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ELECTROCHEMICAL PROPERTIES OF FLEXIBLE ANODE WITH SNO, NANOPOWDER
FOR SODIUM-ION BATTERIES

Sodium-ion batteries (SIBs) have attracted substantial interest as an alternative to lithium-ion batteries because of the low cost.
There have been many studies on the development of new anode materials that could react with sodium by conversion mechanism.
Sn0O, is a promising candidate due to its low cost and high theoretical capacity. However, SnO, has the same problem as other
anodes during the conversion reaction, i.e., the volume of the anode repeatedly expands and contracts by cycling. Herein, anode
is composed of carbon nanofiber embedded with SnO, nanopowder. The resultant electrode showed improvement of cyclability.
The optimized SnO, electrode showed high capacity of 1275 mAh g™ at a current density of 50 mA g™'. The high conductivity of
the optimized electrode resulted in superior electrochemical performance.
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1. Introduction

Recently, in the energy research fields, the development of
low-cost and large-scale batteries for electric vehicles and energy
storage systems has become an urgent issue. Sodium-ion batteries
(SIBs) are one of the most attractive alternatives to lithium-ion
batteries because of the low cost and abundance of sodium [1,2].
The excellent performance of cathode materials for SIBs has
already been reported [3,4]. Significant efforts also have been
conducted on developing high-performance new anode materials
for SIBs because graphite is not suitable for SIBs due to low
specific capacity [5]. Thus, many studies have focused on the
development of new anode materials that could react with sodium
by phase conversion [6-8] or alloying [9-11] as those materials
high theoretical capacity and electrical conductivity. SnO, is
a promising candidate due to its low cost and high theoretical
capacity [12]. However, SnO, has a problem during the conver-
sion reaction. The volume of the product is higher than that of
the initial materials, which results in volume variations lead to
accumulation of internal stress, cracking, and finally pulveriza-
tion into small particles [13]. This results in poor cyclability due
to the disconnection between active materials and the current
collector. To improve cycle life, previous research has focused

on preventing pulverization through buffering volume changes
by coating the SnO, with carbon materials [14-16]. However,
these kinds of conducting materials reduce practical capacity.
In addition, the practical capacity is more reduced through the
addition of conducting agents, binders, and current collectors.
Therefore, the addition of inactive materials such as conducting
materials, binder, conducting agents, and current collector should
be minimized [17,18].

In this work, we synthesis binder-free SnO, anode, which
has a high degree of flexibility. In addition, by minimizing the
current collector and conducting agents can improve electrode
capacity. For higher electrochemical properties, the synthesis
method was optimized by heating at various temperatures.

2. Experimental
2.1. Preparation of flexible SnO, anode
The SnO, anode was prepared by electrospun and heating
PAN web mixed with SnO, nanopowder. The electrospinning

solution was prepared by adding 2.46 g of polyacrylonitrile
(PAN, Mw = 150,000, Sigma-Aldrich) and 1.5 g of SnO, nano-
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powder (Sigma-Aldrich) to 20 mL of NV, N-dimethylformamaide
(DMF, DAEJUNG, Korea). Then, the solution was homogene-
ously dispersed by ball milling (300 rpm) for 2 h and loaded
into a 10-mL syringe with a metallic needle. The flow rate and
positive voltage applied to the needle were 2 mL h™' and 15 kV,
respectively. After electrospinning, the as-spun PAN web with
SnO, nanopowder was heated at a rate 5°C min™! to 250°C for
3 h in air atmosphere for oxidative stabilization of PAN web.
After oxidative stabilization, the sample was heated at a rate of
5°C min~' to 400, 500, 700, and 1000°C and then maintained at
this temperature for 3 h under an argon atmosphere. By heating,
the PAN polymer web changed to a carbon nanofiber web. The
various heating temperature was chosen due to the optimization
of the synthesis condition of SnO, anode. The SnO, anode was
punched into a 1 cm-diameter disc and directly used as an anode
without any further processing.

2.2. Material characterization

The crystal structure of the samples was confirmed by
XRD (D8 Advance A25, bruker), and their morphologies were
examined by field-emission SEM (MIRA3 LM, TESCAN). The
elemental contents of SnO, anode were determined using an
elemental analyzer (EA, Vario Macro Cube, Elementar).

2.3. Electrochemical characterization

The SnO, anode was used as an anode without a conducting
agent or binder. A Na foil was used as a counter electrode, and
the separator was used a glass-fiber filter (GF/D, Whatman).
IM sodium hexafluorophosphate (NaPFg, Sigma-Aldrich) in
Dimethoxyethane (Sigma-Aldrich) was used as an electrolyte.
The cell was assembled in a Swagelok-type cell in an argon-
filled glove box. The discharge/charge tests were performed
using a WBCS3000 battery cycler (WonATech, Korea) at room
temperature. The specific capacity was calculated based on the
weight of SnO,.

3. Results and discussion

Fig. 1 shows photographic images of the SnO, electrodes
after synthesis at various heating temperatures. Free-standing
electrodes were obtained by heating a PAN web mixed with
SnO, nanopowder. All free-standing SnO, electrodes web is
foldable. Fig. 2 shows SEM images of the SnO, electrode.
All SnO, electrode is composed of nanofiber with a diameter of
several hundred nanometers and high aspect ratios. However, the
particle size on the carbon nanofiber was different according to
heating temperature. Below the heating temperature of 500°C,
nanoparticles were observed. However, as the heating tempera-
ture increased, the particle size increased. Fig. 3 shows the XRD
patterns of the SnO, electrode at various heating temperatures.
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Fig. 1. The photograph of SnO, electrode according to different heat
treatment temperature; (a) 400°C, (b) 500°C, (c) 700°C and (d) 1000°C

Fig. 2. FE-SEM images of electrodes with different heating temperature;
(a) 400°C, (b) 500°C, (c) 700°C and (d) 1000°C

The structure of precursor SnO, nanopowder with PAN polymer
web is tetragonal, and any other peaks were not observed. After
oxidative stabilization, the crystal structure was maintained,
which means that oxidative stabilization was not an effect of
the phase of SnO, nanopowder. During the carbonization heat-
ing below 500°C, the tetragonal SnO, phase was maintained,
which means that only PAN polymer was converted to carbon.
However, the SnO, phase was disappeared and the cubic phase
of Sn has appeared. On the high heating temperature, SnO, was
reduced to Sn such as equation (1).

Sn0, + C — Sn + CO,1 (1)
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Fig. 3. XRD patterns of precursor and electrodes; (a) as-electrospun
PAN with SnO, nanopowder and heat treated at (b) 250°C (oxidative
stabilization), (c) 400°C, (d) 500°C, (e) 700°C and (f) 1000°C
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We focused on SnO, anode except for Sn anode because
SnO, particles were formed inside of carbon nanofiber, which
can obtain buffer effect of carbon nanofiber during charge/dis-
charge. In addition, smaller active materials size of SnO, was
expected fast ion transfer.

In order to confirm the SnO, ratio in the electrode, the
elemental analysis was analyzed. The 400°C and 500°C SnO,
anode contain 41.2 and 44.8 wt % of SnO,, respectively.

To determine the electrochemical performance of SnO,
anode for SIBs, the Na/SnO, half-cell was tested using an
ether-based electrolyte. Fig. 4 shows the cyclability of the SnO,
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Fig. 4. The cycle performance of Na/SnO, cell at different heating
temperature; (a) 400°C and (b) 500°C

anode at a current density of 50 mA g~'. Between the first and
second capacity has a high irreversible capacity which might
be the formation of a solid electrolyte interfacial (SEI) layer
[19-21]. The 2™ specific capacity of SnO, anode shows 871 and
556 mAh g! at heating temperature 500 and 400°C, respectively.
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The high specific capacity was due to as reported conversion
reaction follow as [22]:

SnO, + 4Na" +4e <> Sn + 2Na,0 )
Sn + 2Na,O + xNa" + xe” <> Na,Sn + 2Na,O (3)

Therefore, the specific capacity after 30" cycles, the SnO,
anode shows 360 (500°C) and 199 (400°C) mAh g', respec-
tively. The SnO, anode synthesized at 500°C shows superior
cyclability than 400°C electrode. To understand the reason for
the cyclability difference, we analyzed charge/discharge curves.
Fig. 5 shows the 3™ charge/discharge curves of Na/SnO, cells.
The sloping charge/discharge curves were observed and no
clear plateau was found. The SnO, at 500°C has a smaller over-
potential than SnO, at 400°C, which means that the resistance
of SnO, at 500°C electrode was small. This small resistance
might come from high heating temperature, which can improve
the electric conductivity of carbon nanofiber. Chien group
shows high electrical conductivity of the PAN fibers at the high
heating temperature [23]. SnO, at 500°C electrode might have
high electrical conductivity than SnO, at 400°C electrode. SnO,
syntheized at high temperature has extended carbon structures,
which increased conductivity of the electrode.

3.0

2.5

— ()
—(b)

N
[—}

Voltage (V)

0.0

0 200 400 600 800
Specific capacity (mAh g )

1000

Fig. 5. The 3" charge/discharge curves of Na/SnO, at different heating
temperature; (a) 400°C and (b) 500°C

These results indicated the possibility for next-generation
SIBs because of their high electrode capacity and flexibility. For
practical application, it is necessary to further study the improved
electric conductivity, which can obtain the novel flexible and
high capacity anode for SIBs.

4. Conclusion

An anode of flexible and free-standing SnO, anode was
prepared by electrospinning and heating. The optimized heating
temperature was at 500°C, which has a high specific capacity and
low resistance. The initial discharge capacity was 1275 mAhg!,
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but the 2™ discharge capacity was 871 mAh g™!. The irreversible
behavior might be related to SEI layer formation. In summary,
the flexible SnO, anode is a candidate sodium-ion batteries
anode material.
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