a
reversible capacity of about 400 mAhg'. The differential
capacity curve dC/dE shown in Figure 4b, which is recon-
structed from the voltage profile for the 16th cycle, showed two
distinct reduction peaks, R; (at 0.30 V) and R, (at <0.01 V),
and the two corresponding oxidation peaks, O, (at 0.5-0.7 V)
and O, (at 0.83 V), of CueSns. 5!
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Figure 4. a) Typical voltage profiles of the CugSns sample (created for
10 s) for the five cycles (16th—20th cycle) at a current density of
0.5 mAcm™ (1C rate) and b) the differential capacity curve, reconstructed
from the voltage profile for the 16th cycle.

Although the exact reaction mechanism of CueSns with
lithium is still not clearly understood, especially the formation
of the several intermediate ternary phases of Li-Cu-Sn during
the lithium alloying/dealloying process, % it is generally
accepted that the reduction peak of R, is attributed to the for-
mation of Li,CuSn, resulting from the alloying of CusSns with
lithium, while the reduction peak R, corresponds to the forma-
tion of the fully lithiated Sn phase (i.e., Lis4Sn). The corre-
sponding reverse reactions, i.e., the formations of Li,CuSn and
CueSns are responsible for the oxidation peaks of O, and Oy,
respectively.

Ry
10Li 4+ CugSns — 5Li,CuSn + Cu
04

(1)
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12Li + 5Li,CuSn :2 5Liy ,Sn + 5Cu
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Shown in Figure 5 are the variations of the specific capacity
with the number of cycles. The plot is roughly divided into
three regions. The capacity increases during the first ten cycles
(the 1st region), then remains relatively constant between the
10th and the 30th cycle (the 2nd region), and finally decreases
rapidly after the 30th cycle (the 3rd region), irrespective of the
lithium insertion (solid square) and extraction (solid circle).
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Figure 5. Variation of the specific capacity (solid symbols) and the irre-
versible capacity loss (open diamonds) of the CugSns sample (created for
10 s) with the number of cycles at a current density of 0.5 mAcm™ (1C
rate).

It is noticeable that the amount of cathodic charge for lithi-
um insertion is always larger than the amount of anodic charge
for lithium extraction, implying that the electrode exhibits
some irreversible capacity at each cycle. The irreversible capac-
ity loss might be attributed to 1) the inability for all extruded
copper to be re-incorporated into the tin flame,**! 2) mechani-
cal disintegration caused by severe volume change during
cycling (e.g., about 45 % volume change during phase transi-
tion from CugSns to Li,CuSn), 3) formation of lithium oxides
(Li,O) from the Cu,O and SnO, impurities which can be
formed during the electrochemical deposition in an aqueous
bath, and 4) formation of a solid electrolyte interphase (SEI)
layer on the surface. The latter two are expected to be more
pronounced in our nanostructured alloy electrodes because of
the nanostructure and large surface/interface areas.

Interestingly, the amount of the irreversible capacity, Ci,s—
Cext (€ in Fig. 5), initially increased with cycling (see in the 1st
region), implying that new source for irreversible capacity loss
may become active. Considering that the foam-wall thickness
of the electrodeposited CugSns alloy is of the order of tens of
micrometers as shown in Figure 2a, it is conceivable that some
of the active material was isolated during cell fabrication. The
isolated material may become active as the electrolyte pene-
trates into the porous structure with cycling because of the dra-
matic volumetric and morphological change.

Assuming the isolated active materials inside the walls are
exposed to the electrolyte at each cycle throughout the cycling
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test, the variation of capacity retention and irreversible capaci-
ty with number of cycle can be explained as follows. In the first
region, a large amount of CugSns active materials are freshly
exposed to the electrolyte and the increase in capacity by this
newly exposed alloys overwhelms the decrease in capacity due
to the above reasons (1) and (2), increasing the total specific
capacity. While the creation of new active volume increases the
capacity, it is detrimental to the charge/discharge efficiency
due to the reasons (1) to (4). In the second region, the genera-
tion of new active volume is significantly suppressed and is
balanced with the degradation of the electrode, making the
capacity retention almost constant. The decrease in the newly
created active volume leads to the increase in the efficiency
since the reactions of (3) and (4) are suppressed. Finally, in the
third region, the amount of newly created active volume is
quite small and hence the total capacity is considerably re-
duced.

Shown in Figure 6 is the rate capability of a CugSns sample
(deposition time: 10 s). Before the rate-capability test, the elec-
trodeposited samples were activated initially by cycling about
ten times at 1C rate so that the capacity retention remained the
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Figure 6. a) Dependence of the voltage profile on applied current densi-
ties for the CugSns sample created for 10 s and b) variation of specific-
capacity retentions of the CugSns samples created for 10 s (@) and 5 s
(O) with lithium-extraction rate.
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same during the subsequent rate-capability test. In other words,
the rate-capability experiment was performed in the 2nd region
of Figure 5.

At the lithium-extraction rates of 1C (0.5 mAcm™), 2C
(1.0), 5C (2.5), 8C (4), 12C (6), 16C (8), and 20C (10),
the CueSns deposit delivered the specific capacities of
420 mAh g’l, 400, 380, 345, 300, 255, and 220, respectively.
Figure 6b summarizes the rate capability in a chronological or-
der. Each point in Figure 6b was determined by averaging the
values during three repetitive cycles under the same current
drain. The capacity retention decreased gradually with increas-
ing lithium extraction rate. In particular, about 50 % of the
reversible capacity at 1C rate can be delivered at an extremely
high rate, 20C (i.e., within 3 min.). To the best of our
knowledge, this represents the highest rate capability of an Sn
or Sn-based alloy ever reported.”?!

The rate capability of the CugSns alloy prepared in 5 s (O in
Fig. 6b) showed similar trend to that of the sample prepared in
10 s. Nevertheless, the rate capability of 10 s deposited sample
is slightly better than that of 5 s deposited sample at high lithi-
um-extraction rates (>3C rate). This result indicates that there
are subtle differences in the foam structure between two sam-
ples, yielding a slightly different ability to meet high current
density. However, we could not find a noticeable difference in
the wall structure between two samples on their micrographs,
implying the difference in rate performance could originate
from the whole 3D architecture, not just microstructures. Un-
der the circumstances, we suggest that the large pores (on aver-
age) of the 10 s deposited sample could be more favorable to
fast lithium-ion transport at high current density than the small
pores of the 5 s deposited sample. For example, the lithium-
extraction process at a 20C rate would be complete in 3 min.
Within this short time, it is expected that 10 s deposited foam
with large pore sizes (220 mA hg™) can allow a larger amount
of lithium ions to be transported from the porous structure to
the bulk electrolyte as a result of lower mass-transport polar-
ization through the foam structure, than 5 s deposited foam
with small pore sizes (166 mAhg™). After a series of rate-
capability tests, the capacity retention of the CugSns sample at
1C was still about 85 %, implying that capacity fade during the
rate-capability tests was about 15 %.

On the other hand, the capacity retention of the CusSns alloy
deposited for 20 s was below 10 % after five galvanostatic
cycles, making further electrochemical characterizations (in-
cluding rate-performance test) meaningless. One possible
reason for this rapid capacity fade is the poor contact between
active materials and substrate. The energetic hydrogen evolu-
tion during an alloy-deposition process could make the active
materials loosely adhered to the substrate and thus the active
materials are readily disintegrated from the substrate in the
course of lithium alloying/dealloying process. Similarly, the
contact problem can be partly responsible for the poor cycling
stability of the 10 s deposited sample (Fig.5). In order to
strengthen the contact between active material and substrate, a
couple of methods are being tested, including the control of
the amount/size of the evolved hydrogen bubble and post-
annealing of the deposits.
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3. Conclusions

Three-dimensional foam structure of a CugSns alloy was suc-
cessfully created using an electrochemical deposition process.
The foam structure is characterized by highly porous foam
walls consisting of active small grains of CueSns alloy. The elec-
trochemical measurements showed that the porous CueSns
samples delivered a reversible capacity of about 400 mAhg™
up to 30 cycles as a negative electrode for lithium batteries.
Furthermore, at an extremely high current drain of 20C rate,
the capacity retention was about 50 % of the capacity at 1C
rate. Although the cycling stability needs to be improved for
practical applications, the excellent rate capability of the pres-
ent CugSns sample opens up new possibility for constructing
unique 3D nanostructured electrodes for rechargeable lithium
batteries.

4. Experimental

Preparation and Characterization of the 3D Porous Copper-Tin
Alloy: High-purity copper (Alfa Aesar, 99.8 %), cleaned with acetone
and dilute hydrochloric acid, was used as the substrate (cathode) for
copper-tin alloy deposition. A Platinum wire was used as the counter
electrode (anode). The distance between anode and cathode was kept
at 2 cm. For copper-tin alloy deposition, a constant current (as high as
5 Acm™) was applied to the cell using a Solartron 1285 potentiostat in
an electrolyte of 1.5 M sulfuric acid (Aldrich) containing 0.24 M
copper sulfate and 0.20 M tin sulfate. Deposition was performed at
room temperature in a stationary electrolyte solution (with neither
stirring nor N, bubbling). The electrode loading on the copper sub-
strate was proportional to the deposition time with a proportionality
constant of 0.16 mgem™s™'. The morphologies of the deposited films
were revealed using a scanning electron microscope (Hitachi S-800
Field-Emission SEM). For structural characterization, the deposits
were scratched from the substrate and the powder X-ray diffraction
(XRD) pattern was recorded using a Philips PW-1800 X-Ray Diffrac-
tometer (with Cu Ko radiation).

Electrochemical Testing: A three-electrode electrochemical cell was
employed for all electrochemical measurements using lithium foils as
the counter and reference electrodes. A 1 M solution of LiPFg in a
50:50 (v/v) mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) was used as the electrolyte. All cells were assembled and tested
in a glove-box (Vacuum Atmospheres Company, U.S.A.) filled with
purified Ar gas. A Solartron 1285 potentiostat was employed to carry
out constant-current cell cycling. In particular, for the rate-capability
test, cathodic currents of 0.25 and 0.5 mA em™ (1C rate [26]) were ap-
plied to the active materials deposited for 5 s and 10 s, respectively, un-
til the cell voltage reached 0.0 V (versus Li/Li*). Subsequently, anodic
currents ranging from 1C to 40C rate were applied until the cell voltage
reached 1.5 V (versus Li/Li").
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