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and Linjie Zhi*

The synergistically engineered self-standing silicon/carbon 

composite arrays exhibit unprecedented lithium storage 

performance, including high specific capacity of 1510 mAh g-1 

based on the total electrode weight, extraordinary cycling 

stability with nearly 100% capacity retention over 600 cycles, 

and areal capacity approaching the value of commercial 

lithium-ion batteries (3.9 mAh cm-2). 

Silicon is considered as an attractive anode material for next-

generation lithium-ion batteries due to its relatively low working 

potential, abundance in nature, and more importantly highest 

known theoretical capacity (3579 mAh g
−1

 for Li15Si4 at room 

temperature) which is about ten times that of commercial 

graphite anodes.
1
 However, silicon electrodes suffer from severe 

capacity fade upon cycling. The capacity fade is attributed to 

structural degradation and the instability of solid electrolyte 

interphase (SEI) on the surface caused by the tremendous 

volume change of silicon (up to 300%) during lithiation and 

delithiation processes.
2
 One popular tactic to address this issue 

is to combine nanostructured silicon with a second phase (e.g., 

carbon).
3-10

 Notably, to encapsulate nanostructured silicon in a 

hollow carbon shell and subsequently construct conventional 

slurry-based electrodes represents a state-of-the-art electrode 

design strategy, featuring many advantageous characteristics 

(Design I at low mass loading, Fig. 1). As the nanostructured 

silicon is able to withstand the large lithiation/delithiation-induced 

strains without fracture, the hollow carbon shell enables the 

creation of an internal void space to accommodate the volume 

change of silicon, and also functions as an electrolyte blocking 

layer to prevent the direct contact of electrolyte and silicon and 

thus improve the surface stability of the material. Accordingly, 

diverse examples have been recently demonstrated such as Si/C 

yolk-shell and wire-in-tube nanocomposites,
11-15

 yielding 

remarkable improvement in cycle lives. Unfortunately, long-term 

stable cycling with high capacity has been registered always 

based on low areal mass loadings (typically, <0.2 mg cm
-2
). This 

leads to low areal capacity as encountered in early silicon thin-

films,
16

 which has long been recognized to be a fatal problem of 

hindering the implementation of silicon in a viable lithium-ion 

battery.
17-19

 As the buildup of micro-sized Si anode materials with 

nanoscale building blocks
20,21

 have been shown to be an 

effective way to tackle this problem, it still remains challenging to 

achieve long-term stable cycling at high areal capacity. Such a 

situation holds as well for many other nanostructured silicon and 

electrode materials subject to large volume change. 

 
Fig. 1 Schematic illustration of (a) Design I and (b) Design II. Compared to the 

Design I with nanostructured silicon encapsulated in a hollow carbon shell and 

subsequently constructed into a conventional slurry-based electrode, the Design 

II demonstrated here features synergistic engineering and control of structure, 

interface, and charge transport of the electrode; specifically, the uniform Si/C 

Page 1 of 6 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

wire-in-tube nanostructuring promises the structural and interfacial stabilization 

of each resultant Si/C nanocomposite and promotes electrode-level 

homogeneity, and the self-standing array manufacturing allows easy access of 

both electron (e
-
) and lithium ion (Li

+
) to every Si/C building block even at high 

areal mass loading. 

 There exist two main causes of adopting the low areal mass 

loading of nanostructured materials (Design I, Fig. 1). First, 

compared with bulk and micrometer-sized materials, the use of 

nanostructured materials generally introduces excessive and 

highly disordered interparticle interfaces,
22

 over which the 

binders and other additives involved in a conventional electrode 

configuration cannot consistently enable the creation of 

continuous and fast transport pathways for either electrons, or 

lithium ions, or both, as the areal mass loading increases and the 

electrode thickens. Second, upon cycling, the nonuniformity of 

nanostructured materials induces structural changes locally upon 

cycling, which can accumulate across the electrode thickness, 

thus incurring the electrode-level cracking and failure.
19,23

 

Compared with a thin electrode with low areal mass loading, it 

can be expected that a thick electrode at high areal mass loading 

is much more susceptible to as-accumulated variations. In line 

with the above considerations, to deposit nanostructured silicon 

uniformly on ordered one-dimensional conductive scaffolds (e.g., 

copper, nickel) can be an encouraging design strategy, because 

such structured design paradigm not only offers uninterrupted 

(that is, nearly interface resistance-free), vertical, and fast 

electron and ion transport highways for every individual material 

building block, but also provides flexibility in electrode thickness 

based upon the facile tailoring of conductive substrates and/or 

scaffolds, rather than the addition of supplementary binders and 

additives. Sticking to such design formula, different conductive 

substrate-based electrode prototypes have already been 

successfully demonstrated.
24-30

 However, stable cycling (e.g., 

100 cycles) with areal capacity comparable to the level of 

commercial lithium-ion batteries has rarely been reported, which 

is fundamentally due to the lack of sufficient control of structural 

and interfacial instabilities of silicon during cycling. So far, it still 

remains very challenging to harness the lithium storage 

capability of nanostructured materials (e.g., silicon in this work) 

specifically at an acceptable mass loading level, and new design 

protocols are thus highly desirable. 

 
Fig. 2 The morphology of wt-Si/C arrays: (a) Photographs of a wt-Si/C array 

before and after being peeled off from the substrate; (b-d) Scanning electron 

microscopy (SEM) images of a wt-Si/C array. 

 Here, we propose a novel design (Design II, Fig. 1) for large 

volume change lithium battery anodes by synergistic engineering 

and control of structure, interface, and charge transport of the 

electrode. As a proof-of-concept model, the resulted self-

standing, ordered arrays of uniform Si/C wire-in-tube 

nanocomposites (namely, wt-Si/C arrays) are endowed with two 

major features. First, the uniform Si/C wire-in-tube 

nanostructuring guarantees the structural and interfacial 

stabilization of each counted wt-Si/C building block and promotes 

electrode-level homogeneity. Second, the free standing array 

manufacturing allows easy access of both electrons and lithium 

ions to every wt-Si/C nanocomposite building block even at high 

areal mass loading. As a result, the wt-Si/C arrays exhibit 

unprecedented lithium storage performance at substantially 

enhanced areal mass loading of 2.54 mg cm
-2
. In particular, a 

reversible specific capacity of 1510 mAh g
-1
 is obtained on the 

basis of the total electrode weight and remains extraordinarily 

stable over 600 cycles, whilst the areal capacity is closely 

approaching the value of commercial lithium-ion batteries (3.9 

mAh cm
-2
). To the best of our knowledge, this is the first time that 

a Si anode with this level of performance has been described. 

 
Fig. 3 The microstructure and uniformity of wt-Si/C nanocomposites in the array: 

(a-b) TEM and (c) high-resolution TEM images of wt-Si/C nanocomposites; (d) 

Carbon and silicon elemental mapping of a fraction of an individual wt-Si/C 

nanocomposite; (e) Statistical analysis of the diameter of Si NW cores and carbon 

tubes revealing the uniformity of wt-Si/C nanocomposites throughout the array. 
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 The fabrication of wt-Si/C arrays involves uniform Si/C wire-

in-tube nanostructuring and free-standing array manufacturing, 

and briefly comprises three steps (see more details in 

Experimental Section): (1) synthesis of uniform, vertically aligned 

silicon nanowires (Si NWs) on silicon wafers through a colloidal 

mask-sustained metal-assisted chemical etching method, (2) 

preparation of Si/C wire-in-tube nanocomposites by SiO2 

sacrificial layer-mediated processing, and (3) fabrication of free-

standing wt-Si/C arrays via an alkaline-solution-enabled peeling 

process. As displayed in Fig. 2a, the peeled-off array remains the 

original modality with lateral sizes up to several centimeters. 

Such free-standing arrays are robust, thereby allowing for their 

direct integration as lithium-ion battery electrodes without 

introducing any auxiliary components. 

 The morphology and structure of as-produced wt-Si/C arrays 

are summarized in Fig. 2 and 3. As exhibited in Fig. 2b-d, the wt-

Si/C nanocomposites in the array are well aligned and densely 

packed with an average diameter of ~170 nm and a typical 

length of ~60 µm. It is also shown that individual wt-Si/C 

nanocomposites are interconnected by an underlying thin layer 

as a hanging base, which is essential for maintaining the 

mechanical robustness and electrical conductivity of the free-

standing array (Fig. S1, ESI). It should be noted that, although 

the typical areal mass loading of wt-Si/C arrays are around 2 mg 

cm
-2
 in this study, the loadings may be easily tuned, for example, 

by precisely controlling the mask size and subsequent 

processing conditions for Si nanowire synthesis and the 

scalability realized by recycling the used silicon wafers.
31

 

Furthermore, it is evident that each wt-Si/C nanocomposite in the 

array consists of an inner Si NW core, a hollow carbon tube, and 

the well-defined in-between void space that accommodates the 

volume change of silicon (Fig. 2d, 3a-d). The high-resolution 

transmission electron microscopy (TEM) image (Fig. 3c) 

discloses that the outer carbon tube (with a wall thickness of ca. 

5 nm) possesses a turbostatic graphitic structure, consistent with 

the Raman spectroscopy and powder X-ray diffraction (XRD) 

results (Fig. S2, S3, ESI). Such thin and hollow carbon tubes are 

crucial for creating the internal voids to accommodate the volume 

change of silicon cores, providing paths for electron and ion 

transport from/to silicon, as well as blocking the direct contact of 

electrolyte and silicon and preventing the SEI propagation. It is 

noteworthy that our unique design is significantly different from 

previous reports of encapsulating nanostructured silicon with 

hollow carbon shells. The use of uniform Si NWs as starting 

materials (Fig. S4, ESI) promotes high uniformity of wt-Si/C 

nanocomposites in the array, in terms of the diameter of Si NW 

cores and carbon tubes (Fig. 3e), and thus ensures the formation 

of a well-defined void in each wt-Si/C nanocomposite so as to 

effectively accommodate the volume change of the Si NW core 

without rupturing the outer carbon tube. 

 
Fig. 4 Electrochemical characterization of wt-Si/C array electrodes: (a) Rate 

capabilities of wt-Si/C array and wt-Si/C (PVDF) electrodes from 0.2C to 3C 

(1C=3.6 A g
-1

); (b) Areal capacities tested at different rates for two wt-Si/C array 

electrodes and a wt-Si/C (PVDF) control electrode; (c) Long-term cycling 

performance of the wt-Si/C array electrode with high areal mass loading of 2.54 

mg cm
-2

. The electrode was first cycled at different rates for initial 41 cycles and 

then 0.5C for later cycles; (d) Voltage profiles for a wt-Si/C array anode plotted 

for the 5th, 50th, 200th, 400th, and 600th cycles; (e) Typical SEM image of a wt-

Si/C array after long-term cycling. 

Considering a maximum Si volume change of up to 400% upon 

de(lithiation) processes, the diameter of outer carbon tubes 

(~170 nm) in this study was set to be approximately two times 

that of inner Si NWs (~80 nm) through tuning the thickness of 

SiO2 sacrificial layers (Fig. 3e). The silicon content in the as-

prepared wt-Si/C array was estimated to be around 74.4 wt% as 

determined by the thermogravimetry analysis (TGA, Fig. S5, ESI).

 The unique structure of the designed wt-Si/C arrays affords 

remarkable battery performance. Two-electrode coin-type cells 

(2032) with metallic lithium counter electrodes were used to 

evaluate the electrochemical performance of wt-Si/C array 

electrodes, as well as wt-Si/C (PVDF) control electrodes (see 

Experimental Section). The typical mass loading of the wt-Si/C 

array electrodes was around 2 mg cm
-2
; while in the wt-Si/C 

(PVDF) control electrodes, the active material mass loading was 

set to be approximately 1.5 mg cm
-2
, which is an optimized 

maximum in our experiments if without sacrificing the integrity of 

the active material layer and subsequently cycling performances. 

Benefiting from the unique ordered configuration, the wt-Si/C 

array electrodes demonstrate high rate capability (Fig. 4a; Fig. 

S6, ESI). The specific capacity of the wt-Si/C arrays at the rates 

of 1C, 2C and 3C is 1421, 1244, and 1176 mAh g
-1
, respectively, 

which is approximately 76, 66, and 63% of that at 0.2C. By 
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comparison, the wt-Si/C (PVDF) electrodes with a comparable 

active material mass loading level cannot match such capacity 

retention at higher rates, and show specific capacity of 1134, 929 

and 602 mAh g
-1
 at 1C, 2C and 3C, respectively, which is 60, 48 

and 32% of the 0.2C specific capacity. The excellent rate 

capability of the wt-Si/C array electrodes is attributed to their 

unique structure, where well-aligned wt-Si/C nanocomposites are 

mechanically and electrically interconnected by an underneath 

hinging layer, thus allowing for an uninterrupted, vertical, and fast 

transport of both electrons and lithium ions across the whole 

electrode thickness. This scenario is further verified by 

electrochemical impedance spectroscopy spectra (Fig. S7, ESI). 

Given that the exertion of every wt-Si/C nanocomposite in the 

array leads to 100% material utilization at all rates tested (Fig. 

S6b), the material utilization in the wt-Si/C (PVDF) electrode is 

comparable only at a smaller rate, and becomes in a rather low 

degree at higher rates (e.g., 50% of that in the wt-Si/C array at 

3C). The low degree of material utilization can be associated with 

the intrinsic character of multi-interface electron transport 

between wt-Si/C nanocomposites as well as tortuous ion 

transport in the wt-Si/C (PVDF) electrodes which become 

sluggish and even interrupted when the material mass loading 

and thus electrode thickness increases. 

 Notably, a low degree of material utilization limits and even 

negates the potential of increasing the active material mass 

loading to improve the areal capacity.
20

 With stable cycling as a 

requirement, a maximized areal capacity of 1.8 mAh cm
-2
 was 

achieved at a higher rate of 0.5 C for the wt-Si/C (PVDF) 

electrode with optimized areal mass loading of 1.5 mg cm
-2

 (Fig. 

4b). In contrast, the areal capacity of the wt-Si/C arrays can be 

easily amplified and even reach the value of commercial lithium-

ion batteries because of its flexibility in increasing electrode 

thickness and thus areal mass loading without introducing 

additional interfaces for electron and ion transport, as well as 

higher degree of material utilization. Specifically, the wt-Si/C 

arrays with areal mass loadings of 1.82 and 2.54 mg cm
-2
 deliver 

areal capacity of 2.7 and 3.9 mAh cm
-2
, respectively, when being 

cycled at a rate of 0.5C (Fig. 4b). This implies that the areal 

capacity of the wt-Si/C arrays nearly depend linearly on their 

areal mass loadings, which can be highly favorable for further 

enhancements in areal capacity, if needed by specific 

applications such as micro-systems requiring high energy density 

per unit area. Furthermore, it was previously reported by us that 

the PVDF-enabled electrodes of nonuniform Si/C wire-in-tube 

nanocomposites showed stable cycling yet with continuous 

capacity fading over initial hundreds of cycles as well as at quite 

low areal mass loading of 0.2 mg cm
-2
.
14

 In contrast, over 100 

cycles at 0.5C rate, the capacity retention is nearly 100% for the 

wt-Si/C array electrodes with areal mass loadings one order of 

magnitude higher than that of nonuniform Si/C nanocomposite-

based ones (Fig. 4b). The stable cycling at such a mass loading 

level can be mainly attributed to the structural uniqueness and 

more importantly, uniformity of wt-Si/C nanocomposites. As 

reported widely for the design I, the well-defined internal void in a 

wt-Si/C nanocomposite allows for free expansion of the Si NW 

core without rupturing the outer carbon tube, thus enabling the 

structural and interfacial stabilization of the nanocomposite. The 

high uniformity of wt-Si/C nanocomposites in the array first 

guarantees every originally counted wt-Si/C nanocomposite 

building block to contribute to the capacity consistently without 

structural degradation, and second promotes electrode-level 

homogeneity whatever the active material mass loading level is, 

thus offering an explanation for the stable cycling of the array 

observed even at high mass loading. In addition, it has been 

generally recognized that even small variations induced by local 

inhomogeneity can accumulate across the electrode thickness 

and cause the electrode degradation.
23

 

 The synergistic engineering and control of structure, interface, 

and charge transport of the electrode turn out to be effective for 

long-term stable cycling of the wt-Si/C arrays with high mass 

loading. As exhibited in Fig. 4c, the wt-Si/C arrays show 

extraordinary cycling stability and almost invariably deliver 

specific capacity of 1510 mAh g
-1
 at a high rate of 0.5C over 600 

cycles, which is more than four times beyond the theoretical 

capacity of graphite. More importantly, such high capacity and 

stable cycling are achieved at active material mass loading up to 

2.54 mg cm
-2
, which is one order of magnitude higher than those 

used in many publications, and is essentially needed to realize 

high-performance based on the total cell weight or volume. The 

areal capacity remains to be approximately 3.9 mAh cm
-2

 from 

the 42nd to 600th cycle at a rate of 0.5 C, which is rather close to 

the value of commercial lithium-ion batteries.
19,31,32

 To the best of 

our knowledge, concurrently achieving high specific capacity on 

the basis of the total electrode weight, competitive areal capacity, 

and extraordinarily stable cycling with nearly 100% capacity 

retention at a high rate of 0.5C have seldom been reported for 

silicon anodes. This level of performance is thus among the best 

cycling performances of silicon anodes reported to date. Here, it 

should be noted that the estimated volumetric capacity (ca. 667 

mAh cm
-3
) is comparable to, if not greatly higher than, the 

volumetric capacity in commercial graphite anodes.
4,19,31,32-35

 In 

addition, although the carbon tubes may contribute to the 

achieved capacity, the voltage profiles of wt-Si/C array 

electrodes exhibit typical electrochemical features of amorphous 

silicon, with negligible change over 600 cycles (Fig. 4d), which is 

consistent with the cyclic voltammetry measurements (Fig. S8, 

ESI). Moreover, the high average Coulombic efficiency of the wt-

Si/C array electrodes from the 42nd to 600th cycles (99.7%), 

together with electrochemical impedance spectroscopy analyses 

after long-term cycling (Fig. S9, S10, ESI), further indicates the 

excellent structural and SEI control and the reversibility of the 

electrode reaction even at high material mass loadings enabled 

by our protocol of uniform Si/C wire-in-tube nanostructuring and 

free-standing array manufacturing. After being cycled, the 

structure and morphology of the wt-Si/C array are characterized 

further. It should be mentioned that the low Coulombic efficiency 

in the initial cycles (79% for the first cycle) can be mainly related 

to the irreversible trapping of lithium in the carbon tubes and the 

SEI formation (Fig. S9, S11, ESI); this may be improved by pre-

lithiation processing.
36

 As shown in Fig. 4e, the cycled wt-Si/C 

array retains an integrated membrane structure and the array 

height remains almost the same as the initial one (ca. 60 µm). 
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The geometry maintenance of the array observed implies the 

preservation of electron and ion transport paths in the cycled 

array, and the effectiveness of our design in silencing electrode-

level variations of large volume change anode materials, which is 

crucial in developing a viable lithium-ion battery electrode. 

Furthermore, the modality of individual wt-Si/C nanocomposites 

remains after long-term cycling as confirmed by TEM and 

elemental mapping images (Fig. S12, ESI), which reflects the 

structural and interfacial stability of the wt-Si/C nanocomposites, 

contributing to the remarkable cycling stability of the wt-Si/C 

arrays. 

Conclusions 

In conclusion, we have demonstrated a novel Si anode design by 

uniform Si/C wire-in-tube nanostructuring and free-standing array 

manufacturing. Based on synergistic engineering and control of 

structure, interface and charge transport of the electrode, the as-

developed free-standing, ordered arrays of uniform Si/C wire-in-

tube nanocomposites, as a prototype of proof-of-concept 

anodes, exhibit unprecedented lithium storage performance at 

active material mass loadings one order of magnitude higher 

than that of most previous reports. In particular, a reversible 

specific capacity of 1510 mAh g
-1
 is obtained at a high rate of 1.8 

A g
-1
 on the basis of the total electrode weight and remains 

extraordinarily stable with nearly 100% capacity retention at a 

high rate of 0.5C over 600 cycles, whilst the areal capacity is 

really approaching the value of commercial lithium-ion batteries 

(3.9 mAh cm
-2
), thereby representing a substantial advance 

towards high-performance silicon anodes. While further 

performance enhancement can be based upon optimization of 

the diameter of silicon cores and the wall thickness of the carbon 

tubes, notably, the synergistic engineering and control of the 

electrode highlighted is applicable to the design and construction 

of other electrode materials especially facing large-volume-

change electrode materials. 
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Self-standing, ordered arrays of uniform Si/C wire-in-tube 

nanocomposites are developed, showing high specific capacity 

and extraordinary cycling stability whilst delivering competitive 

areal capacity. 
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