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Advanced lithium-ion batteries with high energy density, high-
rate capability, and excellent cycling performance are critically 
important for automotive and stationary energy storage appli-
cations such as electric vehicles, portable electronics, power 
tools, and energy storage for many types of renewable energy 
sources.[1–3] From the materials point of view, silicon is one 
of the most promising candidates as an anode material for 
these lithium-ion batteries owing to its abundance in nature, 
relatively low working potential, and highest known theoretical 
charge capacity of 4200 mAh g−1, 11 times higher than that of 
commercialized graphite.[4,5] One major challenge is that the 
dramatic volume change (>300%) for Si during lithium inser-
tion and extraction processes causes capacity fading due to 
severe pulverization and electrical disconnection from the cur-
rent collector, thus hindering practical applications.[5–8] In order 
to overcome these drawbacks, it is highly desirable to explore 
nanostructured silicon anodes with more robust architec-
tures.[9–13] So far, silicon nanostructures (and their composites) 
with a variety of different dimensionalities, including nanopar-
ticles,[14–18] nanospheres,[19] nanowires,[8,20–29] nanotubes,[30–32] 
nanoscale thin films,[7,33–35] and three-dimensional porous par-
ticles[36] have been reported to provide improved electrochem-
ical performance over bulk silicon materials. These results are 
encouraging for the development of Si nanomaterials as poten-
tial building blocks for high-performance anode materials in 
lithium-ion batteries. Yet, scale-up and industrial implementa-
tion of these silicon nanostructures still lag behind and further 
improvements in overall performance, scalability, and cost are 
critically required. For example, silicon thin films exhibit highly 
improved cycling performance,[33,34] thanks to the anisotropy of 
their volume change. However, the optimized film thickness is 
usually a few hundred nanometers, which results in an areal 
capacity of ≈0.1 mAh cm−2, which is insufficient for applica-
tion. Anodes made from one-dimensional silicon-based nano-
structures can provide open space while remaining electrically 
connected to current collectors, allowing designs[8,12,13,30] which 
accommodate the volume change of silicon during lithium 
insertion. These nanostructures offer good contact with the 
current collectors at medium charge/discharge rate without 
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the help of any additive or binder, leading to both higher spe-
cific capacity and improved cycling performance. However, 
either long vacuum annealing times by chemical infiltration 
approaches[30] or relatively high temperatures and long syn-
thesis times by chemical vapor deposition (CVD) growth[8] are 
typically required to obtain acceptable mass loading of silicon. 
Furthermore, efficient energy storage within a small areal foot-
print has been of growing interest with the increased applica-
tion of microelectromechanical systems.[37,38] For example, the 
direct deposition of silicon nanoparticles onto porous silicon 
nanowire (Si NW) networks is being used in anode prototypes 
for improved areal capacities.[39] However, in that case, an addi-
tional silicon coating process is still necessary to provide good 
contact between the nanoparticles and nanowires.

Here, we report a new method to significantly enhance 
vapor–liquid–solid (VLS) synthesis of Si NWs on stainless steel 
current collectors based on growth from a catalytic Au-carbon 
nanotube (CNT) hybrid interface, and demonstrate good elec-
trochemical performance and high specific and areal energy 
storage capacities for nanostructured anodes in lithium-ion 
half cells (Figure 1). In this approach, Au nanoparticle (Au NP)-
decorated multiwalled carbon nanotube hybrid materials (Au-
CNT) are synthesized and drop-cast onto the current collector 
followed by VLS CVD synthesis of the Si nanowires (Si NWs) 
directly onto the CNTs (Figure 1 and also see Experimental 
Section). Si NW nucleation and growth is found to be signifi-
cantly enhanced and aligned Si NW arrays on CNT matrices (Si 
NW–CNT) with high areal loading densities are achieved within 
short CVD growth times. These Si NW–CNT nanostructures 
are found to provide improved electrochemical performance as 
anodes of lithium-ion cells in terms of high reversible specific 
capacity and increased areal capacity when compared with the 
anodes (denoted as Si NWs) prepared using the same growth 
conditions with standard Au thin films directly on stainless steel 
as the growth catalyst. To the best of our knowledge, this is the 
first time that newly emerging carbon nanotube–nanoparticle  
hybrids[40] have been used to enhance the VLS growth of one-
dimensional inorganic nanostructures.

The Au-catalyzed growth enhancements found here are con-
sistent with other carbon nanotube-supported noble metal nano-
particle studies, which have shown remarkably high activities 
for catalyzing chemical and electrochemical reactions in areas  
such as fuel cells and sensing applications.[40] The CNTs serve 
not only as an excellent catalyst support to boost the growth 
of Si NWs, but also as a three-dimensional porous platform to 
afford high catalyst loading, both of which facilitate high areal 
loading densities of Si NWs and thus high specific and areal 
capacity for silicon anodes. In addition, unlike inactive matrices 
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Figure 1. Schematic diagram showing the fabrication of the silicon nanowire arrays on carbon 
nanotube (Si NW–CNT) arrays on a current collector (stainless steel substrate).
and/or additives, the CNT itself is an active anode material for 
lithium-ion batteries and holds potential as lightweight and 
flexible current collectors. The Au-CNT hybrids are first synthe-
sized via a noncovalent assembly route (see Experimental Sec-
tion) similar to those previously reported.[40] In brief, the CNTs 
are functionalized with 1-aminopyrene by π–π interaction fol-
lowed by the anchoring of Au NPs onto CNTs via as-introduced 
amine functionalities. Figure 2 shows representative scanning 
electron microscopy (SEM) and transmission electron micro-
scopy (TEM) images of the synthesized hybrids. In contrast 
to the pristine CNTs (Figure S1a–c, Supporting Information) 
exhibiting smooth and clean surfaces, the Au-CNT hybrid 
material is more highly textured (Figure 2a), which suggests  
that most of the nanotubes have been heavily coated with Au 
NPs. This is verified in TEM images (Figure 2b–d), in which the 
introduced nanoparticles with an average diameter of 6.2 nm 
are seen to be uniformly immobilized onto the nanotube sur-
faces, with no aggregation between the Au NPs observed. 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

Figure 2. a) Top-view scanning electron microscopy image of the carbon 
nanotube (Au-CNT) hybrid film. b–d) Transmission electron microscopy 
images with different magnifications showing the uniform coating of 
carbon nanotubes with Au nanoparticles. The inset in (c) shows a dia meter 
distribution of Au nanoparticles assembled onto carbon nanotubes.
Moreover, this uniform immobilization of 
Au NPs on CNTs enables the hybrids to be 
solution-processable. In contrast, by simply 
mixing the pristine CNTs and the Au NPs, a 
mixture of the nanoparticles and the nano-
tubes was obtained (Figure S1d, Supporting 
Information), showing poor distribution of 
the Au NPs over the CNT surface with signif-
icant aggregation of the Au NPs themselves. 
Consistent with early studies,[40] these results 
indicate the pivotal role of noncovalently 
introduced amine functionalities in suc-
cessful assembly and thus uniform dispersion of the Au NPs 
onto the CNTs.

Si NW arrays were grown on Au-CNT matrices by drop-
casting the as-synthesized Au-CNT hybrids onto a precleaned 
stainless steel (SS) substrate and employing it as both the inte-
grated growth catalyst and intermediate support for the VLS 
deposition of Si NWs. As controls, 2–5 nm Au thin films and 
commercial 40 nm Au colloids were directly deposited onto SS 
substrates for the VLS growth of Si NWs and these control sam-
ples are denoted as Si NWs. Figure 3 shows the morphology 
and crystal structure of the Si NW–CNT and the Si NW sam-
ples. As shown in Figure 3c–e, the Si NW array grows verti-
cally out from the Au-CNT hybrid network structure, where the 
nanowires are approximately 40 μm in height, with an average 
diameter of 45 nm. The carbon nanotubes underneath these Si 
NWs cannot be easily seen due to the presence of a large quan-
tity of isolated and/or fused nucleation centers of nanowires 
within the CNT matrix even after being physically scratched 
(Figure S2a and b, Supporting Information). Yet, we can easily 
peel the Si NW–CNT tandem films off from the SS substrates 
using dilute hydrofluoric acid (HF) solution and thus validate 
preservation of the CNT matrix (Figure 3h). The above observa-
tion also implies that there exists strong adhesion between the 
CNT matrix and the Si NWs. The diameters of most nanowires 
are found to be in the range of 35–55 nm in low-magnification 
TEM measurements (Figure 3f), consistent with the above SEM 
results. Compared with the original ≈6 nm diameter of Au NPs 
in the Au-CNT hybrids, the nanowire diameters are appreciably 
larger than the original size of Au NP growth seeds, indicating 
agglomeration of nearby Au nanoparticles on the CNTs during 
the initial heating in the growth chamber. The high-resolution 
TEM image of a single Si NW from the Si NW–CNT is shown 
in Figure 3g accompanying a fast Fourier transform (FFT) pat-
tern and its low-magnification TEM image as insets. The lattice 
fringes demonstrate that the Si NWs are single crystal with the 
growth direction along [100] axis. As shown in Figure S3 (Sup-
porting Information), nanowires are also observed to grow along 
the [110] direction, which is consistent with the X-ray diffrac-
tion (XRD) results (Figure S4, Supporting Information). These 
results contrast to the more usual [111], [211], and [110] growth 
directions for Si NWs, depending on diameter and growth con-
ditions.[41] Similar nanowire structures and morphology were 
obtained for a series of different Au-CNT loading. For the con-
trol samples grown from Au films on SS substrates, the average 
nanowire height of ≈10 μm and areal density are observed to be 
much smaller for the same growth conditions (Figure 3a and 
b). Also a significant quantity of island-like silicon regions are 
heim Adv. Energy Mater. 2012, 2, 87–93
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Figure 3. a) Cross-section and b) top-view scanning electron micro-
scopy (SEM) image of Si NWs on a stainless steel (SS) substrate. 
Inset in a) shows a higher magnification cross-section image.  
c) Cross-section and d), e) top-view SEM images of silicon nanowire 
arrays on carbon nanotube (Si NW–CNT) grown on an SS substrate. 
f ) TEM image of the silicon nanowires in the Si NW–CNT sample.  
g) High-resolution transmission electron microscopy (TEM) image of 
a single silicon nanowire from the Si NW–CNT with enlarged region 
showing the clear lattice fringes. The growth direction is along [100] 
direction as indexed in the image. Insets show its fast Fourier trans-
form (FFT) pattern (upper) and low-magnification TEM image (lower).  
h) SEM image of back side of the Si NW–CNT tandem film peeled 
from an SS substrate by immersing in a dilute HF solution, which 
shows the CNT matrix with a large quantity of nucleation centers for 
silicon nanowires.
observed from the control samples without carbon nanotubes. 
The above results suggest the CNT carbon surface can serve as 
a better interface for nucleation and growth of the Si NWs from 
the Au NP catalysts than the control samples with Au films or 
colloids placed directly on the SS substrate. As a result, the 
CVD Si deposition is more effectively channeled into Si NW 
growth rather than the formation of other phases at elevated 
growth temperatures such as α-FeSi2 or isolated Si regions on 
the SS substrate. This result may also be related to a recent 
report,[42] in which deposition of a carbon layer on various sub-
strates was found to have a similar enhancement effect on VLS 
growth of ZnO and other one-dimensional oxide nanowires. In 
the current case, the total mass of silicon has been increased a 
factor of 4, from 0.08 mg cm−2 to 0.32 mg cm−2, for the same 
growth conditions using the Au-CNT hybrids with a loading 
of ≈0.1 mg cm−2. The areal loading density of Si NWs can be 
further increased by coating SS substrates with more Au-CNT 
hybrid material as well as by extending the growth time. Over 
the range of Au-CNT loadings investigated, a linear increase in 
Si NW weight with Au-CNT weight was observed (Figure S5, 
Supporting Information). Also the high areal density of the 
resulting nanowires grown is observed to lead to increasingly 
vertical arrays of nanowires versus a more random arrange-
ment for the control samples (Figure 3c and 3a, respectively).

To investigate the electrochemical properties of as-synthesized 
Si NWs for lithium storage, coin-type half cells (2032 size) 
were made in a helium-filled glove box with the Si NW–CNT 
samples (or the Si NWs control sample) as the working elec-
trode and lithium foil as both reference and counter electrodes 
(Figure S6, Supporting Information). Unless otherwise stated, 
all the cells were tested at C/20 for the first cycle and then C/2  
for the subsequent cycles, based on a theoretical capacity of 
4200 mAh g−1, and the voltage range was set between 0.02 V 
and 1.5 V. Figure 4a and b shows voltage profiles of devices with 
the Si NW–CNT and the Si NWs as a working electrode, respec-
tively. The voltage profiles of both samples from the second 
cycle onward are very similar and consistent with previous 
studies on Si NWs.[8] While the first charge–discharge cycle 
usually results in a transformation of initially crystalline silicon 
into amorphous silicon,[8,43] the charge–discharge curves for 
the second cycle onwards are typical profiles from amorphous 
silicon. As shown in Figure 4b, the reversible capacity of the Si 
NWs control electrode is ≈1800 mAh g−1 for the second cycle 
at a rate of C/2 (2100 mA g−1), and increases to ≈2360 mAh g−1  
at the sixteenth cycle followed by a slow, continuous decrease 
for the subsequent cycles. Some silicon deposition during the 
CVD growth process contributing to the measured weight gain 
in addition to the Si NWs is attributed to reaction with the SS 
substrate to form α-FeSi2 as confirmed by XRD observations 
(see Figure S4, Supporting Information) and will not contribute 
to appreciable lithium storage during electrochemical cycling.[8] 
This additional contribution may be responsible in part for the 
observed specific capacity being lower than the theoretical value of  
silicon since the total silicon weight is used to determine the 
specific capacity during discharge/charge processes. The Si 
NW–CNT (Figure 4a) shows ∼2400 mAh/g for the 2nd cycle 
at the same discharge/charge current rate, and then increases 
to ≈3200 mAh g−1 at the 16th cycle which is greater than that 
89wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 4. a) Voltage profiles of a silicon nanowire array on carbon nanotube (Si NW–CNT) electrode for second, eighth, sixteenth, and twenty-fourth 
cycles. b) Voltage profiles of a Si NWs electrode for second, eighth, sixteenth, and twenty-fourth cycles. c,d) Plots of differential capacity of the Si 
NW–CNT electrode and the Si NWs electrode, respectively. e) Comparison of areal capacity of the batteries with the Si NW–CNT and the Si NWs as 
working electrodes cycled at a constant current of 0.05 C (210 mA g−1) in the first cycle and 0.5 C (2100 mA g−1) in the remaining cycles between 0.02 
and 1.5 V. f) Plots of Coulombic efficiency of the batteries with these two electrodes.
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observed for the Si NWs control samples (Figure 4b). Although 
a gradual decrease occurs with additional lithiation/delithia-
tion cycling, the nanoscale Si NW–CNT structures still exhibit a 
specific capacity of ≈3050 mAh g−1 for the twenty-fourth cycle, 
which is appreciably higher than the corresponding values 
(≈2300 mAh g−1) for the Si NWs control electrode at the same 
charging rate (2100 mA g−1) and those for earlier-reported Si 
NWs at an even lower charging rate.[8,23,25,26,29] The improve-
ment in specific capacity of silicon for the Si NW–CNT elec-
trode material suggests the potential advantages of the unusual 
integrated structure developed here, where the Si NWs are con-
nected to the current collector via a CNT network. Figure 4c 
and d exhibits differential capacity curves of the second and 
subsequent eighth, sixteenth, and twenty-fourth cycle for the 
Si NW–CNT and Si NWs electrodes, respectively. After the first 
few charge/discharge cycles, which result in the formation of 
metastable amorphous Si NWs by a solid-state amorphization 
reaction,[44,45] two peaks at ≈0.23 and ≈0.08 V during discharge 
and at ≈0.3 and ≈0.49 V during charge are observed, consistent 
with lithiation and delithiation of amorphous silicon, respec-
tively. Similar peak profiles and peak potentials from the second 
cycle onward have been reported for nanostructured amorphous 
Si.[17,29] In addition, a peak between 0.02 and 0.04 V in the dis-
charge processes is observed in the plots for both electrodes, 
which is widely considered due to the lithiation of crystalline 
silicon to form amorphous silicon; the complete formation of 
crystalline intermetallic phases can be slowed due to the slug-
gish kinetics.[17,45] Upon close examination, the magnitude of 
this peak increases from the second discharge to 8nd discharge 
and then gradually decreases from eighth discharge to twenty-
fourth discharge, suggesting a presence of both crystalline and 
amorphous silicon during the first several cycles. These trends 
are attributed to the fact that the electrode was cycled at a high 
current rate of 2100 mA g−1 (C/2) and thus the silicon required 
a number of lithiation/delithiation cycles for complete amor-
phization. In addition, the above results are consistent with the 
trend of the change in specific capacity observed in Figure 4a 
and b.

Figure 4e and f shows the cycling performance and Cou-
lombic efficiency for both kinds of electrodes in terms of 
areal specific capacity. The first cycle Coulombic efficiencies 
of 86.3% and 88.8% are achieved for the Si NW–CNT and Si 
NWs, respectively, both of which are close to that for commer-
cial graphite anodes.[22] The similar values for both electrodes 
suggest the introduction of CNTs has a minor effect on the first 
irreversible capacity. Although both electrodes demonstrate 
Coulombic efficiencies of more than 98.5% from the third cycle 
onward (Figure 4f), the areal capacity (Figure 4e) increases 
from ≈0.2 mAh cm−2 for the Si NWs to ≈1.0 mAh cm−2 for the 
Si NW–CNT for the first 30 cycles, which is a fivefold improve-
ment. It should be noted that, by facilely introducing more 
Au-CNT hybrids (e.g., ≈0.16 mg cm−2), a much higher areal 
capacity (≈1.6 mAh cm−2) has been achieved, mostly due to 
the high loading density (≈0.5 mg cm−2) of well-structured and 
highly active Si NWs in the Si NW–CNT electrode. The decay 
in the capacity for the Si NW–CNT electrode after the first 30 
cycles can have two origins. First, the carbon nanotube network 
can act as a deformable and stretchable interfacial buffering 
layer between the Si NW–CNT and the SS current collector to 
© 2012 WILEY-VCH Verlag GmAdv. Energy Mater. 2012, 2, 87–93
accommodate volumetric expansion and shrinkage of silicon 
around the interface during lithium-ion insertion and extrac-
tion. The improvement in cycling performance also requires 
that the carbon–silicon composite/hybrid materials interface 
architecture accommodate the drastic volumetric change during 
lithiation/delithiation cycling. It may be that further refinement 
of the Si NW–CNT architecture such as a transition region or 
multiple connections between a single Si NW and the CNT 
network may improve upon the cycling performance. A second 
consideration is that for both the Si NW–CNT and Si NWs 
structures the nanowires may be degraded during the high-rate 
cycling processes when the nanowires form a porous sponge-
like structure during repeated cycling (Figure S7, Supporting 
Information) without some protective coating, or encapsula-
tion[29] to limit interactions with the electrolyte and solid elec-
trolyte interface (SEI) formation or stress-induced fracturing, 
both of which may degrade cycling performance. Although 
the cycling performance needs to be further improved, the cell 
performance demonstrated here for this new growth protocol 
appears attractive for advancing approaches to interfacing Si 
NWs to current collectors.

In conclusion, we report the first utilization of carbon  
nanotube-metal nanoparticle hybrids to significantly enhance 
VLS nucleation and growth of one-dimensional Si NWs and 
thus synthesize well-aligned SI NW–CNT arrays on current 
collectors with a high areal loading density after short growth 
times. In the methodology, the Au nanoparticle-decorated CNTs 
are used as an integrated growth catalyst and intermediate sup-
port that boosts the growth of Si NWs. CNTs underneath the Si 
NWs further act as a nanoscale three-dimensional electrically 
conductive network, thus providing a robust electrical contact 
between the Si NWs and current collectors. Compared to the Si 
NWs grown directly on SS substrates using Au thin films or col-
loids, the electrodes made from Si NW arrays on the CNT matrix 
under the same growth conditions show greatly improved areal 
capacity at high charge/discharge current rates due to improved 
utilization of the CVD Si deposition and enhanced Si NW for-
mation. While the cycling performance and thus cell cycle life 
need to be further improved, the growth protocol opens up a 
new avenue for possible practical applications of Si NWs and 
other VLS-grown one-dimensional nanostructure-based elec-
trode materials.

Experimental Section
Synthesis of Au-CNT Hybrids: A high density of active binding sites 

for anchoring the Au nanoparticles are introduced by noncovalently 
functionalizing multiwalled carbon nanotubes with 1-aminopyrene 
molecules, thus resulting in subsequent efficient attachment of the Au 
NPs. Pristine Au NPs with a mean diameter of 6.2 nm were synthesized 
by a two-phase solution method as reported elsewhere.[46] The CNT 
arrays were grown by a CVD technique[47] with ≈1 nm iron film on 
10 nm alumina on SiO2/Si substrates as the catalyst and ethylene as 
the carbon source. For the hybrid synthesis, briefly, 2 mg CNTs were 
mildly sonicated in a 10 mL toluene solution containing 0.01 mg mL−1 
1-aminopyrene for 2 h. Subsequently, the 1-aminopyrene-functionalized 
CNTs were isolated from the solution by centrifugation and washed with 
ethanol. The as-functionalized CNTs were weighed and again dispersed 
in toluene to make a suspension with desirable concentrations (typically, 
0.01–0.1 mg mL−1). A toluene solution (100 μL) of as-synthesized Au 
91wileyonlinelibrary.combH & Co. KGaA, Weinheim
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NPs was then added to the above suspension. The mixture was mildly 
sonicated in an ultrasonic bath at room temperature for 5 min. The 
resulting hybrids (Au-CNT) were extensively washed with toluene and 
ethanol.

Growth of Silicon Nanowires: The as-synthesized Au-CNT hybrids 
with an areal loading of 0.1 mg cm−2 (unless otherwise stated) were 
drop-cast onto precleaned SS substrates followed by RTP (rapid 
thermal processing) annealing at 300 °C for 10 min. In the case of 
control samples, Au thin films (2–5 nm) were deposited onto bare 
SS substrates by electron beam evaporation. Also, 40 nm Au colloids 
(British Biocell International) were directly drop-cast onto the SS in 
some cases as additional control samples. The prepared substrates 
were loaded into a cold wall, low-pressure CVD reactor (Atomate 
Inc.) for Si NW growth. The nanowires were grown using a two-step 
process, where the initial nucleation step is carried out at a higher 
temperature than the growth step to obtain a high nucleation yield 
of nanowires while minimizing nanowire tapering due to vapor–
solid sidewall growth at higher temperatures. The temperature was 
firstly ramped to 530 °C where 300 sccm of 50% SiH4 in hydrogen 
was introduced for 4 min to nucleate the Si NWs at 3 Torr chamber 
pressure. The growth was then continued at 500 °C for 11 min while 
maintaining constant SiH4 flow and chamber pressure, resulting in 
≈40 μm high dense array of Si NWs on the CNT matrix (denoted as Si 
NW–CNT) on the Au-CNT-coated SS substrates. The control samples 
were synthesized in the same growth runs as the Si NW–CNT 
samples, resulting in lower Si NW heights of ≈10 μm and less 
vertical alignment of the nanowire arrays (denoted as Si NWs) on the 
Au-deposited SS substrates. The average diameter of nanowires in 
the Si NWs samples is around 50 nm, which is similar to that in the 
Si NW–CNT samples (45 nm).

Characterization: Samples were characterized by an FEI Inspect F 
scanning electron microscope, a JEOL 3000 F transmission electron 
microscope operating at 300 kV, and an FEI Tecnai F30 transmission 
electron microscope operating at 300 kV. XRD data were acquired using 
a Rigaku Ultima III q/2q powder diffractometer with Cu Ka radiation 
(1.5418 Å). Electrochemical performance was evaluated by assembling 
two-electrode coin-type (CR2032) half cells in a helium-filled glovebox. 
The cells consisted of Si NW–CNT or Si NWs on SS substrates as the 
working electrode, lithium foil as the reference and counter electrodes, 
a porous polypropylene film as separator, and 1 m LiPF6 in a 1:2 (w/w) 
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) as 
the electrolyte. All the batteries were characterized using a computer-
controlled charger system (Bio-Logic, VMP3) at 0.05 C (1 C = 4200 mA g−1) 
in the first cycle and then 0.5 C rate for the subsequent cycles within 
1.5–0.02 V voltage range. For both kinds of samples, only silicon was 
considered as the active material for setting current density. The silicon 
weight in the two kinds of samples is typically 0.15 mg and 0.56 mg for 
the Si NWs and Si NW–CNT samples, respectively. After electrochemical 
measurements, the coin cells were dissembled and washed completely 
with ethanol for SEM analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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