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Highly Connected Silicon—Copper Alloy Mixture Nanotubes
as High-Rate and Durable Anode Materials for Lithium-lon

Batteries

Hucheng Song, Hong Xiang Wang, Zixia Lin, Xiaofan Jiang, Linwei Yu,* Jun Xu,*
Zhongwei Yu, Xiaowei Zhang, Yijie Liu, Ping He, Lijia Pan, Yi Shi, Haoshen Zhou,

and Kunji Chen

Seeking high-capacity, high-rate, and durable anode materials for lithium-ion
batteries (LIBs) has been a crucial aspect to promote the use of electric
vehicles and other portable electronics. Here, a novel alloy-forming
approach to convert amorphous Si (a-Si)-coated copper oxide (CuO) core—
shell nanowires (NWs) into hollow and highly interconnected Si-Cu alloy
(mixture) nanotubes is reported. Upon a simple H, annealing, the CuO
cores are reduced and diffused out to alloy with the a-Si shell, producing
highly interconnected hollow Si—Cu alloy nanotubes, which can serve as
high-capacity and self-conductive anode structures with robust mechanical
support. A high specific capacity of 1010 mAh g~' (or 780 mAh g™') has been
achieved after 1000 cycles at 3.4 A g™' (or 20 A g7'), with a capacity retention
rate of ~84% (~88%), without the use of any binder or conductive agent.
Remarkably, they can survive an extremely fast charging rate at 70 A g~' for
35 runs (corresponding to one full cycle in 30 s) and recover 88% capacity.

storage capacity of 4200 mAh g~! and a rel-
atively low lithium insertion potential.}-3]
However, the process of lithium-ion
(Li-ion) insertion comes with a huge
volume change as large as 400% that will
cause a radical pulverization/fracture in
the Si host and rapid capacity fading.** A
common strategy to address this issue is
to explore various nanostructured Si mate-
rials, including Si nanoparticles (NPs), Si
nanowires (NWs), and nanotubes, which
can help to accommodate the large volu-
metric change during charge/discharge
cycling 6]

Among them, NW core—shell structures
have attracted particular interests, where
the NW core can be optimized to serve as
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This novel alloy-nanotube structure could represent an ideal candidate to

fulfill the true potential of Si-loaded LIB applications.

1. Introduction

High-rate performance and long-term stability are crucial
aspects to promote the application of high-capacity silicon-
loaded lithium-ion batteries (LIBs). Silicon (Si) has been well
known as an outstanding candidate for LIBs, with a high lithium
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efficient electric pathway, while the outer
sidewall-coated Si thin film shell has a
large interface for fast Li-ion interaction
or insertion. For example, a homogeneous
core-shell structure with amorphous Si
(a-Si) shell coated upon c-Si NW cores has demonstrated an
improved stability compared to that with only c-Si NWs core via
a suitable voltage control.l'% Replacing c-Si NW core with more
stable and conductive carbon nanofibers, in a heterogeneous
core-shell configuration, promotes both the rate performance
and the stability of the LIBs.'] Recently, H. Wu et al. proposed
a hollow double-walled Si nanotube which was fabricated in a
two-step synthesis, where an a-Si coating (of =30 nm) layer was
first deposited upon a 3D polymer fiber network and then the
polymer fiber cores are removed by heating in air at 500 °C to
leave a hollow a-Si nanotube.'”! The advantage of such a hollow
nanotube structure is obvious because the huge volume expan-
sion of the a-Si shell (surrounded by an ion-permeable silicon
oxide shell) can be easily relaxed inward instead of expanding
outward (that could otherwise break the outer protective
oxide shell). This has led to an excellent stability that survives
6000 runs at 12 C charge/discharge rate while maintaining a
specific capacity =600 mAh g!. However, as the a-Si shell is
poorly conductive, the thickness of the a-Si storage medium
shell has to be thin enough (usually below =30 nm[? to facili-
tate Li-ion insertion or extraction, which thus seriously limits
the effective Si loading of LIBs.
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Figure 1. Schematic diagrams illustrate the synthesis process of the connected Cu-Si alloy-nanotube structures: a) copper foam substrate,
b) CuO NWs grown on copper foam, c) crossing CuO NWs after thermal oxidation growth in atmosphere, d) interconnected CuO/a-Si core—shell after
a-Si thin film coating, and e) the final interconnected Cu—Si nanotube anodes.

On the other hand, in pursuit of a better cycling stability,
interconnected nanostructures forming multiple conduc-
tive pathways down to the collector, as schematically depicted
in Figure 1, are indeed advantageous in maintaining a
robust mechanical support and electric contact to the under-
lying collector. For example, Nguyen et al. have reported a
highly interconnected bending Si NWs structure as anode
material to improve the stability of LIB with a nearly 100%
charge retention after 40 cycles at C/2 (2.1 A g!) rate and
=~1800 mAh g! after 70 cycles at 2 C (8.4 A g™!).3] Zhang et
al. synthesized interconnected porous Si/C composites to show
a high specific capacity and long cycle life (<800 mAh g! after
100 cycles at 50 mA g}, an average capacity fading rate of
0.15% per cycle).'! Combining interconnected and hollow
nanostructures, Yao et al. prepared interconnected Si hollow
NPs using solid SiO, spheres as template and demonstrated
a quite impressive specific capacity and cycling stability of
~1420 mAh g after 700 cycles at 0.5 C discharge/charge rate.['"]

Here, we report a template-free and binder-free synthesis
of high-rate and durable LIBs with a highly interconnected
and hollow Si—Cu alloy (mixture) nanotube anode structure. A
crossing matrix of CuO NW was first grown on copper foam
(CF) substrate via a thermal oxidation in a furnace tube, as
shown in Figure 2a,b. Then, a roughly conformal coating of
a-Si:H layer over the CuO NWs was accomplished in a plasma-
enhanced chemical vapor deposition (PECVD) system to pro-
duce a continuous a-Si:H shell layer that covers the whole
surface complex and joins the crossing points of initially sep-
arated CuO NWs, as shown in the scanning electron micro-
scopy (SEM) images in Figure 2c,d. After that, an in situ H,

Adv. Funct. Mater. 2016, 26, 524-531

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

annealing at =450 °C was carried out to reduce the CuO cores
into Cu, which then diffused into and alloyed with the a-Si:H
shell to form a basically hollow and conductive nanotube
(filled with discontinuous Cu segments inside), as shown in
Figure 2d, inset. Taking this Si-Cu nanotube as self-sustain-
able anode structure, we have achieved a final specific capacity
of #1010 mAh g! and =~84% capacity retention after 1000 cycles
at 3.4 A g%, or =780 mAh g! at 20 A g~! with a high retention
ratio of 88% for 1000 cycles without any binder or conductive
agent. Surprisingly, this hollow Si—Cu alloy-nanotube-based
LIB can even recover well (more than 90% capacity retention
over 320 cycles) after 35 runs of extremely fast charging cycles
at 70 A g'L. These results indicate a whole new and promising
routine to fulfill the true potential of high capacity Si-based LIB
applications.

2. Results and Discussion

The fabrication process of the interconnected hollow Cu-Si
alloy mixture nanotube anode structure has been schematically
illustrated in Figure 1. First, the crossing CuO NWs were grown
upon CF in a simple oxidation in air ambient at about 450 °C
for 3 h, as shown in Figure 1a,b. Then, an a-Si coating shell was
deposited in a PECVD with pure SiH, to cover the overall CuO
NWs and merge the touching crossing joints of CuO NWs into
continuous interconnected a-Si shell network that serves as an
effective “binder,” as illustrated in Figure 1c,d. Finally, to trans-
form the CuO/a-Si core—shell structure into hollow tubular
Cu-Si alloy mixture nanotubes, an H, atmosphere annealing

wileyonlinelibrary.com
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Figure 2. a,b) Low- and high-magnification SEM of crossing CuO NWs grown on copper foam, c) interconnected CuO/a-Si core—shell structure reduc-

tion at 450 °C for 4 h in H, atmosphere, and d) partial enlarged detail.

at around 450 °C was applied that reduces the CuO NW into
Cu and diffuses into the a-Si shell to form self-sustainable and
conductive Cu-Si nanotubes.

Figure 2a shows the typical SEM image of the as-prepared
high density and crossing CuO NWs grown out of CF substrate
in a simple atmosphere oxidation process. A close view of the
tiny CuO NWs is provided in Figure 2b, showing a high den-
sity matrix of mutual crossing CuO NWs that measure around
2-3 pm long and 40-50 nm wide in the middle diameter. After
a uniform coating of a-Si thin film upon the CuO NWs in
PECVD system, as shown in Figure 2¢, a CuO/a-Si core—shell
structure is obtained with a diameter of around 300-350 nm,
from which the sidewall coating thickness of the a-Si layer can
be estimated to be around 130-150 nm. It is interesting to
note that a relatively thick a-Si coating is also helpful to form
interconnection, or in other words merge the CuO nanowires
that are not touching initially, as shown in Figure 2d, to form
a three-dimensional continuous a-Si shell network. And, the
mutual crossing or connection among the a-Si-coated CuO
NWs is indeed quite frequent, where a thick a-Si coating layer
has played a critical role to bind them together to merge into
a continuous 3D network as shown in Figure 2c,d. In addi-
tion, this a-Si coating shell could also enhance the mechanical
attachment of the alloy nanotubes to the collector electrode
underneath. After a reductive H, ambient annealing, the CuO
cores can be effectively reduced into Cu, which then continues
to diffuse and alloy with the a-Si shell. The Cu/a-Si core-shell
nanotube structures, before or after H, ambient annealing
under different temperatures, are also examined by XRD char-
acterizations (where the whole structure with CF substrate
are mounted upon the stage). According to the X-ray diffrac-
tion (XRD) analysis shown in Figure 3, a low-temperature H,
annealing at 270 °C has been sufficient to activate the Cu—Si

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

alloy forming process, leading to the emerging of several sharp
diffraction peaks, located at 44.5° and 44.9° and correspond
to the crystalline planes of Cu3Si (012) and (300). At higher
annealing temperature of 450 °C, the diffraction peaks of CuO
all disappear indicating a thorough reduction and alloying of
the core.

While the XRD analysis indicates a complete reduction of the
CuO core and the alloy forming of Cu;Si, it will be intriguing
to examine the structural evolution or the spatial distribution of
the newly formed Cuj;Si within the anneal core-shell structure.
To this end, high-resolution transmission electron microscopy
(HR-TEM) characterizations provide the most straightforward
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Figure 3. XRD analysis of CuO/a-Si core—shell NWs and CuO/a-Si core—
shell reduced at 270, 360, and 450 °C for 4 h in H,, respectively.
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information. Though little morphology change can be observed
for the samples before and after H, annealing, the CuO/a-Si
core—shell structure experiences a dramatic mass migration
inside leading to a basically hollow core region, as shown by
a TEM imaging presented in the inset of Figure 2d. In more
details, in the first row of Figure 4a—d, we show the dark field
STEM image as well as the energy dispersive X-ray (EDX) map-
ping of Cu, Si, and O elements with a single CuO/a-Si core—
shell NW after H, annealing at 270 °C for 4 h. It is clear that
though the XRD analysis indicates a strong signal of alloy
forming, the Cu core (or as a mixture of Cu and Cu;Si) remains
still at the center, with only a little amount of interdiffusion
between the Cu core and a-Si shell. When the annealing tem-
perature is raised to 450 °C, as shown in Figure 4e, the Cu
core is observed to diffuse into the a-Si shell, forming a hollow
nanotube structure with an alloy mixture of Cu-Si. Enlarged
HR-TEM view into the Cu-Si alloy mixture shell, as shown in
Figure 4f, reveals a high population of closely packed CusSi
NPs with a d-space of =0.20 nm corresponding to the (012)
crystalline plane of Cu;Si,'® embedded within the a-Si shell
matrix. Meanwhile, discontinuous Cu segments can also been
found from place to place within the nanotubes, as shown
in Figure 4e,g, where the d-space of 0.21 nm corresponds to
the (111) plane of Cu.l'”] These observations are indicating an
interesting phenomenon that the Cu ingredient in the core can
readily diffuse and migrate into the a-Si shell at an elevated
annealing temperature of 450 °C, leading to the formation of a
basically hollow tube inside which is highly beneficial to accom-
modating large volumetric expansion in Si lithiumization. In
addition, as these Cu-Si alloy mixture nanotubes comprise a
high density of CusSi particle inclusion within the a-Si matrix,
see Figure 4f for example, a largely enhanced conductivity in
the shell storage layer can be expected.'*1] This will make it

@ 270 °C

@ 450 °C

Figure 4. a—d) Annual dark-field STEM image and EDX mapping of CuO/a-Si (=30 min) core shell including Cu, Si, and O element, €) STEM image of
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possible to deposit a thicker a-Si medium layer (as more than
130 nm here compared to that <30 nm in ref. 'l to increase
the overall mass loading of anode, which is also an important
aspect for practical LIB applications.[1213]

Figure 5a) shows the current-voltage curves of a LIB with
highly interconnected Cu-Si alloy/mixture nanotube anode,
where a large discharging current surge below 0.2 V can be
assigned to the Li-ion insertions into the a-Si matrix and the
crystallization process of a-Li;sSi,.'3! In the reverse charging
scan, the two oxidation current peaks at around 0.3 and 0.5 V
correspond to the delithiation process of Li,Si back to a-Si.20-22
The voltage—capacity curves during the first five discharge/
charge cycles are provided in Figure 5b. As we can see, while
a relatively large extra discharging capacity has been observed
in the first run, the following four cycles demonstrate basi-
cally identical charging and discharging curves. In the second
cycle, lithium-ion insertion occurs at an earlier voltage stage
of =700 mV, which has also been reported earlier and assigned
to the surface formation of solid electrolyte interphase (SEI)
film.2324 In addition, the highly interconnected Cu—Si nano-
tube anode shows an initial Coulombic efficiency of 42%
with an irreversible first-run discharge capacity up to around
4000 mA g1, which can be attributed to an irreversible SEI film
formation(?*24 and the chemical reaction between the Li ions
and the background oxygen content in the CuO/a-Si core-shell
matrix.?22425] Meanwhile, it is also important to note that as
the operation voltage window is set to from 0.01 to 1.1 V, lying
far below the reaction voltage for Cu?*/CuO reaction at 2.5 and
2.7 V, the Cu ingredient within the Cu-Si nanotubes will not
participate or contribute to the lithium-ion storage in the fol-
lowing cycles.[22:26]

The cycling performances of the Cu-Si nanotube anodes
at 0.84, 1.6, and 3.2 A g! during their initial 100 cycles are

CuO/a-Si complex anode annealed in hydrogen atmosphere at 450 °C for 4 h, and f, g) high-resolution TEM image of amorphous silicon shell doped

Cu3Si NPs and hollow copper core.
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Figure 5. Li-ion battery cycling performance of highly connected hollow Cu-Si anode materials annealing in H, at 450 °C for 4 h between 0.01 and

1.1 V: a) cyclic voltammetry curves for the first three cycles of Cu-Si alloy mixture at a scan rate of 0.0001 V s~
c) the discharge capacities and corresponding Coulombic efficiencies of Cu-Si anode with the

b) voltage profiles of the first five cycles at 1.6 A g7,

! with the voltage range of 0.01-1.1V,

discharge/charge current of 0.84, 1.6, and 3.2 A g~' over 100 cycles, respectively, and d) rate capability from 0.35 to 70 A g' discharge/charge current.

shown in Figure 5c¢, with corresponding specific capacities
of 2160, 1790, and 1590 mAh g1, respectively. Their capacity
retention rates are about 77.6%, 77.1%, and 76.2% from the
2nd to the 100th cycle, indicating a reasonably high specific
capacity. Strikingly, as shown in Figure 5d, the Cu-Si nano-
tube anode demonstrates an excellent rate performance, with
discharge capacities of about 1800, 1460, 1120, 970, 610, 360,
and 220 mAh g at discharge/charge current density of 1.8,
3.5,7,9, 18, and 70 A g7}, respectively. More importantly, the
specific capacity can be readily restored after experiencing a
series of high-rate cycles up to 70 A g! (lasting 30 s at each
current density step). The corresponding capacity retention
ratios are =100% (=360 mAh g7!), =100% (=610 mAh g}),
~100% (=970 mAh gl), ~94% (=1370 mAh g7), and ~88%
(=1610 mAh g!) after 320 cycles. This outstanding high-rate
performance and stability can be first attributed to the unique
hollow Cu-Si nanotube anode structure with yet embedded
Cu;Si alloy NP inclusions that improve the electrical conduc-
tivity within the a-Si storage medium, which is a critical aspect
to dissipate Li-on insertion strainl'>? during a high-rate
charging and discharging operation. In addition, a hollow nano-
tube Dy itself is an advantageous geometry that will alleviate the
volume expansion/contraction of the silicon medium during
discharge/charge process.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Furthermore, these highly interconnected Cu-Si alloy
anodes fabricated upon CF substrate also demonstrate an excel-
lent long-term cycling performance compared to those grown
on flat stainless steel (SS) where similar Cu-Si nanotubes are
formed but rarely mutually crossing or connected (see the Sup-
porting Information). Figure 6a shows the discharge/charge
specific capacity evolutions of the Cu-Si nanotube anode sam-
ples fabricated upon CF or SS substrates at 3.4 A g™! rate up
to 1000 cycles. As we can see, though a relatively lower ini-
tial capacity is recorded for the CF nanotube sample, prob-
ably related to an incomplete reaction with the electrolyte in a
complex and deep foam substrate, a final capacity as high as
1005 mAh g! can be obtained after 1000 cycles (corresponding
to a 84% capacity retention). This compares largely advanta-
geous to a much faster degradation of the capacity in isolated
Cu-Si nanotube anodes fabricated on the SS substrate, where
only a 400 mAh g! capacity (corresponding 24% capacity reten-
tion) can be retained. To testify the fast charging performance
of this highly connected Cu-Si nanotube anode structure, we
also carry out 1000 cycles of discharge/charge testing with
a current density of 20 A g'. As shown in Figure 6b, a rela-
tively high specific capacity of =780 mAh g! can be obtained,
while an obvious activation processi?!! is observed during
the initial 80 cycles that increases the charge capacity from

Adv. Funct. Mater. 2016, 26, 524-531
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Figure 6. Li-ion battery cycling performance of Cu-Si anode materials between 0.01 and 1.1 V:
a) long-term cycle performance of interconnected hollow Cu-Si nanotube anode and rarely
connected hollow Cu-Si array reduction at 450 °C for 4 h at 3.4 A g™' (=30 min for one full
discharge/charge process), and b) long-term cycle performance for Cu-Si anode reduction at
450 °C for 4 h at 20 A g7' (=3 min for one full discharge/charge process). Inset: charge and

discharge cycles.

=500 to 1100 mAh g!. Excluding the initial activation process,
a retention rate is defined as the ratio of the final capacity to
that obtained at the 200th cycle, to be ~of 88%. This implicates
indeed an ultrafast charging operation, as inferred from the
inset in Figure 6b that allows a full battery charging process in
=3 min with yet two times higher capacity than that of graphite
LIBs (372 mAh g™!).

Meanwhile, it is also important to emphasize that this
interconnected Cu-Si nanotube structure provides a unique
opportunity to achieve simultaneously a high-rate and durable
anode material for LIBs to last 1000 cycles with a high capacity
retention of >88%. In comparison to the available literature
on similar core-shell structures, as summarized in Table 1,
the stability issue (particularly under high-rate operation) still
remains the most challenging one for promoting high-perfor-
mance Si-loaded LIB applications. To guarantee the integrity
of the Si storage medium, the Si coating layer has to be very
thin, for example <30 nm in ref. [12] (and all the others below
<100 nm in Table 1), to allow a fast extraction or insertion of
Li ions into or out of the less conductive Si layer. Adopting a
synergetic core—shell structure by itself would not be sufficient
to address this issue. For instance, for a quite similar Cu/a-Si
core—shell NW structure reported in ref. [27], without an alloy
forming and migration that leading to a hollow nanotube struc-
ture, the cycling stability has been largely limited (up to 100 runs)
though an excellent specific capacity and retention rate have

Adv. Funct. Mater. 2016, 26, 524-531

100 200 300 400 500 600 700 800 900 1000

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Without the use of any binder or conductive
agent, the LIBs demonstrate a high capacity
(=2000 mAh g at 0.84 A g!), high capacity
retention performance of 84% (>88%) at
3.2 A gl (or 20 A g!) after 1000 cycles. In
addition, this excellent anode material can
withstand cycling at =70 A g! without dam-
aging the rate performance of LIBs after
260 cycling. Such a highly interconnected
hollow structure could also indicate an effective strategy to
design high capacity alloy-type anode material systems for devel-
oping a high-performance and durable Si-based LIB application.

4. Experimental Section

Synthesis and Fabrication: Commercial CF from Suzhou Jiadelong with
a thickness of 0.3 pm was used as a conductive substrate. The CF was
first soaked in hydrochloric acid for 30 min and then dried under argon
atmosphere. And, the crossing CuO NWs were grown upon CF by a
simple oxidation in air ambient for 180 min at 450 °C in a conventional
furnace tube. The vapor-solid (V) mechanism could be used to explain
the growth of CuO NWs in the work.?>3¢ Then, the sample was loaded
into a PECVD system and CuO NW cores were coated with an a-Si shell
layer by a glow discharge deposition of 5 sccm pure SiH, for 30 min
at 200 °C, with an Si loading of about 0.18-0.21 mg cm™?, a chamber
pressure of 600 mTorr, and an RF power density of 76 mW cm™2. Finally,
the sample was annealed at 450 °C in H, for 240 min to reduce the
CuO cores and transform the CuO/a-Si core-shell into hollow Cu-Si
alloy mixture nanotubes with an H, flow rate and a chamber pressure of
45 sccm and 600 mTorr, respectively.

Characterizations and Test: The morphology, structure, and chemical
composition of interconnected hollow Cu/a-Si core—shell were
characterized by field emission SEM (FE-SEM, Sigma), TEM (Tecnai
G2 F20), and EDX (Tecnai G2 F20). The electrochemical properties
of the samples were measured in CR2032 coin-type cells assembled
in an argon-filled glove box. The cells were formed using an Li metal
negative electrode, an electrolyte of 1 m LiPF6 in a 1:1 ethylene

wileyonlinelibrary.com 529

v 1102

85U8017 SUOWILLOD @A 18810 3dedl|dde ayy Aq peusenob ae s9jolle YO ‘8sh Jo SNl 10} Ariq18UIIUO A1 UO (SUONIPUCD-PUe-SLLIBI WO A8 | 1M AlRIq 1 BUI|UO//SNL) SUORIPUOD PUe SWie | 8U 88S *[520z/0T/22] uo AreiqiTaulluo Ae|im ‘Aisieaiun BulfueN Aq +TOKOSTOZ"



-
™
s
[
-l
wd
=
™

530 wileyonlinelibrary.com

www.afm-journal.de

Makies

www.MaterialsViews.com

Table 1. A summary of the performances of different Si-loaded core-shell NW or nanotube structures from the 2nd to the last cycle in the

literature,l'%1327-34] in comparison to what is achieved in this work.

Materials and Structure  Thickness of Si shell [nm]  Current density [A g7 Cycles Capacity after cycles [mAh g7']  Capacity retention [%] Reference
C@esSi@C =20 0.3 60 ~2200 =69 [33]
Nanotube array 0.2-0.84-0.2 50 =1240 ~88
Cu-Si core shell =50 0.84 400 =~1500 ~60 [28]
Nanotube array 1.3-50-1.3 50 =410 =97
CNT-Si =12 2.0 50 =980 =57 134]
Composite 2.0-3.0-2.0 30 =~1000 ~60
Cu-Li,0 @ a-Si =40 0.84 100 ~2200 =94 [22]
Core shell array 0.2-4.0-0.2 100 =500 =70
Si nanotube =30 50 6000 ~600 ~88 [12]
4.2-84-4.4 700 =550 =85
Cu-Si-Al,04 =100 1.4 100 =1560 =90 [30]
Nanocable array 0.3-70-0.3 60 =200 =76
Interconnected Si - 8.4 72 ~1800 =84 [13]
NW 0.4-34-0.4 70 ~420 ~84
CNT-Si core shell =55 0.84 80 =2510 =91% [31]
NW 0.84-50-0.84 77 =980 =~94%
CNT-Si NW =20 0.84 100 ~2500 =91 [32]
0.84-63 80 =720 -
Cu-Si,_,Ge, core =60 4.0 75 =1500 =75 [29]
Shell NW array 0.63-10-0.63 40 =1360 =87
Coaxial Cu-Si @ =45 0.8 50 =~2400 =82 [27]
Carray 0.8-8.0 - =1050 -
C-Si @ a-Si core shell =47 3.4 100 ~880 99% [10]
NW array
a-Si/carbon ~60 0.84 55 =~1600 ~84 i
Nanofiber NW array 0.84-4.0-0.84 80 ~800 =96
Connected Cu-Si =120 3.4 1000 ~1000 ~84 This work
Alloy nanotube 20 1000 =770 ~88
1.8-70-1.8 320 =250 ~88

carbonate and diethyl carbonate mixture. A galvanostatic cycling
test of the assembled cells was carried out on a Land system (BT
2013A). Cyclic voltammetry characterizations were conducted with an
electrochemical workstation (CHI660D) with a two-electrode system
incorporating interconnected hollow Cu-Si alloy tubes as the working
electrode and Li foil as the reference and counter electrodes. The
mass load of a-Si was evaluated by a high-quality precision electronic
balance (Sartorius, BT125D, 0.1 mg).
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Supporting information is available from Wiley Online Library or from
the author.
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