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ABSTRACT

The fast development of flexible devices has greatly boosted the demands for flexible lithium-ion batter-
ies (LIBs). Accordingly, a broad exploration of flexible electrodes in LIBs is crucial. At present, the major
challenge in the flexible electrode for lithium-ion batteries (LIBs) is how to achieve an excellent electro-
chemical performance (particularly high-energy density) while maintaining superior mechanical flexibil-
ity. Herein, flexible silicon/carbon nanotube (Si/CNT) electrode is prepared via a common blade-coating,
which is adoptable to large-scale production. The CNT network from monodispersed CNT solution
endows the electrode with superior tensile strength and mechanical toughness. The tensile strength of
the flexible electrodes is up to 3.75 MPa, and the corresponding strain at break is 43.9%. The flexible elec-
trode delivers an areal capacity of 10.6 mAh cm™2 at 0.06 mA cm~2, which is completely meet the prac-
tical requirement (1-3 mAh cm™2). And a high reversible capacity of 5.64 mAh cm~2 can be retained at
0.3 mA cm 2 after 200 cycles. In addition, the pouch cell exhibits a promising cycling stability under the
repeated deformation state. Moreover, this work also provides a feasible and scalable method to fabricate
flexible electrodes for other wearable energy storage systems.
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1. Introduction

Recently, wearable electronic devices have become as funda-
mental features in one’s daily life. LIBs are considered as one of
the best candidates for the power source of such devices. However,
traditional LIBs are heavy and rigid, which hardly meet the power
requirements of these electronic devices. Consequently, it is neces-
sary to explore a new-generation LIBs with flexible, lightweight
and stretchable to satisfy the power demands of such devices. As
a core component of LIBs, the explore of flexible electrode is crucial
[1-3].

During the past decade, remarkable achievements have been
accomplished in the development of flexible electrodes. Carbon
nanomaterials, such as carbon nanotube (CNT), graphene etc., with
excellent electrical conductivity and mechanical properties, are
considered to be one of the best candidates for fabricating flexible
electrodes. Regarding the structure, flexible electrodes have two
different categories: paper-supported electrode and paper-like
electrode [4]. In case of the former, the slurry (active materials)
is coated on flexible carbon paper, which is worked as the current
collector. However, the poor adhesion between the slurry and car-
bon paper directly decreases the mechanical and electrical contact.
As a result, the active material layer easily falls off the surface of
the current collector, especially when being bent or folded [1].
Thus, the paper-supported electrode exhibits moderate cycling
performance. On the other hand, paper-like electrode could avoid
such issues. In this electrode, active material is embedded in the
interior. The carbon matrix provides both mechanical support
and conductive network [4]. At present, the common method of
preparing paper-like electrode is vacuum filtration, which is
time-consuming and barely scale-up [5-8]. And the sluggish filtra-
tion process also leads to the uneven distribution of the active
materials in the interior, especially for thicker electrode. Mean-
while, the mechanical toughness of such electrodes rapidly deteri-
orates with large thickness and high mass loading of active
materials [1]. Therefore, it is still a challenge to develop a simple
method for producing the thicker paper-like electrodes with
promising electrochemical performance and mechanical strength
on a large scale.

Silicon (Si)-based materials with the high theoretical specific
capacity (3579 mAh g~! for Li;,sSi) are considered to be one of
the most promising LIB anodes [9-14]. Si-based materials used
as the active materials of flexible electrodes could deliver a high
energy density. However, huge volume variation of Si during the
electrochemical process deteriorates the structural integrity of
electrodes, resulting in the rapid capacity fading [15]. Therefore,
matrix of the flexible electrodes should possess mechanically
robust and flexible structure to alleviate the volume variation of
Si and maintain the structural stability.

Based on these considerations above, herein, simple blade-
coating method has been explored to fabricate the thicker paper-
like electrodes. Among them, CNTs are the flexible matrix, and car-
bon coated Si nanoparticles (Si@C) are the active materials. These
flexible electrodes (Si@C-CNTs) have several advantages. First,
CNT network from monodispersed CNT solution [16-20] with an
impressive mechanical property perfectly ensures the structural
integrity of the flexible electrode during the electrochemical pro-
cess. Second, the porous structure formed by the entangled CNTs
could not only provide fast channels for Li-ion transportation,
but also alleviate the volume expansion of Si nanoparticles. Third,
the presence of carbon coating layer on Si nanoparticles could sup-
press volume expansion of Si nanoparticles, and also effectively
improve the electrical contact between CNTs and Si nanoparticles.
Fourth, the thickness of flexible electrode is more than 100 pm, and
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this preparation method is easy and adoptable to large-scale pro-
duction. As excepted, the flexible electrode demonstrates a high
areal capacity of 10.6 mAh cm~2 at 0.06 mA cm 2, and a reversible
capacity of 5.64 mAh cm~2 at 0.3 mA cm 2 after 200 cycles. Addi-
tionally, the tensile strength of the flexible electrode is as high as
3.75 MPa, and the corresponding strain at break (elongation) is
43.9%.

2. Experimental
2.1. Preparation of flexible electrodes

2.1.1. Preparation of Si@C nanoparticles

60 mg Si nanoparticles (Alfa Aesar) were uniformly dispersed in
a solution of 14 mL C;HsOH and 40 mL H,O by ultrasonication.
Then, 50 mg CTAB (C;9H42BrN) was added into the above disper-
sion. After reaction for 15 min, 60 pL ammonia, 15 mg resorcinol
and 28 pL formaldehyde were introduced successively. After stir-
ring for 24 h at room temperature, Si@RF could be obtained via fil-
tration. Finally, the Si@RF nanocomposites were carbonized at
800 °C under Ar for 3 h to prepare the Si@C.

2.1.2. Preparation of flexible electrodes

The preparation of CNTs was referred to our previous work
[18,19]. Blade-coating was chosen to fabricate the flexible film.
Firstly, CNTs were evenly dispersed in the chlorosulfonic acid
(CSA). And the mass fraction of the CNTs in the dispersion is 0.8—
1.2 wt%. Then Si@C nanoparticles with a certain content were
introduced into the above mixture. After stirring fiercely, the slurry
can be obtained. Afterwards, the slurry was uniformly coated onto
a piece of glass matrix. After coagulation in ether solution for
20 min, the flexible film could be obtained after washing with
H,0 and drying at 110 °C for 12 h. The contents of Si@C in the elec-
trodes were regulated by varying the ratios of Si@C to CNTs in the
slurry. In this work, the mass ratios of Si@C nanoparticles to CNTs
are 1:1, 2:1 and 3:1, and the corresponding electrodes are denoted
as Si@C-CNTs, 2Si@C-CNTs and 3Si@C-CNTs, respectively. There-
fore, the Si@C mass loadings for Si@C-CNTs, 2Si@C-CNTs and
3Si@C-CNTs are 50 wt%, 67 wt% and 75 wt%, respectively.

The Characterization and the Electrochemical Measurement are
in the Supporting Information.

3. Results and discussion

In this work, the CNTs were synthesized by CVD method. After
purification, CNTs with high quality could be obtained. The CNTs
are mainly double-walled carbon nanotubes (DWCNTs) (Fig-
ure S1a), which also contain a small amount of single-walled car-
bon nanotubes (SWCNTs) and triple-walled carbon nanotubes
(TWCNTSs). According to the Raman spectrum of purified CNTs (Fig-
ure S1b), several little peaks below 300 cm™! are the radial-
breathing-modes (RBM) peaks [21], which are the typical charac-
teristics of small-diameter CNTs (Figure S1a). In addition, there is
no visible D-band in the Raman spectrum, evidently indicating
the perfect structure of CNTs. High-quality CNTs, especially high
purity and large aspect ratio, help to endow the flexible films with
superior electrical and mechanical performance [17,22].

Fig. 1a exhibits the route for making flexible electrodes by the
common blade-coating method. The CNTs were independently dis-
persed in CSA without the use of any other surfactants, which is the
only known CNT solvent. Subsequently, the active materials (Si@C
nanoparticles) were uniformly dispersed in CNT solution using a
high-speed mixer to obtain the slurry (Fig. 1b). Achieving uniform
distribution of CNTs and active materials, and consequently homo-
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geneous slurry is the key to obtaining flexible films with superior
electrical and mechanical performance. The better the dispersion
of slurry, the better the property of flexible electrode [5]. According
to our experience, only the slurry with suitable viscosity can be
processed into an intact and uniform film, and the optimal content
range of CNTs and active materials in slurry is 1.5 to 3 wt%. The
monodispersed CNTs assemble into CNT bundles via the inter-
molecular force during the solidification process, and then form
macroscopic dense CNT film. At the same time, the active materials
(Si@C) are immobilized in the film. After coagulation in ether bath
for 30 min, an intact flexible film could be obtained (Fig. 1c). The
entire fabrication routine is easy and suitable for industrial produc-
tion. And note that there are no conductive additives or binders in
the flexible film, which do not contribute to capacity, but lower the
energy density of the whole electrode.

Applying Si/C nanocomposites with core-shell structure is one
promising approach to improve the electrochemical performance
of Si-based anodes [23]. Fig. 2a and b demonstrate the TEM images
of Si@C nanoparticles, which have a diameter range of 30-120 nm.
As shown in Fig. 2b, an amorphous carbon layer with a thickness of
about 3-4 nm has been evenly coated on the surface of Si nanopar-
ticle with high crystallinity. And according to the TGA curve (Fig-
ure S2), the mass fraction of carbon in the Si@C nanoparticles is
about 5 wt%. Therefore, the mass fractions of Si in the flexible
Si@C-CNTs, 2Si@C-CNTs and 3Si@C-CNTs electrodes are 47.5 wt,
63.3 wt% and 71.3 wt%, respectively. Carbon layer can not only
suppress volume expansion of Si nanoparticle, but also enhance
the electrical contact between CNTs and Si nanoparticles, leading
to the improved electrochemical performance [23]. Fig. 2c-e also
exhibit SEM images of the flexible electrodes. As displayed in
Fig. 2¢, no obvious Si@C clusters can be observed in Si@C-CNTs
electrode. Si@C nanoparticles are distributed uniformly in CNT net-
work, guaranteeing the electrochemical activity of every Si@C
nanoparticle. Meanwhile, the dense network constructed by entan-
gled CNT bundles not only supplies channels for lithium ion trans-
portation, but also provides buffer space for Si@C during the
electrochemical process. Unfortunately, as the Si@C mass loading
gradually increases, some Si@C clusters appear in the electrode
(Fig. 2d and e, Figure S3). Since there are no binders among Si@C
nanoparticles in the clusters, which easily rupture during the elec-
trochemical process, resulting in the worse electrical contacts and
rapid capacity fading. Meanwhile, a high Si@C mass loading would
damage the mechanical properties as a crucial parameter for the

|

Fig. 1. (a) Schematic illustration of the route for preparing the flexible films; (b) The slurry; (c) The photograph of pristine flexible electrode.
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flexible electrode, along with the electrochemical performance.
Hence when designing flexible electrodes, the electrochemical per-
formance and mechanical property should be considered compre-
hensively. On the other hand, as there are no polymer binders or
surfactants used during the routine of preparing the flexible elec-
trodes, the strong cohesion between monodispersed CNTs bundles
ensures the superior mechanical toughness of the CNT matrix. As
shown in Fig. 2f, the flexible electrode can be twisted at any angle,
indicating the superior mechanical flexibility of the as-prepared
electrode, which is also beneficial to the improved electrochemical
performance. Fig. 2g-i exhibit the SEM images of the cross-section
of the flexible electrodes. The average thickness of Si@C-CNTs,
2Si@C-CNTs and 3Si@C-CNTs electrodes are about 84, 130 and
150 pm, respectively. The insert on the right in Fig. 2h demon-
strates that the Si@C nanoparticles are distributed uniformly in
the flexible electrode.

XRD and Raman patterns were tested to analyse the structural
properties of the samples. As shown in Fig. 33, all of the diffraction
peaks belong to the crystalline Si [24]. After the carbon layer coat-
ing, intensities of the peaks slightly decrease. Due to the fact that
the thickness of amorphous carbon layer is only several nanome-
tres (Fig. 2b), no reflected peaks belong to this layer can be
observed. Figure S4 shows XRD pattern of the resulting flexible
electrode. As shown in Figure S4, XRD pattern of the flexible elec-
trodes is similar with that of the Si@C nanoparticles, except a broad
diffraction peak from CNTs. These results indicate that the mor-
phology of Si nanoparticles remains unchanged during the syn-
thetic process. Indeed, Raman spectroscopy is a more effective
approach to analyse the carbon-based materials [25]. For pure Si
nanoparticles, two peaks around 520 and 920 cm™~! are attributed
to the phonon scatterings of crystalline Si [26]. In addition, G-band
and D-band could be conspicuously observed in the Raman spectra
of Si@C nanoparticles (Fig. 3b), suggesting the existence of an
amorphous carbon layer. Fig. 3c exhibits Raman spectra of the flex-
ible electrodes. Due to the strong scattering of CNTs, only a tiny
peak around 520 cm~! emerges in the entire Raman spectra, and
whose intensity increases with the mass loading increase of Si@C
nanoparticles.

The electrochemical performances of all flexible films were
investigated as LIB anodes. Figure S5a exhibits the cycle perfor-
mances of Si and Si@C nanoparticles coated on copper foil. After
100 cycles, the capacity retention of Si@C electrode was 58%, which
was much better than that (7.7%) of the pure Si electrode. Evi-
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Si nanoparticle

Fig. 2. (a) TEM image and corresponding elemental mapping of Si@C nanoparticle; (b) HR-TEM image of Si@C nanoparticle; SEM images of the flexible electrodes (c) Si@C-
CNTs, (d) 2Si@C-CNTs and (e) 3Si@C-CNTs; (f) A photograph of twisted flexible electrode; SEM images of the cross-section of flexible electrodes (g) SI@C-CNTs, (h) 2Si@C-CNTs

(the inset on the right shows the elemental mapping), and (i) 3Si@C-CNTs.
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Fig. 3. (a) XRD and (b) Raman patterns of pure Si and Si@C nanoparticles; (c) Raman spectra of the flexible electrodes.

dently, the cycling stability of Si nanoparticles is significantly
improved after carbon coating. Both Si and Si@C are also used as
active materials to prepare the flexible electrodes, and the ratio
of active materials and CNTs is 1:1. Compared with the Si-CNTs
flexible electrode, Si@C-CNTs exhibits a better cycling stability
(Figure S5b). In this work, the specific capacities of the flexible
electrodes were calculated based on the total mass of Si@C
nanoparticles and CNT matrix, even though CNT matrix made neg-
ligible contribution to the capacity (Figure S5c).

Fig. 4a makes a comparison among the cyclic stability of the
flexible electrodes at 0.1 A g~ with different Si@C mass loading.
As the Si@C mass loading increases in CNT network, the cycle sta-
bility of the flexible electrodes gradually decreases. Si@C-CNTs and
2Si@C-CNTs deliver reversible capacities of 1237 mAh g~! and
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1551 mAh g~ ! after 50 cycles, respectively, with the corresponding
capacity retentions are 88.7% and 83.9%. However, the reversible
capacity of 3Si@C-CNTs is less than 1000 mAh g~! after 35 cycles.
When the current density is increased to 0.5 A g~ !, Si@C-CNTs,
2Si@C-CNTs and 3Si@C-CNTs electrodes deliver reversible capaci-
ties of 803, 1140 and 458 mAh g~! after 100 cycles, respectively.
Taking into account both cycling stability and specific capacity,
the 2Si@C-CNTs electrode exhibits a superior electrochemical per-
formance among the three electrodes. For 2Si@C-CNTs electrode,
the reversible capacity is still close to 1000 mAh g~' after 200
cycles, and the capacity retention is 79.2% from the 20th to the
200th cycle (Figure S6). The rapid capacity fading during the first
20 cycles could be attributed to the pulverization of Si@C clusters
in the CNT network (Fig. 2d and S7). The superior cycling stability
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Fig. 4. Cycle performances of the flexible electrodes at (a) 0.1 Ag~' and (b) 0.5 A g™ '; (c) Rate performance of 25i@C-CNTs electrode at different current densities; The specific
capacities of flexible electrodes were calculated based on the mass of Si@C nanoparticles and CNT matrix. (d) The areal capacity of 2Si@C-CNTs electrode.

for the rest cycles is attributed to the robust mechanical strength of
CNT matrix. The stress caused by the volume variation of Si during
the electrochemical process could be transferred among the CNT-
CNT bundles [27]. Fig. 4c shows the rate performance of 2Si@C-
CNTs and long cycle performance at 1.0 A g~. Due to the porous
structure of CNT network, a specific capacity of 621 mAh g~! can
be maintained at current density of 2.0 A g~!. Note that the thick-
ness of the 2Si@C-CNTs electrode is up to 130 pum, the rate perfor-
mance of the flexible electrode is competitive. The areal capacities
of 2Si@C-CNTs electrode were also calculated (Fig. 4d). The maxi-
mum areal capacity reaches 10.6 mAh cm~2 at the current density
of 0.06 mA cm™2, and it is still as high as 8.9 mAh cm~2 after 50
cycles, which is completely meet the practical requirement (1-
3 mAh cm~2) [28]. The flexible electrode also delivers a high areal
capacity of 5.64 mAh cm~2 at 0.3 mA cm ™2 after 200 cycles. More
importantly, the capacity is calculated based on the mass of whole
electrode, and there are no metallic current collectors (inert com-
ponent) in the electrodes. Undoubtedly, the designed flexible elec-
trodes are effective on enhancing the device’s gravimetric energy
density of LIBs.

Since the 2Si@C-CNTs electrode exhibits the best comprehen-
sive electrochemical performance among the tested electrodes,
which was chosen for studying the lithium storage kinetics of flex-
ible electrode. Fig. 5a shows the cyclic voltammetry (CV) curves of
the 2Si@C-CNTs electrode under different scan rates. The wide
cathodic peak around 0.2 V during the lithiation process is ascrib-
able to the formation of LikSi alloy. And the two anodic peaks
around 0.34 V and 0.53 V during the delithiation process are
caused by the conversion of Li,Si to Si [29]. The peak currents at
different scan rates can be used to assess the diffusion-controlled
electrochemical process. Generally, the relationship between the
scan rate (v) and peak current (i) can be expressed as i = av°, where
a and b are adjustable values. If the b-value is 1, indicating the
capacity dominated by surface reaction. If the b-value is 0.5, sug-
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gesting the capacity controlled by solid-state diffusion [30,31].
For the 2Si@C-CNTs electrode, the b-value is 0.56, indicating that
the capacity is determined by solid-state diffusion, i.e. phase trans-
formation of Si nanoparticles. Fig. 5c exhibits the Nyquist plots of
the 2Si@C-CNTs electrode after different cycles. The impedance
spectra consist of two semi-circle loops and a linear tail. Fig. 5d
and S8 exhibit the fitted curves according to the equivalent circuit.
R is the total Ohmic resistance of electrodes, electrolyte and sep-
arator in the battery, corresponding to the intercept in the high fre-
quency region on the x-axis [32]. Rf and R, are the resistance from
the Li ions through the SEI layer and the charge transfer resistance,
respectively. CPE; and CPE, are the capacitance of the SEI layer and
the double-layer capacitance, respectively. W is the Warburg diffu-
sion element, corresponding to the straight line towards the end of
the curve, related to a combined effect of Li ions diffusion across
the electrode-electrolyte interfaces [33]. The low Ohmic resistance
(Rs) is attributed to the excellent electrical conductivity of CNT net-
works. The slight increase of Ry and R resistance during the
cycling process is due to the ageing of the electrodes and the
growth of SEI layer. The slope of W is almost parallel to the real
axis, indicating that the electrodes show the characteristic of a
high-quality supercapacitor because of CNT networks [34].
Besides the electrochemical performance, the mechanical
strength of the flexible electrodes should not be neglected. Hence,
the tensile test was carried out to measure the mechanical proper-
ties of flexible electrodes. Fig. 6a shows the tensile stress-strain
curves of flexible electrodes. According to the shape of tensile
stress-strain curves, the fracture mechanism of all flexible elec-
trodes is brittle fracture. Figure S9 exhibits the photograph of the
2Si@C-CNTs flexible electrode after tensile test. As the mass load-
ing of Si@C nanoparticles in CNTs network increases, the tensile
strength of the flexible electrode gradually decreases. The tensile
strengths of Si@C-CNTs, 2Si@C-CNTs and 3Si@C-CNTs are 4.00,
3.75 and 2.66 MPa, respectively, which are at least an order of mag-
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nitude higher than those of conventional electrodes [35]. And the
corresponding strains at break (elongations) are 15.8%, 43.9% and
37.6%, respectively. The high tensile strength and large elongation
make the electrode resistant to mechanical fatigue and fracture,
ensuring the structural integrity during the (de)lithiation process
and distortion. The excellent mechanical properties of the flexible
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electrodes are attributed to uniform slurry, particularly the
monodispersed CNT with high purity and large aspect ratio, which
is the key to strength improvements [17,27].

In most of the flexible electrodes reported before, the flexibility
is presented by showing the photo of folded, bended or twisted
electrodes. Only a few articles test the mechanical strength of Si-
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based flexible electrodes, whose tensile strengths (below 1.0 MPa)
are much lower than that of our flexible electrode (Table S1) [8,36].
On the other hand, the specific capacities of most electrodes are
solely calculated based on the mass of active materials, which
makes it difficult to directly compare the obtained data with other
Si-based flexible electrodes. The specific capacity and areal capac-
ity of our flexible electrode are 1851.7 mAh g~ ' and 10.6 mAh cm 2,
respectively. The areal capacity is much higher than those of other
flexible Si-based anodes pubilished before. For example, a flexible
Si-based anode with a high areal capacity (5.58 mAh cm~2) has
been reported by Cui et al. [37]. Even compared with other Si-
based electrodes coated on Cu foil, the areal capacity and cycle sta-
bility of the prepared flexible electrode in this study is still compet-
itive (Table S1) [38,39].

To further study the practical application of the flexible elec-
trodes in the wearable electronics, the 2Si@C-CNTs electrode was
chosen as the working electrode to assemble the pouch type half
cell. As shown in Fig. 6b, due to the Si@C clusters in the 2Si@C-
CNTs electrode, the pouch cell also demonstrates rapid capacity
fading under the flat state during the first 20 cycles. After the sub-
sequent 60 cycles, the pouch cell shows a promising cycling stabil-
ity under the repeated deformation, and the capacity retention is
77.6 % from the 21th to the 80th cycle. The corresponding specific
capacity of the pouch cell at the 80th cycle is 793 mAh g~!. Obvi-
ously, the robust mechanical strength and large elongation of the
flexible electrodes hold the cycling stability under the repeated
deformation state (Fig. 2f and 6), indicating the great potential
for applying the electrodes in flexible LIBs. Furthermore, the man-
ufacturing routine of the flexible electrodes is simple and suitable
for implementing in industrial production.

4. Conclusions

In summary, fleixbile Si-based electrodes for LIB anodes were
prepared via blade-coating technique. This approach is easy to
implement in industrial production. The flexible electrodes achieve
an impressive combination of electrochemical performance and
mechanical strength. The areal capacity is as high as 10.6 mAh cm 2
at 0.06 mA cm 2, and the tensile strength of the flexible electrode
is up to 3.75 MPa with 43.9% strain. In addition, the fabrication
approach is also applicable to prepare other energy storage sys-
tems, such as lithium-sulfur battery (LSB), sodium-ion battery
(SIB) and potassium-ion battery (PIB) electrodes, etc.
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