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ABSTRACT

Morphological effects on the electrochemical behaviors of Tin Dioxide (SnO2)

have recently been explored in several studies. Nevertheless, the preparations of

SnO2 in those works are mostly based on wet-chemistry methods, while the

usage of dry-chemistry methods is still lack of investigation. In this work, for the

first time, we report the successful fabrication of SnO2 particles attached on

carbon fibers via a simple two-step Chemical Vapor Deposition (CVD)

approach. CVD growth parameters (temperature, growth time and gas inlet

flow rate) were systematically varied to observe the changes in morphologies (in

terms of particle density and size distribution) as well as the formation of core–

shell Sn/SnO2 structures; and the electrochemical properties of the as-synthe-

sized samples were studied. Our experiments indicate strong correlations

among the synthesis conditions, morphologies and electrochemical behaviors.

Overall, our findings provide new insights into CVD as a morphological tai-

loring approach for electrochemical applications—in addition to its simple

apparatus and short synthesizing duration, the process is easily extendable for

the preparation of other metal and metal oxide particles.

Introduction

Metal oxides (RuO2 [1, 2], MnO2 [3–5], Co3O4 [6–9],

V2O5 [10, 11], SnO2 [12–22]), owing to their excellent

electro-activities, are presenting themselves as an

important class of materials for electrochemical

applications (supercapacitors and Li-ion batteries).

Among those metal oxides, the earth-abundant Tin

Dioxide (SnO2) has considerably attracted research

attention due to its relatively acceptable theoretical

capacity (782 mA h g-1), low cost, and non-toxicity
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[12, 13]. It is well-accepted that the electrochemical

properties of SnO2 are significantly affected by size

effects and geometrical factors. Hence, during the

past decades, there have been dedicated works

focusing on the control of synthesis processes to

achieve the optimized morphology. Liu et al. pre-

pared hierarchical SnO2 nanostructures by

hydrothermal method, in which the sizes and mor-

phologies of the samples could be tuned by varying

the precursors’ concentrations (SnCl2�2H2O and C6-

H5Na3O7�2H2O). Thus, the easy access of electrolyte

anions was guaranteed by the thin thickness and

hierarchical nature of intermingled nanosheets,

leading to the enhanced electrochemical performance

[14]. Likewise, using the similar method, Yang and

co-workers assembled nanocrystals SnO2 into highly

ordered hollow microspheres by varying the amount

of SnCl4�5H2O and HCl. The high capacitance value

was attributed to the multilayered and mesoporous

structures [15]. Laterally, SnO2 quantum dots

(* 2.4 nm) were successfully fabricated by Bonu

et al. by modifying the soft chemical method, which

had previously been used to synthesize SnO2

nanoparticles (* 25 nm). In this work, the phe-

nomenon of diffusion layer formation changed the

cyclic voltammetry profile of SnO2 quantum dots and

therefore made them superior in terms of Columbic

efficiency [16].

It could be seen that these aforementioned SnO2

morphological-control processes are all based on wet-

chemistry methods (hydrothermal method [14, 15],

soft chemical method [16]). The common disadvan-

tage of these methods is the involvement of many

chemicals with stepwise and complicated synthesis

techniques, which often take more than half a day to

complete [14–16]. Dry-chemistry methods, on the

other hand, are still lack of exploration. In this work,

we focus on chemical vapor deposition (CVD) as a

new prospective approach to SnO2 preparation and

morphological control. The main advantages of CVD

are short synthesizing duration, affordable cost, high

deposition rate, high versatility, and adaptability to

large-scale processing [23]. This approach has shown

promising results in the fabrication of SnO2 nanos-

tructures, including SnO2 nanowires (NWs) [24],

nanoporous SnO2 thin film [25], and SnO2 nanorods

(NRs) [26]. In addition, another attractive feature

offered by CVD is the morphological tailoring ability,

enabled by the systematic tuning of several CVD

operational parameters. In their study on the

fabrication of multi-walled carbon nanotubes

(MWCNTs), Venkatesan and co-workers revealed

that the reaction temperature and the precursor flow

rate were directly proportional to the mean diameter

of MWCNTs, while the process time showed an

inversely proportional relationship [27]. Similarly,

the CVD-synthesized MoS2 monolayer was opti-

mized by Kang et al. in which the coverage of MoS2
flakes was influenced by the carrier gas amount and

deposition time; while their size and shape were

affected by the growth temperature [28]. On the other

hand, the deposition rate of C coating on carbon steel

prepared by Chowdhury et al. increased with the

increase in CVD reactant gas (CH4) flow rate [29]. Lu

and co-workers observed longer and thicker ZnO

nanorods (NRs) as the synthesis duration increased

[30]. In brief, the CVD operational parameters (tem-

perature, growth time, carrier gas/reactant gas flow

rate) play a significant role in the formation of dif-

ferent material structures (particles, thin film, nano-

wires, nanorods, etc.). However, the involvement of

CVD method in material synthesis and morphologi-

cal tailoring for electrochemical applications is still

lack of investigation at this moment.

In this study, we report the fabrication of SnO2

particles attached on carbon fibers via the CVD route,

in which the effects of aforementioned CVD variables

(temperature, growth time, and gas inlet flow rate)

are the main focuses. Our findings indicate some

correlations between these three parameters and

morphological features of the as-prepared particles.

Electrochemical characterizations were furthermore

performed on some chosen samples to evaluate the

effects of morphological changes. Herein, carbon

fibers as substrate can offer several advantages,

including the cost-effectiveness, disposability, flexi-

bility, lightweight, and high conductivity [31, 32].

Good electrical contact between SnO2 and carbon

fibers has previously been reported [33]; besides, the

network structure of carbon fibers implies the high

level of active sites, which is beneficial for electro-

chemical processes [34]. Moreover, it is also inter-

esting that by employing carbon fibers as substrate

for particles’ deposition – unlike structures such as

thin film, particles can easily dispersed and inserted

into the macrolayers of fibers, which maximizes the

deposition capability. Finally, we obtain SnO2 parti-

cles of various sizes and compositions, some of which

might have core–shell Sn/SnO2 structure.
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Experimental procedure

Chemicals and materials

Tin (II) chloride anhydrous powder (99.99% trace

metals basis) was purchased from Sigma-Aldrich and

used as the precursor for the CVD growth of SnO2

without further purification. Commercially available

Carbon Fiber Paper (CFP) was purchased from Fuel

Cell Store (Toray Carbon Paper TGP H090, 280 lm
thickness). A piece of CFP (1.5 cm 9 1.5 cm), which

consists of layers of conductive and macroporous 3D

carbon fibers, was used as substrate for the process.

Heat treatment (800 �C, 240 min) was performed on

the CFP for PTFE (polytetraflouroethylene) removal

before the experiments.

Synthesis of SnO2 particles

The SnO2 particles were synthesized by a two-step

CVD approach (Fig. 1). In the first step, Sn particles

were deposited on carbon fiber paper (CFP) by the

CVD process. Anhydrous SnCl2 powder (2.0 g) was

placed in a quartz boat centered in a tube furnace

with a CFP locating at a downstream position as a

supporter of Sn particles. Temperature (T), growth

time (t) and flow rate of Ar/H2 (95:5 V%) (v) were

systematically varied to observe the effects of those

CVD parameters on the morphologies of as-synthe-

sized samples (Table 1). In the second step, the

samples were annealed under atmosphere at 300 �C
for 60 min to oxidize Sn into SnO2.

Materials characterizations

The morphological features (size distribution and

particle density) of the prepared samples were

examined by scanning electron microscopy (SEM,

Zeiss SUPRA40, Germany). The samples were then

characterized by X-ray diffraction (XRD, Bruker D8

Advanced Thin Film) and transmission electron

microscopy (TEM, JEM2010F) to acquire the crystal-

lographic and fine structures information, respec-

tively. In addition, the near-surface chemical

composition was studied by X-ray photoelectron

spectroscopy (XPS, AXIS Ultra) with an Al Ka X-ray

source (1486.7 eV) using CasaXPS software. Due to

the charging effect during measurement, the adven-

titious carbon C 1 s at 284.8 eV was referred for peak

shifts calibration.

Electrochemical characterizations

The electrochemical evaluations were performed in

the typical three-electrode system under 2 M KOH

electrolyte, in which the fabricated samples, Pt rod,

and Ag/AgCl electrode served as the working,

counter and reference electrode, respectively. The

Cyclic Voltammetry (CV) was recorded within a

potential range from - 0.9 to 0.6 V at scan rates of 5,

10, 20, 50, 100 mV s-1. Galvanic Discharge was car-

ried out at current density of 1 A/g, with a cut off

voltage of - 0.8 to 0.5 V.

Results and discussion

In CVD process, the volatile SnCl2 sublimed (above

600 �C) and reacted with H2 to form Sn and gaseous

HCl; while carrier gas Ar played the role of trans-

porting and depositing Sn onto the carbon fibers. The

formation of Sn particles consists of two sequential

steps. The first step is the nucleation of Sn particles

from gaseous precursors, followed by the growth of

particles. Sn particles are then oxidized to become

SnO2. The chemical reactions involved in the process

are listed as follows:

SnCl2 g
� �

þ H2 g
� �

! Sn sð Þ þ 2HCl g
� �

ð1Þ

Sn sð Þ þ O2 g
� �

! SnO2 sð Þ ð2Þ

Table 1 Variation of CVD growth parameters

Temperature (T) variation Growth time (t) variation Flow rate of gas inlet (Ar/H2) (v) variation

T (oC) 700 800 900 700 700 700 700 700 700 700 700

t (min) 60 60 60 30 60 90 60 60 60 60 60

v (sccm) 100 100 100 100 100 100 25 50 100 150 175

The number highlighted in bold showing the variation of a parameter
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Structural and morphological analysis

Effects of temperature

To observe the effects of temperature, the growth

time and gas inlet (Ar/H2) flow rate were kept con-

stant at 60 min and 100 sccm, respectively. The tem-

perature was varied from 700 to 900 �C in steps of

100 �C. The samples were characterized under Scan-

ning Electron Microscopy (SEM), as illustrated by

Fig. 2a–c. An increase in the particle diameter is

observed as the temperature increases (0.5–7 lm at

700 �C, 7–10 lm at 800 �C and 8–20 lm at 900 �C).
Two competing aspects are considered to explain the

temperature effects on the particle growth process.

Firstly, at higher temperature, the sintering rate

becomes high, which significantly enhances the

coagulation of small particles to form larger particles

[35, 36]. Secondly, due to volume expansion, the

residence time of reactants decreases as the temper-

ature increases, implying the less chance for the

generated nuclei to grow into larger particles by

sintering and coagulation [37]. Since the particle size

increases with the CVD temperature, the particle

growth mechanism in this experiment should be

dominated by the first aspect. It is worth mentioning

that at 800 �C, we witness narrower particle size

distribution. Based on this observation, the tempera-

ture-dependent coagulation process is proposed. As

the temperature rises from 700 to 800 �C, small par-

ticles with size of 0.5–1 lm coagulate into medium

size (7–10 lm). At 900 �C, medium-size particles

Figure 1 Schematic diagram

of CVD process for SnO2

particles growth.

Figure 2 The SEM images (magnification 5009) of SnO2 particles at different temperatures: a 700 �C (with zoom-in inset of

magnification 50009), b 800 �C, c 900 �C, respectively; d Schematic illustration of temperature-dependent particle-growth process.
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(8–10 lm) are mixed with large-size particles

(16–20 lm), implying the continuity of those medium

size particles’ coagulation process.

Effects of growth time

To observe the effects of growth time, the tempera-

ture and gas inlet (Ar/H2) flow rate were maintained

at 700 �C and 100 sccm, respectively. The growth

time was varied from 30 to 90 min in steps of 30 min.

Morphological differences, in terms of particle den-

sity and size distribution, are clearly observed within

the microsphere structures (Fig. 3). Firstly, broader

particle size distribution is observed as the deposition

time increases (0.3–5 lm after 30 min, 0.5–7 lm after

60 min and 1.5–20 lm after 90 min). We notice that

there is merely a slight increase in the particle size as

the growth time rises from 30 to 60 min; however,

after 60 min, this trend becomes much more signifi-

cant. On the other hand, as the growth time is

extended from 30 to 60 min, there is a substantial

increase in the particle density; nonetheless, the

density does not show much difference as the time is

prolonged to 90 min. In brief, as the deposition time

rises from 30 to 60 min, we observe considerably

higher particle density; while from 60 to 90 min, the

particle-growth process is dominated by the change

of size distribution. There is insignificant morpho-

logical change after 90 min due to the depletion of

SnCl2 precursor. Based on this observation, a time-

dependent mechanism of particle-growth is pro-

posed. From 30 to 60 min, the as-produced Sn is

dispersed in different positions on carbon fibers,

implying an increase in the number of nucleation

sites. After 60 min, the disperse process slow down,

whereas the existing Sn particles continue growing

their size. At 90 min, several particles have sufficient

time to grow to relatively large size (more than

20 lm). Until now, the effect of growth time on CVD-

synthesized particles is still lack of study; however,

there have been research on other CVD-synthesized

structures. Kang et al. showed that the coverage of

MoS2 triangular flakes and the number of layers

increased as the deposition time increased [28].

Likewise, Ivanova et al. also reported an increase in

Co thin films’ thickness [38]; while Lu and co-work-

ers described thicker and longer ZnO nanorods as

they extended the CVD synthesis duration [30].

Overall, it can be concluded that during the CVD

process, the amount of deposited materials increases

with the growth time, which is in agreement with our

observation.

Effects of gas inlet (Ar/H2) flow rate

To observe the effects of Ar/H2 flow rate, the tem-

perature and growth time were respectively kept

constant at 700 �C and 60 min, while the flow rate

were set at 25, 50, 100, 150 and 175 sccm. At different

flow rates of Ar/H2, we observe significant changes

Figure 3 The SEM images (magnification 5009) of SnO2

particles at different growth times: a 30 min (with zoom-in inset

of magnification 50009), b 60 min (with zoom-in inset of

magnification 50009), c 90 min, respectively; d Schematic

illustration of time-dependent particle-growth process.
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in the density and size distribution of the as-synthe-

sized particles on carbon fibers. Two competing fac-

tors are considered to explain the gas flow’s effects.

The first factor is the diffusion capability of carrier

gas (Ar). At low flow rate, the Sn precursors tends to

land on the existing nuclei continuously due to the

incapability of efficient diffusion; while at higher

flow rate, the carrier gas has more power to disperse

the Sn in different positions, forming particles with

smaller size and higher density. Similar observations

showing this correlation were described by Jang et al.

[35], Wegner et al. [39], and Youn et al. [40]. The

second factor is the amount of reactant gas (H2)

passed through the CVD tube. At higher flow rate,

there will be higher amount of reactant gas within the

same duration, implying the higher deposition rate of

Sn. A similar effect was reported by Chowdhury and

co-workers, in which the higher flow rate of CH4 as

reactant gas led to the higher deposition rate of C

coating on Carbon Steel [29]. Based on the morpho-

logical analysis under SEM, it could be deduced that

at low Ar/H2 flow rate (25–100 sccm), the particle-

growth process is dominated by the first factor. Low-

density and large-size spherical particles (about

80 lm) are observed at 25 sccm. Besides, it can be

noticed that there are some tiny and fine particles

(below 1 lm) unevenly and sparsely scattered on the

carbon fibers surface. Due to the limited diffusion,

the Sn tends to land on the existing nuclei in the

overall microscale; however, in the nanoscale it might

be stopped and ‘‘dropped’’ on the carbon fibers dur-

ing the process. When the flow rate becomes higher

(Fig. 4b and c), these tiny particles disappear since

nanoscopically, the carrier gas can efficiently trans-

port the Sn. In the microscale, as the Ar/H2 flow rate

rises to 100 sccm, the particle density becomes higher

and the particle size becomes smaller due the

enhanced diffusion capability of carrier gas (2–30 lm
at 50 sccm and 0.5–7 lm at 100 sccm, respectively).

On the other hand, at higher flow rate, i.e., 150 sccm

and 175 sccm, the trend becomes different. At

150 sccm, there are dispersed small particles (below

10 lm) mixed with moderately large particles

(15–45 lm). Under higher SEM magnification, we

furthermore observe spherical particles with size

below 1 lm are distributed on the surface of those

moderately large particles (15–45 lm) and carbon

fibers (Fig. 4d). At 175 sccm, similar observation is

noticed as there are dispersed small particles (diam-

eter less than 10 lm) mixed with larger-size particles

(15–35 lm). However, instead of spherical particles,

there are irregular-shape nanoparticles (size below

100 nm) with very high density explicitly observed

on the surface of carbon fibers (Fig. 4f). It is worth

mentioning that this phenomenon could not be

observed at lower gas flow rates. Overall, an increase

in particle density with increasing gas flow rate

suggests the diffusion effect of carrier gas (Ar); while

the existence of those large-size particles implies the

higher deposition rate of Sn, i.e., higher amount of

reactant gas (H2) transferred within the same dura-

tion. In brief, both aforementioned factors contribute

to the particle-growth process as the gas inlet flow

rate goes beyond 100 sccm.

Furthermore, it is interesting to notice the effects of

gas flow rate on the surface roughness of as-synthe-

sized particles. The particles’ surface is completely

smooth at the Ar/H2 flow rate of 100 sccm under a

variety of temperatures and growth times (Fig. 5d–f).

Nonetheless, the smoothness is not maintained as the

gas flow rate varies, suggesting that an optimum

value of gas flow rate is essential to synthesize par-

ticles with completely smooth surface. The particles’

surfaces are not completely smooth (25 sccm, Fig. 4a),

or experience some arbitrary cracks (50 sccm and

150 sccm, Fig. 5a and b), or witnessed the ‘‘orga-

nized’’ breakage of spherical particles to form 2D

hexagonal micro-flakes—herein, the signals of micro-

flakes formation could be anticipated from the

angular patterns on the surface of spherical particles

(175 sccm, Fig. 5c). The electrochemical impacts of

these morphological features have been reported in

several studies. Xu et al. proposed crack propagation

as a possible mechanism for capacity fade in elec-

trodes [41]. On the other hand, structures like

micro/nano-flowers or micro/nano-flakes are

believed to possess large spaces for mitigating the

volume change during charge/discharge process of

electrochemical devices [42]. We suspect these

aforementioned features can be attributed to the local

gas pressure difference on the particles’ surfaces at

different gas flow rates. Bernoulli’s principle shows

that there are correlations between the fluid (gas or

liquid) flow speed (v) and the local pressure

(p) [43–45]. As the gas flow is varied, the local pres-

sure therefore undergoes deviations, leading to stress

[46, 47] and subsequently, has some effects on the

particles’ surfaces. A thorough investigation on syn-

thesis study and surface science may give a detailed

understanding of this phenomenon, which is beyond
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the scope of our focus. To the best of our knowledge,

such effects of CVD gas flow rate variation on the

surface roughness of particles have never been

reported in any previous studies so far. These

observations may therefore open new potential for

further investigation in future.

Crystallographic and elemental analysis

As mentioned in the previous part, the SnO2 particles

were prepared by a two-step CVD route—Sn parti-

cles were first deposited on carbon fibers, followed by

the oxidation process to become SnO2. The crystalline

structures of the samples before and after the

oxidation process are further revealed by XRD. In

Fig. 6a, the strong characteristics peaks at 30.5�, 32�,
43.8� and 44.9� are attributed to the crystallographic

planes of Sn (200), (101), (220) and (211), respectively,

indicating the successful deposition of Sn particles

(JCPDS No. 04-0673) [48]. After the thermal treat-

ment, the peaks at * 33.8�, 37.9�, 51.8� and 54.5�,
corresponding to the crystallographic planes SnO2

(101), (200), (211) and (220) respectively, demonstrate

the successful conversion of Sn into SnO2 (JCPDS No.

41-1445) [13]. All the other peaks labeled by ‘‘D’’ are
ascribed to carbon fibers [49, 50]. It is important to

notice that for samples with large particle’s size (for

example, the sample prepared at 700 �C, 60 min

Figure 4 The SEM images (magnification 5009) of SnO2

particles at different flow rates: a 25 sccm, b 50 sccm,

c 100 sccm, d 150 sccm (with zoom-in inset of magnification

50009), e 175 sccm, respectively; f the 175 sccm sample at

higher magnification of 50009; g Schematic illustration of gas-

flow-dependent particle-growth process.
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Figure 5 Cracks observed on particles’ surface at a 50 sccm,

b 150 sccm; c 2D hexagonal micro-flakes formation observed at

175 sccm; d–f Some representatives of ‘‘smooth’’ surface of

particles synthesized at 100 sccm under different temperatures and

growth times: d 700 �C, 60 min, e 900 �C, 60 min, f 700 �C,
90 min.

Figure 6 a XRD analysis before and after oxidation; b XPS overall spectra, c Sn 3d pattern, d C 1 s pattern.

J Mater Sci (2020) 55:15588–15601 15595



under Ar/H2 flow rate of 25 sccm), the huge size of

particles hinders the oxidation process, i.e., Sn is not

fully converted to SnO2. As a result, XRD patterns of

both Sn and SnO2 can be observed (Fig. S3). This

suggests that SN25 might have a core–shell structure,

where the inner core consists of Sn metal, and the

outer layer consists of SnO2 from Sn metal oxidation.

The XPS survey spectra of SnO2 are demonstrated

in Fig. 6b–d, in which only Sn, O, and, C elements are

identified. The narrow scan of Sn 3d are indicated in

Fig. 6c—the binding energies of Sn 3d5/2 and Sn

3d3/2 are at around 487 and 496 eV, respectively;

with a 9 eV peak-to-peak separation, which further

verifies the formation of SnO2 particles on the carbon

fibers [51]. The C 1 s spectrum is shown in Fig. 6d,

which can be decomposed into 4 components asso-

ciated with carbon in different oxidized levels: C–C

(non-oxidized), C–O, C=O and O=C–O. It suggests

the oxidation of carbon fibers during the annealing

process.

The samples were further characterized by trans-

mission electron microscopy (TEM) and high-reso-

lution transmission electron microscopy (HRTEM).

The micro-size particles have a spherical shape

(Fig. 7a); while several irregular shapes, in addition

to the spherical shape, were found within the nano-

size particles (Fig. 7b–c). Overall, the TEM images are

in agreement with our previous SEM. The HRTEM

result indicates that the samples are crystalline, with

the inter-planar spacing d(110) is about 0.31 nm,

which is very close to the value of d(110) in SnO2

(0.33 nm) [52].

Electrochemical characterizations

To evaluate the effects of morphological changes on

the electrochemical behaviors of the as-prepared

particles, Cyclic Voltammetry (CV) and Galvanic

Discharge were conducted by using the three-elec-

trode system in 2 M KOH solution. Our experiment

focused on the three samples synthesized at 700 �C,
60 min under different Ar/H2 flow rates—175 sccm,

100 sccm, and 25 sccm, which were respectively

assigned as SN175, SN100, and SN25. The samples’

electrochemical behaviors, as affected by their sub-

stantial morphological differences (in terms of parti-

cle density and size distribution), are expected to

exhibit significant differences. There have recently

been dedicated works exploring the electrochemical

properties of SnO2 in alkaline electrolyte (KOH)

[16–20]; and in general, there are two charge storage

mechanisms. The first one involves the surface

adsorption/desorption of electrolyte cations (K?) on

SnO2 at the electrode/electrolyte interface, signified

by rectangular-shape CV curves:

SnO2ð Þsurfaceþ Kþ þ e� $ SnOO�Kþð Þsurface ð3Þ

while the second mechanism involves the intercala-

tion/de-intercalation of electrolyte cations (K?) into

the SnO2 crystalline matrix, signified by Faradaic

redox peaks:

SnO2 þ Kþ þ e� $ SnOO�Kþ ð4Þ

Figure 8a–d illustrates the CV curves of these three

samples beside the CV curve of the substrate (pure

carbon fibers) at different scan rates. From Fig. 8b–d,

the observed CV curves of SN100 and SN25 are

simply the enlargements of the pure carbon fibers’

CV curve. The resulting shapes are believed to orig-

inate from the combination of the pure carbon fibers’

CV curve and the rectangular CV curve, suggesting

that there is only the first mechanism involved in the

charge storage processes of these two samples. At

5 mV s-1, the specific capacity of SN100 is 10.2 C g-1,

which is slightly higher than SN25 (4.7 C g-1). On the

other hand, SN175 outperforms the other two sam-

ples with a specific capacity of 97.9 C g-1 at the same

scan rate. The most prominent feature detected in the

CV curve of SN175 is a discernible couple of redox

Figure 7 TEM and HRTEM analysis: a Microsphere, b Nanosphere, c Nanoparticles; d HRTEM image.

15596 J Mater Sci (2020) 55:15588–15601



reactions’ peaks (the oxidation and reduction peaks

are at 0.5 V and 0.2 V, respectively). Similar redox

peaks were also experienced by a few previous works

[16–18], and they were attributed to the second

mechanism, i.e., the intercalation/de-intercalation of

electrolyte cations into the bulk of SnO2. Compared to

the background, this couple of peaks become more

prominent as the scan rate decreases. The reason is

that at low scan rates, electrolytes ions have sufficient

time to access the interior reaction sites of SnO2,

Figure 8 CV curves at different scan rates of samples: a SN175, b SN100, c SN25; d Pure carbon fibers in KOH electrolyte at scan

rate of 50 mV s-1; e CV curves of 3 analyzed samples and pure carbon fibers at scan rate of 50 mV s-1; f Rate capabilities.

J Mater Sci (2020) 55:15588–15601 15597



leading to the more intense redox peaks and also, the

higher capacity; whereas at higher scan rate, their

interaction is restricted by the insufficient residence

time [53]. Furthermore, with high scan rate, the oxi-

dation and reduction peaks are respectively shifted

toward positive and negative potentials, which can

be ascribed to the limitation of ionic diffusion to keep

pace with the electronic neutralization in redox

reaction [54, 55]. Owing to the contribution of both

aforementioned mechanisms, the charge storage in

SN175 is not limited to the surface (or near-surface)

reactions, implying the enhanced specific capacity

compared to SN100 and SN25.

The Galvanic Discharge curves of the three ana-

lyzed samples at a current density of 1 A g-1 are

illustrated in Fig. 9. The non-linear discharging

curves are overall in agreement with the Cyclic

Voltammetry results. For SN175, a plateau observed

at the potential of 0.2 V confirms the reduction reac-

tion, i.e., the intercalation of electrolyte cations K?

into the SnO2 crystalline structure. As a result, Fig. 9

indicates the discharging time of SN175 is dramati-

cally enhanced (277.5 s) compared to SN100 (26.7 s)

and SN25 (9.3 s). The specific capacity can also be

calculated from the Galvanic Discharge curve, which

is directly proportional to the discharging time if the

current densities are equal for every sample [56].

Accordingly, SN175 has the calculated specific

capacity of 277.5 C g-1, which is substantially higher

than those values of SN100 and SN25 (26.7 C g-1 and

9.3 C g-1, respectively).

Overall, it can be seen that SN100 has slightly

higher specific capacity than SN25, while SN175

outperforms both SN100 and SN25. By comparing

among these samples, we can correlate their electro-

chemical behaviors to the morphological features in

terms of particles’ size and density. Firstly, the exis-

tence of high-density irregular-shape nanoparticles in

SN175 means the larger specific surface area, i.e., the

higher level of contact between electrolyte ions (K?)

and electrode’s active material (SnO2 particles). This

feature enables more surface adsorption / desorption

and more probability for the intercalation process of

K? ions, therefore enhances both surface and Far-

adaic charge storage. Secondly, the nanoscale mor-

phology allows shorter conducting pathway for

electron transfer from carbon fibers to the active

material / electrolyte interface, leading to the better

electric conductivity. On the other hand, the micro-

scale morphologies of SN100 and SN25 imply their

lower specific capacities compared to SN175. Herein

SN100 still shows slightly higher specific capacity,

which can be ascribed to the stronger surface

adsorption/desorption supported by the larger

specific surface area. Furthermore, apart from the

aforementioned factors, the lowest performance of

SN25 can also be attributed to its large particles’ size,

which hinders the oxidation process of Sn and sub-

sequently, inhibits the electro-activity of the active

material. In this case, the variation of Ar/H2 flow rate

in CVD process enables significant morphological

changes among the as-synthesized samples and

hence, shows the effects on their electrochemical

behaviors.

Conclusion

In summary, SnO2 particles attached on carbon fibers

were successfully fabricated via a two-step CVD

approach. We have studied the effects of CVD

growth parameters (temperature, growth time and

gas inlet flow rate) on the as-prepared samples’

morphologies. The temperature mainly affects the

particles’ size; while the growth time and gas flow

rate have impacts on both particle density and size

distribution. Possible growth mechanisms were pro-

posed based on those observations. Among the

aforementioned parameters, gas flow rate shows the

most significant influence and therefore, samples

synthesized under different flow rates were
Figure 9 Discharge curves of 3 analyzed samples at a current

density of 1 A/g.
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electrochemically characterized to evaluate the

dependence of their electrochemical behaviors on the

morphologies. We found that the sample synthesized

under high Ar/H2 flow rate (175 sccm) outperforms

the other two analyzed samples in terms of specific

capacity. This better performance can be ascribed to

the larger specific surface area and the shorter elec-

tron conducting pathway supported by the nanoscale

morphology. Overall, our study provides new

insights into CVD as an alternative to the traditional

wet-chemistry approach for electrochemical applica-

tions – in addition to the morphological tailoring

potential, the process offers simple apparatus, short

synthesizing duration and extendibility for the syn-

thesis of other metal and metal oxide particles.
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