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To resolve the huge volume expansion and poor electronic conductivity of silicon anode which restricts
the cycling stability and rate capacity of lithium-ion batteries, a novel structure of copper foam wrapped
silicon/carbon nanofibers (Si/CNFs-Cu) is successfully fabricated and applied as anode material in lithium
ion battery. It exhibits excellent rate performance of 565.2 mAh g�1 at a high current density of 5 A g�1

and high cycling stability with the retention rate of 66.7% after 80 cycles at 0.5 A g�1. The rate capacity is
as 2.8 times as Si/CNFs and it is attributed to the framework structure of Si/CNFs-Cu which insures the
faster electron transfer along the thickness direction of the anode material in charging/discharging pro-
cesses. Furthermore, the complete wrapped electrode structure can avoid the separation of the composite
fibers from the electrode during cycling substantially.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Recently, increasing efforts have been devoted to the develop-
ment of advanced lithium ion batteries (LIBs) on account of its
superiority for excellent energy conversion efficiency, energy den-
sity and cycle life [1,2]. Silicon (Si) is one of the potentially attrac-
tive alloy-type anode materials for LIBs [3]. It exhibits a low
discharge potential plateau below 0.5 V (vs Li+/Li) and has the
second-highest theoretical discharge capacity of 3579 mAh g�1,
next to metallic Li, forming Li15Si4 alloy phase at room temperature
[4,5]. However, poor electronic conductivity and dramatic volume
variation about 300% [6] for Si anode during Li insertion/extraction
result in serious mechanical fracture/pulverization giving rise to
the instability of solid electrolyte interphase (SEI), which subse-
quently causes the bad rate capability and sharp decay of specific
capacity [7].

Embedding Si nanoparticles (Si NPs) in carbon nanofibers
(CNFs) is considered an effective strategy to overcome the above-
mentioned problems [8]. Among which, CNFs act as active materi-
als, conductive additives, substrate to support Si NPs and mitigate
the volume change of the entire electrode. However, the layered
structures of Si/CNFs film by electrospinning suffer from inherently
inferior electrical conduction along the thickness direction. Fur-
thermore, poor mechanical stability tending to delaminate and
separate from the electrode, which is resulting from the high stress
field by the lithiation of Si NPs embedded in CNF and causing an
incessant capacity fading with the increasing of cycle number [9].

In this work, a novel structure of Si/CNFs-Cu is fabricated to
simultaneously improve the electronic conductivity, avoid the
delamination of the CNFs layers and the separation of active mate-
rial from electrode. As shown in Fig. 1a, the network structure of Cu
foam wrapped Si-C composite nanofibers insures the fast electron
transfer along with the thickness direction in charging/discharging
processes and restricts the separation of the composite fiber from
the electrode during the process of cycling, resulting in excellent
rate performance and high cycling stability.
2. Experimental section

1.5 g Silicon nanoparticles (Si NPs, 80 nm) are soaked in 5% HF
for 30 min to remove the intrinsic oxide layer and then dispersed
in 10 g N, N-dimethylformamide with vigorously stirring. Mean-
while, 2.5 g polyacrylonitrile (PAN, MW = 150,000) is dissolved in
15 g DMF with 10 h stirring. The above two solutions are mixed
uniformly as the precursor for electrospinning. The electrospun
sample (Si/PAN) is dried at 80 �C for 10 h, pre-oxidized at 280 �C
in air, and then, carbonized at 850 �C for 180 min under Ar atmo-
sphere with a heating rate of 5 �C min�1. Eventually, the resulted
sample (Si/CNFs film) is punched to wafer with a diameter of
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Fig. 1. The design of Si/CNFs-Cu (a). Morphology of Si/CNFs film (b) and Si/CNFs-Cu (c). XRD patterns of Si NPs, Si/CNF film and CNFs (d). TGA investigating of Si/CNFs (e).
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10 mm and subsequently wrapped by Cu foam under a pressure of
2 MPa, and marked as Si/CNFs-Cu.

The electrochemical properties of the samples as anodes in LIBs
are evaluated using CR 2032-type coin half cells. Si/CNFs-Cu and Si/
CNFs films are directly utilized as working electrodes individually
without conductive additives and binder material. Lithium foil is
used as the counter and reference electrode. Polypropylene mem-
brane is used as separator and 1 M LiPF6 in ethylene carbonate and
dimethyl carbonate mixture (V:V = 1:1) as the electrolyte. The gal-
vanostatic charge/discharge and rate property of the assembled
coin cells are investigated using a multi-channel battery tester
within the voltage range of 0.01–1.20 V. The cyclic voltammetry
(CV) test is performed at a scan rate of 0.1 mV s�1 and impedance
analysis is carried out in the frequency range of 1 Hz–100 kHz.

3. Results and discussion

The fabricated Si/CNFs films is composed of uniform and contin-
uous nanofibers, which form a network structure by interweaving,
as shown in Fig. 1b. The cross-section image indicates the thick-
ness of the film is 50 lm. The Si/CNFs films is further wrapped
by Cu foam, which works as electrodes with a thickness around
100 lm, as shown in Fig. 1c. The network structure of Si/CNFs film
is benefit for the electronic conductivity in charging/discharging
processes, and exhibits a barrier-free quality for the migration of
lithium ions. Furthermore, the complete wrapping of Si/CNFs film
by Cu foam can restrict the separation of the composite fiber from
the electrode during the cycling process.
As illustrated by the XRD patterns (Fig. 1d), the crystalline Si
NPs keeps and undesired silicon carbide is absent in the carboniz-
ing process, The broad peak between 20� and 25� in Si/CNFs is
attributed to the amorphous carbon. The Si:C ratio is analyzed
and shown in Fig. 1e, the weight is stable over 50–450 �C and
decrease abruptly between 450 and 620 �C, which is due to the
thermal decomposition of C. According to this data, the mass per-
cent of Si NPs in Si/CNFs is 63.91%. Based on this, the theoretical
capacity of the fabricated Si/CNFs-Cu is deduced as ~2422 mAh g�1.

The charging/discharging profiles of Si/CNFs and Si/CNFs-Cu at
0.5 A g�1 for the first cycle are shown in Fig. 2a. Compared with
Si-C, the Si-C/Cu electrode possesses a longer charging potential
platform, which indicates the introduction of Cu can enhance the
electrochemical reversibility by improving the electronic conduc-
tivity and mechanical stability. As shown in Fig. 2b. The reversible
capacity of Si/CNFs-Cu decays from 1400 mAh g�1 to 814 mAh g�1

after 80 cycles. It gives a retention rate of 66.7%, which is 2.74
times of the Si/CNFs’ retention rate. Considering that the coulombic
efficiency of designed Si/CNFs-Cu electrode is higher and more
stable during the cycling process and reaches as high as 99.3% after
80 cycles under 0.5 A g�1 (Fig. 2c), it is supposed that the enhanced
electronic conductivity and mechanical stability are responsible for
the Si/CNFs-Cu’s higher cycling performance.

The rate capacity of Si/CNFs-Cu is also evaluated. As shown in
Fig. 2d, the designed electrode has the reversible capacity of
565.2 mAh g�1 at the current density of 5.0 A g�1 with an outstand-
ing reversibility. This excellent rate capacity is better than that of
previous reported Si/CNFs-based anode (514 mAh g�1) at the same



Fig. 2. Charging/discharging profiles (a), cycle performance (b), the corresponding coulombic efficiencies (c) and rate performance (d) of Si/CNFs-Cu and Si/CNFs, respectively.
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current density, which is achieved by 3D Si/CNF-graphene struc-
ture [10]. Remarkably, compared with Si/CNFs, an approximate
1.8 times enhancement of reversible capacity for Si/CNFs-Cu at
5.0 A g�1 can be attributed to the increase of electronic conductiv-
ity and barrier-free Li+ transferring.

To further understand the enhanced Li-storage performance,
electrochemical impedance spectra of each electrode are obtained
at different states. Based on the equivalent circuit (Fig. 3a), the ris-
ing values from 55 to 370 X after 50 cycles in Fig. 3b suggest that
Fig. 3. Equivalent circuit (a), Where the R0, RSEI, Rct and RW are ohmic resistance, SEI mem
Cd is double layer capacitance. Nyquist plots of the electrochemical impedance spectra
the Si/CNFs electrode is unstable during electrochemical reactions,
an increasing number of nanofibers are separating from the elec-
trode and the SEI are getting thicker because of the polarization
effect due to the deteriorated electronic conductivity. However, a
relatively smaller value of about 70 X is obtained from Si/CNFs-
Cu after 50 cycles (Fig. 3c). There is an inconspicuous change com-
pared with the pristine state (~67 X), which is attributed to the
promotion of the electrochemical and mechanical stability benefit-
ing from the framework structure.
brane resistance, charge transfer resistance and Warburg impedance, respectively,
of Si/CNFs (b) and Si/CNFs-Cu (c).
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4. Conclusions

We designed and developed a kind of Si/CNFs-Cu anode mate-
rial for lithium ion battery. The excellent electrical conductivity
and the structural integrity of Si/CNFs film with Cu foam greatly
enhanced the performance of LIBs. The reversible capacity reaches
565.2 mAh g�1 at a high current density of 5.0 A g�1 and outstand-
ing cycling stability with the high capacity retention of 66.7% is
achieved after 80 cycles at 0.5 A g�1. It is significant for the
designed Si/CNFs-Cu electrode to improve the cycling performance
for long life span. Furthermore, the incorporation of electrospin-
ning nanofiber film and foamy conductive metal is favorable for
the energy storage material to realize the larger power density.

CRediT authorship contribution statement

Xiaoqiang Tian: Conceptualization, Methodology, Software,
Investigation, Data curation, Writing - original draft. Gaoda Li:
Writing - review & editing, Formal analysis. Leixin Meng: Writing
- review & editing, Project administration. Wang Tian: Investiga-
tion, Software. Xin Gu: Investigation, Software. Yaqin Ding: Data
curation. Ruichao Zhang: Data curation. Xiaofeng Jia: Formal
analysis. Yong Qin:Writing - review & editing, Supervision, Project
administration.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgements

We sincerely acknowledge the support from Joint fund of
Equipment pre-Research and Ministry of Education (No.
6141A02022518), the National Program for Support of Top-notch
Young Professionals, the Fundamental Research Funds for the Cen-
tral Universities (No. lzujbky-2018-ot04), NSFC (No. 81702095).
Project funded by China Postdoctoral Science Foundation (No.
2019M663854).

References

[1] T.H. Kim, J.S. Park, S.K. Chang, S. Choi, H.R. Ji, H.K. Song, Adv. Energy Mater. 2 (7)
(2012) 860–872.

[2] Z.P. Cano, D. Banham, S. Ye, A. Hintennach, J. Lu, M. Fowler, Z. Chen, Nat. Energy
3 (4) (2018) 279–289.

[3] P. Limthongkul, Y.I. Jang, N.J. Dudney, Y.M. Chiang, Acta Mater. 51 (4) (2003)
1103–1113.

[4] B. Key, R. Bhattacharyya, M. Morcrette, V. Seznéc, J.M. Tarascon, C.P. Grey, J.
Am. Chem. Soc. 131 (26) (2009) 9239–9249.

[5] Z.-L. Xu, X. Liu, Y. Luo, L. Zhou, J.-K. Kim, Prog. Mater Sci. 90 (2017) 1–44.
[6] M.T. McDowell, S.W. Lee, W.D. Nix, Y. Cui, Adv. Mater. 25 (36) (2013) 4966–

4985.
[7] I. Kovalenko, B. Zdyrko, A. Magasinski, B. Hertzberg, Z. Milicev, R. Burtovyy, I.

Luzinov, G. Yushin, Science 334 (6052) (2011) 75–79.
[8] B.S. Lee, S.B. Son, K.M. Park, J.H. Seo, S.H. Lee, I.S. Choi, K.H. Oh, W.R. Yu, J. Power

Sources 206 (2012) 267–273.
[9] G. Meng, L. Ying, L. Xiaolin, H. Shenyang, Z. Xiangwu, X. Wu, T. Suntharampillai,

D.R. Baer, Z. Ji-Guang, L. Jun, ACS Nano 6 (9) (2012) 8439–8447.
[10] M.S. Wang, W.L. Song, L.Z. Fan, ChemElectrochem 2 (11) (2016) 1699–1706.

http://refhub.elsevier.com/S0167-577X(20)30277-9/h0005
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0005
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0010
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0010
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0015
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0015
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0020
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0020
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0025
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0030
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0030
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0035
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0035
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0040
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0040
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0045
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0045
http://refhub.elsevier.com/S0167-577X(20)30277-9/h0050

	High rate capacity anode of Si-C composite nanofiber wrapped with Cu foam for lithium-ion batteries
	1 Introduction
	2 Experimental section
	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


