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Toward the increasing demands of portable energy storage and electric vehicle applications, the widely used
graphite anodes with significant drawbacks become more and more unsuitable. Herein, we report a novel
scaffold of hierarchical silicon nanowires-carbon textiles anodes fabricated via a facile method. Further,
complete lithium-ion batteries based on Si and commercial LiCoO, materials were assembled to investigate
their corresponding across-the-aboard performances, demonstrating their enhanced specific capacity
(2950 mAh g™" at 0.2 C), good repeatability/rate capability (even >900 mAh g~" at high rate of 5 C), long
cycling life, and excellent stability in various external conditions (curvature, temperature, and humidity).
Above results light the way to principally replacing graphite anodes with silicon-based electrodes which was
confirmed to have better comprehensive performances.

echargeable lithium-ion batteries are fast-growing technology that is attractive for potential applications in

portable electronics and electric vehicles due to their relatively high energy and power densities' . The

currently commercial graphite anodes with the low theoretical capacity (372 mAh g™') and poor rate
capability can not satisfy the requirements of high-efficient next-generation energy storage systems’. Herein,
the basic strategy has been performed in order to search for various lithium insertion metals as alternative
anodes®’. In particular, silicon has been proposed as one of the most promising anode materials due to its
corresponding high theoretical lithium storage capacity (4200 mAh g~* for Li,,Sis, 11.3 times that of commercial
graphite), high volumetric capacity (9786 mAh cm™?), and low cost'**°. The major drawbacks are the volume
expansion upon Li insertion of silicon itself due to the formation of Li,Si alloys that causes cracking and
pulverization of Si particles as well as the fracture behavior and cracking patterns in amorphous Si film-electrode,
thereby leading to the loss of electrical contact and short cycle life*'**. Commonly, coating graphite and decreas-
ing the dimensions to one-dimension, and patterning the electrode/reducing the coated-film thickness for silicon
active materials are many effective techniques to solve the above-mentioned problems®. However, the compli-
cated fabrication processes of these above Si-based electrodes may hinder their large-scale production. It is still a
severe challenge to achieve high-performance silicon electrodes using a low-cost/facile route.

Up to now, great attentions have been paid to explore the potential applications of promising Si-based
electrodes for lithium-ion battery. Yu et al. synthesized 3D porous Si anodes by a magnesiothermic reduction
approach, showing their good cycling stability (reversible capacity of 2600 mAh g™ " over 100 cycles)**. Nam et al.
produced carved Si electrodes using the laser interference lithography (LIL) technique under controlled exposure
conditions. These electrodes exhibited a superior Li storage capacity and a high rate capability”’. Wu et al.
reported a SINP@CT via electrospinning methods, revealing these electrodes presented long cycle life (200 cycles
with 90% capacity retention) and good rate capability®®. Magasinski et al. described a Si-C nano-composite
granule using chemical vapor deposition (CVD) process. These materials delivered high capacity (1500 mAh
g~") at 1 C and excellent rate capability (approximately 1000 mAh g™ at a high rate of 8 C)**. Even though the
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Figure 1| Schematic illustration of the formation of hierarchical silicon-carbon textiles matrix. A complete route is composed of Si-based-ink

preparation, spray-coating operation, and thermal treatment.

inspiring results in terms of cycling life and rate capability of these
electrodes have been obtained, no information about across-the-
aboard performances (large energy density, high power density,
enhanced battery stability, and satisfying safety) in single complete
Si-based storage unit was disclosed. Only in this unit can we prin-
cipally replace existing graphite anodes with better comprehensive
performance silicon-based electrodes.

Herein, we first report a novel matrix of hierarchical Si nano-
wires (NWs)-carbon textiles matrix as a binder-free electrode via a
facile route. Full Si NWs anodes/commercial LiCoO, cathodes

batteries were successfully assembled in order to investigate their
corresponding comprehensive performances. These unique Si/car-
bon textiles scaffold electrodes could enhance the electric conduc-
tivity and stabilize the whole structure, leading to their enhanced
specific capacity (2950 mAh g' at 0.2 C), good repeatability/rate
capability (even >950 mAh g~ at high rate of 5 C), long cycling
life, and excellent stability in various external conditions including
curvature, temperature, and humidity. We provide a possibility to
replace commercial graphite material with superior performance
Si-based matrix.

Figure 2 | Morphological and structural analysis of hierarchical Si nanowires-carbon textiles matrix. (a, b) Typical SEM images of samples/carbon
textiles composites. (c) SEM image of a single carbon microfiber uniformly coated with Si nanowires. The EDX spectrum (d), the TEM image (e), and

HR-TEM image (f) of the resulting materials.
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Results

Fabrication and characterization of as-prepared silicon-carbon
composites. Figure 1 shows the fabrication processes of Si NWs-
carbon textiles composites. Briefly, the Si NWs were dissolved in
ethanol solution to achieve a homogeneous suspension, as shown
in Figure 1 inset. Then, carbon textiles were gradually coated with
as-synthesized Si NWs during the fabricating process, where we can
see a layer of our samples attached tightly to the carbon textiles.
Finally, hierarchical Si NWs-carbon textiles anodes were achieved
after thermal treatment for them. More details have been explained
in Methods section.

The SEM image of pure carbon textiles with smooth surfaces
before coating is shown in Figure 2a and Supplementary Figure S1,
which clearly illustrates their well-established texture structures and
each carbon microfiber with uniform diameter of approximately
10 um. For comparison, Figure 2b shows the FESEM image of novel
samples/carbon textiles matrix. It can be seen that the carbon textiles
coated with resulting materials still keep its original cloth-like fea-
ture, illustrating good mechanical-strength of this substrate. Typical
SEM image of the single silicon-carbon composite fiber from this
above matrix demonstrates numerous uniform silicon nanowires
with length of ~10 pm sticked tightly to the surface of single carbon
microfiber, as shown in Figure 2c. Figure 2c inset shows a higher-
magnification SEM image of the samples, illustrating the diameter of
these Si NWs with about 30-50 nm.

The distributions of Si and C are also shown in Supplementary
Figure S2, revealing a uniform distribution of Si and C through the
whole matrix (in the SEM image area marked with an orange square).
The EDX spectrum collected from the surface part of Si samples on
carbon textiles (Fig. 2d) is consistent well with the above mapping

results. The TEM image of Si NWs is shown in Figure 2e, the dia-
meters of these samples are approximately 30 nm. The high-resolu-
tion TEM (HRTEM) image shown in Figure 2f reveals the inter-
planar spacing of ~0.33 nm, corresponding to the <200> plane
of single-crystalline Si material.

Electrochemical characterizations of coin-type half-cells and full
Li-ion batteries based on Si NWs-carbon textiles matrix as a
binder-free anode. Electrochemical measurements of as-prepared
Si NWs-carbon textiles electrodes were performed in coin-type
half-cells at the room temperature. Figure 3a and 3b shows voltage
profiles of Si NWs-carbon textiles electrodes cycled between 0.01-
1.5 Vat 0.2 Cand 1 C for Ist, 2nd, 10th, 100th, and 200th cycles,
respectively. Both first discharge curves (0.2 C and 1 C) present the
flat plateaus at ~0.25 V, which corresponds to the lithiation process
of crystalline Si to form amorphous Li,Si phase and the formation of
typical solid electrolyte interphase (SEI)***'. Afterwards, the profiles
of following charge-discharge curves almost remain the same for 200
cycles. Figure 2c demonstrates the charge/discharge curves of Si
NWs-carbon textiles anodes at 0.2 C for 200 cycles. The reversible
specific capacity of as high as 2950 mAh g™*, 92% of the initial value
after 200 cycles is obtained, which reveals their corresponding
excellent cyclability. Furthermore, the coulombic efficiency (CE) of
these Si-based electrodes is approximately 99.6%, indicating highly
efficient lithium insertion/extraction. In Figure 4d, we can clearly
observe the specific capacities still remain 1500 and 1100 mAh g™
after 200 cycles when the Si electrodes were cycled at the rates of 1 C
and 4 C, respectively, proving their wonderful rate capabilities by
introducing this novel hybrid structures. Moreover, the CE at rates of
1 C and 4 C approach 99.5%, revealing the cycling stability of this Si
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Figure 3 | Electrochemical characterizations of Si-based half-cells. (a, b) Voltage profiles of as-prepared Si NWs-carbon textiles electrodes between
0.01-3.0 V at rates of 0.2 C and 1 C. (c) Cycling performance of these electrodes at 0.2 C and their corresponding coulombic efficiency. (d) The rate
capability of these electrodes cycled at rates of 1 C and 4 C for as high as 200 cycles.
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Figure 4 | Electrochemical properties of Si-based full batteries.

(a) Photograph of full Si-based lithium-ion battery under non-bending
and bending. (b) Cycling performance of the non-bending Li-ion batteries
based on silicon electrodes cycled at 1 C for 50 cycles and their CE. (¢) Their
corresponding rate capability cycled at various rates of 0.5 C,1C,2C, 4 C,
and 5 C for total 60 cycles.

NWs-carbon textiles matrix during charge/discharge process. Also,
galvanostatic discharge profiles were also investigated by comparing
the batteries with samples/carbon textiles and carbon textiles only, as
shown in Supplementary Figure S3. It can be seen that the negligible
capacity of the pure carbon textiles based device, reveals that the total
capacity is primarily attributed to that of the loaded silicon mate-
rials?**, All these results reveal that lithium-ion batteries based on
as-fabricated silicon anodes could indicate superior electrochemical
activities.

To investigate the practical applications of the Si-based electrodes,
we described a novel designed full battery formed by combining a
high capacity silicon-carbon anode with a high voltage of commer-
cial LiCoO, cathode. A full Si-based anodes/LiCoO, cathodes battery

was assembled and then evaluated by galvanostatic cycling at various
C-rates. The capacities of cathode (LiCoO,) and anode (Si) are
approximately 10 ~ 12 and 2.1 ~ 3.4 mAh, respectively. There-
fore, it’s worth mentioning that these LiCoO, cathodes are just
regarded as counter electrodes and the as-assembled full batteries
are anode-limited units and 1 C rate referring to the anode weight is
4200 mAh g~' ***>°¢ Figure 4a displays a bending assembled battery
rolled into a cylinder, which illustrates its outstanding flexibility.
Figure 4b shows cycle performance and corresponding CE of these
non-bending full Si NWs/LiCoO, batteries at 1 C between 2.5-4.0 V
over 50 cycles, from which we can see that these electrodes can
deliver enhanced reversible specific capacity (as high as 1580 mAh
g~') with high CE (approximately 99.7%). Further, we investigated
the corresponding rate capability with the various rates stepwise
increased from 0.5 C to 5 C and then switched back, as shown in
Figure 4c. Although such a high 5 C (21 A g™') was imposed on these
electrodes, their corresponding specific capacities were still as high as
950 mAh g™'. The stability to maintain a large capacity at various
high rates for Si anodes can be attributed to the novel Si NWs-carbon
textiles matrix, facilitating improved electric conductivity, fully
accessible interior, and fast lithiation and delithiation reactions for
the total Si-based architecture.

For the increasing demands of the future electronic modules with
multiple functional requirements, such as portability, transparency,
flexibility, and wear-ability, we designed the novel flexible full
lithium-ion batteries based on Si NWs-carbon textiles. The plot of
self-discharge characteristic of the flexible batteries is illustrated in
Figure 5a. The voltage value remains at ~3.25 V over 360 h at the
room temperature, revealing the low self-discharge performance and
stable energy storage systems. Further, we investigated the impact of
both tensile and compressive stress for the device along its vertical
direction. Figure 5b reveals that the average voltage displays no sig-
nificant change under both tensile/compressive bending states
between 20° and 80°. Similarly, the voltage of the device remains
stable during the 160 folded cycles. Compared with the battery at
no-bending state (Fig. 5d), the voltage can still keep as high as 3.24 V,
even though the battery has been bent severely (Fig. 5e). More details
have been added in Supplementary Video S1. All these results vividly
prove low self-discharge property, high flexibility, and excellent
stability of the as-assembled lithium ion batteries.

The essential performances of the as-assembled full battery were
further performed with various temperature (T) and humidity (H)
parameters. As shown in Figure 6a, the voltage values of the full
lithium-ion batteries with the change of time are hardly affected by
the change of temperature, showing as-fabricated batteries achieve
the highly stable capability. Figure 6b shows the reversible capacities
of Si NWs-carbon textiles anodes cycled at 1 C. The discharge
capacities decline from 1700 to 1300 mAh g~' with the ambient
temperature decreased from 45°C to 10°C, which is a common phe-
nomenon that the capacities of lithium-ion batteries can be affected
by ambient temperature. When the temperature finally returns to
45°C, the initial capacity value of 1680 mAh g™' can be recovered,
revealing the stable electrochemical activity of this Li-ion battery
under varied ambient temperature. Similarly, the stable feature of
the cell devices at the different humidity (50%, 70%, and 90%) was
also performed in this Chamber. Even though humidity is continu-
ously raised from 50% to 90%, the voltage of a full lithium-ion battery
always maintains at ~3.7 V, as shown in Figure 6¢c. The discharge
capacities can remain a stable cyclable stage during 30 cycles at the
different humidity, as illustrated in Figure 6d. These results exhibit
the perfect stability, reversibility, and cyclability of our full Si/LiCoO,
batteries when applying in the special conditions.

Display of these full Si-based Li-ion batteries. Because of the
advantages identified above, these full lithium-ion batteries hold
the potential to supply power for promising applications. For
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NWs-carbon textiles/LiCoO, lithium-ion batteries. (b, ¢) Voltage profiles of these flexible full lithium-ion batteries for bending states. (d, e) The voltage
retention test of this battery under non-bending and bending.
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| 3:1622 | DOI: 10.1038/srep01622



Figure 7 | Display. (a,b) The photographs of “HUST” and “USC”
patterns lightened by an as-assembled lithium-ion battery (the initials of
Huazhong University of Science and Technology & University of Southern
California). (¢,d) Optical images of three red LEDs driven by a full battery
like a Close/Open switch.

example, two rows of nixietubes showing red visible patterns of
“HUST” (Fig. 7a) and “USC” (Fig. 7b), respectively, can be success-
fully drived by an as-fabricated battery. More importantly, the
battery can light three LED devices when the battery is used to
start supplying power, as shown in Figure 7c and 7d. The bright-
ness of devices is almost unaffected performance under greatly
bending state so that the lithium-ion battery is believed to meet
future portable, flexible, and ultrathin energy storage system options.

Discussion

The above obtained superior electrochemical properties of the as-
fabricated hierarchical Si NWs-carbon textiles electrodes are not
simply a result of the mixture of the two units (Si & C). It is expected
that these performance advancements may originate from the syn-
ergistic effect of the efficient integration of the respective advantages
from both Si and C individual units in a complete cell configuration.
This matrix design with the worthwhile merits achieved by combin-
ing high-capacity silicon anodes with high-conductivity carbon tex-
tiles provides several unique features: (i) the numerous 1D Si
nanowires are beneficial to the insertion/extraction of Li* among
them, which also shorten the charge transfer expressway and lower
the exchange resistance for lithium ions between active functional
materials and electrolyte; (ii) the Si nanowires coated on carbon
textiles with many spaces among them have an increased portion
of exposed surfaces, which facilitates lithium-ion/electron transport
inside active materials and diffusion of the electrolyte in a short time
for fast energy storage; (iii) the current silicon nanowires/carbon
textiles matrix can obtain outstanding electronic conductivity
because of many Si nanowires tightly attached to the C substrate to
form very good adhesion and electrical contact. Herein, it can be
concluded that the essential performances of Si-based anodes can
be indeed improved by designing the novel hierarchical network
matrix.

Considering various desired persistent stability of our demon-
strated electrodes during electrochemical processes, we reveal that
the spray-coating method with simple, rapid, and low-cost features
could keep the good adhesiveness between active materials and sub-
strates due to electrostatic force effect among them, nano-scale raw
inks, and special fabricated procedures. Therefore, this is an efficient
way to fulfill large-scale industrialization of future critical Li-ion

batteries based on high-performance Si anodes by introducing
desired spray-coating technique.

In summary, we first report the unique matrix of hierarchical Si
NWs-carbon textiles electrodes with high capacity (2950 mAh g™ at
0.2 C), long cycle life (as long as 200 cycles), good rate capability, and
excellent stability with different temperature, humidity, and curv-
ature. Their corresponding superior across-the-aboard perfor-
mances can provide the great possibility to replace the defective
graphite anodes with Si-based material as a promising anode.
Furthermore, this strategy to fabricate novel Si-based/3D carbon
template hybrid matrix via a facile spray-coating approach can be
extended to fabricating other high-performance composite electro-
des for energy storage units. As-assembled Si-based lithium ion bat-
teries hold the great potential power for the next-generation
functionalities, such as optoelectronic devices, portable/curvilinear
electronics, sustainable electric vehicles, etc.

Methods

Synthesis of hierarchical silicon nanowires-carbon textiles matrix. Firstly, silicon
nanowires were synthesized viaa CVD method. Briefly, the CVD process was carried
out at 450°C for 28 min under SiH, (111 sccm) and H, (20 sccm) mixed gas. The
chamber in tube furnace was cooled down automatically in the atmosphere and then
silicon was obtained. After, these Si nanowires were mixed with 40% HF water/
ethanol (1: 1, v/v) solution (40 ml). The Si NWs solution was ultrasonically agitated
by using a sonicator and then centrifuged at 6000 r min ' for 2 min to separate the
stable suspension of Si nanoparticles and the aggregation of Si nanoparticles, which
were collected and redispersed in ethanol with sonication, respectively. These same
steps were repetitively proceeded at 3 times and then as-obtained Si nanoparticles
were dried under vacuum at 80°C for 4 h. Finally, 50 mg of the as-dried Si samples
were also immersed in ethanol (10 mL) with sonication for 30 min, forming a
homogeneous Si NWs-based solution. The cleaned carbon textiles were gradually
coated with the Si NWs slurry. The Si/carbon textiles composites were heated at
300°C under high-purity N, atmosphere for 30 min to enhance the soundness
between silicon and carbon-substrate. Finally, 3D Si NWs-carbon textiles matrix was
achieved via a facile spray-coating approach.

Sample characterization. The as-prepared Si NWs-carbon textiles samples were
characterized with field emission scanning electron microscopy (FE-SEM, FEI
Quanta 450), and transmission electron microscopy (TEM; JEOL JEM-2010 HT).

Electrochemical evaluation. For half-cells assembly, electrochemical experiments
were performed using CR2032-type coin cells with Celgard 2400 as the separator and
lithium foil as counter electrode. The electrolyte was 1 M LiPF in the mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 in volume ratio). The
working electrodes were binder-free Si NWs-carbon textiles matrix. The mass of Si
NWs deposited on carbon textiles substrate was determined by weighing the substrate
before and after fabricating process. The loading density of the silicon samples is
calculated as 2.4-3.5 mg cm 2. Similarly, as-assembled full flexible Li-ion battery was
composed of Si NWs-carbon textiles anode, commercial LiCoO, cathode, Celgard
2400 separator, and LiPFs-based electrolyte. The coin cells and full lithium-ion
batteries were assembled in an argon-filled glove box where oxygen and water
concentration were strictly limited to below 1 ppm. The galvanostatic cycling
measurements were performed on LAND battery testing system. The tests of the
devices at various temperature and humidity were carried out in Temp & Humi
Programmable Chamber.
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