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ABSTRACT 

 

Pure tin (Sn) nanoparticles can be cycled in stable and high gravimetric capacity (> 500 mAh/g) 

with a polyfluorene-type conductive polymer binder in composite electrodes. Crystalline Sn 

nanoparticles (< 150 nanometers, nm) were used as anode materials in this study. The average 

diameter of Sn secondary particles is 270 nm, calculated based on BET surface area. The 

composite electrodes contain a conductive polymer binder that constitutes 2% to 10% of the 

material, without any conductive additives (e.g., acetylene black). The electrode containing the 

5% conductive binder showed the best cycling performance, with a reversible capacity of 510 

mAh/g. Crystallinity of Sn particles gradually degrades during cycling, and pulverization of 

particles was observed after long-term cycling, leading to the capacity fade. The conductive 

polymer binder shows advantages over other conventional binders, such as poly(vinylidene 

fluoride) (PVDF) and carboxymethylcellulose (CMC) binders, because it can provide electrical 

conductivity and strong adhesion during Sn volume expansion. 
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1. Introduction 

Group III and IV metallic or metalloid materials (e.g., Si, Sn, Ge, Mg and Al) have attracted 

significant attention as potential anode materials for lithium-ion batteries due to their high 

capacity to alloy with lithium. However, the high capacity of the materials to alloy comes with a 

proportional volume change upon lithiation and delithiation with lithium during the 

electrochemical cycling. This volume change generates a structural breakdown of the electrode, 

leading to performance degradation. Metallic Sn is one of the most promising candidates to 

substitute for conventional graphite anode material for rechargeable batteries (such as those used 

in consumer electronics or electric vehicles) because of its high theoretical specific capacity—

994 mAh/g (Li22Sn5) —and higher density.1, 2  

 

In a conventional composite electrode design, the active materials and conductive additives (e.g., 

acetylene black) are bound together by a nonconductive polymer binder. The volume change of 

Sn-active materials tends to push away the acetylene black additive, leading to Sn particle 

isolation from the conductive network of the electrode laminate (Figure 1a). Thus, the capacity 

retention of a pure Sn composite electrode is very poor.3, 4 

 

Numerous approaches have been proposed and developed to enable Sn-based electrode cycling 

with a reasonable reversible capacity. Some transition metals (e.g., Cu, Co) can form 

intermetallic compounds with Sn to provide an inactive matrix, which can deliver stable, long-

term cycling performance.5-14 Therefore, to alleviate the Sn volume change effect on cycling 

performance, a stress buffer phase was applied to fabricate Sn composite electrodes. The most-

used material for stress relief is carbon, including amorphous carbon, graphite, graphene, and 
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nanotubes.15-22 Building nanostructured Sn materials, such as nanowires, nanofibers, and 

nanotubes, is another approach to enable Sn cycling. The large surface area and special three-

dimensional structure of nanomaterials alleviate the mechanical stress during Sn volume change, 

offer more void space to accommodate the volume change, and enhance the electronic 

connections.23-27 

 

All the approaches mentioned above focus on the modification and preparation of Sn or Sn 

composite materials. However, at the particle level, higher degree of volume expansion of the 

Sn-based materials (compared to graphite) is still expected. The conventional electrode design is 

typically composed of active materials, a conductive additive, and a polymer binder. The 

polymer binder plays an important role in the cell’s performance. Poly(vinylidene fluoride) 

(PVDF) and carboxymethylcellulose (CMC) are the conventional binders used for graphite 

anode, with only 10% of volume change of graphite material during the cycling. In a composite 

electrode with Sn as an active material, the Sn material is dispersed in a conductive matrix 

composed of a conductive additive (acetylene black) and a polymer binder. However the 

acetylene black does not have any flexibility to accommodate Sn expansion or extraction. Thus, 

after just a few cycles, the Sn materials disconnect from the acetylene black and lose the 

electrical connection with the current collector, leading to the capacity fade (Figure 1a).  

 

It is critical to develop an improved approach to incorporate the Sn-based active materials into a 

composite electrode. The conductive polymer binder provides a unique advantage to assemble 

the alloy materials and to provide an electrical connection between the matrix and the alloy 

active materials.28   Unlike the conventional approach, where the critical electrical conductivity 
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points are between the acetylene black particles and Sn particles, the conductive polymer binder-

based Sn electrode has a closely bound electrical interface between the binder and Sn (Figure 

1b).  

 

The conductive binder Poly(9,9-dioctylfluorene-co-fluorenone-co-methylbenzoic ester) (PFM) 

used in this study is a polyfluorene-type polymer with two key function groups— carbonyl and 

methylbenzoic ester—for tailoring the polymer to be conductive in the Sn cycling potential range 

and for improving the mechanical binding force, respectively (Figure 1c). The conductive 

polymer binder is expected to bind closely to the lithium-storing Sn particles, even as they 

expand during lithiation and then shrink again during dislithiation. In the meantime, the 

electronic connection throughout the electrode is well maintained. 

 

A new design principle for a conductive polymer binder for a lithium battery application was 

developed. Based on that principle, a PFM conductive polymer binder was developed and 

successfully used as both a binder and a conductive additive for a Si electrode.28 Since Si and Sn 

work at a similar potential during lithiation and delithiation, the same polymer binder should be 

able to function for Sn-based materials. So far, only thin-film Sn electrodes (< 500 nm) have 

demonstrated acceptable capacity retention during lithiation and delithiation cycling tests in the 

literature. All pure Sn particle-based composite electrodes show very rapid capacity degradation 

during cycling. In this study, pure Sn nanoparticles were used to demonstrate the validity of the 

approach with a conductive polymer binder-based Sn composite electrode. 

 

 



 

 

6 

2. Experimental 

The design, preparation, characterization and simulation of conductive polymer can be found in 

our published paper.28 Sn nanoparticles were purchased from Sigma-Aldrich and used as 

received. The particle size defined by the company is < 150 nm. The purity is over 99% metal Sn 

content. The electrodes were made by dispersing a defined amount of Sn nanoparticle in the 

conductive polymer PFM chlorobenzene solution. The slurry mixing, electrode casting, and coin 

cell assembly can be found in the literature.29 Three compositions of Sn electrode with PFM 

conductive polymer binder were fabricated at weight ratios of 98/2, 95/5 and 90/10 (Sn/PFM), 

and Sn mass loadings of 0.51 mg/cm2, 0.22 mg/cm2 and 0.32 mg/cm2, respectively. Lithium-ion 

electrolytes were purchased from Novolyte Technologies, including 1 M LiPF6 in ethylene 

carbonate (EC) and fluorinated ethylene carbonate (FEC) (EC:FEC at 3:7 w/w). Lithium metal 

was used as the counter electrode. The coin cell performance was evaluated with a Maccor Series 

4000 Battery Test System in a thermal chamber at 30°C. The coin cells were cycled between 

1.5V and 0.02V. A 200 kilovolt (kV) FEI monochromated F20 UT Tecnai was used to produce 

high-resolution TEM images of the Sn nanoparticles. The morphology of electrodes was imaged 

with a JEOL JSM-7500F field emission scanning electron microscope (SEM), and the electrode 

surface chemistry was mapped with an energy dispersive X-ray (EDX) analyzer from Thermo 

Scientific Analysis. The powder-specific surface areas were measured by a Brunauer-Emment-

Teller (BET) N2 adsorption method with a Micromeritics tristar surface area and porosity 

analyzer. The phase of powders was identified by a Philips X’Pert Pro Multipurpose X-ray 

Diffractometer using CuKα radiation (λ= 0.15406 nm). Adhesion measurements of the Sn 

electrode were performed on a Chatillon® TCD225 series force measurement system according 

to a previously reported method.28 
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3. Results and Discussion 

3.1. Characterization of Sn Nanoparticles 

Pure Sn nanoparticles were used as the active material in this study. The transmission electron 

microscopy (TEM) image in Figure 2a clearly shows their crystalline lattice morphology. The 

x-ray diffraction (XRD) of a Sn particle, as shown in Figure 2b, also confirms its crystalline 

structure. Measured d spacing from TEM image is 2.91Å, which can be assigned to 2 2 0 (h k l) 

peak of Sn. The peaks of pristine Sn particles fully agree with reference (PDF # 04-0673) and 

can be indexed to a tetragonal Sn phase. 

 

The secondary particles composed of primary particles (< 150 nm) were observed in SEM 

images (Figure 2a, inset). The surface area of the particle is 3.02 m2 g-1 measured by the BET 

method. Assuming that the particles are spherical, equation (1) can be used to calculate their 

particle diamter (d),  

d = 6 / (ρ × a) (1)  

where ρ is the density and a is the BET-measured surface area. In this case, d is 270 nm. As a 

primary Sn particle is < 150 nm, the larger diameter measured by BET must be for the secondary 

particle, which is consistent with scanning electron microscope (SEM) observations. Since BET 

measurement is based on gas absorption and de-absorption, it indicates that the primary particles 

are fused together to form secondary particles. Therefore, the primary Sn particles within the 

secondary particle are not accessible by the gas adsorption method. Likewise, the electrolyte is 
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not accessible in the internal secondary particles. The evaluation of cell performance has to be 

based on the secondary particles 

 

In addition, for most metal nanoparticles, a native oxide layer can form on the surface of 

particles during the manufacturing process. It is known that an excessive native oxide layer 

degrades cell performance.30, 31 Therefore, the surface morphology of Sn particles was carefully 

examined, and the surface was found to be free of the native oxide, based on TEM images. A 

thermalgravimetric analysis (TGA) further confirmed that the thickness of the native oxide layer 

was negligable. 

 

3.2. Characterization of a Sn/Conductive Polymer Composite Anode 

To characterize the electrochemical properties of Sn particles, electrodes based on Sn 

nanoparticles and a PFM conductive polymer binder were prepared. To optimize the electrode’s 

composition, the ratios of Sn to conductive polymer binder were tuned from 98:2, 95:5 to 90:10 

by weight. The electrode surface morphology was examined by SEM imaging, as shown in 

Figure 3. The morphology of electrodes with composition of 98:2 and 95:5 rations of Sn to 

Condcutive polymer binder  (Figure 3a and 3b) is similar, exhibiting the features of tightly 

bound Sn nanoparticles with pores. The polymer binder is distributed evenly on the surface of 

the Sn nanoparticles, therefore the polymer binder cannot be identified as a separate phase, based 

on SEM images of Figure 3a and 3b.32 

 

The presence of a polymer on the surface of the Sn in the electrode can be detected by an energy 

dispersive X-ray (EDX) mapping technique. Since the electrodes only have two components, Sn 
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and PFM polymer, carbon from the polymer was taken as the element to map the distribution of 

the polymer in the electrode. The carbon elemental mapping (Figure 3a and 3b, insets) of the 

electrodes (98:2 and 95:5 compositions) showed that the conductive polymer binder was 

uniformly distributed in the electrodes. When the conductive polymer content increases to 10% 

by weight (Figure 3c), an obvious aggregation of Sn particles and a thick layer of polymer 

coating on the surface of electrode can be clearly observed by SEM imaging. The carbon 

elemental mapping of this electrode (Figure 3c, inset) shows higher intensity than those of the 

other two electrodes. This confirms an increase of polymer content in the electrode. Due to the 

higher density of the Sn than that of the polymer binder, the 10% of weight content of binder 

makes up close to 50% volume fraction in the electrode. Therefore, a dramatic decrease of pores 

in the electrode with 10% weight binder was observed due to the high polymer content (Figure 

3c). The calculated porosity for 2% and 5% binder electrodes is 75.6% and 79.8%, respectively; 

however, the porosity decreased dramatically to 43.1% for the electrode containing 10% binder. 

All the calculated values are consistent with the observations based on SEM images.  

 

Assuming that the polymer coats the surface of the secondary Sn particles, the volume of 

polymer (V) in the electrode can be calculated based on equation (2), where m is the mass of 

polymer in the electrode, andρ is the polymer density. 

V = m / ρ (2) 

For Sn particles, the total surface area (A) can be calculated from equation (3), where, a is the 

BET surface area of Sn particles in m2 g-1 and m is the total mass of Sn in the electrode. 

A = a × m (3) 
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Thus, the thickness of polymer (d) coated on Sn particles in the electrode can be estimated from 

equation (4).  

d = V / A (4) 

The thickness of the polymer coating in electrodes containing 2% and 5% binder was calculated 

to be 3.98 nm and 9.43 nm, respectively. For a 10% binder electrode, the polymer coating 

increased to 21.6 nm thick. At a low loading of Sn filler, the polymers tend to fill in the porosity 

created by the Sn particles, creating polymer- and particle-rich domains that are observable in an 

SEM image (Figure 3c).  

 

3.3. Electrochemical Performance of Sn and the Conductive Polymer Composite Anode 

To test the electrode performance, the coin cells with lithium metal as the counter electrode were 

assembled and tested at 0.1C current density in the potential range from 20 millivolt (mV) to 2 

volts (V). In this potential range, the Sn can be fully lithiated and delithiated. The expected 

volume change is about 300% during this process.  

 

Figure 4 and Supplimental Figure 1 show the cycling performance of the electrodes of different 

binder content. The three different compositions of electrodes show their different cycling 

behaviors. For an electrode with a 2% binder, the initial delithiation capacity can reach 740 

mAh/g and then drop quickly in its first 20 cycles to below 300 mAh/g. This quick fading is 

most likely because a 2% binder is not enough to adhere the Sn electrode materials together. 

Also, delamination of the electrode from the Cu current collector was observed after only a few 

cycles. The low binding force caused the Sn to break away from the electric connections, which 

led to a quick capacity fade.  
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However, cycling performance was significantly improved as the binder content was increased to 

5%. The capacity was 620 mAh/g in the initial cycles, and then it gradually stabilized at 510 

mAh g-1 after 40 cycles. The polymer binder at 5% content seems enough to provide a good 

mechanical adhesion for the electrode. To confirm that, the force needed to peel the electrode 

materials from the current collector was measured. It was found that 1.8 pound force (lbf) of 

force was needed to peel the laminate with 2% binder off from the current collector. Under the 

same condition, to peel off the laminate containing 5% binder, the force had to be increased to 

4.5 lbf, which is more than double the adhesion force of the electrode containing the 2% binder. 

The adhesion strength is very important for the Sn electrodes made of conductive polymer 

binder. Better adhesion between Sn and the binder assures the physical integration of the 

electrode. Moreover, the electric conductivity is governed by the interface of Sn and the 

conductive binder. Tight association of the Sn with the binder affords better and lasting electric 

conduction in the electrode. This is critical for stable cycling of alloy materials. 

 

Although higher binder content can lead to improved adhesion, the use of excessive polymer 

binder must be avoided because too much polymer could slow the diffusion of lithium-ions in 

the electrode and at the interface and decrease active material loading. The adverse effects of the 

binder were observed in the electrode containing 10% binder. As previously calculated, the 

polymer layer on Sn particles in a 10% binder electrode is about 21.6 nm. In this case, the 

polymer in the electrode with 10% binder needs a longer period of time to be activated before the 

Sn particles are fully cycled, and the diffusion of lithium-ion through this thick polymer layer is 

much slower than other two electrodes. Thus, the initial discharge capacity is extremely low for 
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the 10% binder electrode. It took about 40 cycles to slowly reach 510 mAh/g of reversible 

capacity. 

 

Electrode porosity also plays a key role in cycling performance. In electrodes with both 2% and 

5% binder, the porosity is above 70%. The high porosity is critical for the performance of large 

volume change alloy materials, as volume expansion tends to reduce porosity and slow the 

electrode’s lithium-ion diffusion rate. The electrode with a 10% binder has 43.1% porosity. 

Without proper porosity, the lithium-ion transport in the electrode is hindered, especially after Sn 

volume expansion. The formation of thick solid electrolyte interphase (SEI) layer on the surface 

of Sn particles further reduces the porosity. 

 

To verify the morphology change of the electrode after cycling, the cells based on different 

electrodes were disassembled after one cycle. The cycled electrodes were examined by SEM, as 

shown in Figure 5. Compared with fresh electrodes (Figure 3), both pore size and number were 

reduced due to the volume expansion of Sn particles and the SEI layer formed on the surface of 

the particles. For electrodes containing 2% and 5% binder, pores still can be observed; however, 

for electrodes containing 10% binder, the pores were completely sealed off. Sn particles are fully 

covered by a thick layer of polymeric materials. In this case, the lithium-ion has to diffuse 

through the thick layer of coating to reach the Sn particles, due to deficient porosity.  

 

As shown in Figure 4, the electrode containing the 5% binder shows the best cycling 

performance, so the electrode with this composition was selected for rate performance tests. To 

characterize the rate capability of Sn nanoparticles, three different rate tests were conducted: 
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symmetric charge (lithiation) and discharge (delithiation) rates; 0.1C discharge and various 

charge rates; and 0.1C charge and various discharge rates. Figure 6 shows the rate performance 

of the electrode under different testing conditions. The cell shows the best performance at 0.1C 

charge and various discharge rates. With 0.1C charge current density, the cell can cycle at a 20C 

discharge rate with 235 mAh/g reversible capacity. At a 2C discharge rate, the reversible capacity 

is 380 mAh/g, which is comparable with the theoretical capacity of graphite (372 mAh/g). The 

cells show different performance with 0.1C constant discharge and various charge rates. Before a 

1C testing rate, the performance trend is very close to that of a 0.1C charge and various discharge 

tests. However, after the charge rate increased to 2C, the reversible capacity decayed to 150 

mAh/g. This variation shows that the control factor of rate performance of Sn materials is a 

charge process, not a discharge process. If Sn nanoparticles are given enough time to alloy with 

lithium, they can release the lithium at a relatively high current rate. This was further confirmed 

by the symmetric charge and discharge rate test, which shows the worst performance in these 

three tests. After rate tests, the cells can recover their initial capacity, which means that the 

structure of Sn nanoparticles is not destroyed during the process where they alloy and de-alloy 

with lithium, even at high rates. 

 

3.4. Sn Nanoparticle Phase Change After Long-term Cycling 

Although the phase change during charge and discharge of a pure nano Si particle has been 

extensively studied, the pure Sn nanoparticle structure change after cycling has not been 

reported. In particular, the Sn phase change after long cycling has not been studied because of 

the inability to acquire an extended-cycled pure Sn sample. 
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To monitor the phase change of Sn particles, the cells were disassembled after 10 cycles and 150 

cycles. To identify the phase change of Sn particles after cycling, the XRD diffraction pattern of 

Sn particles, fresh electrode, and cycled electrode (10 and 150 cycles) were collected and 

compared, as shown in Figure 7. Since the laminate is coated on a Cu current collector and X-

ray can penetrate the laminate to pick up the Cu peak in XRD spectra, the Cu reference spectra 

(PDF # 04-0836) is provided for an easy comparison. The XRD spectra of a fresh Sn electrode 

show the clear Sn peaks. The extra peaks at 41o and 48o of fresh electrode can be attributed to a 

polymer, which is present in XRD spectra of cycled Sn electrodes too. After 10 cycles, the Sn 

peaks still can be observed; however, the intensity is decreased compared with the pristine 

electrode, indicating that the crystalline structure of Sn particles starts to fade. After long-term 

cycling (150 cycles), the Sn peaks cannot be observed in the XRD graph. Based on these 

observations, the crystalline Sn gradually degrades to amorphous during the cycling.  

 

The phase change also can be observed from its potential profiles (Figure 7b). In the initial two 

cycles, the typical plateaus correspond to the lithiation or delithiation of lithium at two phase 

regions of the alloy. The plateaus became a slope after 150 cycles, indicating the amorphization 

of the structure.  

 

The TEM technique was used to observe both the crystallinity change and particle-level 

morphology changes. The cells after different cycles (4 and 190 cycles) were dissembled, and the 

cycled electrodes were examined by TEM. Figure 8a shows the pristine spherical Sn particles. 

The crystalline features of the Sn particle can be clearly identified in the high-magnification 

TEM image in Figure 8d. After 4 cycles, some of the spherical Sn particles turned into irregular 
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shapes (Figure 8b). However, the crystalline domains of particles still can be observed with a 

high-resolution TEM image (Figure 8e). In addition, after 4 cycles, Sn particles are strongly 

embedded in the polymer matrix, as the arrow indicates in Figure 8b. 

 

The morphology of Sn particles totally changed after 190 cycles. The primary Sn particles tend 

to pulverize and re-aggregate after repeated volume expansion and extraction (Figure 8c). The 

Sn particle pulverizes to small fractions but remains embedded in the conductive polymer 

network, maintaining the integrity of the electrode (Figure 8f). After long-term cycling, Sn lost 

all the crystalline features and thoroughly turned amorphous. Most of the capacity fading after 

cycling is due to the pulverization of the Sn nanoparticles; the conductive polymer to Sn 

adhesion is still largely maintained.  

 

3.5. Comparison of Different Binders for Sn Nanoparticle Composite Anode 

Sn is a highly conductive metal. Therefore, the need for a conductive additive in the electrode is 

not obvious. Non-conductive binder such as PVDF and CMC may work with Sn based electrode. 

To investigate the electrode performance of Sn nanoparticle with different binders , conventional 

binders as PVDF and CMC were fabricated into electrode with Sn nanoparticles, and tested.  The 

performances of these electrodes were compared with that of the electrode fabricated with the 

conductive polymer binder (PFM). The electrode composition for CMC and PFM binders is 5% 

binder and 95% Sn. Due to the insulating nature of PVDF, its content in the electrode had to be 

decreased to 2%.  
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All the cells were tested under the same conditions. Figure 9a shows the cell cycling 

performance based on the different binders. For the CMC binder, the discharge capacity fades 

dramatically from initial 740 mAh/g in 20 cycles. Cell performance is even worse with the 

PVDF binder. With only 2% of PVDF used in the electrode, almost no discharge capacity can be 

achieved, due to the insulating effect of the PVDF. In both the PVDF and CMC cases, the Sn 

electrode is electrically connected at the initial stage, due to the Sn particle aggregation. 

However, after only a few charge and discharge cycles, the Sn particles are no longer in contact 

with each other. The insulating binders do not provide electrical connections to the Sn particles.  

 

For comparison, the cell with 5% of conductive binder shows over 500 mAh/g reversible 

discharge capacity because of its conductive and binding properties. An important factor to 

evaluating binder properties is binding capability, which can assure electrode integrity during 

cycling. It is known that CMC has a stronger binding force to the current collector than does 

PVDF because its carboxylic groups can form the hydrogen binding with Sn particles. Using the 

same principle, our conductive polymer binder has ester groups that also can provide strong 

binding between the laminate and the current collector. 

 

To quantitatively evaluate the binding force of the three binders, peeling tests were conducted. 

The test results are shown in Figure 9b. The laminate with 2% of PVDF binder is most easily 

peeled off from the current collector. Conversely, CMC adhesion is much stronger than that of 

the PVDF. The electrode containing PFM is extremely robust. The binding force of PFM is much 

greater than either PVDF or CMC, and it can maintain electrode integrity during cycling. This is 
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another reason that an electrode based on the conductive polymer binder exhibits the best 

performance. 

 

4. Conclusions 

The conductive polymer binder provides a new method to connect large-volume changing alloy 

anode materials. This new approach demonstrated the first time that pure Sn nanoparticle-based 

composite electrodes can be extensively cycled at high capacity. The results further support the 

validity of the conductivity and adhesion bi-functional design of the binders. Compared with 

conventional PVDF and CMC binders, the conductive polymer binder can significantly improve 

the cycling performance at 520 mAh/g reversible capacity. Since the conductive polymer binder 

constitutes only 5% of the electrode, the active material content (95%) in the electrode is much 

higher than the normal Sn composite electrode, which has an additional conductive additive 

component. The reversible capacity of the electrode containing 5% conductive polymer binder 

can reach close to 500 mAh/g, even when accounting for the total electrode material mass. In 

addition, pure Sn nanoparticles gradually lose their crystallites and pulverize after repeated 

alloying and de-alloying with lithium. In the case of the conductive polymer, it has the advantage 

of providing the conductive matrix to embed the particles and even their fractions after cycling. 

Thus, the conductive polymer is an efficient strategy to enable the cycling of a metal-based 

electrode with volume change problems. 
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Figures 

 

Figure 1. (a) Sn in a traditional composite electrode with an acetylene black conductive 

additive and a non-conductive polymer binder. (b) Sn in the conductive polymer binder 

electrode. (c) Conductive polymer binder PFM molecular structure.  
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Figure 2. (a) TEM and SEM (insets) images of nano Sn particle. (b) XRD of Sn particles.  

2.91 nm

500 nm

500 nm

10 nm

a b 

25 35 45 55 65 75 85 

In
te

ns
ity

 (a
.u

.) 

2θ (o) 

(101) 

(220) 

(211) 

(301) 
(112) 

(400) 
(321) 

(420) 
(411) (312) 

(200) Sn particle 

Sn (PDF # 04-0673) 



 

 

24 

 

 

Figure 3. SEM images of an electrode with different binder contents (a) 2%; (b) 5%; (c) 10%. 

Scale bars: 1µm; insets: EDX mapping of carbon.  
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Figure 4. Discharge (delithiation) capacity of Sn electrodes with different binder contents at 

0.1C rate between 1.5V and 20 mV. 
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Figure 5. SEM images of the electrodes of different composition after 1 cycle: (a) 2% binder; (b) 

5% bidner; (c) 10% binder. Scale bar: 1 µm. 
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Figure 6. Discharge rate performance of the Sn/PFM (95/5) composite electrode. 
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Figure 7. (a) XRD of Sn particles and a Sn electrode before and after cycling (Sn/PFM 95/5). (b) 

Sn electrode potential profiles.  
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Figure 8. TEM images of Sn particles: (a, b) pristine; (b, e) after 4 cycles; (c, f) after 190 cycles. 
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Figure 9. (a) Comparison of discharge capacity of Sn materials with different binders: PFM 

(5%), CMC (5%) and PVDF (2%). (b) The adhesion force test data is based on different binders. 
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