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Abstract: Carbon nanotube fiber (CNTF) is a highly conductive and porous platform to grow active
materials of lithium-ion batteries (LIB). Here, we prepared SnO2@CNTF based on sulfonic acid-
functionalized CNTF to be used in LIB anodes without binder, conductive agent, and current collector.
The SnO2 nanoparticles were grown on the CNTF in an aqueous system without a hydrothermal
method. The functionalized CNTF exhibited higher conductivity and effective water infiltration
compared to the raw CNTF. Due to the enhanced water infiltration, the functionalized CNTF became
SnO2@CNTF with an ideal core–shell structure coated with a thin SnO2 layer. The specific capacity
and rate capability of SnO2@-functionalized CNTF were superior to those of SnO2@raw CNTF. Since
the SnO2@CNTF-based anode was free of a binder, conductive agent, and current collector, the
specific capacity of the anode studied in this work was higher than that of conventional anodes.

Keywords: CNT fiber; yarn; lithium-ion battery; anode; tin oxide

1. Introduction

Fascinating physical properties of carbon nanotubes (CNTs), including their high
strength, high electrical conductivity, and high specific surface area, have driven researchers
to use CNTs in electronic applications for more than 20 years [1,2]. Remarkable commercial
growth is just approaching as CNTs are being used in electrodes of lithium-ion battery (LIB)
as a conductive additive [3]. Due to the high electrical conductivity and one-dimensional
morphology of the CNTs [4], the incorporation of a small amount can effectively form
an electron pathway in the electrode active materials, resulting in high energy density.
Indeed, the conductive additives of LIB electrodes have engendered a new era of CNT.
The next step will be replacing current collectors of the LIB with CNTs. This can boost
the energy density of the LIB by reducing the weight of current collectors. However, it is
hard to achieve conductivity as high as that of metal current collectors based on mixing the
CNTs with dispersion agents, binding polymers (polyvinylidene fluoride, carboxymethyl
cellulose, etc.), and active materials (graphite, silicon, etc.).

CNT fiber (CNTF) is a macroscopic CNT assembly that is one of the promising candi-
dates to replace the current collector [5,6] of LIB because of its high electrical conductivity
and mechanical strength [7]. CNTF is distinguished from conventional CNT assemblies
such as CNT films prepared from dispersed suspensions and CNT buckypapers prepared
by a filtering method because no dispersion agent or binders are incorporated in the CNTF.
Among the three proposed synthesis methods (i.e., forest-spinning method, wet-spinning
method, and direct-spinning methods), CNTFs prepared by the direct-spinning method
have both high porosity and conductivity simultaneously [7,8]. Those features make the
CNTF an appropriate conductive platform for the incorporation of active materials in the
pores of CNTF to be used in an energy storage system. If nanoparticles of silicon, graphite,
lithium titanium oxide, or tin oxide are incorporated in the nanopores of the CNTF, then
current collectors, binding polymers, and conductive agents are no longer required. Indeed,
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current collector-free and binder-free supercapacitors and LIB systems have been reported
recently based on direct-spun CNTF [9–11].

The hydrophobic nature of the CNT surface has been an issue that prevented disper-
sion of CNTs in an aqueous system. Since the aqueous system is environmentally benign
and economically favorable for wastewater treatment compared with other organic solvent
systems, many researchers have reported surface treatments of CNT to disperse the CNT
in water. Functionalization such as the acid treatment of CNT was effective at dispersing
CNT in the aqueous solvent [12]. Likewise, the intrinsically hydrophobic surface of CNTF
prohibits penetration of water into the nanopores of CNTF, implying that the nanopores of
CNTF cannot provide reaction sites for nanoparticle growth, electrochemical reactions, and
catalytic reactions in an aqueous system. Therefore, enhancing the hydrophilicity of the
CNTF by surface functionalization is necessary for preparing active materials-incorporated
CNTF in an aqueous system. Recently, we reported a surface modification method for
CNTF to improve the hydrophilicity of the fibers [13]. In particular, sulfanilic acid groups
were more effective than the carboxyl group to enhance the hydrophilicity of CNTF.

In this work, we propose a current collector-free and conductive agent-free LIB anode
based on hydrophilic CNTF and SnO2 (Tin oxide) nanoparticles fabricated in an aqueous
system. SnO2 nanoparticles can afford high theoretical capacity (1494 mAh/g) [14,15] and
be synthesized on nanocarbon in an aqueous system [16–18], offering an environmentally
friendly preparation method for LIB anode materials. We first introduced the sulfanilic
acid on CNTF for preparing functionalized CNTF with various degrees of functionalization
to determine the most appropriate CNTF for growing SnO2 nanoparticles. Subsequently,
anode materials were prepared by synthesizing the SnO2 nanoparticles on the function-
alized CNTF, and the anode performance was examined. The SnO2@hydrophilic CNTF
remarkably enhanced anode capacity compared with SnO2@raw CNTF because of the
uniform growth of SnO2 nanoparticles and enhanced conductivity. This study provides
new physical insight not only into preparing high-performance LIB anode materials, but
into synthesizing hydrophilic and highly conductive CNTF that can be used for any type
of electrode in an aqueous system.

2. Materials and Methods
2.1. Preparation of SnO2 Nanoparticles@CNTF

CNTF was synthesized under conditions in which only the amount of thiophene
increased by the direct-spinning method described in the previous articles [19–22]. In short,
carrier gases (i.e., argon and hydrogen), precursors (i.e., ferrocene and thiophene), and
methane gas were injected into a vertical furnace at 1200 ◦C. CNT aerogel was shrunk into
fiber in a water bath below the furnace and subsequently wound on a winder at 5 m/min.
The CNTF was soaked in acetone and dried, which is denoted as raw CNTF.

We introduced sulfonic acid groups on the raw CNTF by a diazotization method, as we
reported before [13,20]. The diazonium ions were prepared by a reaction of 0.025–0.3 M of
sulfanilic acid (Sigma Aldrich, Burlington, MA, USA) and an equivalent amount of sodium
nitrite (NaNO2, Sigma Aldrich) in 1 M HCl. Raw CNTF was soaked in the solutions for 2 h
at 90 ◦C and washed in acetone. We named the functionalized CNTF as nS-CNTF, where n
means the concentration of sulfanilic acid.

SnO2 nanoparticles were grown on the raw CNTF and functionalized CNTF. First,
12 g of tin chloride (SnCl2, anhydrous, Alfa Aesar, Ward Hill, MA, USA) were dissolved
in the solution consisting of 150 mL deionized water and 1.5 mL hydrochloric acid (HCl,
37%, Sigma-Aldrich). The CNTF was soaked in the tin chloride solution for 8 h at 90 ◦C.
After growing the SnO2 nanoparticles, the CNTF was washed in 1 M HCl and deionized
water and heat-treated at 300 ◦C under Ar atmosphere. We named the SnO2@CNTF as
nSC, where n means the concentration of sulfanilic acid during surface treatment. The 0SC
refers to the SnO2@raw CNTF.
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2.2. Characterization

The amount of sulfur in CNTF was characterized using X-ray photoelectron spec-
troscopy (XPS; K-Alpha+, ThermoFisher Scientific, Waltham, MA, USA). Electrochemical
characterization was conducted using a VSP-300 potentiostat (BioLogic, Seyssinet-Pariset,
France). To investigate electrochemical double-layer capacitance (EDLC) of the CNTF,
electrochemical measurements were performed in a three-electrode configuration with
CNTF as a working electrode in 0.15 M NaClO4 electrolyte. Graphite rod and Ag/AgCl (Sat.
KCl, ALS RE-1CP) were used as counter and reference electrodes, respectively. EDLC of
the CNTF was determined by cyclic voltammetry (CV) at the open circuit potential (OCP).
After ~200 s of OCP stabilization, CV scans spanning ± 50 mV of the OCP were recorded
at scan rates of 5, 10, 20, 30, 40, and 50 mV/s. The capacitive current was calculated by
using the difference between the cathodic and anodic currents (ia − ic) at the OCP. These
capacitive currents were then plotted vs. scan rate, and the slope of this plot was divided
by 2 to obtain the capacitance of CNTF at the OCP.

Electrode capacitance =
1
2

∂(ia − ic)
∂(scan rate)

(1)

Morphologies of CNTF and SnO2@CNTF were analyzed by field emission scanning
electron microscopy (FE-SEM, JSM-7001F, JEOL, Tokyo, Japan). The linear density of the
CNTF was measured by weighing 10 m of CNTF using an excellence level balance (XPE205).
The ratio of SnO2 of SnO2@CNTF was obtained from a comparison of linear density before
and after growing SnO2 nanoparticles. The density of the CNTF was obtained from the
calculation of a cross-sectional area and linear density of CNTF, which is 0.8 g/cm3 in this
work. The specific tensile strength of the CNTF was characterized using a universal testing
machine (3344, Instron, Norwood, MA, USA) with the ASTM C1557 method, as described
in our previous article [23]. The gauge length of the sample was 1 cm and the crosshead
speed was 0.3 mm/min.

2.3. Cell Testing

SnO2@CNTF was transferred into an Argon-filled glove box (O2, H2O < 1 ppm) for
cell assembly. The length of the SnO2@CNTF was 14 cm with an aspect ratio of 2800.
The 2032-type coin cells with SnO2@CNTF, 1 M LiPF6 in ethylene carbonate/diethylene
carbonate (EC:DEC, 1:1 by volume), commercial celgard 2400 separator, and Li metal were
assembled to assess the energy-storage capability of SnO2@CNTF. Prepared SnO2@CNTF
was used directly as anode without any additive or further treatments.

Charge/discharge tests were performed on an electrochemical station (Automatic
Battery Cycler, WBCS3000L, WonaTech, Seoul, Korea,) over 0.01–2.5 V (vs. Li/Li+). CV
was performed by VSP-300 electrochemical station at 0.1 mV/s scan rate over 0.01–3.0 V
(vs. Li/Li+); electrochemical impedance spectroscopy (EIS) was conducted using Electro-
chemical Workstation ZIVE SP1 (WonaTech) over 1 MHz to 10 mHz with 5-mV amplitude.

3. Results

Figure 1 illustrates a preparation scheme of SnO2@CNTF studied in this work. We
prepared raw CNTF and surface-modified CNTF as conductive platform materials to
grow SnO2 nanoparticles. The surface-modified CNTF was prepared by the diazotization
method reported in previous works with further optimization [13,20]. We manipulated
the degree of functionalization by changing the concentration of the sulfanilic acid to find
optimum CNTF. SnO2 nanoparticles were grown on the surface of CNTF with neither
organic solvents nor a hydrothermal system. This facile and environmentally benign
synthesis method enables mass production at a low cost. Mild thermal annealing at 300 ◦C
followed to increase the crystallinity of the SnO2 nanoparticles. The prepared materials
were evaluated in a coin-cell system.
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Figure 1. Schematic representation of preparation processes and name of the samples in this work.

S2p XPS spectra quantitatively showed the degree of functionalization of surface-
modified CNTF (Figure 2a). The XPS spectra indicated that the raw CNTF also had sulfur
atoms, because thiophene was used to grow CNTF in the direct-spinning process. In
particular, we used a larger amount of sulfur precursor in this study to prepare the CNTF
with high linear density [8,24], which resulted in the noticeable S2p peak of raw CNTF.
The intensity of the S2p spectra increased as the concentration of sulfanilic acid used in the
functionalization process increased except for the condition of 0.3 M sulfanilic acid. When
the concentration of sulfanilic acid was too high, the sulfanilic acid remained undissolved
until the reaction finished due to the low solubility of sulfanilic acid. The undissolved
sulfanilic acid was deposited on the CNTF and prevented functionalization. Quantitative
analysis of the atomic ratio of CNTF indicated that the CNTF versions functionalized by
0.1 M and 0.2 M sulfanilic acid had the highest degree of functionalization (Figure 2b).
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Figure 2. (a) S2p XPS spectra of CNTF and (b) quantitative analysis of sulfur and capacitance of the CNTF. (c) Capacitive
currents of CNTF versus scan rate. (d) Specific strength and conductivity of CNTF. (e) Ratio of SnO2 and (f) specific strength
of SnO2@CNTF.
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To confirm the effect of the functionalization, we examined the electric double-layer
capacitance of the CNTF. Because CNTF has numerous nanopores and a moderately specific
surface area, it operated as an electric double-layer capacitor (EDLC) without additional
active material. When the voltage was applied to the CNTF immersed in an electrolyte,
the electric charges accumulated at the interface between the CNTF and the electrolyte.
Since the amount of electric charge was proportional to the interface area, the capacitance
indicated an electrochemically active surface area of CNTF in a solvent [25]. Figure 2c
shows the capacitive current obtained from CV curves versus scan rate in a three-electrode
configuration with CNTF as a working electrode. (See the experimental section in detail.)
The half slope of the graph of raw CNTF was the smallest among the CNTF types, meaning
that raw CNTF showed poor water infiltration behavior and formed a small interface area
between CNTF and water compared to the functionalized CNTF. It should be noted that
a small amount of the attached sulfanilic acid group seemed to be effective to enhance
water infiltration because the capacitance values of the functionalized CNTF were similar
regardless of the degree of functionalization (Figure 2b). This result implied that SnO2
nanoparticles could not be grown in the inner nanopores of raw CNTF, wasting the surface
area of the raw CNTF in an aqueous system.

Surface functionalization of CNTF with sulfanilic acid not only promoted the infil-
tration of water molecules but also increased the electrical conductivity of the CNTF. The
doping effect of the sulfanilic acid group was observed in conducting polymers including
polythiophene, polyaniline, and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) [26], which is the most widely used, commercial, conducting polymer. Like-
wise, it was postulated that the sulfonic acid group doped the CNTs and increased the
electrical conductivity of CNTF. While chemical doping is a typical method of improving
the electrical conductivities of CNTF [27], doping of CNTF using a sulfonic acid group was
reported for the first time. In particular, it seemed to be a meaningful result to be doped
from a functional group covalently bonded on CNT through a functionalization method
such as diazotization. In contrast to the capacitance data, the enhancement of electrical con-
ductivity after functionalization correlated with the degree of functionalization (Figure 2d).
The 0.2S-CNTF had the highest electrical conductivity among the CNTF types studied in
this work, which was consistent with the trend of the degree of functionalization. As the
electrical conductivity increased by approximately 70% compared to that of the raw CNTF,
the improved performance of electrochemical devices was expected. We also examined the
mechanical properties of the CNTF before and after functionalization. The specific tensile
strength of the functionalized CNTF decreased as the degree of functionalization increased
(Figure 2d). Nevertheless, the strength was high enough to replace conventional current
collector materials.

After growing the SnO2 nanoparticles in the aqueous solution, we obtained the ratio
of SnO2 nanoparticles of SnO2@CNTF by comparison of linear density of CNTF before
and after growing. Figure 2e shows the weight ratio of SnO2 nanoparticles of the samples.
The weight ratio of CNTF and SnO2 nanoparticles of 0SC (SnO2@raw CNTF) was nearly
1:1. In contrast, that of CNTF and SnO2 nanoparticles of SnO2@functionalized CNTF was
nearly 1:3, meaning that three times the number of SnO2 nanoparticles were grown on the
surface of the functionalized CNTF compared to the raw CNTF. After growing the SnO2
nanoparticles on CNTF, the specific strength of the CNTF decreased as the linear density
of the fiber increased (Figure 2f). Changes in the water infiltration behavior confirmed
by EDLC measurements indeed affected the growth of the nanomaterials in an aqueous
medium. The ratios of CNTF and SnO2 nanoparticles were almost the same, regardless of
the degree of functionalization, which was similar to the result of the capacitance values.
The 0.1CS and 0.2CS had a slightly larger amount of SnO2 than the others, implying that
these two types would show the best capacity as an anode of LIB. A larger quantity of SnO2
was beneficial to enhance the energy storage performance of LIB because charge/discharge
processes mainly occurred in SnO2. Considering that the proportion of the active material
in the anode of a typical LIB is about 70 wt% [28], it is meaningful that 75–80 wt% of a
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whole anode consisted of the active material. Moreover, further optimization and studies
can increase the fraction of the active materials.

SEM images showed the morphological characteristics of SnO2@CNTF (Figure 3). A
different morphology of SnO2 nanoparticles was observed in each sample. Depending on
the growth pattern of SnO2 nanoparticles, the SnO2@CNTF can be divided into (1) 0SC,
(2) 0.025SC, 0.05SC, and 0.3SC, and (3) 0.1SC and 0.2SC. Since the morphology of CNTF
was not changed by functionalization, the morphological differences of SnO2@CNTF are
solely induced by the growth of SnO2 nanoparticles. The tendency well corresponds to
the degree of functionalization. The 0SC had the lowest degree of functionalization and
electrochemically active surface area. SnO2 nanoparticles formed a layer on the outer
surface of the 0SC and clogged the pores between the CNT bundles (Figure 3a). The poor
water infiltration behavior into the inner pores of the raw CNTF caused the selective growth
of the SnO2 nanoparticles on the outer surface of CNTF. Additionally, the thickness of the
SnO2 layer of 0SC was larger than those of other samples, inducing cracks on the layer.
The 0.025SC, 0.05SC, and 0.3SC had a similar degree of functionalization (Figure 2d) and
morphology (Figure 3b,c,f). The thin layer of SnO2 nanoparticles was formed, but pores
between CNT bundles remained without blocking. The 0.1SC and 0.2SC had the highest
degree of functionalization and profoundly ideal morphology (Figure 3d,e) because the
SnO2 nanoparticles formed a thin coating on each CNT bundle. The evenly coated SnO2
formed a core-shell structure consisting of CNT bundles and a SnO2 layer. Compared to
the SnO2@functionalized CNTF, the growth state of the SnO2@raw CNTF was unsuitable
to be used in LIB anode for two reasons. (1) The amount of SnO2 of SnO2@raw CNTF was
inevitably small because the nanoparticles could not be synthesized in the inner pores of
CNTF. Since the main active material in this system was SnO2, a higher amount of SnO2
was more favorable to prepare high-performance LIB. Indeed, the ratio of SnO2 of 0CS
was smaller than that of SnO2@functionalized CNTF despite the large thickness of the
SnO2 layer of 0SC. That was because of the growth state of the SnO2 nanoparticles. (2) The
aggregation of SnO2 nanoparticles was critical for LIB in terms of cyclability and energy
density due to their large volume change during charge/discharge [29,30]. The volume
change during lithiation of Sn alloy was more than 300% [31,32]. Active materials having a
large volume change during the charging and discharging such as silicon or SnO2 need to
be small to alleviate pulverization of the active materials [33,34]. Therefore, for preventing
the formation of cracks and degradation of the performance of the anode, a uniform and
thin coating was favorable.

We examined the anode performance of SnO2@CNTF by preparing 2032-type coin
cells without additional conductive agents, binders, and current collectors. Stable solid–
electrolyte interfaces (SEIs) are also critical in LIB anodes. Figure 4a,b shows CV curves
of the SnO2@CNTF electrodes obtained over 0.01–3.0 V at a 0.1-mV/s scan rate. The first
reduction peak at approximately 0.7 V versus Li/Li+ corresponded to SEI layer formation,
and Li+ was readily accessible to SnO2 through this layer [35,36]. The reduction peak
disappeared after the first cycle, indicating that the formation of the SEI layer was com-
pleted in the first cycle. The peak near 0 V versus Li/Li+ during reduction scan and near
0.6 V versus Li/Li+ during reverse anodic scan meant the lithiation and delithiation of
the anode, respectively. The alloying and dealloying reactions were identical regardless of
the SnO2@raw CNTF and SnO2@functionalized CNTF. The galvanostatic discharge curves
also showed a gentle slope from 0.5 V–1.0 V versus Li/Li+, which disappeared after the
first cycle (see Figure 4c,d). The charging capacity of the SnO2@CNTF was higher than the
discharging capacity during the first cycle due to the irreversible formation of an SEI layer.
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We measured lithium storage capacity for the SnO2@CNTF using galvanostatic
charge/discharge at 100-, 200-, 500-, and 1000-mA/g rate conditions (see Figure 5). It
should be noted that the discharge capacity described in this study was obtained by divid-
ing the total weight of SnO2 and CNTF. That is, the discharge capacity in this work was
underestimated compared to the discharge capacity calculated without the weight of a
current collector, conductive carbon, and binder in other works because the mass ratio of
active materials of the commercial LIB anodes was about 70%. In the low current density
cycles, all SnO2@functionalized CNTF showed higher specific capacities than SnO2@raw
CNTF due to the larger fraction of SnO2. Moreover, the uniform and thin coating on the
functionalized CNTF provided larger reaction sites. We postulated that the differences in ca-
pacities of the SnO2@functionalized CNTF types were induced from the growth state of the
SnO2 nanoparticles. The 0.1SC showed the highest specific capacity among the prepared
samples. The capacity at the first cycle was 1005 mAh/g, which was 82% higher than 0SC
(551 mAh/g). The conventional graphite anode usually has a capacity of 260 mAh/g when
inactive materials including current collector, conductive carbon, and binder were included
in the calculation of capacity. Therefore, the 10,095 mAh/g of capacity was remarkably
high and improved the energy storage performance of full-cell-type batteries.
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Figure 5. (a) Rate performance at a current density ranging from 100 mA/g to 1000 mA/g of
SnO2@CNTF and (b) relative values of the capacity.

Interestingly, the specific capacities of the samples at a high current density were
entirely different from the results at low current density. The 0.025SC, 0.05SC, and 0.3SC
showed high specific capacities at a 100-mA/g rate, but the capacities significantly de-
creased as the current density increased. The specific capacities of the 0.025SC, 0.05SC, and
0.3SC at 1000 mA/g were 197 mAh/g, 225 mAh/g, and 186 mAh/g (in the fifth cycle),
respectively; these were lower than that of 0SC (281 mAh/g) despite the higher ratio of
SnO2 of SnO2@functionalized CNTF. In contrast, 0.1SC and 0.2SC exhibited high capacities
at high current density (656 mAh/g and 612 mAh/g, respectively). The thin layer com-
posed of SnO2 nanoparticles on the bundles of 0.1SC and 0.2SC was beneficial for volume
expansion and electron transportation through the low conductive SnO2. On the other
hand, the aggregation of the SnO2 nanoparticles on 0.025SC, 0.05SC, and 0.3SC not only
induced the formation of cracks as the cycles progressed but also prohibited the electron
transportation from the surface of SnO2 to the CNTF, leading to low performance and poor
rate capability of the anode. The 0SC showed higher performance at high current density
than 0.025SC, 0.05SC, and 0.3SC, despite the similar poor morphology of 0SC, which was
attributed to the high ratio of CNTF in the anode. Figure 5b shows relative values to the
capacity at the first cycle, which was set to 1. The poor rate capability of the 0.025SC,
0.05SC, and 0.3SC can be verified more clearly at the relative values of rate performance.
The capacity retention of the samples was about 30% compared to the first cycle. On the
other hand, 0.1SC and 0.2SC exhibited higher capacity retention (~70%) than 0SC (~50%)
despite the higher amount of SnO2 loading. As discussed in the morphological analysis,
the SnO2@CNTF can also be divided into three groups here. When we considered the
specific capacity at low current density and high current density simultaneously, the 0.1SC
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and 0.2SC were the best anode materials because of the high degree of functionalization,
high conductivity, and ideal coating state. The rate capability and cycle stability of the
SnO2 synthesized in this work were better than pure silicon particles [37].

Nyquist plots obtained from EIS of the SnO2@CNTF anodes provided information on
the electrochemical behavior including solution resistance, charge transfer resistance, and
Warburg impedance [38]. All samples exhibited similar solution resistance and Warburg
impedance obtained by the slope at the low-frequency region (Figure 6) [15]. However,
the diameters of the semicircles in the high-frequency region, corresponding to the charge
transfer resistance at the interface between electrode and electrolyte, varied widely. Here,
the results were also divided into three groups, as discussed above. The 0.1SC and 0.2SC
showed obvious small resistance, indicating favorable charge transfer kinetics. It was well
correlated with the high capacity and rate capability of the two anodes. We considered that
the uniform and thin SnO2 coating on CNT bundles induced low charge transfer resistance
of 0.1SC and 0.2SC. The charge transfer resistances of 0.025SC, 0.05SC, and 0.3SC were
larger than 0SC as well as 0.01SC and 0.02SC. Considering that the 0.025SC, 0.05SC, and
0.3SC showed lower rate capability than 0SC, the Nyquist plots were in good agreement
with the rate capability.
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4. Conclusions

In this work, we prepared a conductive agent, binder, and current collector-free
anode of LIB based on functionalized CNTF. Due to the hydrophobic nature of CNTF,
sulfonic acid groups were introduced on the surface of CNTF to grow an active material
in an aqueous system. The sulfonic acid groups not only improved the water infiltration
into the nanopores of CNTF but also increased the electrical conductivity of the CNTF,
which made the functionalized CNTF suitable to be used in LIB. The concentration of
precursors during functionalization significantly influenced the degree of functionalization
and SnO2 nanoparticle growth. Functionalized CNTF treated by 0.1 M and 0.2 M of
sulfanilic acid showed the best characteristics including electrical conductivity, degree
of functionalization, and growth morphology of SnO2 nanoparticles. Ideal morphology
consisting of CNT bundles and a thin layer of the SnO2 nanoparticles was obtained for the
functionalized CNTF because the SnO2 nanoparticles distributed very uniformly without
clogging the nanopores between the CNT bundles. The CNTF treated by 0.1 M and 0.2 M
of sulfanilic acid exhibited the highest specific capacity and rate capability, which was
supported by the low charge transfer resistance observed in the Nyquist plot. Overall,
the degree of functionalization, morphology of nanoparticle growth, rate capability of
the anode, and charge transfer resistance were closely related to each other. Therefore,
optimized surface functionalization is the key issue in the preparation of LIB electrodes
based on CNTF. We only addressed the issues on the functionalization in this study, but
further works on reducing the diameter of CNT bundles can increase the ratio of SnO2,
leading to higher performance of SnO2@CNTF based LIB anode.



Materials 2021, 14, 7822 10 of 11

Author Contributions: Conceptualization, T.K. and S.-Y.Y.; methodology, K.L. and Y.J.; investigation,
N.K. and J.C.; writing—original draft preparation, N.K. and T.K.; writing—review and editing, T.K.
and S.-Y.Y.; supervision, T.K. and S.-Y.Y.; project administration, T.K.; funding acquisition, T.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Fundamental Research Program (PN7340) of the Korea
Institute of Materials Science (KIMS) and a grant from the Korea Institute of Science and Technology
Open Research Program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kim, S.W.; Kim, T.; Kim, Y.S.; Choi, H.S.; Lim, H.J.; Yang, S.J.; Park, C.R. Surface modifications for the effective dispersion of

carbon nanotubes in solvents and polymers. Carbon 2012, 50, 3–33. [CrossRef]
2. Mohammed, M.K.A.; Shekargoftar, M. Surface treatment of zno films with carbon nanotubes for efficient and stable perovskite

solar cells. Sustain. Energy Fuels 2021, 5, 540–548. [CrossRef]
3. Yuan, W.; Zhang, Y.; Cheng, L.; Wu, H.; Zheng, L.; Zhao, D. The applications of carbon nanotubes and graphene in advanced

rechargeable lithium batteries. J. Mater. Chem. A 2016, 4, 8932–8951. [CrossRef]
4. Cho, H.I.; Jeong, Y.C.; Kim, J.H.; Cho, Y.S.; Kim, T.; Yang, S.J.; Park, C.R. Rational design of 1d partially graphitized n-doped

hierarchical porous carbon with uniaxially packed carbon nanotubes for high-performance lithium-ion batteries. ACS Nano 2018,
12, 11106–11119. [CrossRef]

5. Yehezkel, S.; Auinat, M.; Sezin, N.; Starosvetsky, D.; Ein-Eli, Y. Bundled and densified carbon nanotubes (cnt) fabrics as flexible
ultra-light weight li-ion battery anode current collectors. J. Power Sources 2016, 312, 109–115. [CrossRef]

6. Yehezkel, S.; Auinat, M.; Sezin, N.; Starosvetsky, D.; Ein-Eli, Y. Distinct copper electrodeposited carbon nanotubes (cnt) tissues as
anode current collectors in li-ion battery. Electrochim. Acta 2017, 229, 404–414. [CrossRef]

7. Smail, F.; Boies, A.; Windle, A. Direct spinning of cnt fibres: Past, present and future scale up. Carbon 2019, 152, 218–232.
[CrossRef]

8. Weller, L.; Smail, F.R.; Elliott, J.A.; Windle, A.H.; Boies, A.M.; Hochgreb, S. Mapping the parameter space for direct-spun carbon
nanotube aerogels. Carbon 2019, 146, 789–812. [CrossRef]

9. Senokos, E.; Rana, M.; Santos, C.; Marcilla, R.; Vilatela, J.J. Controlled electrochemical functionalization of cnt fibers: Structure-
chemistry relations and application in current collector-free all-solid supercapacitors. Carbon 2019, 142, 599–609. [CrossRef]

10. Santos, C.; Lado, J.J.; García-Quismondo, E.; Rodríguez, I.V.; Hospital-Benito, D.; Palma, J.; Anderson, M.A.; Vilatela, J.J.
Interconnected metal oxide cnt fibre hybrid networks for current collector-free asymmetric capacitive deionization. J. Mater.
Chem. A 2018, 6, 10898–10908. [CrossRef]

11. Rana, M.; Boaretto, N.; Mikhalchan, A.; Vila Santos, M.; Marcilla, R.; Vilatela, J.J. Composite fabrics of conformal mos2 grown on
cnt fibers: Tough battery anodes without metals or binders. ACS Appl. Energy Mater. 2021, 4, 5668–5676. [CrossRef]

12. Sung, S.J.; Kim, T.; Yang, S.J.; Oh, J.Y.; Park, C.R. New insights into the oxidation of single-walled carbon nanotubes for the
fabrication of transparent conductive films. Carbon 2015, 81, 525–534. [CrossRef]

13. Cheon, J.Y.; Ku, N.; Jung, Y.; Lee, K.; Kim, T. Hydrophilic treatment for strong carbon nanotube fibers. Funct. Compos. Struct. 2021,
3, 025002. [CrossRef]

14. Azam, M.A.; Safie, N.E.; Ahmad, A.S.; Yuza, N.A.; Zulkifli, N.S.A. Recent advances of silicon, carbon composites and tin oxide as
new anode materials for lithium-ion battery: A comprehensive review. J. Energy Storage 2021, 33, 102096. [CrossRef]

15. Zoller, F.; Häringer, S.; Böhm, D.; Illner, H.; Döblinger, M.; Sofer, Z.k.; Finsterbusch, M.; Bein, T.; Fattakhova-Rohlfing, D.
Overcoming the challenges of freestanding tin oxide-based composite anodes to achieve high capacity and increased cycling
stability. Adv. Funct. Mater. 2021, 31, 2106373. [CrossRef]

16. Kim, T.; Lee, J.; Lee, K.; Park, B.; Jung, B.M.; Lee, S.B. Magnetic and dispersible feconi-graphene film produced without heat
treatment for electromagnetic wave absorption. Chem. Eng. J. 2019, 361, 1182–1189. [CrossRef]

17. Lee, K.; Kim, T.; Lee, S.B.; Jung, B.M. Effect of pretreatment on magnetic nanoparticle growth on graphene surface and magnetic
performance in electroless plating. J. Nanomater. 2019, 2019, 5602742. [CrossRef]

18. Lee, K.; Lee, J.; Jung, B.M.; Park, B.; Kim, T.; Lee, S.B. Preparation of magnetic metal and graphene hybrids with tunable
morphological, structural and magnetic properties. Appl. Surf. Sci. 2019, 478, 733–736. [CrossRef]

19. Jung, Y.; Kim, T.; Park, C.R. Effect of polymer infiltration on structure and properties of carbon nanotube yarns. Carbon 2015, 88,
60–69. [CrossRef]

http://doi.org/10.1016/j.carbon.2011.08.011
http://doi.org/10.1039/D0SE01493A
http://doi.org/10.1039/C6TA01546H
http://doi.org/10.1021/acsnano.8b05529
http://doi.org/10.1016/j.jpowsour.2016.02.026
http://doi.org/10.1016/j.electacta.2017.01.175
http://doi.org/10.1016/j.carbon.2019.05.024
http://doi.org/10.1016/j.carbon.2019.01.091
http://doi.org/10.1016/j.carbon.2018.10.082
http://doi.org/10.1039/C8TA01128A
http://doi.org/10.1021/acsaem.1c00482
http://doi.org/10.1016/j.carbon.2014.09.085
http://doi.org/10.1088/2631-6331/abf81d
http://doi.org/10.1016/j.est.2020.102096
http://doi.org/10.1002/adfm.202106373
http://doi.org/10.1016/j.cej.2018.12.172
http://doi.org/10.1155/2019/5602742
http://doi.org/10.1016/j.apsusc.2019.01.180
http://doi.org/10.1016/j.carbon.2015.02.065


Materials 2021, 14, 7822 11 of 11

20. Kim, T.; Shin, J.; Lee, K.; Jung, Y.; Lee, S.B.; Yang, S.J. A universal surface modification method of carbon nanotube fibers with
enhanced tensile strength. Compos. Part A 2021, 140, 106182. [CrossRef]

21. Shin, J.; Lee, K.; Jung, Y.; Park, B.; Yang, S.J.; Kim, T.; Lee, S.B. Mechanical properties and epoxy resin infiltration behavior of
carbon-nanotube-fiber-based single-fiber composites. Materials 2021, 14, 106. [CrossRef] [PubMed]

22. Lee, J.; Lee, D.-M.; Jung, Y.; Park, J.; Lee, H.S.; Kim, Y.-K.; Park, C.R.; Jeong, H.S.; Kim, S.M. Direct spinning and densification
method for high-performance carbon nanotube fibers. Nat. Commun. 2019, 10, 2962. [CrossRef] [PubMed]

23. Kim, T.; Han, G.; Jung, Y. Facile fabrication of polyvinyl alcohol/edge-selectively oxidized graphene composite fibers. Materials
2019, 12, 3525. [CrossRef] [PubMed]

24. Reguero, V.; Alemán, B.; Mas, B.; Vilatela, J.J. Controlling carbon nanotube type in macroscopic fibers synthesized by the direct
spinning process. Chem. Mater. 2014, 26, 3550–3557. [CrossRef]

25. Yoon, Y.; Yan, B.; Surendranath, Y. Suppressing ion transfer enables versatile measurements of electrochemical surface area for
intrinsic activity comparisons. J. Am. Chem. Soc. 2018, 140, 2397–2400. [CrossRef]

26. Nikolou, M.; Malliaras, G.G. Applications of poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonic acid) transistors
in chemical and biological sensors. Chem. Rec. 2008, 8, 13–22. [CrossRef]

27. Dini, Y.; Rouchon, D.; Faure-Vincent, J.; Dijon, J. Large improvement of cnt yarn electrical conductivity by varying chemical
doping and annealing treatment. Carbon 2020, 156, 38–48. [CrossRef]

28. Greenwood, M.; Wentker, M.; Leker, J. A bottom-up performance and cost assessment of lithium-ion battery pouch cells utilizing
nickel-rich cathode active materials and silicon-graphite composite anodes. J. Power Sources Adv. 2021, 9, 100055. [CrossRef]

29. Ji, H.; Ma, C.; Ding, J.; Yang, J.; Yang, G.; Chao, Y.; Yang, Y. Complementary stabilization by core/sheath carbon nanofibers/spongy
carbon on submicron tin oxide particles as anode for lithium-ion batteries. J. Power Sources 2019, 413, 42–49. [CrossRef]

30. Oh, S.-I.; Kim, J.-C.; Kim, D.-W. Cellulose-derived tin-oxide-nanoparticle-embedded carbon fibers as binder-free flexible li-ion
battery anodes. Cellulose 2019, 26, 2557–2571. [CrossRef]

31. Deng, D.; Lee, J.Y. Hollow core–shell mesospheres of crystalline SnO2 nanoparticle aggregates for high capacity Li+ ion storage.
Chem. Mater. 2008, 20, 1841–1846. [CrossRef]

32. Huang Jian, Y.; Zhong, L.; Wang Chong, M.; Sullivan John, P.; Xu, W.; Zhang Li, Q.; Mao Scott, X.; Hudak Nicholas, S.; Liu Xiao,
H.; Subramanian, A.; et al. In situ observation of the electrochemical lithiation of a single sno2 nanowire electrode. Science 2010,
330, 1515–1520. [CrossRef]

33. Liu, X.H.; Zhong, L.; Huang, S.; Mao, S.X.; Zhu, T.; Huang, J.Y. Size-dependent fracture of silicon nanoparticles during lithiation.
ACS Nano 2012, 6, 1522–1531. [CrossRef]

34. Ma, Z.; Li, T.; Huang, Y.L.; Liu, J.; Zhou, Y.; Xue, D. Critical silicon-anode size for averting lithiation-induced mechanical failure of
lithium-ion batteries. RSC Adv. 2013, 3, 7398–7402. [CrossRef]

35. Heiskanen, S.K.; Kim, J.; Lucht, B.L. Generation and evolution of the solid electrolyte interphase of lithium-ion batteries. Joule
2019, 3, 2322–2333. [CrossRef]

36. Lou, X.W.; Chen, J.S.; Chen, P.; Archer, L.A. One-pot synthesis of carbon-coated SnO2 nanocolloids with improved reversible
lithium storage properties. Chem. Mater. 2009, 21, 2868–2874. [CrossRef]

37. Hu, J.; Wang, Q.; Fu, L.; Rajagopalan, R.; Cui, Y.; Chen, H.; Yuan, H.; Tang, Y.; Wang, H. Titanium monoxide-stabilized
silicon nanoparticles with a litchi-like structure as an advanced anode for li-ion batteries. ACS Appl. Mater. Interfaces 2020, 12,
48467–48475. [CrossRef]

38. Song, D.; Wang, S.; Liu, R.; Jiang, J.; Jiang, Y.; Huang, S.; Li, W.; Chen, Z.; Zhao, B. Ultra-small SnO2 nanoparticles decorated on
three-dimensional nitrogen-doped graphene aerogel for high-performance bind-free anode material. Appl. Surf. Sci. 2019, 478,
290–298. [CrossRef]

http://doi.org/10.1016/j.compositesa.2020.106182
http://doi.org/10.3390/ma14010106
http://www.ncbi.nlm.nih.gov/pubmed/33383785
http://doi.org/10.1038/s41467-019-10998-0
http://www.ncbi.nlm.nih.gov/pubmed/31273205
http://doi.org/10.3390/ma12213525
http://www.ncbi.nlm.nih.gov/pubmed/31661788
http://doi.org/10.1021/cm501187x
http://doi.org/10.1021/jacs.7b10966
http://doi.org/10.1002/tcr.20133
http://doi.org/10.1016/j.carbon.2019.09.022
http://doi.org/10.1016/j.powera.2021.100055
http://doi.org/10.1016/j.jpowsour.2018.12.022
http://doi.org/10.1007/s10570-019-02258-7
http://doi.org/10.1021/cm7030575
http://doi.org/10.1126/science.1195628
http://doi.org/10.1021/nn204476h
http://doi.org/10.1039/c3ra41052h
http://doi.org/10.1016/j.joule.2019.08.018
http://doi.org/10.1021/cm900613d
http://doi.org/10.1021/acsami.0c10418
http://doi.org/10.1016/j.apsusc.2019.01.143

	Introduction 
	Materials and Methods 
	Preparation of SnO2 Nanoparticles@CNTF 
	Characterization 
	Cell Testing 

	Results 
	Conclusions 
	References

