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ABSTRACT: Carbon nanotube fibers (CNTFs) are a macroscale material with high conductivity and porosity, and they
hold promise as an electrode material for lithium-ion batteries (LIBs), without the need for conducting agents,
binders, or current collectors. In this study, to develop an eco-friendly and scalable approach for manufacturing LIB
anodes, we investigated the morphological characteristics and anode performance of SnO2@CNTF nanocomposites
synthesized under various conditions. Synthesis experiments were conducted with different temperatures, different
precursor concentrations, and different synthesis times. Under high temperatures and high precursor concentrations,
SnO2 nanoparticles grew uniformly and formed a porous structure through which the electrolyte could penetrate deep
into the fiber. Furthermore, the effect of the heat treatment temperature of the SnO2@CNTF was examined, and it was
found that higher temperatures led to coarsening and reduction, resulting in performance degradation. Increasing the
synthesis time increased the proportion of tin oxide, which in turn increased the overall capacity at low charge-
discharge rates. However, for synthesis times exceeding 24 h, the specific capacity at high charge-discharge rates
decreased significantly. The results of this study provide insights into the synthesis conditions of tin oxide and the
effect of the conditions on the morphology, structure, and anode performance of the compound.
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1. INTRODUCTION

Carbon nanotubes (CNTs) have the potential to be widely
used in diverse fields, owing to their exceptional properties
such as high electrical conductivity, high specific surface area,
and remarkable strength [1]. However, for the fabrication of
macroscale materials such as films or fibers, it is often nec-
essary to use a binder or dispersant, which results in the mac-
roscale material having physical properties considerably
different from those of CNTs. CNT fibers (CNTFs) produced
via direct spinning are synthesized continuously from carbon
sources and catalysts, and a binder or dispersant is not
required. Direct-spun CNTFs are used in many applications,
owing to their high pore density, low mass density, remarkable
flexibility, superior strength, and high electrical conductivity
[2-4]. In particular, functional nanomaterials can be incor-
porated into the nanopores of CNTFs. Such incorporation of
functional nanomaterials modifies the physical properties of

CNTFs and renders them suitable for many applications.
Considering the advantageous properties of nanocompos-

ites composed of active materials and CNTFs, numerous stud-
ies have attempted to develop energy storage systems based on
such nanocomposites. Several research groups have reported
the preparation of fibrous supercapacitors by growing poly-
aniline [5], porous carbon [6], metal oxide [7,8] and MXene
[9] on direct-spun CNTFs. Furthermore, CNTF-based lith-
ium-ion batteries have gained attention because of their higher
energy density compared with supercapacitors [10-12]. Our
recent study [13] developed a CNTF anode comprising sur-
face-treated CNTFs and tin oxide for lithium-ion batteries. We
used a modified sensitization method for electroless plating to
synthesize the tin oxide at a low temperature (<100°C) in an
aqueous system, without employing any hydrothermal
method [14]. This approach can be used to prepare anode
materials in an environmentally friendly and scalable manner
[15-17]. The performance of alloying and conversion anode
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materials, such as tin oxide, is significantly influenced by their
nanostructure, size, and morphology. However, the relation-
ship between nanocomposite synthesis conditions of the mod-
ified sensitization method and nanocomposite characteristics
has not been investigated.

In this work, we investigated the optimum structures of
nanocomposites comprising tin oxide and CNTFs for iden-
tifying the optimum structure best suited for use as an anode
in a lithium-ion battery. We prepared a series of SnO2@CNTF
nanocomposites using the facile stirring method by varying
the synthesis time, temperature, precursor concentration, and
thermal annealing conditions, and the morphology and anode
performance of the SnO2@CNTF nanocomposites were deter-
mined. By using an optimized synthesis time and a highly
concentrated precursor solution, we obtained small tin oxide
nanoparticles in the nanocomposite, which resulted in the
nanocomposite exhibiting high anode performance [18]. In
particular, the addition of a conducting agent, binder, or cur-
rent collector to the anode materials, which increases the
weight of lithium-ion batteries, was not required.

2. METHOD

2.1 Preparation of SnO2@CNTF
CNTFs were prepared using the direct spinning method and

conditions employed in a previous study [13,19]. The syn-
thesized CNTFs were immersed in a solution containing
150 mL of deionized water, 1.5 mL of hydrochloric acid (HCl,
37%, Sigma-Aldrich), and tin chloride (SnCl2, anhydrous, Alfa
Aesar). CNTF samples were synthesized with solutions con-
taining different concentrations of tin chloride. Subsequently,
the sample was washed with 1 M HCl and deionized water and
subjected to heat treatment for 3 h to obtain SnO2@CNTF. To
investigate the effect of synthesis conditions, we varied the
synthesis temperature (45°C to 90°C), tin chloride concen-
tration (20 to 80 mg/mL), and synthesis time (4 to 48 h). For
the thermal annealing process, samples were prepared under
different conditions, including in an air atmosphere at 300°C
(the reference sample) and in an argon atmosphere at 600°C
and 900°C. For experiments controlling variables other than
heat treatment, heat treatment was conducted at 300°C. The
tin oxide content in SnO2@CNTF was determined by com-
paring the weights before and after the nanocomposite’s syn-
thesis.

2.2 Characterization
The morphology and elemental composition of SnO2@

CNTF were determined using a field-emission scanning elec-
tron microscope (SU8230, Hitachi) equipped with an energy-
dispersive X-ray spectroscopy (EDS) system. X-ray diffraction
patterns were obtained using a Rigaku D/Max-2500VL X-ray
diffractometer (Cu Kα radiation; current: 300 mA; voltage:
40 kV) in the 2θ range of 10° to 70°.

2.3 Electrochemical measurements
The synthesized SnO2@CNTF was tested in a glove box (O2,

H2O < 1 ppm). A 3 cm SnO2@CNTF sample was directly used
as the anode in a coin cell (2032 type) with 1 M LiPF6 in eth-
ylene carbonate/diethylene carbonate (EC:DEC, 1:1 v/v) as the
electrolyte and a Celgard 2400 separator. The coin cell also
included Li metal. Charge-discharge tests were conducted in
the voltage range of 0.01-3.0 V (vs. Li/Li+) by using an elec-
trochemical station (Automatic Battery Cycler, WBCS3000L,
WonATech, Seoul, Korea).

3. RESULTS AND DISCUSSION

To investigate the characteristics of SnO2@CNTF nanocom-
posites and their effects on the anode performance, we syn-
thesized tin oxide nanoparticles at various temperatures and
with various precursor solution concentrations. Fig. 1(a–d)
shows the morphologies of SnO2@CNTF nanocomposites
synthesized at different temperatures. As the synthesis tem-
perature increased, the tin oxide content of the nanocomposite
slightly increased (from 72.1 wt% to 74.6 wt%, see Fig. 1(e)),
and the surface morphology of the fibers changed signifi-

Fig. 1. Scanning electron microscope (SEM) images of SnO2@
CNTF nanocomposites synthesized at (a) 45°C, (b) 60°C,
(c) 75°C, and (d) 90°C, and (e) the tin oxide content of the
nanocomposites
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cantly. Regardless of the synthesis temperature, when the pre-
cursor solution concentration remains the same, the amount
of tin oxide precursor present in the solution is fixed, leading
to a similar growth quantity. On the other hand, the growth
behavior varies significantly depending on the temperature. At
higher temperatures, the rapidly grown tin oxide on the sur-
face prevents further penetration of the solution into the fiber
interior, whereas at lower temperatures, the tin oxide grows
slowly and evenly, as observed in the images. Both the tin
oxide content and the morphology of the nanocomposite
could influence the anode performance. Specifically, a higher
SnO2 content in the nanocomposite is expected to lead to
higher active material content and improved performance.
Furthermore, previous studies have indicated that the mor-
phology of SnO2 nanoparticles also plays a crucial role in the
anode performance, as larger particles can degrade the per-
formance [20,21]. To verify this, we conducted cell tests using
the synthesized SnO2@CNTF nanocomposites, and Fig. 2(a)
shows typical cyclic voltammetry (CV) curves observed for
the tin oxide anode [13,18]. The cathodic peaks around 0.7
and 0.9 V appearing in the first cycle are attributed to the solid
electrolyte interface (SEI) layer formation, a common phe-
nomenon observed in tin-oxide-based [22-24]. The anode
capacity was found to depend on the synthesis temperature:
nanocomposites synthesized at 45°C exhibited slightly higher
anode capacity than the other three nanocomposite samples
(Fig. 2(b)). This observation can be attributed to the uniform
growth of SnO2 nanoparticles within each CNT bundle of the
CNTF and to the presence of residual pores in the fibers. The
pores facilitated easier electrolyte penetration into the struc-
ture, resulting in relatively better anode performance. How-
ever, when calculating the specific capacity relative to the total
weight of the CNTF, we obtained slightly different results. For
instance, the sample synthesized at 90°C exhibited a specific
capacity of 917 mAh/g, slightly higher than the sample syn-
thesized at 45°C, which showed a specific capacity of 912
mAh/g (see Fig. 2(b)). This can be attributed to the higher
active material content of the nanocomposite synthesized at
90°C. It is expected that if the active material content could be
further increased while ensuring a uniform growth morphol-

ogy within the bundles, higher performance can be achieved. 
To determine the effects of the precursor solution concen-

tration on the morphology, tin oxide content, and anode per-
formance, the synthesis temperature was fixed at 90°C and the
concentration of the precursor solution was varied. With
increasing concentration, two distinct characteristics were
observed. First, as the concentration increased, a more uni-
form distribution of tin oxide nanoparticles within the CNTF
was observed, without the aggregation of tin oxide nanopar-
ticles (Fig. 3(a–c)). This is likely because, at high concentra-
tions, a large number of nucleation events occur rapidly in the
initial stage, leading to uniform growth, whereas at low con-
centrations, the limited number of nucleation sites results in
slower growth. Second, the SnO2 content could be increased
up to 80 wt%, which is desirable for an increase in the capacity
relative to the total mass of the electrode (Fig. 3(d)). However,
at concentrations above 40 mg/ml, the SnO2 content saturated,
similar to the trend observed in previous studies where SnO2
was grown on graphene [25]. The anode performance con-
sistently increased with the precursor concentration (see Fig.
3(e)), which can be attributed to the morphological changes
observed in Fig. 3(a–c). The morphology with uniformly
grown SnO2 within the bundles, which can be seen in Figs.
1(a) and 3(c), was considered the optimal morphology. Con-
sequently, at high precursor concentrations, the synthesized
samples showed high anode performance along with a large
amount of tin oxide nanoparticles in their interior. Hence, the
overall capacity of the nanocomposite electrode was consid-
erably high, reaching a maximum specific capacity of 1,067
mAh/g for a concentration of 80 mg/ml. This capacity is much
higher than the commonly used graphite electrode, whose
typical capacity is 372 mAh/g. It should be noted that the cal-
culated capacity in this study was based on the total mass of
the anode, including the weights of the active material, con-
ductive additive, binder, and current collector. In typical
graphite electrodes, when the weights of the conductive addi-

Fig. 2. (a) CV curves of SnO2@CNTF recorded in the potential
range between 0.01 V and 3 V versus Li/Li+ at a scan rate
of 0.2 mV/s and (b) the specific capacity of SnO2@CNTF as
a function of the synthesis temperature

Fig. 3. SEM images of SnO2@CNTF nanocomposites synthesized
at a temperature of 90°C with precursor solution concen-
trations of (a) 40, (b) 60, and (c) 80 mg/ml. (d) The tin
oxide content of the nanocomposites and (e) the specific
capacity of the SnO2@CNTF-based anodes  
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tive, binder, and current collector are considered, proportion
of the active material by weight is usually less than half.

The tested electrodes were thermally annealed under the
same conditions as our previous research: 300°C in an air
atmosphere [13]. To observe the changes in the characteristics
of SnO2@CNTF nanocomposites with the heat treatment con-
ditions, samples of SnO2@CNTF nanocomposites were syn-
thesized under the same synthesis conditions (90°C, 80 mg/
ml, 24 hours) and thermally annealed under three conditions.
Annealing at 600°C and 900°C was performed in an argon
atmosphere since the CNTF could be degraded in an air atmo-
sphere, while annealing at 300°C was conducted in an air
atmosphere. Fig. 4 shows SEM images of samples annealed at
different temperatures. The samples annealed at 300°C and
600°C exhibited similar morphologies, with the growth of tin
oxide nanoparticles on the bundles. However, at higher mag-
nification, slightly larger tin oxide nanoparticles were observed
in the samples annealed at 600°C. The sample annealed at
900°C exhibited a different morphology and quite different
characteristics. First, the particle size was significantly larger
(>100 nm). Second, the particles were located between bun-
dles rather than on the bundles. This is attributed to the reduc-
tion of tin oxide nanoparticles to metallic tin at high
temperatures, and their coalescence during annealing. The
coalesced nanoparticles observed in the SEM image (see Fig.
4(c, f) were tin nanoparticles [26,27].

XRD patterns of the fibers obtained after heat treatment at
each temperature are shown in Fig. 5(a). The diffraction peaks
observed around 26°, 33°, and 52° correspond to the (110),
(101), and (211) planes of tin oxide, respectively, indicating the

growth of tin oxide nanoparticles [28]. After heat treatment at
300°C, broad peaks were observed; these peaks were not
observed in XRD patterns obtained before the annealing pro-
cess. After heat treatment at 600°C, the XRD peaks narrowed
and their intensity increased, indicating higher crystallinity
and a larger particle size, consistent with the observations
made from SEM images [29]. In the sample annealed at 900°C,
XRD peaks corresponding to tin oxide disappeared, indicating
the reduction of tin oxide, and weak peaks of Sn were partially
observed. Since the distinction is not very clear, EDS analysis
was conducted for a more precise evaluation. Fig. 5(c, d) pres-
ents the EDS analysis results of the samples heat-treated at
300°C and 900°C, respectively. In the sample treated at 300°C,
the oxygen-to-Sn ratio exceeds 2:1, whereas in the sample
treated at 900°C, the oxygen content is less than half that of Sn.
This indicates that a reduction process has occurred.

The samples annealed at different temperatures had similar
structures with residual CNTF pores, which facilitated elec-
trolyte penetration into the fibers. However, since their ele-
mental compositions and morphologies were different, they
would have exhibited different capacities. Fig. 5(b) presents
voltage profiles of the three samples annealed at different tem-
peratures during the third cycle. The capacity indicated on the
X-axis is based on the total mass of the electrode, including
both SnO2 and CNTF. The sample annealed at 300°C appar-
ently exhibited a higher capacity than those annealed at 600°C
and 900°C. The sample annealed at 600°C showed low per-
formance because of its relatively large particle size, which was
observed in SEM images and XRD patterns. The sample
annealed at 900°C not only had larger particles but also a
higher proportion of metallic tin, which resulted in lower
capacity. The conversion reaction, which is evident around
1.2 V in the discharge curve of the sample annealed at 300°C,
was not observed for the sample annealed at 900°C [30].

On the basis of the experiments conducted, with the syn-

Fig. 4. (a–c) SEM images and (d–f) magnified SEM images of
SnO2@CNTF annealed at (a, d) 300°C, (b, e) 600°C, and (c,
f ) 900°C 

Fig. 5. (a) XRD patterns of samples annealed at different tem-
peratures and (b) the third cycle Galvanostatic charge-
discharge graph. EDS analysis results of the SnO2@CNTF
annealed at (c) 300°C and (d) 900°C 
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thesis and annealing conditions fixed at a high temperature
(90°C) and a high concentration (80 mg/ml), the effect of the
synthesis time on the nanocomposite properties was investi-
gated. By varying the synthesis time from 4 to 48 h, we ana-
lyzed the changes in the particle size, loading amount, and
capacity under low- and high-rate charge-discharge condi-
tions. Fig. 6 shows the morphology of the fibers in the nano-
composites synthesized over various durations. For all
synthesis times, a distinct CNT bundle shape was observed
and the high porosity between fibers was well maintained,
indicating that an ideal CNT/tin oxide nanocomposite struc-
ture could be obtained by maintaining a high temperature and
a high precursor concentration during its synthesis. However,
as the synthesis time increased, the thickness of the bundles
increased and the presence of tin oxide nanoparticles on the
surface became more pronounced, indicating an increase in
the amount of nanoparticles. This observation is in agreement
with intuitive predictions. The loading amount of tin oxide is
shown in Fig. 7(a), where even for only 4 h of synthesis,
65.7 wt% of tin oxide nanoparticles grew within the nano-
composite. When the synthesis time was increased to 48 h, the
proportion of tin oxide within the nanocomposite reached
92.3 wt%, indicating the growth of a substantial amount of tin
oxide nanoparticles (12 g) in the presence of 1 g of CNTF. This
suggests that the tin oxide synthesis method proposed in this

study is not only simple and environmentally friendly but also
highly productive. However, the amount of tin oxide synthe-
sized did not necessarily correlate with the anode capacity.
Fig. 7(b) shows the capacity of SnO2@CNTF relative to the
total electrode mass as a function of synthesis time. This
observation is interesting as the results of low-rate (100 mA/g)
and high-rate (1,000 mA/g) charge-discharge conditions differ
slightly. Under low-rate charge-discharge conditions, an
increase in the synthesis time led to an increase in the amount
of tin oxide within the nanocomposite, which resulted in an
increased capacity. However, for the sample with a synthesis
time of 48 h, the specific capacity of the anode decreased
because of the presence of large tin oxide nanoparticles [31].
Under high-rate charge-discharge conditions, shorter synthe-
sis times were found to be more favorable. The sample syn-
thesized for 4 h exhibited a capacity exceeding 500 mAh/g
even at a charge-discharge rate of 1,000 mA/g, which was
greater than the capacity of graphite (372 mAh/g). However,
when the synthesis time exceeded 24 h, the capacity was below
100 mAh/g. In summary, for systems that require both high
capacity and high-speed performance, it is desirable to have a
short synthesis time, even if the loading amount of SnO2
nanoparticles is small. On the other hand, for conditions
where high-speed charge-discharge is not necessary, a syn-
thesis time of around 24 h would provide the optimal capacity.

4. CONCLUSIONS

In this study, we synthesized SnO2@CNTF, which exhibits
excellent performance as an anode material for secondary bat-
teries, under different conditions by employing the sensitiza-
tion method used in electroless plating. We evaluated the
anode capacity of the synthesized materials. We found that
higher synthesis temperatures and higher precursor concen-
trations facilitated the uniform growth of a larger amount of
tin oxide nanoparticles on the surface of the CNT bundle
without blocking the pores, resulting in higher capacity. How-
ever, when the annealing temperature was too high, the par-
ticle size increased, reducing the capacity. In particular,
annealing at 900°C resulted in reduced capacity because of the
reduction of tin oxide to metallic tin. The particle size was also
influenced by the synthesis time: longer synthesis times led to
larger particle sizes and higher proportions of tin oxide in the
SnO2@CNTF nanocomposite. This resulted in higher capacity
under low-rate charge-discharge conditions but a significant
decrease in capacity under high-rate charge-discharge condi-
tions. Therefore, for the fabrication of lithium-ion batteries
suitable for high-speed charge-discharge, it is desirable to use a
short synthesis time. This study demonstrates the importance
of the uniform growth of a large amount of tin oxide nanopar-
ticles from the surface to the interior of CNT bundles without
blocking the pores of the CNTFs for obtaining an ideal anode
material for lithium-ion batteries. In future research, strategies

Fig. 6. SEM images of SnO2@CNTF synthesized over different
durations: (a) 4, (b) 8, (c) 24, and (d) 48 h 

Fig. 7. (a) Proportion of tin oxide in the SnO2@CNTF nanocom-
posite as a function of the synthesis time and (b) anode
capacity for charge-discharge rates of 100 and 1,000 mA/g
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such as the introduction of an additional carbon coating on
the synthesized SnO2@CNTF [32] and reduction of the CNTF
bundle size for achieving higher SnO2 loading should be
examined to develop anode materials with even higher per-
formance. The findings of the present study can also be used
for the development of high-performance sodium-ion batteries
[33].
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