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Silicon microparticles (SiMPs) show considerable promise as an anode material in high-performance lithium-
ion batteries (LIBs) because of their low-cost starting material and high capacity. The failure issues associated
with the intrinsically low conductivity and significant volume expansion of Si have largely been resolved by
designing silicon/carbon composites using carbon nanotubes (CNTs). The CNTs are important in terms of
stress dissipation and the conductive network in Si/CNT composites. Here, we synthesized a SiMP/2D CNT
sheet wrapping composite (SiIMP/CNT wrapping) via a facile freeze-drying method with the use of highly
dispersed single-walled CNTs. In this work, the well-dispersed CNTs are easily mixed with Si, resulting in
effective CNT wrapping on the SiMP surface. During freeze-drying, the CNTs are self-assembled into
a segregated 2D CNT sheet morphology via van der Waals interactions. The resulting CNT wrapping shows
a unique wide range of conductive networks and mesh-like CNT sheets with void spaces. The SIMP/CNT
wrapping 9:1 electrode exhibits good rate and cycle performance. The first charge/discharge capacity of
SIMP/CNT wrapping 9:1 is 3160.7 mA h g~*/3469.1 mA h g™ at 0.1 A g~* with superior initial coulombic
efficiency of 91.11%. After cycling, the SIMP/CNT wrapping electrode shows good structural integrity with
preserved electrical conductivity. The superior electrochemical performance of the SIMP/CNT wrapping
composite can be explained by an extensive conductive CNT network on the SiMPs and facile lithium-ion
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1. Introduction

The ever-growing demand for lithium-ion batteries with high
energy densities, especially batteries for promising advanced
mobile electronics and electrical vehicles, has been confronted by
the battery community." Silicon (Si) anodes are considered one
of the promising anode materials for next-generation lithium-ion
batteries (LIBs) due to their superior theoretical specific capacity
(>4000 mA h g~ ) and low working potential (~0.3 V vs. Li/Li*)."*
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diffusion via mesh-like CNT wrapping.

To be specific, cost-effective micron-scale silicon could become
more competitive in future research work and applications.*®
However, the high capacity of Si, which originates from the
alloying mechanism, introduces the failure mechanisms of active
material pulverization (~300%), electrode delamination, and
continuous solid electrolyte interphase (SEI) layer growth.'?
Furthermore, another critical problem of Si anodes is their
intrinsically low electrical conductivity (~10> S m™").2 To address
these issues, several composite designs have been reported to
enhance the electrochemical performance of Si anodes.>”

The preparation of silicon-based composites combined with
carbonaceous materials imparts valuable properties to Si,
whereby the challenges of huge volume expansion and poor
electronic conductivity can be simultaneously resolved.>**°
Among the various carbon materials, carbon nanotubes (CNTs)
have received extensive consideration in the targeting of effi-
cient composite design.’®*® From a structural viewpoint, the
superb mechanical stabilities and excellent electrical conduc-
tivities of CNTs have been reported to overcome the afore-
mentioned intrinsic issues of Si electrodes.'*® Despite the

impressive advances, Si/CNT composite design typically
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requires complicated procedures.””™ Furthermore, the
intrinsic properties of CNT, such as severe entanglement and
agglomeration owing to -7 interactions and van der Waals
forces, are recognized as critical drawbacks."* The CNT
distribution is an important factor to dissipate Si volume
changes and generate a well-dispersed conductive network.
Recently, CNT dispersions have been introduced as a conduc-
tive additive in a wide range of micron-scale active material
particles, including silicon microparticles (SiMPs)."* The
resulting segregated CNT network in the electrode could
improve both the mechanical properties and electrical
conductivity with low charge-transfer resistance. For this
reason, it is highly desirable to further develop a Si/CNT
composite by taking advantage of its structural properties.
According to previous studies, the carbon wrapping structure of
Si/C composites was also found to effectively mitigate volume
changes of Si and promote extensive conductive networks.*>*
For this reason, herein, we prepared a SiMP/2D CNT sheet
wrapping composite (SiMP/CNT wrapping) via freeze-drying by
using highly dispersed single-walled CNTs. Lyophilization is
one of the widely used methods for composite preparation in
energy storage systems.”*** During freeze-drying, the well-
dispersed CNT networks are simply self-assembled into segre-
gated CNT sheets, resulting in efficient wrapping on SiMPs. In
particular, the CNT dispersion formed a unique CNT sheet
morphology without agglomeration of the CNTs. In addition,
the well-dispersed CNTs are easily mixed with the SiMPs in the
preparation step. The optimized structural properties of the
SiMP/CNT wrapping composite were investigated by controlling
the weight ratios between SiMP and CNT. The thickness of the
CNT wrapping sheet can be varied with the amount of CNT
dispersion. The resulting SIMP/CNT wrapping composite was
tested as an anode material in lithium-ion batteries. The opti-
mized SiMP/CNT wrapping 9:1 composite exhibits superior
rate and cycling performance with high capacities. In addition,
the SIMP/CNT wrapping 9:1 electrode shows high initial and
later-cycle coulombic efficiencies, implying stable SEI forma-
tion and the structural integrity of the composite. The as-
synthesized SiMP/CNT wrapping composite has multiple
attractive advantages. The tight CNT wrapping on the SiMPs
could alleviate the volume expansion of Si and preserve elec-
trical conductivity during repeated charge and discharge cycles.
Furthermore, the mesh-like CNT sheets composed of 1D CNTs
are expected to offer a wide range of extensive conductive
networks and facile lithium-ion diffusivity, which endow SiMP
with electrochemical activity upon cycling. This work provides
useful guidelines for SiMP/CNT composite design using well-
dispersed CNTs and suggests the easy preparation of a segre-
gated 2D CNT wrapping network via lyophilization.

2. Experimental
2.1 Materials

Silicon microparticles (1-5 microns, 99.9%, metal basis) were
purchased from Alfa Aesar. Sodium carboxymethyl cellulose
(CMC, Average M.W. = 700 000) was purchased from Sigma-
Aldrich. A conductive additive (Super P) was purchased from

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Timcal company (Switzerland). Single-walled carbon nanotube
aqueous dispersion (SWCNT, 0.4 wt%) was purchased from
Betterial Co. (SWCNT dispersion (S1304WK, BETTERIAL Co.,
Ltd., Korea)).

2.2 Preparation of oven-dried CNT dispersion, freeze-dried
CNT dispersion, and freeze-dried pristine SWCNT powder

For the oven-dried CNT dispersion sample, the CNT dispersion
was poured into a disposable plastic weighing dish. Next, the
CNT dispersion was fully dried at 50 °C for 12 hours using
a convection oven. The freeze-dried CNT dispersion was
prepared via a lyophilization method. The CNT dispersion (3 g)
was poured into a Falcon tube and mixed with DI water (1 mL).
The capacity of the Falcon tube was 15 mL. Next, the resulting
mixture was frozen in a liquid nitrogen bath and freeze-dried
for 2 days. The pristine SWCNT powder was mixed with DI
water and freeze-dried for 2 days.

2.3 Preparation of active material - silicon microparticle/2D
carbon nanotube sheet wrapping composite (SIMP/CNT
wrapping)

For the SIMP/CNT wrapping 9:1 composite, silicon micropar-
ticles (0.18 g) were first mixed with DI water (5 mL) using
a Falcon tube. The capacity of the Falcon tube was 50 mL. The
aqueous SiMP mixture was sonicated for 5 minutes. After
sonication for 5 minutes, 2 g of CNT dispersion was added to
the SIMP aqueous dispersion. For freeze-drying, 500 mL of
liquid nitrogen was poured into a thermos with a 2 L capacity.
Next, a 50 mL Falcon tube filled with the SiMP/CNT dispersion
mixture was gripped using a laboratory tong. The Falcon tube
was suddenly placed in the liquid nitrogen bath in the thermos.
Upon freezing for 5 minutes, the entire Falcon tube should be
immersed in liquid nitrogen and the Falcon should be held by
tongs so that it stands upright. After freezing, the screw-top of
the Falcon tube was opened and then covered with a piece of
Kimwipe (small size, 107 mm x 210 mm) and sealing tape. The
sealed Falcon tube was placed into a wide-mouth glass bottle in
a freeze-dryer. Detailed information can be also found in the
images in Fig. S1}. The sample was freeze-dried for 2 days. Next,
the SIMP/CNT wrapping 8 : 2 composite was synthesized using
the same method as for the preparation of the SiMP/CNT
wrapping 9:1 composite, but with different amounts of SiMP
particles and CNT dispersion (0.16 g and 4 g, respectively).

2.4 Preparation of silicon nanoparticle/carbon nanotube
composite (SINP/CNT)

A mixed solution of silicon nanoparticles (SiNP, 0.18 g), DI
water (3 mL), and CNT dispersion (2 g) was prepared for the
SINP/CNT 9:1 composite under the same conditions as the
SiMP/CNT composites. The resulting mixture was freeze-dried
for 2 days. For the SiNP/CNT 8:2 composite, SiNP (0.16 g)
was mixed with DI water (3 mL) and the CNT dispersion (2 g).
The resulting mixture was freeze-dried using the same method
as the SINP/CNT 9: 1 composite.

RSC Adv, 2023, 13, 4656-4668 | 4657
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2.5 Material characterization

High-resolution transmission electron microscopy (HR-TEM)
analysis was conducted using JEM-2100F (JEOL). Scanning elec-
tron microscopy (SEM) analysis with energy-dispersive X-ray
spectroscopy (EDS) mapping was carried out using an S-4300SE
FE-SEM (Hitachi). N, adsorption/desorption testing was conduct-
ed using an adsorption analyzer using BELSORP-max II (Mictro-
tracBEL). X-ray diffraction (XRD) was done using a D8-Advance
(XRD, al system) (BRUKER MILLER). Raman spectra were recor-
ded using a DXR2xi spectrometer (Thermo) with an excitation
wavelength of 532 nm. Thermogravimetric analysis (TGA) was
carried out using a TGA/DSC 1 analyzer (Mettler Toledo).

2.6 Electrochemical characterization

Electrodes were fabricated by first preparing slurries consisting of
the active material (SIMP/CNT wrapping composite), a conduc-
tive additive (Super P), and CMC binder (sodium carboxymethyl
cellulose, CMC) in a weight ratio of 70:15: 15 in DI water as the
solvent. The as-prepared slurries were coated on the current
collector (Cu foil) using a doctor blade and then dried in
a vacuum oven at 60 °C for 4 hours. The electrode fabricated in
our work was compared with that of other SiMP/carbon
composite electrodes in Table S17. The areal mass loading of
the active material in the electrode was 0.7 mg cm ™. Based on
the comparison chart in Table S1t, the loading mass of the SiMP/
CNT wrapping was comparable to that of other SiMP/carbon
composite-based electrodes. A 2016-type coin cell was assem-
bled in an Ar-filled glove box. The electrolyte was 1.3 M LiPF,
dissolved in ethylene carbonate (EC)/diethyl carbonate (DEC) (3 :
7 volivol) with 10 wt% of fluoroethylene carbonate (FEC)
(PANAX). The galvanostatic intermittent titration technique
(GITT) was applied with a pulsed current (100 mA g~ *) for 30 min
with rest intervals (2 hours). For the electrical impedance spec-
troscopy (EIS) test, a ZIVE SP1 (ZIVE lab) was used with
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a frequency range between 500 mHz and 10 kHz. For EIS analysis
of the symmetric cells of a fresh electrode, an electrode disk with
a circle shape with a diameter of 11 mm was cut in half. The half-
cut electrodes were assembled into a symmetric cell in a glove
box. The as-assembled symmetric cell was used for EIS analysis.
After analysis, the symmetric cell was disassembled in the glove
box and re-assembled as half-cells by using the half-cut elec-
trodes as the working electrode and lithium metal as a counter
electrode, respectively. After 20 cycles at 1 A g~ ', the half-cells
were fully lithiated at a low current density of 0.2 A g .
Considering the lithiation capacity, each electrode was half-
delithiated at the same current density to 50% of the state of
charge (SoC). At ~50% SoC, the half-cells were disassembled and
re-assembled as symmetric cells in the glove box. The as-
assembled 20-cycle electrode symmetric cell with 50% SoC was
further analyzed for internal resistance using EIS testing.

3. Results and discussion

Fig. 1a shows a schematic illustration of the preparation of the
silicon microparticle/2D carbon nanotube sheet wrapping
composite, which is denoted as SiMP/CNT wrapping. For the
synthesis of the SIMP/CNT wrapping composite, SiMP particles
(diameter of 1-5 um) were first mixed with a certain amount of
DI water and then added to a well-dispersed single-walled CNT
dispersion (SWCNT dispersion). Next, the mixture was frozen in
a liquid nitrogen bath and freeze-dried via the lyophilization
method.”** In detail, the lyophilization process consisted of
two different steps: (1) freezing via ice crystal growth and (2)
drying by ice sublimation.*® During the freeze-drying process,
the CNT networks in the mixture were self-assembled into
segregated 2D CNT sheets. After the sublimation of the ice, the
SiMP/CNT wrapping composites were obtained. In particular,
the SiMPs were effectively encapsulated by the CNT wrapping

(a) Preparation of silicon microparticle/2D CNT sheet wrapping composite

Diameter: 1-6 pm

N Single-walled

Silicon m.icroparticle nanotube dispersion
(SiMP) (CNT dispersion)

Fig. 1

Freeze-drying

Cm.wrappin‘g on SiMP
e S &

v'Improved structural
.8 stability
=,y v Extensive

xs; conductive network

= - } v'Facile Li* diffusion
egregate {

(_:NT_S (BWGN{s) CNT sheets .

Well-distributed carbon formation

SiMP/2D CNT sheet wrapping composite
(SIMP/CNT wrapping)

(a) Schematic illustration of the preparation of the silicon microparticle/2D carbon nanotube (CNT) sheet wrapping composite (SIMP/CNT

wrapping). SEM images of 2D CNT sheets at (b and c) low and (d) high magnification.
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sheets in the composite. In Fig. 1b-d, the scanning electron
microscopy (SEM) images exhibit thin 2D CNT sheets that were
prepared via lyophilization using a CNT dispersion without
SiMPs. As we freeze-dried the SWCNT dispersion, the resulting
sample shows a unique 2D sheet structure composed of highly
dispersed CNTs (Fig. 1b and c). We consider that the segregated
CNT structure could be formed due to the self-assembly
behavior of the components during the freeze-drying process
and the strong van der Waals interaction between the SWCNTs.
The SEM image with high magnification in Fig. 1d reveals a 2D
SWCNT membrane structure with appropriate void spaces
within the CNT sheets. With this unique structure in mind, we
investigated the morphological features of CNT dispersions
obtained with various preparation processes as described in the
following paragraph.

Based on the unique CNT architecture in Fig. 1b-d, we
further explored the well-dispersed CNTs and the effect of the

Well-distributed CNTs |5

Oven-dried
CNT dispersion
(f)
¢
Freeze-dried
CNT dispersion

(h)

Freeze-dried
SWCNT
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preparation method on the structural properties of the CNTs.
Fig. 2a shows SEM images of pristine SWCNT powder without
any purification or chemical treatment. The severe CNT aggre-
gation and strongly entangled CNTs in Fig. 2a could be due to
intrinsic properties of the SWCNTs, such as van der Waals
forces and strong m- interactions.***” The intrinsically strong
aggregation of SWCNTs limits their application and usage in
awide range of research areas.”®*® As shown in Fig. 2b and c, the
SEM and transmission electron microscopy (TEM) images of the
CNT dispersion display well-dispersed SWCNT networks
without CNT bundle aggregates. For the SEM analysis, the CNT
dispersion was dropped on a Cu foil and dried in a vacuum
oven, which is the same as the electrode preparation in the
experimental section. Furthermore, the dispersibility of the
CNT dispersion was investigated, as shown in Fig. S2f. In
Fig. S2a and bf, the digital photographs of the CNTs show
highly dispersed SWCNTs. The uniform dispersion was easily

A (b) CNT dispersion

Fig.2 Scanning electron microscopy (SEM) images of (a) pristine single-walled CNT (SWCNT) powder and (b) CNT dispersion. (c) Transmission
electron microscopy (TEM) image of CNT dispersion. (d) Digital photographs of oven-dried CNT dispersion. (e) SEM images of oven-dried CNT
dispersion with low and high magnification. (f) Digital photographs of freeze-dried CNT dispersion. (g) SEM images of freeze-dried CNT
dispersion with low and high magnification. (h) Digital photographs of freeze-dried pristine CNTs. (i) SEM images of the freeze-dried pristine

CNTs with low and high magnification.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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observed with the naked eye. When it was applied to slide glass,
the even coating of the SWCNT dispersion without aggregates
indicated its superior dispersibility (Fig. S2ct). The dispersion
stability of the CNT dispersion continued even after 24 hours
(Fig. S2d and et). Optical microscopy (OM) images of well-
dispersed SWCNTs and pristine SWCNTs are shown in
Fig. S2f and gf. Compared to the severely entangled CNT
aggregates of the pristine SWCNT, the SWCNT dispersion
exhibits good dispersion properties. Our approach to the
preparation of the SiMP/CNT wrapping composites involved
lyophilization of a mixed solution of SiMPs and the SWCNT
dispersion. To determine the necessary experimental condi-
tions to obtain the unique CNT architecture, we prepared CNT
samples using an oven-drying or freeze-drying method. Detailed
information about the preparation of the oven-dried and freeze-
dried CNT samples is provided in the experimental section. As
shown in Fig. 2d, the digital photograph of the oven-dried CNTs
shows a dense CNT film. Accordingly, thick and closely packed
CNT networks were observed in the SEM images of the oven-
dried CNT sample (Fig. 2e). In contrast, the freeze-dried CNT
dispersion sample exhibited different structural properties. The
freeze-dried CNTs in Fig. 2f are similar to an aerogel structure.
The 2D CNT structure composed of SWCNTs is shown in the
SEM images of the freeze-dried CNT sample in Fig. 2g. From the
structural view of the freeze-dried CNT sample, each CNT sheet
was created in parallel to each other, indicating that self-
assembly occurred during freeze-drying.>*** In addition, we
consider that the segregated CNT network would be a result of
the van der Waals interactions between CNTs.'>'* Therefore, we
speculate that the formation of thin 2D CNT sheets is provided
by the chemical interaction between CNTs and the freeze-drying
method. However, the segregated 2D CNT network was not
formed when we freeze-dried aqueous pristine SWCNT powder
dispersion due to severe aggregation between SWCNTs (Fig. 2h
and i).

Hereafter, the SiMP/CNT wrapping 8:2 and SiMP/CNT
wrapping 9:1 composite are denoted as 8:2 and 9:1 in
figures and data. Fig. 3a and b shows SEM images of counter-
parts for SIMP/CNT wrapping composites such as SiMP and
SWCNT sheets. The SEM image in Fig. 3a displays the irregular
shape of pristine Si microparticles with a size range of around
1-5 microns. In Fig. 3b, extensive 2D CNT sheets were observed
in the SEM image. Based on the unique CNT architecture in
Fig. 1b-d, we prepared SiMP/CNT wrapping composites
following the same synthetic route as for 2D SWCNT sheet
fabrication. In Fig. 3c, the digital photograph of the freeze-dried
SiMP/CNT wrapping 8:2 composite shows a dense aerogel
structure. In an attempt to investigate the morphological and
structural properties, we prepared SiMP/CNT wrapping
composites with different weight ratios between the SiMPs and
SWCNT dispersion. As shown in Fig. 3d and e, all the obtained
SiMP/CNT wrapping composites with different weight ratios
between SiMPs and CNTs show a unique 2D CNT sheet wrap-
ping structure that is similar to that of the 2D CNT sheets
(Fig. 3b). The result implies that the 2D SWCNT sheets are
formed via freeze-drying even in the presence of SiMPs. Overall,
the SiMPs are wrapped with a wide range of 2D CNT sheets,
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which were segregated and van der Waals-bonded SWCNT
networks. High-magnification SEM images of SIMP/CNT wrap-
ping 8:2 shows that the SiMP particles are effectively wrapped
by a 2D CNT membrane (Fig. 3d). Even with a smaller SWCNT
dispersion content, the resulting SiMP/CNT wrapping 9:1
composite also shows a similar CNT network but thin CNT
sheet coverage on the SiMPs (Fig. 3e). The less-dense CNT sheet
wrapping of the SIMP/CNT wrapping 9:1 composite could be
due to the lower amount of SWCNT dispersion. With increased
content of SWCNT dispersion, the resulting SIMP/CNT wrap-
ping 8:2 sample maintained the extensive CNT wrapping
network; however, thicker 2D CNT sheets were formed. This
demonstrates that the changes in the content of the compo-
nents could affect the resulting structure of the SiMP/CNT
wrapping composite.’® Since the 2D CNT sheets effectively
wrapped the SiMPs, we further estimated that the 2D SWCNT
sheets, which consist of mechanically strong SWCNTs, could act
as an efficient buffer matrix inside the composite for preserving
its structural integrity against the huge volume changes of Si.**
Fig. 3f shows a digital photograph of an aqueous mixture of
SiMPs and CNTs. Compared to the pristine SWCNTs, the CNT
dispersion + SiMP mixture exhibits good dispersion without
severe aggregation of the CNTs. The well-mixed CNT dispersion
+ SiMP could ensure CNT distribution in the composite,
resulting in effective Si volume change dissipation and an
evenly dispersed conductive network. As shown in Fig. 3f,
a digital photograph of the freeze-dried SiMP/pristine SWCNT
composite shows a powder-type sample. To investigate the
distribution of SiMP and CNT in the composite, we conducted
SEM analysis with energy-dispersive X-ray spectroscopy (EDS)
mapping. Compared to the aggregated CNT networks in the
SiMP/pristine SWCNT composite, the SIMP/CNT wrapping 9: 1
composite shows extensive 2D CNT wrapping on the SiMPs
(Fig. 3g and h). To further investigate the morphological
features of the self-assembled 2D CNT wrapping network
formation, the effect of the silicon particle size and weight ratio
between silicon and the CNT dispersion on the Si/CNT
composite were tested, as shown in Fig. 3i, S3 and S47. There-
fore, we also prepared a Si/CNT composite using silicon nano-
particles with a diameter of 50 nm with different weight ratios
between the SiNP powder and SWNCT dispersion. According to
previous studies, there was a prerequisite that the particles
should be micron-sized to form a segregated CNT network.'>"*
However, the effective hierarchical CNT network was simply
formed when we freeze-dried well-dispersed CNTs (Fig. 3b). For
the micron-scale Si, 2D CNT wrapping is formed on the SiMPs,
and the CNT wrapping thickness can be varied by controlling
the CNT content. Compared to the SiMP/CNT sample (Fig. 3c),
the digital photograph of the freeze-dried SiNP/CNT composite
exhibits a loosely interconnected aerogel structure, which might
be due to the larger surface area of the silicon nanoparticles.
Although the SiNP/CNT 9: 1 composite shows a non-segregated
structure (Fig. S37), an increased amount of CNTs results in the
formation of embedded SiNPs in a micro-scroll CNT structure
via freeze-drying (Fig. 3i and S4t).* During the freeze-drying,
the well-dispersed CNT could form a 2D assembly even with
nanosized silicon particles. This result provides a guideline to

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07469a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 February 2023. Downloaded on 6/14/2026 12:17:34 PM.

(cc)

View Article Online

Paper RSC Advances
develop segregated 2D CNT network-based Si composites by To characterize their structural properties, detailed analyses
selecting different sizes of silicon particles or adjusting the were conducted of the SIMP, SWCNT dispersion, and SIMP/CNT
proportion between Si and well-dispersed SWCNTs. wrapping composites. Due to the liquid-type property of the

Pristine CNT
SWCNT  dispersion
+SiMP +SiMP

-Freeze-dried

SiMP/pristine SWCNT :
(i) Silicon size and CNT weight ratio effects on Sl/CNT composﬂe structure
[SiMP (1-5 pm)] [SiNP (50 nm)]

oYy

CNT wrapping network *“o 0

‘ " Extensively segregated o
Y 4

-

Thick CNT " CNT Micro-scroll
Increased CNT amount . Increased CNT amount 4
— wrapping — i sl
Fig.3 SEMimage of (a) SiIMP and (b) SWCNT sheets at low magnification. (c) Digital photograph of the SIMP/CNT wrapping 8 : 2 composite after
freeze-drying. SEM images of (d) the SIMP/CNT wrapping 8 : 2 composite and (e) SIMP/CNT wrapping 9 : 1 composite at low and high magni-
fication. (f) Comparison between the aqueous mixture of pristine SWCNT + SiMP and CNT dispersion + SiMP samples, and a digital photograph of

the freeze-dried SiMP/pristine SWCNT composite. SEM image of (g) SiMP/pristine SWCNT and (h) SIMP/CNT wrapping 9 : 1 composite with EDS
mapping. (i) Effects of the silicon particle size and the weight ratio between Si and SWCNT dispersion on the Si/CNT composite structure.
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SWCNT dispersion, the SWCNT dispersion was freeze-dried for
material characterization. As shown in Fig. 4a, the sharp peak in
the Raman spectrum of SiMP at around 500 cm-1 corresponds
to crystalline Si.**' In addition, the SWCNTs show a Raman
spectrum with distinctive peaks. The peaks at the low wave-
number side at around 1350 cm™" and at around 1590 cm ™" are
derived from the radial breathing mode (RBM), defect, and in-
plane vibration of a six-membered ring of carbon materials,
respectively.** According to previous research, SWCNTs shows
splitting of the G band into G+ and G—, which are referred to as
the longitudinal wave mode and transverse wave mode
perpendicular to the axis.*® In Fig. 4a, the Raman spectra of the
SiMP/CNT wrapping 9:1 and SiMP/CNT wrapping 8:2
composites show specific peaks of SiMPs and SWCNTs. The
result implies the co-existence of both SiMPs and SWCNTs in
the SiIMP/CNT wrapping composites. Interestingly, the SiMP/
CNT wrapping composites show pronounced peaks from
SWCNT but a weak Si peak. We consider that this result could
be due to efficient SWCNT wrapping on the SiMPs. Compared to
SiMP/CNT wrapping 8:2 composite, the SIMP/CNT wrapping
9:1 composite exhibits a greater intensity for the crystalline
silicon peak around 500 cm ™" due to the larger amount of SiMP
in the composite. The X-ray diffraction (XRD) pattern in Fig. 4b
shows the characteristic crystalline peaks in the SiMP/CNT
wrapping composites. The XRD peaks in the SIMP/CNT wrap-
ping composites correspond to the XRD patterns of the SiMPs
and SWCNTs.*** Specifically, the XRD patterns of the SiMPs
can be indexed to Si (JCPDS 27-1402).>*** Based on the XRD
data, the SiIMP/CNT wrapping composites exhibit noticeable
SiMP peaks but show weak SWCNT peaks. The weak intensity of
the SWCNT peaks could be due to the low amount of SWCNTs
in the SiMP/CNT wrapping composites. To investigate the
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SWCNT content in the SIMP/CNT wrapping composite material,
thermogravimetric analysis (TGA) analysis was conducted
(Fig. 4c). Each sample was heated to 900 °C under air atmo-
spheric conditions with a ramp rate of 10 °C min~". Due to the
oxidation of silicon at high temperatures in the air atmosphere,
TGA curves of SiMP, SIMP/CNT wrapping 9:1, and SiMP/CNT
wrapping 8:2 show gradual weight increases."*”*® In Fig. 4c,
the TGA curves indicate that the amount of SWCNTs in the
SIMP/CNT wrapping 8:2 and SiMP/CNT wrapping 9:1
composites is 16.9% and 8.7%, respectively. Accordingly, the
SiMP content in SiMP/CNT wrapping 8:2 and SiMP/CNT
wrapping 9:1 was estimated to be 83.1% and 91.3%, respec-
tively. It can be seen that the amount of SWCNTs in SiMP/CNT
wrapping 8:2 is about twice that in SIMP/CNT wrapping 9: 1.
Fig. 4d shows the N2 isotherm plots of SiMP, SWCNT, and
SiMP/CNT wrapping composites along with their Brunauer-
Emmett-Teller (BET) surface areas. The SiMP, SWCNT, SiMP/
CNT wrapping 8:2, and SiMP/CNT wrapping 9:1 composite
exhibit surface areas of 5.85, 39.55, 12.24, and 8.24 m> g™/,
respectively. Although both SiMP/CNT wrapping 8 : 2 and SiMP/
CNT wrapping 9:1 show similar composite structures (Fig. 3d
and e), they exhibit different BET surface areas. It can be found
that the addition of a larger amount of SWCNTSs results in a BET
surface area increase. We consider that the increased content of
mesh-like 2D CNT sheets in the SIMP/CNT wrapping composite
could generate a larger surface area. In Fig. 4e, the Barrett-
Joyner-Halenda (BJH) pore distribution data show that the
SWCNTs have large pore volumes and a wide range of pore
sizes. This result is consistent with the unique structure of the
2D CNT sheets in Fig. 1b-d. The segregated CNT network with
inner voids between junctions and CNTs could affect the large
pore volumes. With increasing SWCNT content, the SIMP/CNT
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(a) Raman spectra and (b) X-ray diffraction (XRD) patterns of SiMP/CNT wrapping 9 : 1, SiIMP/CNT wrapping 8 : 2, SWCNT, and SiMP. (c)

SiMP/CNT wrapping 8:2, SWCNT, and SiMP. The TGA analysis was

conducted in an air atmosphere up to 900 °C (ramping rate of 10 °C min™). (d) N, adsorption—desorption isotherm plots with BET surface area
and (e) BJH pore distribution of SIMP/CNT wrapping 9 : 1, SiIMP/CNT wrapping 8: 2, SWCNT, and SiMP.
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wrapping composite displays a larger pore volume. The BET and
BJH data are correlated with the morphological features of
SiMP/CNT wrapping composites in Fig. 3d and e. Based on the
results, we expected that the well-dispersed SWCNT content in
the SiMP/CNT wrapping composites could strongly affect
structural properties such as surface areas and porosity.

Each SiMP/CNT wrapping electrode was prepared using
active material (SIMP/CNT wrapping):conductive additive
(Super P):binder (CMC) in a weight ratio of 70:15:15. The
electrochemical performances of the SIMP/CNT wrapping elec-
trodes were evaluated in a galvanostatic mode in the potential
range from 0.01 to 1.5 V versus Li/Li*. The SiMP/CNT wrapping
electrode was fabricated in a half-cell configuration with
lithium metal. Before the electrochemical test, the morphology
and structure of the SIMP/CNT wrapping composite electrodes
were investigated. The SEM images of the SIMP/CNT wrapping
electrodes in Fig. S5 show the original structure of the active
material, implying the structural stability of the SiMP/CNT
wrapping after electrode fabrication. Generally, silicon elec-
trodes are fabricated using an active material, a conductive
additive, and a polymeric binder. In particular, the conductive
additive plays an important role in providing a continuous
conductive network within the electrode and improving the
intrinsically low conductivity of silicon. In addition, in recent
studies of Si/C composites, electrodes have also been prepared
using a certain amount of conductive additive (Table S17). As we
used a conductive additive for the electrode fabrication, the
resulting electrode exhibits a hybrid conductive network, which
consists of carbon spheres and CNTs. The Super P particles are
distributed with the SiMP/CNT wrapping composite in the
electrode. When the SWCNT content was increased, the
resulting SiMP/CNT wrapping 8:2 generated thick SWCNT
coverage in the electrode (Fig. S5a and bt). Due to the larger
amount of SWCNTs in the SIMP/CNT wrapping 8 : 2 composite,
denser CNT networks were observed in the high-magnification
SEM image in Fig. S5cf. However, the SEM image of the
SiMP/CNT wrapping 9:1 composite-based electrode in
Fig. S5df shows a thinner 2D CNT wrapping network. Along
with the mesh-like CNT sheets, the silicon microparticles
underneath the CNT sheets were also observed. The result
implies that the smaller amount of CNT dispersion generates
porous CNT membranes, not dense CNT coverage, at the elec-
trode level. The voids inside the electrode seem to decrease with
increasing the amount of SWCNT dispersion in the composite.
As a result, we consider that the SIMP/CNT wrapping composite
structure could affect the electrode architecture. Additionally,
this could be reasonable considering that the increased porosity
in the electrode could facilitate inner void space toward volume
changes of Si and accommodate facile lithium-ion diffusion in
it.?

To investigate the electrochemical stability of the SWCNT
dispersion, cyclic voltammetry (CV) of the SWCNT dispersion-
coated electrode was conducted in a potential range of 0.01-
3.0 V versus Li/Li* (Fig. 5a). Fig. 5a shows the CV profile of the
SWCNT dispersion, which lacks distinct redox peaks. The peaks
in the potential range in the blue square box are related to the
decomposition of electrolytes in the first cycle, which is usually
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observed in Si-based anode materials. Based on the weaker
current response of the peaks, we considered the SWCNT
dispersion to be suitable for the electrochemical test. In Fig. 5b
and S67, the CV curves of the SIMP/CNT wrapping 9:1 and
SiMP/CNT wrapping 8 : 2 electrodes are shown. The CV analysis
was conducted at the same scan rate of 0.2 mV s~ " for 5 cycles.
The distinct anodic and cathodic peaks of Si are observed.>*3%*
In detail, the cathodic peaks around 0.2 and 0.01 V correspond
to the lithiation of Si.’ In the anodic scan, two peaks at around
0.3 and 0.5 V are related to the de-lithiation process from the Li-
Si alloy to amorphous silicon.***! The increase in the magnitude
of the current peaks with subsequent scan cycles could be due
to an Si activation process in the subsequent cycles, implying
that more Si reacts with lithium in each cycle.*” Fig. 5¢ shows
the galvanostatic charge and discharge profiles of the SIMP/CNT
wrapping electrodes. The initial charge/discharge capacities of
the SiMP/CNT wrapping 9:1 and SiMP/CNT wrapping 8:2
electrodes at 0.1 A g-1 are 3160.7 mA h g~ '/3469.1 mAh g ' and
2376.6 mA h g '/2682.9 mA h g ', respectively. The corre-
sponding initial coulombic efficiency of the SIMP/CNT wrap-
ping 9:1 and SiMP/CNT wrapping 8:2 electrodes is 91.11 and
88.58%, respectively. Overall, the SiMP/CNT wrapping 9:1
electrode delivered a higher specific capacity with high ICE. The
higher ICE of SiMP/CNT wrapping 9:1 could be due to the
relatively lower surface area of the composite (Fig. 4d).>*
According to Fig. 4d, the BET surface area of SiMP/CNT wrap-
ping 9: 1 and SiMP/CNT wrapping 8: 2 is 8.24 and 12.24 m* g™/,
respectively. The large surface area of the composite could
result in increased electrolyte consumption and more SEI layer
formation, resulting in low initial coulombic efficiency.***® The
result implies the superior electrochemical performance of the
SiMP/CNT wrapping 9:1, even with a smaller amount of
SWCNTSs. The better electrochemical performance of the SiMP/
CNT wrapping 9:1 electrode is attributed to the optimal
structural properties of thin 2D SWCNT wrapping on the SiMPs.
Compared to the dense and thick SWCNT layers in the SiMP/
CNT wrapping 8:2 composite, the mesh-like CNT wrapping
on the SiMPs and the porous SiMP/CNT wrapping 9 : 1 electrode
structure could offer sufficient inner voids at the electrode level.
This could be beneficial for facile lithium-ion diffusion.*® As
a result, we consider that the severe coverage derived from the
larger amount of SWCNT dispersion in the SiMP/CNT wrapping
8:2 electrode could hamper the electrochemical activity of the
SiMPs. In Fig. 5d, the rate performances of the SiMP/CNT
wrapping electrodes at various C-rates are shown. The SiMP/
CNT wrapping 9:1 electrode exhibits 3205.6, 3045.5, 2753.8,
2526.6,2084.2, and 3173.3 mA h g~ in the first step for each C-
rate at 0.2, 0.5, 1.0, 1.5, 2.0, and 0.2 A g’l. The SiMP/CNT
wrapping 8:2 electrode delivers 2514.6, 2313, 2113.1, 1888,
1588.1, and 2557.4 mA h g~ under the same conditions. The
corresponding galvanostatic charge and discharge profiles at
various C-rates for the SIMP/CNT wrapping 9:1 and 8:2 elec-
trodes are shown in Fig. S7a and b¥. Despite its relatively lower
amount of SWCNTSs, SiMP/CNT wrapping 9:1 exhibits higher
specific capacities at the various C-rates, which is attributed to
its optimal structural properties. Due to the efficient CNT
wrapping, the electrical isolation of the SiMPs could be

RSC Adv, 2023, 13, 4656-4668 | 4663


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07469a

Open Access Article. Published on 03 February 2023. Downloaded on 6/14/2026 12:17:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
0.02 b 0.3 3.0
(a) CV profile of CNT ink at 0.2 mV s™ ( ) 0.2 (C)*.’: Initial coulombic efficiency (ICE)
0.014 o 9:1 4 25 - 4
= (Initial cycle at 0.1 Ag™)
g = 201 — 91 M1%
£ é 0.0 g 15 — 8:2 88.58%
€ = 0.1] = 197
c \ . Solid electrolyte c S
£ 002] et B st cyce = 10]
3 003 —1steycle 8 03 —— 2nd-5th cycles ‘g 0.5]
——2nd-5th cycle 04 2
-0.04 s : . © 00
0.0 05 10 15 20 25 30 35 0.0 05 1.0 1.5 20 25 3.0 35 o 0 1000 2000 3000 4000
Potential (V vs. Li/Li") Potential (V) (vs. Li/Li") Specific capacity (mAh g™
(d) (e) (f)
74000 o - : - . . 0.45
'U) 02Ag'05Ag'1.0Ag'1.5Ag"'20Ag'0.2Ag 04 10mvs’ Slope
" Initial cycle at 0.1 A" ’ 08mvs' = 9:1 g 0301 e 82 1105
. 04mvs' — 82 £ ® 91 16.92
< 0.2 02mvs’ o g 0.15
£ 0.1mvs' de-lithiation =
= < 4ol ———>| @ 000
3 r— e S 000 0.010 0.015 0.020 0.025 0.030 0.035
=% o lithiation o
s £ 02 X015
[ (&) [ Slope
= 04 0 .030{ @ 82 -14.17
] 0 ' o] ® 91 1748
"9,- 0 5 10 15 20 25 30 00 05 10 15 20 25 30 04 0.010 0.015 0.020 0.025 0.030 0.035
Cycle number Potential (V) (vs. Li/Li") Square root of scan rate (V s™)**
<4000
(9)% &% (N) 100]
< Initial cycle Q) Cyel 9:1 82 —e—91
< 3000 Vi 1 - < 90 yele : 2 :
£ at01Ag 149 B 1 91.11 8858 —®—8:2
2 5 2 9801 9761
S © 70 3 9918 99.12
Q =
8 1000 9:1(Ch) —e- 8:2(Ch) G 60 4 9919 99.22
. : ' ; e 5 99.21 99.30
L 500 -o- 9:1 (Dis) —e— 8:2(Dis) a 50
5 0 g - 6 9926 99.37
g_ 0 10 20 30 40 50 60 70 80 90 100 % 0 10 20 30 40 50 60 70 80 90 100
»n o Cycle number

Cycle number

Fig. 5 (a) Cyclic voltammetry (CV) profile of CNT dispersion at a scan rate of 0.2 mV s~tfor5 cycles. A semi-transparent blue box indicates the
potential range of SEI layer formation in the first cycle. (b) CV profiles of SIMP/CNT wrapping 9 : 1 electrode at a scan rate of 0.2 mV s~* for 5
cycles. (c) Galvanostatic charge and discharge profile of SIMP/CNT wrapping 8 : 2 and 9 : 1 electrodes with initial coulombic efficiencies (ICEs). (d)
Rate performance of SiIMP/CNT wrapping 8 : 2 and 9 : 1 electrodes at various C-rates from 0.2 to 2.0 Ag~2. (e) CV profiles of SIMP/CNT wrapping
8:2 and 9:1 electrodes at various scan rates from 0.1 to 1.0 mV s™%. (f) Corresponding plot of the CV peak current of the anodic peak and
cathodic peak against the square root of scan rate for the SIMP/CNT wrapping 8 : 2and 9 : 1 electrodes. (g) Cycling performance of the SIMP/CNT
wrapping 8:2 and 9: 1 electrodes at 1.0 A g~ for 100 cycles. (h) Corresponding coulombic efficiencies for the 1st and subsequent cycles.

effectively suppressed. SIMP/CNT wrapping 8:2 shows good
rate capability at high current densities because of its larger
amount of SWCNTSs. Furthermore, the thick 2D CNT sheets in
the SIMP/CNT wrapping 8 : 2 composite could ensure improved
structural stability of the conductive network. As for the lower
specific capacities of SIMP/CNT wrapping 8 : 2, we consider that
the dense CNT coverage on the SiMP/CNT wrapping 8:2 elec-
trode could reduce lithium-ion transport into the active mate-
rials, resulting in lower specific capacities (Fig. 5d). In this
regard, SiMP/CNT wrapping 9:1 with a porous electrode
structure provides the optimized conditions for electrochemical
performance with facile lithium-ion access. To understand the
better electrical performance of the SiMP/CNT wrapping 9:1
electrode, we investigated the kinetics of the SIMP/CNT wrap-
ping composites. In Fig. 5e, the CV curves of the SIMP/CNT
wrapping 9:1 and SiMP/CNT wrapping 8:2 electrodes at
different scan rates (0.1-1.0 mV s~ ') are shown. As expected, the
SiMP/CNT wrapping 9:1 electrode exhibits an increased
magnitude of current response in the CV data compared to that
of the SiMP/CNT wrapping 8: 2 electrode. Interestingly, neither
the SIMP/CNT wrapping 9:1 nor the SiMP/CNT wrapping 8:2

4664 | RSC Adv, 2023, 13, 4656-4668

electrodes showed distinct anodic peaks at the various scan
rates. We expect that this could be due to fast scan rate changes
from 0.1 mV s~ to 1.0 mV s . These results have been observed
in Si-based anode materials in other studies.®**”*® In addition,
the small changes in the CV profiles and peak position devia-
tion in Fig. 5e could be the result of electrochemical polariza-
tion.” The corresponding plots of the anodic and cathodic peak
currents (I,,) against the square root of the scan rate of the SiMP/
CNT wrapping 9:1 and SiMP/CNT wrapping 8:2 electrodes
under different scan rates are shown in Fig. 5f. The redox
kinetics of both electrodes are analyzed using the Randles-
Sevcik eqn (1).*°

I, = (2.69 x 10)n' > AD; " Cpze (1)

In the equation, I, n, 4, Dy;, v, and Cy;- stand for the peak
current, the number of transferred electrons, electrode surface
area, diffusion coefficient, potential scanning rate, and lithium
concentration in the electrolyte, respectively.*® The results show
a linear relationship between the peak currents and the square
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root of scan rate (Fig. 5f). Based on the CV performance in
Fig. 5e, we found that the SIMP/CNT wrapping 9:1 electrode
exhibits better kinetics, implying the better electrochemical
performance of SiMP/CNT wrapping 9:1. The cycling perfor-
mance of the SIMP/CNT wrapping electrodes is shown in Fig. 5g.
The SiMP/CNT wrapping 9: 1 electrode exhibits higher specific
capacities than that of the SIMP/CNT wrapping 8:2 electrode
for 100 cycles. In the cycling performance of the SiMP/CNT
wrapping 9:1 electrode, there are small capacity fluctuations,
although this was not observed in the SiIMP/CNT wrapping 8: 2
electrode. This result implies that the higher content of
SWCNTs in the SiMP/CNT wrapping 8 : 2 electrode ensures good
structural stability. After 100 cycles, the SIMP/CNT wrapping 9 :
1 and SiMP/CNT wrapping 8:2 electrodes show capacity
retention of 85.87 and 93.68%, respectively. In the SiIMP/CNT
wrapping composite, the SWCNTs, with superior mechanical
stability, could ensure a stable structural network. Therefore, we
consider that a larger amount of CNTs in the composite could
improve the structural integrity against the volume changes of
Si upon repeated charge and discharge cycling. According to
previous studies, both initial and later-cycle coulombic effi-
ciencies are regarded as important parameters for battery
performance evaluation.*** The corresponding coulombic effi-
ciency trends of cycling performance are shown in Fig. 5h. With
high initial coulombic efficiencies, the SIMP/CNT wrapping 9: 1
and SiMP/CNT wrapping 8:2 composites exhibit good later-
cycle coulombic efficiencies of almost 98-99%. The improve-
ment of early- and later-cycle coulombic efficiencies could be
affected by stable SEI formation. Furthermore, the robust 2D
CNT wrapping on the SiMPs might prevent uncontrolled SEI
formation derived from repeated Si pulverization during
volume changes. As a result, the SiMP/CNT wrapping 9:1
composite with thin 2D CNT wrapping exhibits high initial and
later-cycle coulombic efficiencies along with stable SEI layer
formation. In addition, a galvanostatic intermittent titration
technique (GITT) test was conducted for the SIMP/CNT wrap-
ping 9:1 and SiIMP/CNT wrapping 8:2 electrodes (Fig. S8t).**
According to Fig. S8af, the SIMP/CNT wrapping 9:1 electrode
had a lower overpotential than that of the SIMP/CNT wrapping
8:2 electrode, resulting in better dynamic behavior.>*”** The
magnified GITT profile in Fig. S8b+t indicates lower polarization
and internal resistance for the SiMP/CNT wrapping 9:1 elec-
trode, which could be due to its optimal material and electrode
structure.® The diffusion coefficient of Li* was calculated based
on eqn (S1).t The lithium-ion diffusion kinetics of the SiMP/
CNT wrapping 9:1 electrode are comparable to that of the
SiMP/CNT wrapping 8:2 electrode (Fig. S8ct). The electro-
chemical performance of our work was further compared with
other studies of SiMP/carbon composites in Table S1f. We
found that the material in our work exhibits high initial
capacities with superior ICE and comparable capacity retention
due to efficient the SIMP/CNT wrapping composite structure.
To elucidate their electrochemical performance, electro-
chemical impedance spectroscopy (EIS) testing was conducted
for the SIMP/CNT wrapping electrodes (Fig. 6a and b). In an
attempt to prevent the influence of the lithium metal, each
electrode was tested as a symmetric cell.>*** Both SiMP/CNT
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wrapping 9:1 and SiMP/CNT wrapping 8:2 electrodes were
tested in a galvanostatic mode at 1 A g~ ' for 20 cycles. After
cycling, the resulting 20-cycle electrodes were prepared with
a state-of-charge (SoC) of 50% because the lithiated state of Si
could influence the internal resistance. The corresponding
equivalent circuits are shown in Fig. 6¢ and d. In Fig. 6a, the
SiMP/CNT wrapping 9:1 and SiMP/CNT wrapping 8:2 elec-
trodes show comparable impedance spectra for the initial state.
The parameters R, Rsgr, and R, correspond to solution resis-
tance, SEI layer resistance, and charge-transfer resistance,
respectively. We compared the Nyquist plots of the SiMP/CNT
wrapping 9:1 and SiMP/CNT wrapping 8:2 electrodes in
Fig. 6a and b. In the initial state before cycling, the Rs and R of
the SiMP/CNT wrapping 9:1 electrode are 3.40 &+ 0.13 Q and
3.01 + 0.13 Q, respectively (Fig. 6a). These parameters are
smaller than those of the SIMP/CNT wrapping 8: 2 electrode,
which has an Rs and R.; of 4.91 + 0.04 Q and 3.31 + 0.04 Q,
respectively (Table S2). The smaller internal resistance of the
SiMP/CNT wrapping 9:1 electrode is attributed to the optimal
structural properties of the composite and electrode. After 20
cycles, each electrode was assembled as a symmetric cell for EIS
analysis. From Fig. 6b and Table S27, the R, Rsg;, and R, of the
SiMP/CNT wrapping 9:1 and SiMP/CNT wrapping 8:2 elec-
trodes are 2.69 + 0.38 Q, 7.50 £+ 4.57 Q, and 22.67 + 7.71 Q and
5.01 £0.16 Q, 14.45 + 3.75 Q, and 29.83 + 14.05 Q, respectively.
The smaller internal resistances of the SIMP/CNT wrapping 9: 1
electrode after 20 cycles are attributed to the stable SEI forma-
tion and optimal electrode structure. Furthermore, the evenly
distributed conductive additive in the electrode with a hybrid
conductive network could result in reduced resistance.
Compared to the SIMP/CNT wrapping 9 : 1 electrode, the SIiMP/
CNT wrapping 8:2 electrode exhibits slightly larger internal
resistances. To investigate the structural stability of the SiMP/
CNT wrapping electrodes after cycling, we conducted SEM
analysis on cycled electrodes (Fig. 6e-h).>* Both the SiMP/CNT
wrapping 9:1 and SiMP/CNT wrapping 8:2 electrodes exhibit
smooth surfaces in Fig. 6e and g. As shown in Fig. 6g, the cycled
SiMP/CNT wrapping 9:1 electrode shows a stable electrode
surface. The well-preserved electrode structure was observed in
a low-magnification SEM image. Therefore, we consider that the
electrode was also preserved during repeated cycles. Interest-
ingly, the high-magnification SEM images of the cycled elec-
trodes show different structural properties (Fig. 6f and h). In the
case of the SIMP/CNT wrapping 8: 2 electrode, the cycled elec-
trode shows thick SWCNT coverage on the SiMPs (Fig. 6f).
Interestingly, the CNT networks are firmly attached to the SiMPs
after cycling. In addition, the dense CNT-sheet-wrapped SiMPs
are observed in the high-magnification SEM images of the
cycled SiMP/CNT wrapping 8:2 electrode in Fig. 6f. The
morphology of the SIMP/CNT wrapping 9:1 composite is also
clearly shown in Fig. 6h. In the high-magnification SEM image,
the morphology of the cycled SiMP/CNT wrapping 9:1
composite resembles insects captured by the lobes of a Venus
flytrap. As the SWCNT sheets effectively wrap the silicon
microparticles, the SiMPs could exhibit good electrochemical
performance by taking advantage of the enhanced mechanical
stability against Si volume changes and improved electrical
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(9) low and (h) high magnification.

conductivity. Due to the efficient 2D CNT sheet wrapping
structure using well-dispersed SWCNTs, the silicon micropar-
ticles could maintain electrochemical activity during cycling
without electrical isolation or detachment from the electrode
(Fig. 7a).® In Fig. 7b-e, TEM images of cycled SiMP/CNT wrap-
ping electrodes are shown. For the cycled SIMP/CNT wrapping
8:2 electrode, dense and thick 2D CNT sheet coverage of the
SiMPs is observed (Fig. 7b-c). In contrast, the cycled SIMP/CNT
wrapping 9 : 1 electrode shows relatively thinner 2D CNT sheets
due to the lower amount of SWCNT dispersion used for fabri-
cation (Fig. 7d and e). After repeated cycling, the CNT wrapping
is still seen in the TEM images, proving the excellent structural
integrity of the CNT network. Furthermore, the embedded
silicon microparticles in the SIMP/CNT wrapping composite are

4666 | RSC Adv, 2023, 13, 4656-4668

observed, indicating the efficient structural stability and
conductive network in the composite. In Fig. S9a and b¥, the
magnified TEM images show the surface of the cycled SiMP/
CNT wrapping 8:2 and SiMP/CNT wrapping 9:1 active mate-
rial. We consider that the SEI layer is mainly expected to form
on the 2D CNTs, which is the outer surface of the SIMP/CNT
wrapping composites. Therefore, the SEI layer formation on
the CNTs could result in high initial coulombic efficiency with
a stable SEI layer.**" In addition, the robust CNT wrapping
could prevent uncontrolled SEI layer formation upon repeated
pulverization of the SiMPs. Compared to that in Fig. S9bft, the
magnified TEM image of cycled SIMP/CNT wrapping 8:2 in
Fig. S9at shows a thicker SEI layer. This could be due to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Schematic illustration of the SIMP/CNT wrapping composite
after cycling. HR-TEM images of the SIMP/CNT wrapping 8:2
composite in the cycled electrode at (b) low and (c) high magnification.
HR-TEM images of the SIMP/CNT wrapping 9:1 composite in the
cycled electrode at (d) low and (e) high magnification.

larger surface area of the SIMP/CNT wrapping 8:2 composite
(Fig. 4d).

4. Conclusions

In summary, we synthesized SiMP/CNT wrapping composites
via freeze-drying using highly dispersed SWCNTs. While CNTs
exhibit intrinsic drawbacks such as entanglement and
agglomeration, in the composites, the well-dispersed CNTs
were easily mixed with SiMPs, promoting effective wrapping on
the SiMP surfaces. During lyophilization, the highly dispersed
SWCNTs were simply self-assembled into mesh-like 2D CNT
sheets via interactions among the CNTs. The wide-ranging CNT
wrapping in the composite enabled it to effectively dissipate the
volume expansion of Si and maintain electrical conductivity
upon repeated cycles. The optimized SiMP/CNT wrapping 9: 1
electrode delivered a superior ICE of 91.11% with a high charge
and discharge capacity of 3160.7 mAh g ' and 3469.1 mAhg™"
at 0.1 A g~ ', respectively. Furthermore, the SiMP/CNT wrapping
9:1 electrode exhibited good rate and cycle performance with
high capacities and stable coulombic efficiencies during
repeated charge and discharge. The thin 2D CNT sheet wrap-
ping on the SiMPs effectively enhances mechanical stability,
prevents continuous SEI formation, and preserves electrical
conductivity. Furthermore, the mesh-like thin CNT sheets in the
SiMP/CNT wrapping 9:1 composite would be beneficial for
facile lithium-ion diffusion while maintaining a porous con-
ducting network within the electrode, resulting in good elec-
trochemical performance. This study suggests a useful guide for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Si/CNT composite preparation. It can provide a promising
approach for efficient CNT-based composite design for
numerous applications.
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