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Toward High Specific Capacity and High Cycling Stability of Pure Tin
Nanoparticles with Conductive Polymer Binder
for Sodium Ion Batteries

Abstract

Pure Sn nanoparticles electrode with  Poly(9,9-dioctylfluorene-co-fluorenone-
comethylbenzoic ester) (PFM) conductive binder are prepared and tested in sodium ion
battery. It shows high specific capacity and high cycling stability without any conductive
additive compared with Sn/CMC (carboxy methylated cellulose) and Sn/PVDF
(polyvinylidene fluoride) electrode. The Sn in Sn/PFM electrodes delivers 806 mAh g at
C/50 and 610 mAh g at C/10. After 10 cycles at C/10, the capacity of Sn has no decay.
SEM and TEM images show that the Sn particles in Sn/PFM electrode are still fully
coated by PFM polymer after huge expansion during sodiation and shrinkage during

desodiation.

1. Introduction

Recently, more and more attention has been paid to sodium ion batteries due to the
wide availability and low cost of sodium [1, 2]. There have been many kinds of cathode
materials for sodium ion batteries [3-19]. However, it is still a huge challenge to develop
a practical anode material with high specific capacity and high cycling stability. Graphite,
which has been widely used in lithium ion batteries, do not work with sodium [20].
Although hard carbon can absorb Na atoms onto its surface thereby can be used as anode
material for sodium ion batteries, its specific capacity (200~300 mAh/g) and density
(~1.5 g/cm3) are not satisfactory [20-23]. Metal oxide anode materials, such as sodium
titanate or TiO,, has lower specific capacity than hard carbon [24-32]. Intermetallic anode

materials [33-38] (Si, Ge, Sn, Pb, Sb, etc.) have aroused much interest for their high



specific capacity. Si has a high capacity of 4200 mAh/g [39] but it also does not work in
sodium ion batteries [40]. Thus among the intermetallic anode materials for sodium ion
batteries, Sn seems to be a competitive candidate [40-45]. The theoretical specific
capacity of Sn is about 847 mAh/g when assuming the full conversion into Na;sSny [43].
The density of p-Sn is 7.3 g/cm’ so it also has high volumetric capacity. However, the
pure Sn powder suffer big volume change in charge and discharge [44], so it is a

significant challenge to improve the cycling stability of pure Sn.

In our previous works in lithium ion batteries, we point out that the polymer binder
plays an important role in the cell’s performance [46]. A conductive binder Poly(9,9-
dioctylfluorene-co-fluorenone-comethylbenzoic ester) (PFM) designed by our group has
been used in Si and Sn anode material for lithium ion battery [47-49]. It is a
polyfluorene-type polymer with two key function groups—carbonyl and methylbenzoic
ester—for tailoring the polymer to be conductive in the cycling potential range and for
improving the mechanical binding force, respectively. With this binder, the pure Sn
nanoparticles exhibit high cycling stability besides high specific capacity in lithium ion
battery [48]. However, Na™ has bigger ionic radius than Li’, so the volume expansion of
Sn during sodiation is bigger than during lithiation (430% vs. 300%). The PFM binder
faces bigger challenge in the sodium system. In this work, we prepared Sn/PFM
composed electrode without any conductive additive, then examined its electrochemical
performance and compared it with Sn/CMC (carboxy methylated cellulose) and

Sn/PVDF (polyvinylidene fluoride) electrode.

2. Experimental



The design, preparation, characterization and simulation of conductive polymer can
be found in our published paper [49]. Sn nanoparticles were purchased from Sigma-
Aldrich. The particle size defined by the company is <150 nm and the purity is over 99%
by metal Sn content. Defined amount of Sn nanoparticles were dispersed in the
conductive polymer PFM chlorobenzene solution to form a slurry. For comparison, same
Sn nanoparticles were also dispersed in CMC water or PVDF NMP solutions to form
slurries. The slurries were doctor-bladed onto copper foil, dried at room temperature, then
was punched into discs (diameter = 13 mm) and was dried at 90 °C for 12 h in a vacuum
oven. The weight ratios of Sn/PFM, Sn/CMC and Sn/PVDF were 95/5, 95/5 and 98/2,
respectively. 2325 coin cells were fabricated with the Sn electrodes, sodium foil, 1 mol
L™' NaClO, in 7/3 propylene carbonate (PC)/fluoroethylene carbonate (FEC), and two-
layered Celgard 2400 polypropylene separator. The coin cells were assembled in an
argon-filled glove box and galvanostatic charge-discharge tests were performed using
Maccor 4000 at 30 °C. The voltage range was 0.8-0 V. The morphology of the electrodes
were examined using a JEOL 7500F scanning electron microscope (SEM) and a Philips

CM200FEG transmission electron microscopy (TEM).

3. Results and discussion
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Fig. 1. The first charge and discharge profiles of (a) Sn/PFM, (b) Sn/CMC and (c)
Sn/PVDF. The charge and discharge rate is C/50 (16 mA g™)

Fig. 1 shows the first charge and discharge profiles of the three electrode. The charge
capacities of Sn/PFM, Sn/CMC and Sn/PVDF are 806 mAh g, 533 mAh g, 65.7 mAh
g, respectively. The Sn/PFM has the highest charge capacity, which is near the
theoretical capacity of Sn (847 mAh g'). We believe this is benefited by the conductivity
of PFM polymer. The Sn/CMC has the medium capacity, this is because although the
conductivity of CMC is weaker than that of PFM, the Na' ion in CMC is helpful for Na"
ion transfer. The charge capacity of Sn/PVDF is very poor for the electric insulativity of
PVDF. The charge profiles of Sn/PFM has four voltage plateau: 0.13 V, 0.25 V, 0.56V
and 0.63 V, which are refer to two-phase reactions of Na;sSns-NaoSns, NagSns-NaSn,
NaSn-NaSns and NaSns-Na, respectively [42-44]. The ration of plateau length is near to
theoretical calculating value [41]. Although the charge profiles of Sn/CMC also has four
similar voltage plateau, and the length of the two higher voltage plateau is close to that of
Sn/PFM, the two lower voltage plateau is much shorter than that of Sn/PFM. As the
lower voltage, the higher volume expansion, this difference of voltage plateau suggests

that when Sn particles become rather big, the CMC cannot completely bind all the Sn



particles. The discharge capacity of Sn/PFM is over the theoretical capacity of Sn. This

might because Sn is consumed in SEI formation and partly absorbed by polymer.
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Fig. 2. The charge capacity vs. cycle number of Sn/PFM, Sn/CMC and Sn/PVDF. The
charge and discharge rate is C/10 (80 mA g™)

Fig.2 exhibits the cycling stability of Sn/PFM, Sn/CMC and Sn/PVDF. Firstly, at C/10,
the initial charge capacity of Sn/PFM is 610 mAh g, amount to 75.7% of capacity at
C/50, which is higher than previous result (less than 500 mAh g™, Sn 80%, carbon black
10%, PAA 10%, 50 mA g [40]). However, the ratios of capacities at C/10 and C/50 are
only 63.6% and 5.3% for Sn/CMC and Sn/PVDF, respectively, so Sn/PFM shows the
best rate performance. Secondly, the capacity of Sn/PFM is very stable along cycling.
After 10 cycles, the capacity is still 621 mAh g, and has no decay. Comparatively, the
capacity of Sn/CMC decreases fast at the first 5 cycles then increases slightly at the

following 5 cycles. The capacity retention of Sn/CMC is only 80% after 10 cycles. The



excellent cycling stability of Sn/PFM anode electrode in sodium ion battey is believed

originate in the conductivity and strong adhesion of PFM conductive binder.

Fig. 3. SEM images of the electrodes: (a) pristine Sn/PFM; (b) pristine Sn/CMC; (c)
pristine Sn/PVDF; (d) Sn/PFM after 1 cycle; (¢) Sn/CMC after 1 cycle; (f) Sn/PVDF after
1 cycle.

Fig. 3 shows the morphology of the pristine and after-1-cycle electrodes. The three
pristine electrodes of different composition have similar morphology. Polymer is hardly
found in the images because the polymer is uniformly coated onto the surface of particles.
However, in the first cycle, because the Sn particles expand during sodiation and then
shrink again during desodiation, the three electrodes of different composition after 1
cycle show much difference. The Sn particles in Sn/PFM electrode still bind closely to
PFM polymer, but those in Sn/CMC and Sn/PVDF electrodes separate from polymer.

This agrees with the analysis on the voltage plateau of Sn/PFM and Sn/CMC.



Fig. 4 TEM images of the electrodes: (a) (b) Sn/PFM after 1 cycle; (c) Sn/CMC after 1
cycle; (d) Sn/PVDF after 1 cycle.

Fig.4 is the TEM images of the three electrodes of different composition after 1 cycle.
From (a), (c) and (d) it can be seen that the Sn particles in Sn/PFM electrode are fully
coated by PFM polymer, but the coating of polymer on the surface of Sn particles in
Sn/CMC and Sn/PVDF electrodes is not completed. Fig. 4 (b) shows high resolution
image of a Sn particle in the Sn/PFM electrode after 1 cycle. The inner circle zone with
lattice is Sn, and the outer ring zone without lattice is PFM polymer. The polymer coating
is perfect. The thickness of polymer is 7~9 nm, which agrees with our previous

calculation[48].

4. Conclusion



The electrode composed by pure Sn nanoparticles and PFM conductive polymer shows
high specific capacity and high cycling stability without any conductive additive. The Sn
in Sn/PFM electrodes delivers 806 mAh g at C/50 and 610 mAh g™ at C/10. After 10
cycles at C/10, the capacity of Sn has no decay. SEM and TEM images show that the Sn
particles in Sn/PFM electrode are still fully coated by PFM polymer after huge expansion

during sodiation and shrinkage during desodiation.
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