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Studies on the Si based lithium-ion battery anode with long cyclic life and reasonable mass
loading density has attracted considerable attention from both academia and industry. A
new concept has been developed in this work to enhance the electrochemical performance
of the Si nanoparticle anode with high mass loading density (> 1 mg cm™). Nano-sized Si
and Cu particles are dispersed into a Si/Cu nano-composite by facile ultrasonication. For
the first time, it is found that the modulus, hardness, and tensile strength of the Si electrode
have been significantly improved by the incorporation of the copper nanoparticles, leading
to significantly improved cyclic and rate performance. Particularly, the Si/Cu
nanocomposite with the Si/Cu mass ratio of 1.0 exhibits a capacity of 1028 mAhg™ after
80 cycles at 0.2 A g, which is more than three times higher than that of the bare silicon
(328 mAhg™).
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1. Introduction

Silicon (Si) has been regarded as one of the most promising next generation lithium-ion
battery (LIB) anode."® The high theoretical gravimetric capacity (4200 mAhg™), appropriate
working potential (< 0.5 V vs. Li/Li*), and abundant availability make silicon particularly
attractive compared to other LIB anode materials.”® However, the alloying/de-alloying reaction
involved with large amount of Li ions causes huge volume expansion (more than 300 %), where
serious electrode cracking and pulverization happens. ' Particularly, once the electrode and
current collector are disconnected, the reversible capacity will fade rapidly, leading to very poor
cyclic performance.’*** Developing new concepts to improve the cyclic stability of the Si based
LIB anodes has been one of the central issues of the Lithium-ion battery research.

To solve the critical problem of the Si anode, one well-accepted strategy is to exploit
nano-sized silicon composited with buffer medium. Among different types of medium, metal is
particularly attractive.’*® On one hand, the metal possesses excellent mechanical property, which
helps to withstand huge volume expansion and absorb mechanical stress. It inhibits the cracking of
the individual Si nanoparticles and retards the pulverization process of the whole electrode. On the
other hand, the metal also exhibits outstanding electron conductivity. It facilitates the fundamental
electrochemical kinetics by providing additional charge carrier transportation path. Nowadays, the
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frequently exploited synthetic methods for the Si/metal composites are mainly mechanical
alloying®’, electrochemical etch', magnetron sputtering”®, ion assisted deposition?®?,
electrodeposition”?, These methods are either cost consuming or require delicate control over
experimental conditions. Besides, for practical applications, the mass loading density of the Si
electrode needs to reach the level of around 1 mg cm™. It is several times higher than many of the
reported values.”?% Due to the above reasons it is essential to develop simple and inexpensive
fabrication methods to synthesizing Si/metal nanocomposites which improves the cyclic stability
of the Si electrode with reasonable mass loading density.

Here in this work, a new concept is proposed to improve the performance of the Si
nanoparticle electrode, where copper nanoparticles are used as a reinforcing agent to enhance the
mechanical properties of the electrode. Si/Cu nanocomposites are fabricated by directly mixing the
silicon and copper nanoparticles through ultrasonication in ethanol, followed by drying process in
Fig. 1. The Si/Cu mass ratios are tuned to investigate the impact of the copper nanoparticles on the
mechanical properties and electrochemical performance of the electrodes. Particularly, it is worth
pointing out that the mass loading density of the Si/Cu nanocomposites are controlled to be more
than 1.2 mg cm, which provides practical application relevant electrochemical performance of the
Si-based lithium-ion battery anode.
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Fig. 1. Schematics of fabrication of the Si/Cu nanocomposite.

2. Experimental Section

2.1. Materials

All of the chemicals were used as received without further purification. Si nanoparticles
(30 nm, 99.9 %) were purchased from Haotian Nano Technology (Shanghai) Co., Ltd. Copper
nanoparticles (20 nm, 99.9 %) were received from Nanjing XFNANO Material Tech Co., Ltd.
Absolute ethanol was obtained from Sinopharm. Corp. Sodium alginate was bought from Aladdin
Reagent Co., Ltd., China. Conductive Super P was purchased from SCM Chem. Shanghai, China.

2.2. Sample Preparation and Characterization

Two grams of powder mixtures of pure Cu and Si nanoparticles with different mass ratios
of 2.0, 1.0, and 0.5 were dispersed in 30 ml of absolute alcohol. Ultrasonication for 1 hour was
applied to homogenize the nanoparticle dispersion, followed by centrifugation at 8000 rpm for 20
min. The samples were collected and dried at 40 "C for 8 hours. And the mass loading density of
the electrode is controlled to be more than 1.2 mg cm™.

The crystallinity of the Si/Cu nanocomposites was investigated by x-ray diffraction (XRD)
(Bruker AXS D8 Advance, A = 1.541 A, 2.2 kW) with a 20 ranging from 5 ° to 80 °.

The structures of the electrodes before and after cycling were investigated by field
emission scanning electron microscopy (FESEM) with Hitachi S4800 at 4 kV. The samples were
mounted to the sample holder with conductive tape and sputtered with gold before imaging.
Energy dispersive x-ray spectroscopy (EDX) elemental mapping was performed with FEI
QUANTA 250 FEG (America FEI) at an accelerating voltage of 15 kV.

The mechanical properties of the electrodes before cycling were investigated with a MTS
G200 nanoindentation system. The Oliver-Pharr method was employed with a continuous stiffness
measurement option (Berkovich tip). Four indentation experiments were performed on different
spots for each individual sample.


javascript:void(0);
file:///D:/360å®�å�¨æµ�è§�å�¨ä¸�è½½/Youdao/Dict/6.3.69.4001/resultui/frame/javascript:void(0);
file:///D:/360å®�å�¨æµ�è§�å�¨ä¸�è½½/Youdao/Dict/6.3.69.4001/resultui/frame/javascript:void(0);

245

2.3. Electrochemical Measurement

The working electrodes were prepared by manually mixing the Si/Cu nanocomposite,
sodium alginate, and super P with the mass ratio of 8:1:1. Water was used as a solvent to form
homogeneous slurry, which was spread onto a copper-foil by doctor blading, followed by drying at
80 ‘C for 4 h in an air-circulating oven. The dried electrodes were then pressed, and cut into
spherical disks with the diameter of 13 mm. The mass loading on the electrode was measured
using a balance with the resolution limit of 0.01 mg. After weighing the electrodes were stored in
oven at 80 °C before coin cell assembly.

CR 2032 type coin cells were assembled in a glove box (MB-10-compact, MBRAUN)
filled with dry argon. Lithium foil was applied as counter electrode and 1 M LiPFs in a mixed
solvent of ethylene carbonate and diethylene carbonate (1:1, v/v) was used as the electrolyte. The
rate performance and cyclic performance of the coin cells were tested using a multichannel Land
Battery Test System. The rate performance was measured at the current density sequence of 0.1 C,
0.2C,0.5C, 1.0 C and 0.1 C in the voltage range between 3.0 V and 0.005 V (vs. Li/Li") (five
cycles each current density, 1 C = 1000 mAhg™). The cyclic measurement was carried out at a
current density of 0.2 C in the voltage range of 3.0 V — 0.005 V (vs Li/Li*) for 80 cycles. The
specific capacity was calculated on the basis of the total mass of the Si/Cu nanocomposites. The
discharge process was defined as the lithiation process, while the charge process was referred to
the delithiation process. The CHI 1040B potentiostat/galvanostat analyzer (Shanghai Chenhua
instrument Co., Ltd.) was used to carry out the cyclic voltammetry test at a scanning rate of 0.2
mV/s with the voltage range between 0.005 V and 3 V. The electrochemical impedance
spectroscopy (EIS) measurements were performed with a frequency range from 100 kHz to 0.01
Hz.

3. Results and discussion

The XRD pattern of the Si/Cu nanocomposite with a representative Si/Cu mass ratio of 1.0
is shown in Fig. 2. The two-theta diffraction peaks at 28.4 °, 47.3 °, 56.1 °, 69.1 ° and 76.4 ° are
attributed to the [111], [220], [311], [400] and [331] crystalline planes of the cubic phase of Si
(JCPDS No. 77-2111). And the diffraction peaks at 43.5 °, 50.6 °, and 74.3 ° can be indexed as the
[111], [200], and [220] crystalline planes of the cubic phase of copper (JCPDS No. 01-1242).
Besides the diffraction peaks belonging to the elemental silicon and copper nanoparticles,
additional diffraction peaks at 36.6 °, 42.5 °, and 61.7 ° are also observed, which are ascribed to
the [111], [200], and [220] crystalline planes of the cubic phase of Cu,O (JCPDS No0.65-3288)
due to surface oxidation of the copper nanoparticles.?
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Fig. 2. XRD pattern of the representative Si/Cu nanocomposite
with the Si/Cu mass ratio of 1.0.
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O S1

Fig. 3. SEM images of the Si/Cu nanocomposites with the Si/Cu mass ratio of 1.0 (a),
and corresponding EDX mapping pictures of the Cu (b), O (c), and Si (d) elements

The morphology and elemental distribution of the Si/Cu nanocomposites with the typical
Si/Cu mass ratio of 1.0 are investigated with SEM and EDX as shown in Fig. 3. According to the
SEM image of Fig3a, both silicon and copper nanoparticles are homogeneously mixed together,
which is further confirmed by the EDX mapping. Based on the EDX results, it is clear that the
three element species of silicon, copper, and oxygen are uniformly distributed within the Si/Cu
nanocomposite.
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Fig. 4. Modulus and hardness properties of the bare Si and Si/Cu nanocomposite electrodes

The modulus and hardness of the pristine bare Si and Si/Cu nanocomposite electrodes
measured by nano indentation are shown in Fig. 4. In general, it is found that the incorporation of
the copper nanoparticles significantly enhances the mechanical properties of the electrodes. In
details, the modulus and hardness of the Si/Cu nanocomposite electrodes are gradually increased
with increasing copper content. Compared to the bare Si electrode, the modulus of the Si/Cu
nanocomposite with the Cu/Si mass ratio of 2.0 is significantly increased from 1.276 GPa to 2.036
GPa (by 60 %). Correspondingly, the hardness of the Si/Cu electrode is also effectively lifted from
0.012 GPa to 0.030 GPa with the Cu/Si mass ratio of 2.0, which is 2.5 times higher than that of the
bare Si electrode. According to empirical formulae, the tensile strength is approximately equal to
one-third of the hardness. It can be assumed that the tensile strength of the Si/Cu nanocomposite
electrodes also increases along with increasing copper content. The copper nanoparticles act as a
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reinforcing agent to improve the modulus, strength, and hardness of the polymer-bound Si/Cu
electrodes.
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Fig. 5. Discharge/charge curves of the bare Si (a) and Si/Cu nanocomposites with the
Si/Cu mass ratio of 2.0, 1.0, and 0.5 (b-d) at the current density of 200 mAg™.

The discharge/charge curves of the Si/Cu nanocomposites with different Si/Cu mass ratios are
shown in Fig. 5. Because the elemental copper is non-active for lithiation and the Cu,O only
possesses moderate capacity, the initial discharge/charge capacities of the Si/Cu nanocomposites
are decreased gradually with increasing copper content. Specifically, the initial discharge and
charge capacities of the bare Si nanoparticles are 2881 mAhg™ and 2454 mAhg™ respectively, with
an initial coulombic efficiency of 85 %. A long flat plateau exists in the first charge process due to
the reaction between crystalline Si and Li to form Li,Si (Fig. 5a). When the Si/Cu mass ratio is
decreased to 2.0, 1.0, and 0.5, the discharge/charge capacities are 2242/1907 mAhg™, 2317/1933
mAhg™ and 1610/1280 mAhg™ respectively, corresponding to the initial coulombic efficiency of
85 %, 83 %, and 80 %. The slightly decreased initial coulombic efficiency with high copper
content is probably due to the involvement of Cu,O in the lithiation process. It is well recognized
that the transition metal oxide anode is featured with moderate initial coulombic efficiency
because of the partial irreversible nature of the lithiation process regarding the conversion reaction
mechanism. However, the initial coulombic efficiencies are still kept above 80 % with the addition
of the copper nanoparticles. Compared to the bare silicon, the voltage profiles of the Si/Cu
nanocomposites exhibit a small plateau at about 1.25 V in the first discharge step, which originates
from the lithiation of Cu,0. 2 However, the plateaus are only observed in the first and second
cycle. It implies that the small amount of Cu,O within the Si/Cu nanocomposites is fully
consumed after the first few cycles because the reverse conversion from the elemental copper to
Cu,0 is only partial for the delithiation reaction. At the 30" cycle, the capacities of pure Si and
Si/Cu nanocomposites with the Si/Cu mass ratio of 2.0 , 1.0, and 0.5 are 551 mAhg™, 1620
mAhg™, 1199 mAhg™ and 701 mAh ™ respectively. It can be seen that the capacity of the pure Si
drops much faster than the Si/Cu nanocomposites. After the 30" cycle, the capacity of the pure Si
decreases slowly because the absolute value of the capacity is already very limited. On the
contrary, the Si/Cu nanocomposite with the Si/Cu mass ratio of 2.0 exhibits a more rapid capacity
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fading compared to the Si/Cu mass ratios of 1.0 and 0.5. It means that increasing the copper
content can effectively improve the long term cyclic stability of the Si electrode.
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Fig. 6. Cyclic performance of the pure Si (a) and Si/Cu nanocomposites with
the Si/Cu mass ratio of 2.0 (b), 1.0 (c), and 0.5 (d)

The cyclic performance of the Si/Cu nanocomposites with different copper contents is
given in Fig. 6. In general, the increase of the Cu content improves the cycling stability at the
expense of the reversible capacity. The pure Si nanoparticles only retain a capacity of 328 mAhg™
at a current density of 200 mAg™ after 80 cycles despite the high initial discharge capacity of 2881
mAhg™. The rapid capacity decay is mostly related to the drastic volume change of the silicon
nanoparticles during repeated lithiation and delithiation processes. When the Si/Cu mass ratio is
2.0, the cycling performance is improved compared with the pure Si nanoparticles. In details, the
capacity is over 1600 mAhg™ after the first 30 cycles and it reaches 600 mAhg™ after 80 cycles
(Fig. 6b). With the Si/Cu mass ratio further increased to 1.0, even though the initial capacities are
slightly decreased, the capacities after 80 cycles are retained at 1028 mAhg™ (Figure 6c). It is a
significant improvement compared to the bare silicon anode. Particularly, it is worth emphasizing
that the actual mass loading density of the Si/Cu electrode is 1.39 mgecm™, which corresponds to
an area capacity density of 1.43 mAhcm™. It is essential to reach the area capacity density of more
than 1 mAhcm™, which is one of the key factors for developing practically relevant LIB electrodes.
Furthermore, with the Si/Cu mass ratio of 0.5, stable cyclic performance is also observed, which is
similar to the Si/Cu nanocomposite with the Si/Cu mass ratio of 1.0 (Figure 6d) . However, the
final capacity drops to 621 mAhg™ after 80 cycles because the existence of too much copper
nanoparticles. The capacity retention of the bare silicon and Si/Cu nanocomposite electrodes are
11.4 %, 27.2 %, 44.4 %, and 38.6 % with increasing copper content. The gradually increased
capacity retention further proves that the cyclic stability of the Si electrode is enhanced by the
copper nanoparticles. The improved cyclic performance of the Si/Cu nanocomposites is attributed
to the multiple impacts introduced by the copper nanoparticles. Firstly, the addition of the copper
nanoparticles significantly improves the modulus, strength, and hardness of the electrodes due to
the reinforcing effect. The improved mechanical properties help to maintain the structure integrity
of the electrodes, leading to enhanced cyclic performance. Secondly, the copper nanoparticles act
as buffer medium to absorb mechanical stress caused by the volumetric change of the silicon
nanoparticles because copper possess excellent mechanical strength and ductile ability. The
effective stress relief inhibits the fracture and pulverization process of the silicon nanoparticulate
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electrode. Thirdly, the copper nanoparticles help to build electronic transportation path along with
increasing cycles due to their outstanding electron conductivity. It helps to partially retain capacity
even when serious electrode fracture and pulverization take place.

The structure change of the Si/Cu electrodes before and after cycling is investigated by
SEM as shown in Fig. 7. Fig. 7a-7d shows the morphology of the Si/Cu electrodes before cycling.
Very similar morphologies are observed with different Si/Cu mass ratios, where both silicon and
copper nanoparticles are homogeneously mixed together. However, significant morphology
change is observed after 80 cycles (Figure 7e-7h). Severe particle agglomeration is observed in the
cycled electrodes. Particularly, the bare silicon electrode exhibits more serious agglomeration than
the Si/Cu nanocomposite electrodes. The existence of the copper nanoparticle hinders the structure
change of the silicon nanoparticles, which helps to retain the reversible capacity.

The rate performance of the Si/Cu nanocomposites with different Si/Cu mass ratios is
investigated (Fig. 8). Compared with the bare Si nanoparticles (Figure 8a), the cyclic stability of
the Si/Cu nanocomposites under different current densities is significantly enhanced. A
considerable improvement of the rate performance under high current density is achieved. Apart
from the cycling test at the initial low current density of 100 mAg™ (0.1 C), the specific capacities
of all of the Si/Cu nanocomposites are higher than that of the bare silicon. In details, the specific
capacity of the pure Si is almost zero under the current density of 0.5 C and 1 C. But the Si/Cu
nanocomposites still exhibit the capacities of around 1300 mAhg™ and 400 mAhg™ at 0.5 C and 1
C respectively. Particularly, at the current density of 1000 mAg™, the specific capacities of the
Si/Cu nanocomposites are retained at 447 mAhg™, 824 mAhg™, and 712 mAhg™ respectively with
the Si/Cu mass ratio of 2.0, 1.0, and 0.5 (Figure 8b, 8c, and 8d). It is worth pointing out that the
mass loading densities of the electrode are controlled to be more than 1.2 mgem™ for the rate
performance test, which are quite high compared to many reported values®?. As the current
density is returned back to 100 mAg™, the specific capacities of the Si/Cu nanocomposites are still
better than that of the bare Si electrode. Considering that the bare copper nanoparticles do not
contribute to the capacity, it is impressive that the incorporation of the copper nanoparticles
significantly improves the rate performance compared to the bare silicon electrode. Even though
the addition of copper nanoparticles sacrifices the overall capacity, the copper nanoparticles are
supposed to improve the electrical conductivity of the electrode significantly, leading to greatly
enhanced rate performance. In particular, the Si/Cu nanocomposite electrode with the Si/Cu mass
ratio of 1.0 is found to meet a good balance between sacrificing the overall capacity and improving
electron conductivity. Among all the samples, it exhibits average capacities of 2162 mAhg™,
1705 mAhg™, 1258 mAhg™, and 824 mAhg™ at the current densities of 100 mAg™, 200 mAg™,
500 mAg™, and 1000 mAg™ respectively (Fig. 8c).
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Fig. 7. SEM images of pure Si (a, €) and Si/Cu nanocomposites with the Si/Cu mass
ratio of 2.0 (b, f), 1.0 (c, g), and 0.5 (d, h) before and after 80 cycles
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Fig. 8. Rate performance of the bare Si (a) and Si/Cu nanocomposites with the Si/Cu mass
ratio of 2.0 (b), 1.0 (c), and 0.5 (d). The current densities are systematically set at 0.1 C,
0.2C,05C,1.0Cand 0.1 C (1 C=1000 mAg™). Five cycles are performed for each
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Table 1. Comparison of the Si/Cu nanocomposite with the similar work
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Current Ir:ltlaL_ Cycle Discharge Capacity i Morphology
density CC#J. ombic number (Cafﬁ 't%/) retention Iterature Si cu
efficiency mAhg
0.2 Alg 83 % 80 1028 44 % this work particle particle
0.2 Alg 30 % 100 500 29 % 19 nanocolum particle
0.4 Alg 54 % 100 815 24 % 20 helices helices
2.0 Alg 98 % 80 2010 75 % 21 particle nanorod
0.2 Alg 57T% 60 1646 43 % 22 particle nanowire
1/12 Alg 76 % 30 850 47 % 27 film film
0.1 Alg 51 % 100 1628 29 % 28 porous film
0.1 Alg 98 %. 100 1885 77 % 29 helices helices

Compared to the electrochemical performance of the representative reported Si/Cu
lithium-ion anodes summarized in Table 1, a few conclusions can be drawn. Firstly, the Si/Cu
nanocomposite electrodes with the Si/Cu mass ratio of 1:1 possess significantly improved capacity
retention than many reported studies.®?*# It indicates that the Si/Cu nanocomposite electrodes
synthesized in this work exhibit enhanced cyclic stability. Secondly, morphology of the silicon and
copper had certain influence on the battery performance. Thirdly, the mass loading densities of the
Si based anodes in these reported work are not seen addressed. However, in our work, the mass
loading densities of the Si/Cu electrodes are controlled to be reasonably high, which generates
decent total capacity with respect to the individual electrode.
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Fig. 9. Experimental and fitting Nyquist plots of the pure Si (black) and the Si/Cu
nanocomposites with the Si/Cu mass ratio of 2.0 (olive), 1.0 (red), and 0.5 (blue).

Table 2. Summary of the fitting results of the Si/Cu nanocomposite anodes

Parameter Pure Si Si/Cu=2.0 Si/Cu=1.0 Si/Cu=0.5

Rct(Q) 121.12 77.15 38.74 14.23

Electrochemical impedance spectroscopy (EIS) measurements are carried out to better
understand the lithiation/delithiation Kinetics of the bare and Si/Cu nanocomposite electrodes.
Fig. 9 shows the experimental and fitted Nyquist plots of the bare Si and Si/Cu nanocomposites
based on the equivalent Randles model circuit, where the key fitting results are summarized in
Table 2. The plots exhibit similar curves consisting of a depressed semicircle in the high-medium
frequency and a following line in the low frequency range. The charge transfer resistance (Rct)
values of the pure Si and Si/Cu nanocomposites with the Si/Cu mass ratio of 2.0, 1.0, and 0.5 are
fitted to be 121.12 Q, 77.15 Q, 38.74 Q and 14.23 Q respectively (Table 2). The results indicate
that the charge transfer resistance decreases along with increasing copper content. A significantly
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enhanced charge carrier transportation at the electrode/electrolyte interface is achieved due to the
presence of the copper nanoparticles, leading to improved rate performance.***
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Fig. 10. Cyclic voltammetry profiles of the pure Si (a), and representative Si/Cu
nanocomposite with the Si/Cu mass ratio of 1.0 (b) between 0.001 V and 3V
at a scanning rate of 0.2 mV/s.

Cyclic voltammetry (CV) measurement is carried out to investigate the fundamental
electrochemical reaction process of the bare silicon and Si/Cu nanocomposite electrodes (Figure
10). In the first cathodic cycle, both pure Si (Figure 10a) and Si/Cu nanocomposites with the Si/Cu
mass ratio of 1.0 (Figure 10b) exhibit a strong peak below 0.1 V, suggesting the alloying reaction
between Si and Lithium ion.* The cathodic peak near 1.1 V is ascribed to the formation of solid
electrolyte interface (SEI) layer. In the first anodic process, two peaks at 0.35 V and 0.53 V are
observed, which correspond to the extraction of the Lithiumion from the Li-Si alloy. ?* Besides, a
broad oxidation peak at 2.44 V is found which is associated with the lithiation reaction of Cu,O in
Figure 10b.** However, the peak corresponding to the reversed reaction of Cu,O is not clearly
observed. It indicates that the lithiation/delithiation process of Cu,O is quite limited. It is
noteworthy that the characteristic peaks of the pure Si nanoparticles and Si/Cu nanocomposites are
located in almost identical positions. The results suggest that the addition of copper nanoparticles
does not modify the fundamental electrochemical mechanism of the silicon nanoparticles.

4. Conclusions

A facile method has been developed to synthesize Si based lithium-ion battery anode
composited with copper nanoparticles. To our best knowledge, it is for the time to reveal the
reinforcing effect of the copper nanoparticles on the mechanical properties of the Si based
electrode. It is found that the incorporation of the copper nanoparticles significantly improves the
modulus, tensile strength, and hardness of the electrode .With increasing content of the copper
nanoparticles, specific capacities increase, followed by decreasing due to decent amount of non-
active copper nanoparticles in the electrode. In particular, the Si/Cu nanocomposite electrode with
the Si/Cu mass ratio of 1.0 exhibits the highest capacities and good rate performance. The work
presented in this manuscript provides a new concept and insight on how to resolve the critical
issue of the poor cyclic stability of the Si based lithium-ion battery anode.
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