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I
n the past few decades, one-dimensional
(1D) nanostructures, such as nanowires,
nanorods, nanobelts and nanotubes,

have received growing attention due to
their highly desirable and fascinating pro-
perties.1�4 Compared with the bulky coun-
terparts, 1D nanostructures have distinct
chemical andelectrical properties andgreater
chemical reactivity. The properties originate
from their unique geometric characteristics,
including the ultrafine size effects, the long-
range orientation of the crystalline lattice and
the quantum confinement effects.5�8 Ac-
cordingly, 1D nanostructures are expected
to play important roles in nanotechnology
andmaterials science. Drivenby these factors,
current research activities are mainly focused
on the synthesis of metal nanostructures, for
example, Sn-based nanowires and nano-
tubes, for a wide range of applications from
electronic and photoelectronic devices9,10 to
chemical sensors11,12 and electrode materials
for Li-ion batteries.13,14

In general, there are two approaches for
synthesizing 1D nanostructures, template-
assisted synthesis and template-free syn-
thesis. Template-assisted synthesis is one
of the most effective methods for fabricat-
ing 1D nanostructures for diverse mate-
rials.15�19 Through numerous synthetic
methods, such as electrochemical deposi-
tion, sol�gel processing and chemical va-
por deposition, the target materials grow in
the free space of the template to form 1D
morphologies.15�19 Commonly, hard por-
ous templates, such as anodic aluminum
oxide (AAO) membranes15,16 and porous
polycarbonate membranes (PCM),7,17�19

are used for the preparation of metal nano-
wires. It is generally accepted that template-
assisted synthesis provides high-through-
put and cost-effective procedures for
fabricating well-defined 1D nanostructures.
Nevertheless, this approach suffers from
limitations when used to fabricate high-
aspect-ratio 1D nanostructures because
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ABSTRACT Sn nanofibers with a high aspect ratio are successfully synthesized

using a simple electrodeposition process from an aqueous solution without the use of

templates. The synthetic approach involves the rapid electrochemical deposition of

Sn accompanied by the strong adsorption of Triton X-100, which can function as a

growth modifier for the Sn crystallites. Triton X-100 is adsorbed on the {200}

crystallographic planes of Sn in an elongated configuration and suppressed the

preferential growth of Sn along the [100] direction. Consequently, the Sn

electrodeposits are forced to grow anisotropically in a direction normal to the

(112) or (112) plane, forming one-dimensional nanofibers. As electrode materials for

the Na-ion batteries, the Sn nanofibers exhibit a high reversible capacity and an excellent cycle performance; the charge capacity is maintained at 776.26

mAh g�1 after 100 cycles, which corresponds to a retention of 95.09% of the initial charge capacity. The superior electrochemical performance of the Sn

nanofibers is mainly attributed to the high mechanical stability of the nanofibers, which originate from highly anisotropic expansion during sodiation and

the pore volumes existing between the nanofibers.
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numerous processes are required to prepare and
remove the template, and the growth time is long.2

Furthermore, because the fabricated nanostructures
are easily destroyed and can collapse during the
removal of the hard templates, the difficulty in obtain-
ing an intact final product is another serious drawback
of template-assisted synthesis. In contrast, template-
free synthesis allows for the direct synthesis of single-
crystalline 1D nanostructures on the substrate without
the use of templates.20,21 Thus, compared to template-
assisted synthesis, this approach offers a strong ad-
vantage of a single-step and more cost-effective pro-
cess. However, because template-free synthesis is
based on the crystal anisotropy originating from the
crystal structure itself, a limited number of metals have
been successfully used to grow 1D nanostructures,
which form along one of the crystal axes.21�23

In this study, we suggest a novel electrochemical
approach for synthesizing single-crystalline 1D Sn
nanofibers using an organic compound as a growth
modifier. This simple and very effective approach in-
volves the rapid electrochemical deposition of Sn and
strongadsorptionof theorganic compound, TritonX-100
((CH3)3C�CH2�C(CH3)2�C6H6�(OCH2CH2)n�OH), on a
specific crystallographic plane of the Sn electrodeposits.
Triton X-100 is a nonionic surfactant composed of a
number of hydrophilic oxyethylene groups and a sub-
stituted hydrophobic benzene ring.20 Herein, Triton
X-100 plays an important role in the formation of 1D Sn
nanofibers because of its suppression of Sngrowth along
the [100] direction and its promotion of Sn growth in a
crystallographic direction normal to the (112) or (112)
plane. The fabricated electrodeposits exhibit porous
structures that are composed of numerous Sn nano-
fibers arranged in one direction, upward relative to the

electrode, with pore volumes existing between the
nanofibers. Thus, our approach has several advantages
over conventional processes. For example, our process is
low-cost, one-step, extremely fast (within a few seconds)
and performed at room temperature using a nontoxic
bath preparation. Specifically, no additional processes
are needed for preparing and removing the templates.
Moreover, this process is suitable formass production on
large-area substrates because of the high uniformity of
the nanofibers over the entire substrate.
The objective of this work is to investigate the

growth mechanism of Sn nanofibers in an electrode-
position process while emphasizing the effects of
Triton X-100 on the growth behavior of the Sn nano-
structures. In addition, because 1D nanostructures are
well suited for use as electrode materials in electro-
chemical devices, the electrochemical performance
of the electrodeposited Sn nanofibers as an anode
material for Na-ion batteries was evaluated.

RESULTS AND DISCUSSION

Synthesis and Characterization of Sn Nanofibers by Electro-
deposition. Figure 1 shows the morphology of the Sn
electrodeposits synthesized by cathodic electrodepo-
sition at �10.5 V for 30 s from an aqueous solution
containing 0.25MSnSO4, 0.7MH2SO4 and 40 g/L Triton
X-100. At low magnification (as shown in Figure 1(a)),
the surface of the Cu substrate was partly covered with
a high density of long electrodeposits. However, the
high-magnification SEM images revealed that the elec-
trodeposits were composed of a large number of fine
1D dendritic nanostructures that were interlaced with
each other (Figure 1(b) and 1(c)). As depicted in
Figure 1(d), a typical synthesized nanowire has an
apparent thickness of approximately 370 nm, and the

Figure 1. SEM images of the Sn nanofibers that were synthesized by cathodic electrodeposition at �10.5 V for 30 s from an
aqueous solution containing 0.25 M SnSO4, 0.7 M H2SO4 and 40 g/L Triton X-100.
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length of the nanofibers was 37.1 μm, which corre-
sponds to an aspect ratio (length-to-width ratio) of
approximately 100. Another notable feature in the SEM
observations is that the nanofibers were lying parallel
to the surface of the substrate and grew in almost the
same direction, upward relative to the electrode (from
the “bottom” to the “top” of the electrode, as defined in
Scheme 1). Because the Sn nanofibers are electrode-
posited at a high cathodic potential of�10.5 V, hydro-
gen gas was generated vigorously (reduction of Hþ)
that was competitive with Sn electrodeposition (reduc-
tion of Sn2þ). Herein, the hydrogen bubbles that
evolved on the Cu substrate created a continuous path
from the substrate to the electrolyte-air interface dur-
ing the deposition process, which created an electro-
lyte turbulence near the electrode surface. Therefore, a
strong electrolyte current in the upward direction
(relative to the electrode) would be induced on the
electrode surface, which acts as the driving force for
the growth of Sn electrodeposits in the upward direc-
tion of the specimen.

The microstructural characteristics of the Sn nano-
fibers were investigated by XRD analysis. As shown in
Figure 2, the XRD pattern verifies the formation of
crystalline β-Sn with a tetragonal structure of I41/amd

and lattice constants of a = 5.832 Å and c = 3.181 Å.
However, it is difficult to determine the preferred
orientation or the growth direction of the nanofibers
from the XRD pattern owing to the absence of a dif-
fraction line with an obviously higher intensity relative
to the reference pattern (PDF #00�0865�2265) in the
powder diffraction file database (PDF). The diffract-
ometer only collects reflections from the crystallo-
graphic planes that are parallel to the substrate, and
hence the comparison of the diffraction lines to the
reference lines provides information about the crystal
orientation of the specimen against the substrate. In
this regard, it can be assumed that Bragg diffraction
cannot occur for the consecutive crystallographic
planes perpendicular to the growth direction when
the preferred direction of the crystallites is parallel to

the surface of the substrate (i.e., the accurate growth
direction of the nanofibers cannot be identified using
XRD analysis alone). Indeed, as shown in Figure 1, the
axes of most of the electrodeposited Sn nanofibers
were parallel to the surface of the Cu substrate. There-
fore, the actual growing plane of the nanofiber must
not correspond with the preferred orientation ob-
served by the XRD pattern. The inset in Figure 2 sche-
matically shows the difficulties that are inherent in
using Bragg diffraction for consecutive crystallo-
graphic planes normal to the axis of the Sn nanofibers.

To investigate the growth direction of the Sn
nanofibers, further structural analyses were conducted
using high-resolution TEM (HRTEM) and selected area
electron diffraction (SAED) patterns. As shown in Figure
3, three locations were selected on a Sn nanofiber for
observation by HRTEM, the (a) top, (b) bottom and (c)
the top of a side branch of the nanofiber. For both (a)
and (b), a long-range ordered crystal lattice was ob-
served along the surface of the nanofibers, indicating
that the main stem of the nanofiber is a single crystal-
line. Interestingly, at the middle of the stem, a side
branch that inclines away from the axis of the nanofi-
ber at an angle of approximately 29.5�was formed, and
the branch shows a long-range ordered crystal lattice
in the same direction (Figure 3(c)). The corresponding
SAED patterns verified that not only the stem but the
side branch of the Snnanofiberwas also composed of a
single crystal. The distinctly observed fringe spacing of
the nanofibers was 0.291 nm, which was assigned to a
d-spacing of 0.29158 nm for the {200} set of planes.
However, on closer examination it was found that the
growth direction of the nanofiber (the axis of the
nanofiber) is different from these fringes. This means
that the growth direction of the nanofiber is not [100]
or [010]. Instead, the SAED patterns reveal that the axis
of the Sn nanofiber is identical to a direction normal
to the (112) plane. Moreover, the measured angle of
29.5� between the stem and the branch of the nano-
fiber is well matched with the angle between (112)
and (112), which was calculated as 29.48� (Figure 3(d)).

Scheme 1. Schematic illustration of the electrodeposition
system for the synthesis of the Sn nanofibers.

Figure 2. XRD patterns for the Sn nanofibers that were
synthesized by cathodic electrodeposition at �10.5 V for
30 s from an aqueous solution containing 0.25 M SnSO4,
0.7 M H2SO4 and 40 g/L Triton X-100.
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Therefore, the HRTEM and SAED patterns suggest that
the Sn nanofibers were grown in a direction normal to
the (112) or (112) plane.

This growth behavior should be noted because
β-Sn nanowires are known to preferentially grow along
the [100] direction regardless of the synthetic method
used.7,17,19,25�27 In general, crystallographic planes
with higher surface free energies are thermodynami-
cally unstable and vulnerable to attack by external
atoms.27 Because the (200) planes of tetragonal β-Sn
are the most thermodynamically unstable, anisotropic
growth and subsequent predominant growth along
the (200) planes are typical characteristics of β-Sn.26,27

Thus, despite the equivalency of the (100) and (010)
planes, most of the 1D Sn nanostructures show [100]
directional growth due to this intrinsic crystallographic
property of β-Sn.28 From this viewpoint, the growth of
Sn nanofibers along a direction other than the [100]
direction is unusual and represents a considerably
interesting result.

The largest difference between our synthetic ap-
proach and conventional methods is the use of a
nonionic surfactant, Triton X-100, which contains both
a hydrophilic polyethylene group and a lipophilic
hydrocarbon group. Triton X-100 has many applica-
tions over a wide range of fields due to its wettability,
detergency, superior hard surface, metal-cleaning abil-
ity and excellent emulsification performance.29 In ad-
dition, Triton X-100 can function as a suppressor and a

brightener in the electrodeposition of Sn/Pd. The
addition of Triton X-100 produced a uniform, adherent
and semibright deposit by forming a layer of organic
molecules on the electrode surface.30,31 Commonly,
adsorbed organic molecules can generally affect the
surface diffusion of metal adions or adatoms to stable
lattice sites and the deposition kinetics by changing
the growth direction of the electrodeposits.32,33 In this
sense, it can be assumed that Triton X-100 suppresses
the growth of the Sn crystallites along the [100] direc-
tion by adsorption on the (200) plane and pro-
motes the growth of the Sn crystallites in a direction
normal to the (112) or (112) plane.

The adsorption of Triton X-100 on the (200) plane
was confirmed by the electrodeposition of Sn at
a relatively low current density of �100 mA/cm2. As
shown in Figure S2 (Supporting Information), the
addition of 40 g/L Triton X-100 in the bath results in a
significant reduction in the perfection of the [200]
crystal orientation in the Sn electrodeposit, whereas
the other peaks exhibit no obvious change. In addition,
the significant increase in the cathodic overpotential
with the addition of Triton X-100 demonstrates that
Triton X-100 has a strong suppressive effect on Sn
electrodeposition (Figure S3), in agreement with pre-
vious studies.30,31

According to Zavarine et al.,29 the hydrophobic
portion of Triton X-100 maintains adsorption on the
electrode surface at all potentials in virtue of the

Figure 3. HRTEM images and corresponding selected area electrondiffraction (SAED) patterns at the (a) top, (b) bottomand (c)
branch of a Sn nanofiber synthesized by cathodic electrodeposition at �10.5 V for 30 s from an aqueous solution containing
0.25M SnSO4, 0.7MH2SO4 and 40 g/L Triton X-100. (d) The schematic illustration of the {112} and {200} lattice fringes of β-Sn.
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overlap of the π-orbitals of the aromatic portions with
the localized orbitals of the metal31 while the strong
hydrophilic poly(ethylene oxide) chain stretches into
the aqueous phase.29,34 At higher cathodic potentials,
the surface coverage of Triton X-100 is significantly
increased by the enhanced metal-to-surfactant inter-
action (adsorption), causing the poly(ethylene oxide)
chain to lie flat on the surface. Under these conditions,
Triton X-100 is adsorbed on the electrode surface in an
uncoiled but elongated configuration to provide max-
imum overlap of the unshared p-orbitals of oxygen
with the localized metal orbitals.31 Likewise, because
the electrodeposition of Sn in this study was con-
ducted at a high cathodic potential of �10.5 V, the
poly(ethylene oxide) chain of Triton X-100 was ex-
pected to exhibit strong adsorption on the (200) plane
(Figure 4(a)). Although perfect coverage of the surface
would be difficult, substantially complete coverage is
anticipated for Triton X-100 attributed to its high
entropy of the adsorption and the high Triton X-100
concentration in the electrolyte.

Figure 4(b) presents the lattice for the β-Sn phase
with lattice constants of a = 5.832 Å and c = 3.181 Å.
Because of the equivalency of the (200) and (020)
planes of β-Sn, Triton X-100 has suppressive effects
on the growth of Sn crystallites along both the [100]
and [010] directions. When the surfaces of the (200)
and (020) planes are substantially covered with elon-
gated Triton X-100 (Figure 4(c)), the newly reduced
Sn atoms from the Sn2þ ions in the electrolyte

will be forced to attach to the dangling bonds in the
(112) and (112) planes, which incline away from the
(200) plane at angles of 82.56� and 97.44�, respectively.
As a result, the crystal growth rates along the a- and
b-axes become much slower than that normal to
(112) and (112), and hence the Sn electrodeposits
spontaneously form 1D nanostructures with a high
aspect ratio.

Although the XRD pattern of the nanofiber in
Figure 2 suggests that the electrodeposits contain no
crystalline phases other than β-Sn, a translucent layer
on the surface of the Sn nanofiber with a thickness of
approximately 5�7 nm was observed using HRTEM.
Figure 5(a) clearly reveals the existence of short-range
ordered crystalline lattices along the entire surface of
the nanofiber. In addition, the distance between the
two adjacent lattice planeswasmeasured as 3.35 Å and
was assigned to the {110} planes of tetragonal SnO2

(a = 4.738 Å, c = 3.187 Å). Furthermore, the high-
resolution core-level XPS spectrum of Sn 3d clearly
demonstrated that the surface of the Sn nanofiber was
covered with two forms of Sn oxide, SnO2 (∼487.71 eV)
and SnO (∼486.4 eV). As shown in Figure 5(b), the Sn
(3d5/2) and Sn (3d3/2) peaks could bedeconvoluted into
three peaks each, Sn4þ (487.71 and 496.16 eV), Sn2þ

(486.4 and 494. 75 eV) and Sn0 (485.58 and 493.95 eV),
respectively, which agreed with the values for SnO2,
SnO and metal Sn, respectively.35,36 Because the peaks
centered at 487.71 and 496.16 eV disappeared after
1200 s of ion etching, it was deduced that the inner

Figure 4. Schematic illustration of (a) the adsorption of Triton X-100 on the (200) plane of β-Sn, (b) the lattice of β-Sn and (c)
the corresponding 2D view along the c-axis.
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oxide layer was fully composed of amorphous SnO and
the outer oxide layer was mainly composed of crystal-
line SnO2.

On the basis of these results and the above discus-
sion, a novel growth mechanism for Sn nanofibers in
the presence of Triton X-100 is proposed. As illustrated
in Scheme 2, at high cathodic potentials, the formation
of small nuclei of Sn electrodeposits with dense pack-
ing on the surface occurred simultaneously with the
vigorous evolution of hydrogen gas (Scheme 2(a)).
Herein, the hydrogen bubbles evolving on the Cu
substrate diffuse into the electrolyte-air interface,
which creates a driving force for the growth of Sn
electrodeposits in the upward direction of the speci-
men. During Sn electrodeposition (under high catho-
dic potentials), Triton X-100 selectively and strongly
adsorbed on the (200) and (020) crystallographic
planes of the Sn nuclei (Scheme 2(b)). The adsorption
suppressed growth of Sn along the [100] and [010]
directions and promoted anisotropic growth of Sn
normal to the (112) or (112) plane (Scheme 2(c)).
Because of the equivalency of the (112) and (112)
planes in β-Sn, several short side branches that
inclined away from the axis of the main stem at
29.48�were formed on the main stem of the nanofiber
(Scheme 2(d)).

Electrochemical Properties of the Sn Nanofibers for Na-Ion
Batteries. Recently, rechargeable Na-ion batteries have
received considerable attention as a near-term alter-
native to Li-ion batteries for large-scale systems, such
as grid storage devices, because of low cost, relatively
low redox potential (0.3 V higher than that of Li/Liþ)
and the high natural abundance of Na.37�39 Accord-
ingly, extensive studies have been conducted to find
suitable electrode materials with a high specific capa-
city, low irreversible loss, high Coulombic efficiency
and long cycle life. Among the various candidates,
Sn is one of the most attractive anode materials due
to its high theoretical capacity and low reaction

potential.24,40�48 When assuming complete sodiation
of Sn into Na15Sn4, the capacity of Sn is approximately
847 mAh g�1,46 which is substantially greater than
the reversible capacity of hard carbon (as high as
300mAh g�1).49,50 However, pure Sn electrodes exhibit
poor cyclability on account of the structural failure of
Sn that results from a significant volume change (up to
approximately 420%) during sodiation/desodiation.24

Consequently, major challenges remain for improving
the cycle stability of the Sn electrodes. One possible
strategy for overcoming such a problem is to make a
nanostructured or nanoscale electrode for facilitating
the relaxation of material stress. Indeed, according to
Yang et al.,51 decreased particle size can increase the
cycling stabilities of Sn electrodes for Li-ion batteries.
Li�Sn alloys with particle diameters ranging from
200�400 nm exhibited less cracking and pulverization
than alloys with larger, micron-sized particles, demon-
strating that the cycling performance of Li-alloy anodes
is highly dependent on themorphology of themetallic
matrix. Because the volume expansion of Sn upon
sodiation is similar to that upon lithiation,24,52 consid-
erable improvements in cycle performance may be
expected for nanocrystalline Sn anodes. From this
perspective, the Sn nanofibers fabricated in this study
may provide an ideal solution to problems involving
the use of pure Sn in Na-ion batteries.

The cycle performance and Coulombic efficiency of
the Sn nanofibers were investigated at a rate of 0.1 C
(based on themass of Sn) over a voltage range of 0.001
to 0.65 V (vs Na/Naþ). On the basis of the half-cell
reaction in this study, the insertion of Naþ into the Sn
nanofiber electrode is referred to as discharge, and the
extraction of Naþ from the electrode is referred to as
charge. As shown in Figure 6(a), the Sn nanofibers
exhibit a high reversible capacity and excellent cycle
performance. Specifically, the charge capacity was
maintained at 776.26 mAh g�1 after 100 cycles, which
corresponded to 95.09% of the initial charge capacity

Figure 5. (a) HRTEM image of the surface of the Sn nanofiber and (b) high-resolution XPS spectra for the Sn nanofibers before
and after 1200 s of ion etching.
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(816.37mAh g�1). Although the first- and second-cycle
Coulombic efficiencies were only 68.03 and 90.96%,
respectively, the efficiency steadily increased to
98.27% by the 100th cycle. The high aspect ratio of
the Sn nanofibers provides a high reversible capacity
by increasing the surface-to-volume ratio and reducing
the Na diffusion distances. However, the extremely
large surface areas of these nanofibers may result in
significant electrolyte decomposition problems. Gen-
erally, low Coulombic efficiency is mainly attributed to
the irreversible Coulombic losses caused by electrolyte
decomposition, which occurs constantly on the surface
of Sn.40,53 This irreversible consumption occurs be-
cause the electrolyte is not completely optimized for
Na-ion batteries. In this experiment, we used fluor-
oethylene carbonate (FEC) as an electrolyte additive,
which has been reported to inhibit electrolyte decom-
position by modifying the surface passivation layer.53

However, the extensive decomposition of the electro-
lyte was not sufficiently suppressed due to the large
surface area. Despite the low Coulombic efficiency, the
excellent retention of the charge capacity indicated
that the Sn nanofibers reversibly reactedwithNawith a
high stability and that abrupt capacity deteriora-
tion due to the detachment of Sn was completely
suppressed, unlike in the case of a typical pure Sn
electrode.24

The rate capabilities of the Sn nanofibers with
varying C rates are shown in Figure 6(b). The Sn nano-
fibers exhibit a charge capacity of 808.19 mAh g�1 at a
rate of 0.1 C and retain a high reversible capacity of
784.53 mAh g�1 at 1 C (only a 2.93% reduction).
Although the charge capacity decreased sharply from
2 to 5 C, the initial capacity (790 mAh g�1 at the
40th cycle) was completely restored with good cycle
stability when the current density returned to 0.1 C

from 5 C in the 36th cycle. The recovery of the capacity
demonstrates that the structure of the Sn nanofibers is
sustained, even at high C rates, and implies that the
rapid reduction in the capacity at a C rate of 2 may be
attributed to the imperfect desodiation of NaxSn.
Despite the low discharging capacity at a C rate of
0.1, increasing overpotentials resulted from the slow
diffusion of Naþ ions in the bulk material, which re-
sulted in unfinished desodiation reactions at a cutoff
voltage of 0.65 V. Thus, the reversible capacity de-
creased dramatically as the charging current densities
increased (as shown in Figure 6(b)).

Another notable feature of the electrochemical
properties of the Sn nanofibers is a gradual change in
the charge profiles from the first to fourth cycle. This
behavior implies that the electrochemical reactions of
the Sn nanofibers take a different reaction pathway
upon cycling. As shown in Figure 6(c), the first charge
curve for the Sn nanofibers has three distinct plateaus,
denoted as I, II and III in order of increasing Na content.
On the basis of the results of the previous study,24 it can
be suggested that the electrochemical sodiation/
desodiation of the Sn nanofibers undergoes the
following reactions in the voltage range of 0.001 to
0.650 V.

Plateau I : Naþ (NaSnx þ β-Sn)

T R-NaSn (amorphous)

Plateau II : 5Naþ 4(R-NaSn)TNa9Sn4 (crystalline)

Plateau III : 6NaþNa9Sn4 T Na15Sn4 (crystalline)

However, in the subsequent cycles, the plateaus
at 0.17 V (plateau III) and 0.27 V (plateau II) gradually
merge into a single plateau at 0.2 V (plateau IV)
whereas the plateau at 0.55 (plateau I) did not change.

Scheme 2. Simplified description of the growth mechanism of the Sn nanofibers by cathodic electrodeposition. Hydrogen
bubbles that evolved on the substrate create a strong electrolyte current from the bottom to the top of the electrode. This
process acts as the driving force for the growth of Sn electrodeposits in the upward direction of the specimen. The (200)
planes are privileged sites for the adsorption of Triton X-100, and consequently, the Sn nanofibers grow along a direction
normal to the (112) or (112) plane.
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The merging of the two plateaus into a single plateau
occurs during the second and third cycles and is
complete at the fourth cycle. This profile change

suggests that the desodiation reaction can proceed
directly from Na15Sn4 to R-NaSn (amorphous) without
forming the Na9Sn4 intermediate. In fact, the phase

Figure 6. (a) Cycle performance and Coulombic efficiency of the Sn nanofibers at a rate of 0.1 C over a voltage range of 0.001
to 0.65 V (vs Na/Naþ). (b) Specific capacities of the Sn nanofibers with the current density varying from 0.1 to 5 C and back to
0.1 C between 0.001 and 0.65 V with a fixed discharging current density of 0.1 C. Charge�discharge curves of the Sn
nanofibers at (c) the 1st, 2nd, 3rd and 4th cycles and (d) the 5th, 10th, 30th and 100th cycles.

Figure 7. XRD patterns for the Sn nanofibers at various stages during the 5th cycle.
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formed between plateaus II and III is controversial
because the XRD pattern for this phase does not
correspond to the pattern reported for the crystalline
Na9Sn4 phase.24,41 According to Ellis et al.,41 the in-
ability of Sn and Na atoms to arrange into complex
structures, such as Na9Sn4, at room temperature may
account for the formation of the metastable phase
instead of the expected thermodynamically stable
phase. Consequently, the formation of the metastable
phase of Na9Sn4 was avoided, and Na15Sn4 was directly
converted into the amorphous phase of NaSn (IV) after
the fifth cycle. The voltage profiles of the Sn nanofibers
exhibited the same behavior between the fifth to the
100th cycles (Figure 6(d)), indicating that highly stable
sodiation/desodiation reactions for the Sn nanofiber

(IV T I) occur repeatedly without changes in the
reaction pathway.

Plateau IV : 11Naþ 4(R-NaSn)T Na15Sn4 (crystalline)

To confirm the proposed electrochemical reactions
of the Sn nanofibers with Na, the phase changes of Sn
during cycling were investigated using ex situ XRD. The
sodiated Na�Sn alloy phases were examined at the
middle or end of the plateaus. Figure 7 shows the XRD
patterns for the electrode when discharged to A, B, C,
and D or when charged to E, F, G and H during the fifth
cycle, as marked in the voltage profile. Although the
diffraction peaks of crystalline β-Sn were obtained at
0.65 V after 4 cycles (A), the initial Na�Sn alloy phase at
0.65 V did not consist of β-Sn solely, but was composed

Figure 8. SEM images of the Sn nanofibers (a) as deposited, (b) after 1 cycle, (c) after 2 cycles, (d) after 3 cycles and (e�h) after
100 cycles.
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of crystalline β-Sn and an amorphous Na-poor Sn alloy
phase. This result occurred because full desodiation of
the Na�Sn alloy is impossible at a voltage range of
between 0.001 and 0.65 V.24 At the end of the initial
discharge plateau (B), the diffraction peaks of β-Sn
completely vanished, and no peaks were observed. This
finding indicated thatβ-Sn was completely converted to
an amorphous Na�Sn phase. Crystalline Na15Sn4 was
formed instead of themetastable crystalline phase in the
middle of the following plateau (C), which demonstrates
that the metastable Na9Sn4 was not formed during the
fifth discharge.When completely sodiated (D), the phase
structure of the Na15Sn4 phase was maintained. In the
following charging process, the Na15Sn4 phase disap-
peared at 0.270Vduring charging (E), and thediffraction
peaks corresponding to β-Sn reappeared at 0.650 V (G).
The XRD analysis verifies that the sodiation process
(Af D) and the desodiation process (D f G) occurred
reversibly and that the Sn nanofibers undergo two
phase transitions during sodiation or desodiation.

To investigate the structural stability of the Sn
nanofibers, the morphology of the electrode after
cycling was characterized by ex situ SEM. As shown in
Figure 8(b), after 1 cycle, the nanofiber morphology
was slightly distorted from the initial straight morphol-
ogy (Figure 8(a)). However, the apparent dimensions of
the nanofibers did not greatly change despite the
severe volumetric changes. While the nanofiber dia-
meter appeared to increase after 2 and 3 cycles, the
1D morphology of the nanofibers was maintained
(Figure 8(c) and 8(d)), indicating that the Sn nanofibers
undergo nearly reversible volumetric expansion and
shrinkage during sodiation/desodiation. Even after 100
cycles, no obvious cracks or fractures were formed on
the nanofibers (Figure 8(g) and Figure 8(h)). In parti-
cular, the nanofibers sustained the 1Dmorphology and
good electrical contact with the current collector with-
out any loss of the active materials (Figure 8(e) and
Figure 8(f)). Therefore, the superiormechanical stability
of the Sn nanofibers is considered as amajor contributor
to the excellent cycle stability shown in Figure 7(a).

Considering the large volume changes (up to ap-
proximately 420%), the nanofibers may undergo highly
anisotropic expansion during sodiation/desodiation to
account for the maintenance of the 1D morphology
over cycling. Because the outer free surfaces induce

greater expansion in the radial direction and lesser
expansion in the axial direction, greater expansion in
the radial direction of the Sn nanofiber during sodia-
tion is more favorable than that in the other directions
in the bulk.54 In general, the particle-like structure
deposited on the substrate may be vulnerable to the
stress accompanying the volume changes. This is
because the 0-dimensional particles would expand in
all directions except downward during sodiation but
contract in all directions during desodiation.24 Thus,
compared to 0D micron-sized particles and 2D layered
structures, the high aspect ratio of 1D nanostructured
Sn can better accommodate sodiation-induced stress
and effectively suppress the mechanical degradation
of the material, such as pulverization or fracturing.

CONCLUSIONS

In this study, Sn nanofibers with a high aspect ratio
were successfully synthesized using a simple electro-
deposition process from an aqueous solution without
templates. This approach involves the rapid electro-
chemical deposition of Sn and the strong adsorption of
Triton X-100 on the {200} crystallographic planes of
the Sn crystallites, which induce anisotropic growth
of 1D Sn nanofibers normal to the (112) or (112) plane.
As electrode materials for Na-ion batteries, the Sn
nanofibers exhibited a high reversible capacity and
excellent cycle performance. The charge capacity was
maintained at 776.26 mAh g�1 after 100 cycles, which
corresponds to a 95.09% retention of the initial charge
capacity. The superior electrochemical performance of
the Sn nanofibers was mainly attributed to their high
mechanical stability to sodiation, which originates
from their highly anisotropic expansion and the pore
volumes existing between the nanofibers. Although
further research is required to improve the Coulombic
efficiency and rate capability, the Sn nanofibers synthe-
sized by this simple electrodeposition process demon-
strate the feasibility of using binder- and conductive-
agent-free Sn as a high-performance anodematerial in
advanced Na-ion batteries. Furthermore, the synthetic
approach suggested in this study provides a facile
template-free and cost-effective process for fabricating
1D nanostructures, and this methodology can be
readily applied across a variety of electrochemistry
and nanotechnology fields.

EXPERIMENTAL SECTION
Sn nanofibers were synthesized by potentiostatic electrode-

position at�10.5 V for 30 s from an aqueous solution containing
0.25 M SnSO4, 0.7 M H2SO4 and 40 g/L Triton X-100. The
electrodeposition was conducted using a two-electrode cell,
with nodular Cu foil as the cathode (Figure S1) and a pure Sn
plate as the anode. The distance between the cathode and the
anode was 1.5 cm, and the solution was magnetically stirred at
180 rpm. The electrodeposition system for the fabrication of Sn

nanofibers is schematically illustrated in Scheme 1. All experi-
ments were conducted at room temperature (20 ( 0.5 �C). The
fabricated Sn nanofibers were dried in a vacuum for 12 h after
rinsing with distilled water to prevent further Sn oxidation. The
deposition mass was measured from the difference of mass
before and after the Sn electrodeposition, and the averagemass
of deposited Sn was measured to be approximately 0.34 mg.
The surface morphology and the dimensions of the elec-

trodeposits were examined by scanning electron microscopy
(SEM). The crystal structures of the electrodeposits were
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investigated using X-ray diffraction (XRD) and high-resolution
transmission electron microscopy (HRTEM). To prepare the
specimens for TEM, the dried Sn nanofibers were scraped from
the substrates and dispersed in ethanol via sonication for 1 h.
X-ray photoelectron spectroscopy (XPS) was used to character-
ize the surface of the Sn nanofibers.
The electrochemical properties of the Sn nanofibers were

investigated using Swagelok-type cells that were assembled in
an Ar-filled glovebox. Each cell consisted of a Sn electrode sheet
(with an area of 1 cm2) and a Na metal film (with an area of
1 cm2) without a separator.24 The electrolyte was anhydrous
propylene carbonate (PC) with 1 M NaClO4 and 2 vol %
fluoroethylene carbonate (FEC). The charge/discharge charac-
teristics of the electrode were examined galvanostatically at a
current density of 84.7 mA g�1 (0.1 C rate) and between 0.001
and 0.65 V (vs Na/Naþ). The rate capabilities of the electrode
were evaluated at different current densities over voltage
ranges of between 0.001 and 0.65 V (vs Na/Naþ). To examine
the morphology and phase structure changes of the electrodes
with cycling, ex situ SEM observation and XRD analyses were
performed on each electrode. For ex situ SEM characterization,
the cycled electrodes were extracted from the Swagelok-type
cells and rinsed with anhydrous dimethyl carbonate (DMC). In
addition, for the ex situ XRD analysis, the cycled samples were
sealed with Kapton tape in an Ar-filled glovebox.
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