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Abstract: SnCo alloy nanowires were successfully electrodeposited from SnCl,—CoCl,—1-ethyl-3-methylimidazolium chloride (EMIC) ionic
liquid without a template. The nanowires were obtained from the molar ratio of 5:40:60 for SnCl,:CoCl,:EMIC at —0.55 V and showed a
minimum diameter of about 50 nm and lengths of over 20 pm. The as-fabricated SnCo nanowires were about 70 nm in diameter and featured
a Sn/Co weight ratio of 3.85:1, when used as an anode for a Li-ion battery, they presented respective specific capacities of 687 and 678
mAh-g " after the first charge and discharge cycle and maintained capacities of about 654 mAh-g " after 60 cycles and 539 mAh-g ' after 80
cycles at a current density of 300 mA-g . Both the nanowire structure and presence of elemental Co helped buffer large volume changes in
the Sn anode during charging and discharging to a certain extent, thereby improving the cycling performance of the Sn anode.
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1. Introduction

The graphite anode in current Li-ion batteries has
shown the disadvantages of a relatively low capacity
(theoretical specific capacity, 372 mAh-g™") and potential
safety issues [1-2]. Metal-based anode materials, such as
Sn-based alloys, are regarded as possible alternative anodes
for these batteries because such materials feature a higher
specific capacity (993 mAh-g™') and better safety than their
graphite counterparts [3]. However, Sn-based alloys also
exhibit significant and irreversible capacity degradation due
to serious volume expansion in the charge and discharge
processes [4]. Both alloying and nano-structured Sn-based
anodes are expected to solve these problems. Addition of
alloying elements to Sn-based alloys, such as the transition
metal elements Fe, Co, and Ni, can provide barriers to effec-
tively relieve the volume change of Sn-based anodes during
charging and discharging [5-8].

Electrodeposition is a relatively simple and inexpensive
method to prepare alloys. Hassoun et al. [9] reported that
Sn—Ni alloy films electrodeposited on Cu foil show a capac-
ity of 550 mAh-g " after 40 cycles. Tamura et al. [10] elec-
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trodeposited an amorphous SnCo alloy film with a rough
surface that showed a specific capacity of 600 mAh-g ' after
20 cycles. Wang et al. [11] successfully synthesized
core-shell Cu—Sn alloys on a Cu nanowire array current
collector, this device featured a specific capacity 552
mAh-g™" after 60 cycles when used as an anode for Li-ion
batteries.

Compared with general particle-based electrodes, nano-
wire-based electrodes allow more space with which to
buffer volume expansion of the electrode in Li-ion batte-
ries [12]. Templates are generally required to prepare na-
nowires during electrodeposition of alloys. For example,
Ferrara et al. [13] electrochemically synthesized SnCo alloy
nanowires by using a polycarbonate-membrane template.
Tian et al. [14] prepared a NiSn nanowire anode by electro-
deposition with a porous anodic alumina template, and the
resulting anode gave a capacity of about 250 mAh-g ' after
60 cycles. Despite its many benefits, however, tem-
plate-assisted electrodeposition is a very complicated and
tedious process because the template must be prepared before
the experiment and dissolved after the experiment. As such,
exploration of a template-free electrodeposition method to
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obtain Sn-based alloy nanowires is a meaningful endeavor.
Ionic liquids are a type of liquid salt at close to room
temperature. As they generally feature lower conductivity
(10°-107° S'm™") compared with aqueous solution (0.5 x
10°-15 x 107 S'm™) and higher viscosity compared with
aqueous solutions, suitable media to produce nanowires in ionic
liquid without template could be developed. In fact, Al, Te, and
SmCo nanowires have been obtained from AlC;-trimethylamine
hydrochloride (TMHC), a piperidinium-based mixed ionic lig-
uid, and SmCl;—CoCl,—1-ethyl-3-methylimidazolium chloride
(EMIC) ionic liquid, respectively, via a template-free elec-
trodeposition method according to the literature and our pre-
vious work [15-17]. Chen et al. [18] electrodeposited AlFe
alloy nanowires from TMHC-AICL—FeCl; ionic liquid
without a template. Hsieh and Sun [19] successfully pre-
pared CuSn nanobrushes from 1-ethyl-3-methylimidazolium
dicyanamide ionic liquid at a current density of —0.4
mA-cm 2. The slow ion diffusion rate of the ionic liquid and
an appropriate electrodeposition potential are key factors for
preparation electrodepositing nanowires without a template.
Based on our previous work on the template-free electro-
deposition of SmCo nanowires from SmCl;—CoClL—EMIC io-
nic liquid, herein, we electrodeposited SnCo alloy nanowires
from SnCl,—~CoCL,—EMIC ionic liquid without a template.
The as-prepared SnCo alloy nanowires were used as an anode
for a Li-ion battery, and they exhibited outstanding cyclic
performance and specific capacities of about 760 mAh-g'
after the first cycle, 600 mAh-g " after 60 cycles, and 408
mAh-g " after 80 cycles at a current density of 300 mA-g .

2. Experimental

The raw materials, including EMIC (ACROS, 97wt%),
CoCl,, and SnCl, (Alfa Aesar, 99.9wt%) were bought and
directly used without any treatments. The ionic liquid was
prepared by adding EMIC, CoCl,, and SnCl, into a beaker
at a specific molar ratio and then heating to a given temper-
ature for 2 h with continuous stirring in an Ar-filled glove
box. A three-electrode system was applied for all electro-
chemical analyses and electrodeposition experiments; here,
W wire (99wt%) and a Cu sheet served as the working elec-
trode for voltammetric studies and electrodeposition, re-
spectively, and a Co plate (Aladdin, 99.5wt%) served as the
counter electrode. The reference electrode was prepared by
immersing a Co wire (Aladdin, 99.5wt%) into a 40:60 molar
ratio of CoCl,—EMIC ionic liquid in a fritted glass tube as
referenced in our previous work [17]. In the experiments, all
potentials are reported relative to the above reference elec-
trode. A PAR-STAT2273 (PAR-Ametek Co., Ltd.) worksta-
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tion with the PowerSUITEuite software package was used to
record all electrochemical and electrodeposition data. The W
wire (99wt%), Cu sheet, and Co plate were polished with
emery papers, washed with distilled water and acetonitrile,
and then dried in a vacuum oven before use. After each elec-
trodeposition experiment, the SnCo alloy deposits that formed
on the Cu sheet were quickly moved to acetonitrile and cleaned
three times. Thereafter, they were directly assembled into a
coin-type cell with a Li plate ($16 mm x 1.5 mm, China Ener-
gy Lithium Co., Ltd.) in 1 mol-L™" LiPF, with ethylene carbo-
nate, dimethyl carbonate, and ethyl methyl carbonate (1:1:1
in volume ratio) electrolyte and a Celgard 2400 separator.
Electrochemical analysis and electrodeposition were
conducted inside an Ar-filled glove box in which the con-
centration of O,and H,O are less than 1 mg/L. Scanning elec-
tron microscopy (SEM, JEOLJSM-6360LV), transmission
electron microscopy, and high-resolution transmission elec-
tron microscopy (TEM/HRTEM, JEM-2100, 200 kV) were
employed to characterize the morphology of the deposits. An
energy dispersive X-ray spectroscope (EDS, Falcon) and in-
ductively coupled plasma atomic emission spectrometer (ICP,
Agilent) were used to analyze the chemical composition of
the deposits. Selected area electron diffraction (SAED,
JEM-2100, 200 kV) was employed to analyze the structure of
deposits, and a charge/discharge battery tester (NewWare
TCS5.X, Shenzhen) was used to test the performance of the
battery at cut-off voltages between 0.01 and 1.5 V vs. Li/Li".

3. Results and discussion

3.1. Electrochemical reduction of Co*" and Sn”' ions in
SnCl,—CoCL—EMIC ionic liquid

Fig. 1 shows cyclic voltammograms (CVs) recorded on
W electrodes in CoCl,—EMIC ionic liquid with or without
SnCl,. In curve 1 of Fig. 1, the reduction peak A and the
oxidation peak B are attributed to Co”" reduction and Co
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Fig. 1. Cyclic voltammograms recorded on a W electrode in

SnClL,—CoCl,—EMIC ionic liquid (0:40:60, 5:40:60 in molar ra-

tio) at 120°C and scan rate of 50 mV-s .
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oxidation in the ionic liquid. As SnCl, is added to the
CoCL—EMIC ionic liquid (40:60 in molar ratio), i.e.,
SnCl,—CoCl,~EMIC (5:40:60 in molar ratio), reduction
peaks C and D, as well as oxidation peak E, are shown in
curve 2 of Fig. 1. The reduction peak C at —0.6 V corres-
ponds to co-reduction of Co”" and Sn*"; Co reduction, which
begins at about —0.15 V, is proven by the following electro-
deposition study. The reduction peak D at —1.1 V is related to
Sn reduction. Apparently, addition of SnCl, to CoCl,—EMIC
ionic liquid causes a much higher reduction current density.

3.2. Electrodeposition of Co nanowires

According to our previous work [17], Co nanowires were
obtained by electrodeposition from CoCl,—~EMIC ionic lig-
uid with a molar ratio of 40:60 at —0.65 V and 120°C for
1200 s and from the same liquid with a molar ratio of 60:60
at —0.68 V and 90°C for 1200 s. The Co nanowire diameters
obtained were in the range of about 450-530 nm. The for-
mation mechanism of Co nanowires can be explained ac-
cording to Fig. 2. The electrical double layer is first charged
as soon as a reduction potential of over —0.2 V is imposed
on the working electrode. Then, Co®" ions are reduced onto
the Cu substrate, and new Co nuclei are formed followed by
their growth. Initially, Co®" ions shift to the cathode (Cu
substrate) driven by the electric field force and are con-
sumed by electrochemical reduction, during which a con-
centration gradient of Co®" ions is built between the Cu
electrode and the bulk or between Co nuclei and the ionic
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liquid around these nuclei. Then, Co*" ions migrate to the
cathode under both the electric field force and the concen-
tration gradient, as shown in Fig. 2(a); in this figure, F; re-
fers to the electric field force and F, refers to the force
caused by the Co”" ion concentration gradient. As electro-
deposition proceeds, Co nuclei continuously grow along the
perpendicular and parallel directions relative to the cathode
substrate. As Co®" ions around the formed Co nuclei are
completely consumed, Co®" ions diffuse from the bulk ionic
liquid to the top of the formed Co nuclei for further electro-
deposition, leading to vertical Co nuclear growth relative to
the cathode Cu substrate. Co nuclear growth parallel to the
cathode substrate is limited at this point by the extremely
slow diffusion rate of Co®" in the ionic liquid. Co nanowires
with a certain length diameter ratio are finally obtained after
several cycles of this process, as presented in Fig. 2(b).

3.3. Electrodeposition of SnCo alloy

SnCo alloys were prepared from SnCl,—CoCl,—~EMIC
ionic liquid using the specific experimental conditions listed
in Table 1. All Sn/Co weight ratios were obtained by ICP
analyses. In SnCl,—CoClL,—EMIC ionic liquid with a molar
ratio of 5:40:60 at 120°C for 300 s, the deposits with Sn/Co
weight ratios of about 3.41:1, 3.85:1, 5.14:1, 4.81:1, and 5:1
are obtained at applied potential changes of —0.45, —0.5,
—0.55, —0.58, and —0.6 V, respectively. The SnCo alloy shows
a leaf-like morphology measuring about 300 nm in size at
—0.45 V (Fig. 3(a)). As the potential is shifted to —0.5 V
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Fig. 2. Schematic of (a) Co*" ions migration to the cathode under both the electric field force and the concentration gradient and (b)
formation process of Co nanowires in CoCl,—EMIC ionic liquid (40:60 in molar ratio).

Table 1.

Electrodeposition conditions for obtaining SnCo alloy

Samples Potential / V Time and temperature Morphology Diameter/nm  Length/um  Sn:Co (in wt%)
SnCo5-0.45 —0.45 Leaf-like =300 — 341:1
SnCo5-0.5 -0.50 Nanowires 70 >20 3.85:1
SnCo5-0.55 —0.55 Nanowires 50 >>20 5.14:1

300 s, 120°C .
SnCo05-0.58 -0.58 Flower-like =550 — 4.81:1
SnCo5-0.6 -0.60 Sunflower-like ~300 — 5:1
SnCo8-0.55 —0.55 Fishbone-like =220 =20 5.6:1

Notes: In samples labeled SnCoX-Y, X indicates the SnCl, content in SnCl,—CoCl,—EMIC and Y indicates the applied potential during elec-
trodeposition.
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Fig. 3. Surface morphologies, SAED image and XRD pattern of the SnCo alloys from SnCl,—CoCL,—EMIC ionic liquid with
5:40:60 in molar ratio or with 8:40:60 in molar ratio at 120°C, 300 s: (a) SEM of the SnC05-0.45 alloys; (b) SEM of the SnCo05-0.5
alloys; (c) TEM image of (b); (d) SEM of the SnCo05-0.55 alloys ; (¢) TEM image of (d); (f) SEM of the SnCo05-0.58 alloys; (g) SEM of
the SnCo05-0.6 alloys; (h) SEM of the SnCo08-0.55 alloys; (i) SAED image of SnCo05-0.55; (j) XRD pattern of SnCo05-0.55.
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in the same ionic liquid, SnCo nanowires with an average
diameter of about 70 nm and lengths of over 20 um are
gained, as shown in Figs. 3(b) and 3(c). Addition of a small
amount of SnCl, to the CoCl,—EMIC ionic liquid does not
disrupt the conditions required to form the nanowires and
can effectively reduce the nanowire diameter from 450 nm
to 70 nm, as seen in the TEM image in Fig. 3(c). As the po-
tential further decreases to —0.55 V, the as-prepared SnCo
nanowires present an average diameter of about 50 nm, as
seen in Fig. 3(d), slightly thinner than that obtained at —0.5
V. The TEM image in Fig. 3(e) reveals that the average
length of the SnCo nanowires is much longer than 20 pm.
Thus, more negative potentials clearly produce thinner na-
nowires with higher weight ratios of Sn/Co. As the potential
is adjusted to —0.58 V, a completely different appearance of
SnCo is achieved from the same ionic liquid, and the depo-
sits are notably composed of powders rather than nanowires
(Fig. 3(f)). Some powders even accumulate together to form
a flower-like structure. The average size of these powders is
about 500-600 nm. As the potential is decreased to —0.6 V,
the sunflower-like deposits in Fig. 3(g) are obtained; the
sample obtained at this point consists of short nanowires in
the root portion and powders in the top portion, and the
weight ratio of Sn/Co in the deposits is about 5:1. As the
composition of SnCl,—CoCl,~EMIC is changed to 8:40:60
in molar ratio, the as-prepared SnCo alloy obtained at —0.55

V resembles fishbones with a diameter of about 220 nm (Fig.

3(h)); here, the weight ratio of Sn/Co is about 5.6:1. SAED
image analysis indicates that the pure Co nanowires feature
a completely amorphous structure without any diffraction
rings [17]. By contrast, the SnCo nanowires in Fig. 3(i) re-
veal a mainly amorphous structure with some obvious dif-
fraction rings. This result shows that the crystal quality of
the SnCo nanowires is improved by addition of SnCl,. The
presence of Sn and Co;Sn, alloy in the SnCo nanowires is
confirmed by the XRD pattern shown in Fig. 3(j); here,
peaks at 26 of 30.644° and 43.528° correspond to Sn and
Co3Sny, respectively. The highest peaks at 26 of 74.13° and
50.433° reflect the Cu sheet substrate.

3.4. Electrochemical performances of the SnCo nano-
wires

The effects of morphology and SnCo nanowire composi-
tion on the electrochemical performance of the anodes used
in a Li-ion battery were investigated. Here, capacity is cal-
culated for the total mass of the SnCo alloy, which is about
0.5-1 mg and measured by an analytical balance. As de-
tailed in Table 1, the samples are designated SnCoX-Y,
where X and Y represent the SnCl, molar ratio in the ionic

liquid and the potential applied during electrodeposition,
respectively. First, all of the batteries were charged and dis-
charged for one cycle at a current density of 100 mA-g™' to
stabilize the anode material prior to formal charge and dis-
charge studies. Fig. 4 shows the CVs of the SnCo05-0.55
nanowire anode (in a SnCo—Li coin battery). The two pairs
of reduction (peaks A, B) and oxidation (peaks C, D) peaks
in Fig. 4 correspond to the two intercalation/deintercalation
platforms in Fig. 5(a), where the reduction peaks A and B at
around 0.33 and 0.12 V, respectively are derived from the
different Li intercalation processes of Li,Sn, as described in
Egs. (1) and (2) [20-22]. In the oxidation process shown in
Fig. 5(a), the two anode peaks C and D at 0.56 and 0.68 V,
respectively, reflect Li-ion deintercalation from the Li—Sn
alloy.
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Fig. 4. Cyclic voltammograms of the SnCo05-0.55 nanowire
anode (in a SnCo—Li coin battery) at 0.1 mV-s™".

SnCo5-0.5 shows relatively good cycling ability at a
charge—discharge current of 300 mA-g " in Fig. 5(a); in this
figure, the SnCo nanowires appear to present two potential
platforms. The SnCo05-0.55 anode in Fig. 5(b) delivers spe-
cific capacities of about 765 and 760 mAh-g™' during the
first charge and discharge cycle. This capacity is maintained
at about 600 mAh-g ' for 60 cycles, after which the dis-
charge capacity is reduced to about 408 mAh-g ' after 80
cycles. During the charge—discharge process, the average
coulombic efficiency of the SnCo nanowires is about 97%.

SnCo5-0.5 shows specific capacities of 687 and 678
mAh-g' for the first charge and discharge process at a cur-
rent density of 300 mA-g ', as shown in Fig. 5(b). Its capac-
ity is then maintained about 654 mAh-g " after 60 cycles and
539 mAh-g ' after 80 cycles. The average coulombic effi-
ciency of this anode is also as high as 96%. In Fig. 5(b), the
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SnCo alloy clearly provides a relatively smaller capacity at
—0.5 V than that at —0.55 V in the first 10 cycles, but the
lower content of elemental Sn in the SnCo5-0.5 nanowires
makes these wires more stable than other samples during the
following charge—discharge cycles. Therefore, elemental Co
is quite useful for easing large volume changes in Sn during
Li-ion intercalation and deintercalation. Among the samples,
SnCo05-0.6 presents the highest capacity of about 700
mAh-g ' in the first cycle because of the significant amount
of Sn in the alloy, as seen in Fig. 5(b). However, the capaci-
ty of this sample is rapidly reduced to about 0 mAh-g ™' after
40 cycles, indicating poor cycling ability. This degradation
of capacity may be attributed to the large particle size of the
alloy. SnCo8-0.55 shows a discharge capacity of 560
mAh-g™" at the first cycle and about 0 mAh-g ' after 50
cycles, as seen in Fig. 5(b). The high Sn content of
SnCo8-0.55 changes the morphology of the alloy from na-
nowires to fishbones, which brings about larger volume
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Fig. 5. Electrochemical performances of different SnCo al-
loys as anodes of Li ion battery: (a) charge and discharge
curves of SnCo05-0.55; (b) cycling performance of SnCo05-0.5
(A), SnCo05-0.55 (B), SnC05-0.6 (C), and SnCo08-0.55 (D) at a
galvanostatic current density of 300 mA-g' and potentials
ranging from 0.01 to 1.5 V (vs. Li/Li"); (c) rate performance
of the SnCo05-0.5 electrode at 300, 600, 900, and 1200 mA-gfl;
(d) EIS graphs of SnCo5-0.5 anode; (¢) SEM of SnCo05-0.5
anode after 80 cycles.

changes during the charge—discharge process. Comparison
of the cycling performances of SnCo5-0.5, SnCo5-0.55,
SnCo05-0.6, and SnCo8-0.55 reveals that the SnCo05-0.5 na-
nowires (prepared from 5:40:60 in molar ratio ionic liquid at
—0.5 V and 120°C for 300 s) present the highest capacity
and the best cyclability because of their small diameter and
the suitable molar ratio of Sn and Co elements in the alloy.
Fig. 5(c) illustrates the rate performance of the SnCo5-0.5
electrode. Here at current densities of 300, 600, 900, and
1200 mA-g ', the electrode exhibits steady and reversible
specific charge capacities of 647, 549, 470, and 375
mAh-g', respectively. In addition, the capacity decreases to
528 mAh-g"' when the current density is returned to the ini-
tial value of 300 mA-g . The electrochemical impedance
spectra (EIS) of the SnCo5-0.5 anode before and after cycl-
ing reveal that its contact resistance increases from 4 ohms
to 170 ohms and its charge transfer resistance increases
from 750 ohms to 1450 ohms after 80 cycles, as shown in
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Fig. 5(d). SnCo05-0.5 maintains its nanowire-like morphol-
ogy but the wires acquire a larger diameter than that of the
initial sample after 80 cycles, as shown in Fig. 5(e). The
nanowire structure facilitates improvements in cycling abil-
ity, and addition of a certain amount of Co to the SnCo alloy
nanowire is necessary to overcome volume changes during
Li ion intercalation and deintercalation. Further reductions
in the size of the SnCo nanowires or addition of other ele-
ments may be necessary to improve the cycling ability of the
SnCo alloys.

4. Conclusions

SnCo alloy nanowires were successfully electrodeposited
from SnCl,—~CoCl,—EMIC ionic liquid at a constant poten-
tial without a template. The average diameter of the SnCo
alloy nanowires obtained in 5:40:60 in molar ratio
SnCl,—CoClL,—EMIC at —0.55 V was about 50 nm, which
means these nanowires are much finer than pure Co nano-
wires, which feature an average diameter about 450 nm. The
SnCo alloy nanowire electrode exhibited good performance
with a relatively high specific capacity. The results showed
that the nanowire arrays are able to accommodate large vo-
lume changes caused by Li ion intercalation and deinterca-
lation. The fabricated SnCo nanowire electrodes (70 nm in
diameter, Sn:Co weight ratio of 3.85:1) exhibited specific
capacities of 687 and 678 mAh-g™' during the first charge
and discharge cycle and maintained capacities of about 654
mAh-g " after 60 cycles and 539 mAh-g™" after 80 cycles at
a current density of 300 mA-g"'. Both the fineness of the
nanowires and the presence of the transition metal Co could
buffer large volume changes during Li ion intercalation and
deintercalation, thereby improving the cycling performance
of the Sn anode.
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