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Irreversible chemical reactions always cause capacity fade and poor cycle life of Lithium-Sulfur (Li-S) batteries due to 

irreversible lithium polysulfides. An unexpected cationic polymer strategy at the Lawrence Berkeley National Lab 

shows a capture of irreversible polysulfides, which does greatly enhance the Li-S cycling performance. The branched 

polyethylenimine (PEI) polymer with a high density amine group can trap the lithium polysulfide through the 

interaction between -NH in amine group and soluble Li2Sx. To boost the interaction, cationization is achieved through 

nucleophilic substitution with CH3I; the cationic PEI (denoted as MPEII) has enhanced affinity to polysulfides. It 

attracts not only the lithium polysulfide through Li-N and Li-I attraction, but also the Sx
2-

 by electrostatic attraction of 

positively charged N after cationization. The cell with MPEII binder shows a better performance than PEI in 

self-discharge test. It also achieved a high S loading of 6.5 mg/cm
2
, with a high areal capacity of 6.48mAh/cm

2
 and a 

corresponding 985mAh/g after10 cycles.

Introduction 
The increasing large-scale grid and electric vehicles demand call 

for high density and low cost energy storage devices. Lithium 

sulfur batteries well satisfied all requirements due to its high 

specific capacity (1675mAh/g) and energy density of 2600 Wh/kg, 

which are five times higher than those of conventional lithium-ion 

batteries based on intercalation compound cathodes.
1-5

 Moreover, 

sulfur is rich in nature resources, extremely low cost, light weight 

and environmental friendliness.
6-11

 Different from 

lithium-oxygen/air battery, which is another high-energy battery 

system, the Li-S battery is a closed system, avoiding exposure to 

atmospheric contamination and potential safety hazards.
12

 Despite 

these advantages, the realization of sulfur batteries has been 

hindered by a few inherent drawbacks. First, the low electrical 

conductivities of both sulfur and sulfides limit electron transport in 

the electrode and lead to low utilization of active material.
13, 14

 

Second, the dissolving lithiated products result in shuttle effect 

that sulfur species transport between electrodes, conducing to low 

Coulombic efficiency and active material loss.
15,16

 In addition, the 

volume change of Li anode and cathode during cycling gives rise to 

serious side reactions between the soluble lithiated intermediate 

and lithium metal, which leads to fast capacity fade and related to 

safety issues.
17-20

 To address these issues, most efforts have been 

focused in carbon matrix confinement.
21 

Such as porous 

carbon,
22-24

 carbon nanotubes
25-29

 and conductive polymers
30

 have 

been utilized to enhance the utilization of active sulfur. It came out 

that the physically trapped polysulfide will eventually leach into 

the electrolyte again after few cycles. Thus, chemical 

immobilization, e.g., surface-functionalized carbon,
31,32

 metal 

oxide/sulfide materials
33,34

 and especially binder modification
35-39

 

turns out to be a promising solution.
40

  

The binder acts as an indispensable component in battery, 

contributing to bonding and keeping the active materials, which 

enhancing electrical contact between the active materials and 

conductive carbon, as well as current collector.
14, 41

 Therefore, a 

perfectible binder have a significantly effect on battery 

performance.
42-48

 The functional groups in binders are investigated 

to immobilize the soluble lithium polysulfide through either C-S 

bond, N-Li bond or O-Li bond,
10

 i.e., polyvinylpyrrolidone (PVP),
49

 

polyamidoamine (PAMAM) dendrimers,
36

 PAN,
50

 PFM,
35

 and gum 

Arabic,
51

 Polyethylenimine (PEI) polymer, bearing a large amount 

of amine groups in each molecular unit. The amino groups of PEI 

are chemically reactive and consequently enable a wide variety of 

chemical modifications which provide PEI with appropriate 

physicochemical properties.
52,53

 Researchers in Lawrence Berkeley 

National Lab have already revealed the effective electrostatic 

confinement of polysulfides in lithium/sulfur batteries by a PEI.
54

 

To boost the interaction, here we propose an enhanced affinity to 

polysulfides through the stronger electrostatic force of PEI derived 

polymers. The cationic PEI is designed to confine lithium 

polysulfides through interacting with the both Li
+
 and S

2-
x ions. 

Analysis of the interaction is simulated through the theoretical 

calculation method with density functional theory (DFT) prior the 

electrochemical test.  

Material and methods 

Theoretical calculation 

Gaussian 09 software,
55

 with Density Functional Theory (DFT) 

method at the B3LYP/6-311++G(d, p) theory level was used to 

optimize conformations and calculate the adsorption energies. 

Mixed basis were used for I contained molecule, in which 

6-311++G(d, p) basis was used for C, N, H, Li, S atoms, while 

LANL2DZ basis was used for I atom. A few initial configurations 

were tested in each case to obtain qualitative trends, and small 

variations were expected depending on the initial configuration 

thus giving rise to different local minima. GaussView was used to 

process the data and generate electrostatic potential (ESP) maps. 

Each ESP map used consistent isovalues and color scaling for 

related compounds. The adsorption energies of Li2S6 on the 
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substrates are defined by�Eads=-[E(Sub-Li2S6)-E(Sub)-E(Li2S6)] 

where E(Sub), E(Li2S6) and E(Sub-Li2S6) stand for the calculated 

electronic energies of the bare substrates, Li2S6 and the anchoring 

systems, respectively.
40

 Here, the higher values of ΔEads indicates 

the stronger anchoring interaction and vice versa.  

Synthesis and Characterization 

The micrometric sulfur powder is purchased form Sigma-Aldrich, 

Super C45 is purchased from TIMCAL, and Graphene is purchased 

from XG Sciences. All the other chemicals in this work were 

purchased from Sigma-Aldrich and used without further 

purification except specifically notified. PEI cationic polymer was 

synthesized by reaction of PEI and CH3I at the mole ratio of 4:1 

(CH3I to monomer units of PEI). 5g PEI (Mw25000) was dissolved in 

20 ml 1,4-Dioxane, then 6g CH3I was added with stirring for 1h at 

room temperature. The white precipitate was collected and dried 

in a vacuum oven at 50℃  for 24h. FTIR characterization of 

synthesized cationic polymer was collected on a Mattson Galaxy 

300 spectrometer.  

Cathode fabrication 

All cathode slurries were prepared in aqueous solvents. Sulfur 

powder, Super C45 and Graphene are added into the binder 

solution according to a certain weight ratio. The mixture is mixed 

by a ball-milling method for 48 hours to obtain homogeneous 

slurry. Then the slurry was coated onto an aluminum current 

collector with a doctor blade using an Elcometer motorized film 

applicator. The coated slurry was allowed to air-dry for 4 hours. 

Finally, 1.26 cm
2
 cathodes were punched out and dried in a 

vacuum oven for 12 hours at 50℃ before their transfer into an 

argon-filled glove box for coin cell assembly. The typical mass 

loading of sulfur is 6.5 mg/cm
2
. The composition of cathode is 

S:C45:Graphene:binder=50:30:10:10 (weight ratio). 

Cell assembly and testing 

Coin cells (CR2325, National Research Council Canada) were 

assembled in an argon-filled glove box with O2 and H2O content 

less than 0.5 ppm. Lithium metal foil was used as anode and 

polypropylene celgard 2400 was used as separator. The electrolyte 

was 1M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

dissolved in a mixture of 1,3-dioxolane and dimethoxyethane(1:1 

in volume) with 2% LiNiO3 added as an additive to help passive the 

surface of the lithium anode and reduce the shuttle effect. The 

electrochemical performance was measured galvanostatically in a 

voltage range of 1.8-2.6V on a Maccor series 4000 cell tester at 

30℃ . The self-discharge test was performed at 0.05C rate 

(1C=1672 mA/g), by charging the cells to the fully charged state 

and then letting them rest for 60 hours. This procedure was 

repeated three times, with the third rest lasting 240 hours. The 

charge/discharge specific capacities were calculated based on the 

mass of S in the electrodes. Cells used for SEM characterization 

were tested at 0.05C for 5 cycles, and stopped at fully charged or 

fully discharged state. Then these cells were disassembled in 

argon-filled glove box, finally the cathodes were washed 

thoroughly using DME/DOL(1:1) solvent and dried before SEM 

study.  

Results and discussion 

Theoretical investigation on interactions of Li2S6 with cationic 

polymer binder 

PEI is a potential cationic polymer due to the abundant amine 

groups in each monomer. The cationization is achieved through 

methylation with CH3I. I
-
 is one of the best leaving groups, which 

could facilitate the Coulomb interaction between the positively 

charged amine group and Sx
2-

. To simulate the confine mechanism, 

theoretical calculation method was adopted to give a systematical 

understanding toward the polysulfides anchoring effects. Li2S6 is 

integrated in the simulation since its high solubility in 

electrolyte.
55

 Considering branched PEI is a large polyamine 

structure composed of primary, secondary, and tertiary amines, 

we choose a representative structure containing these three kinds 

of amine group for simplification. Methyl iodide was chosen as the 

methylation reagent. The partially methylated PEI iodide is noted 

as MPEII in the following text. Nucleophilic substitution occurred 

scheme 1 Polysulfide confine mechanism and calculated binding energy of adsorption systems. ESP maps of Li2S6, PEI, MPEII, 

PEI-Li2S6 and MPEII-Li2S6 are shown. All maps used consistent surface potential ranges (−0.025 au (red) to 0.025 au (blue)) and an 

isovalue of 0.001 a.u. 
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preferentially with primary amine, then the secondary amines and 

finally tertiary amines. The simulation is mainly focused on 

primary amine group to evaluate the bondage intensity.  

As shown in Scheme 1, molecules are displayed with the optimized 

ground state structure and electrostatic potential (ESP) maps. 

Based on the ESP maps, possible sites of interaction could be 

predicted through the charge distribution. The more redish the 

color in the maps, the higher the electron density. It can be found 

that the optimized Li2S6 exhibits a ring-like configuration with the 

two Li
+
 ions located on the opposite sides of the ring.

40
 Although 

the primary, secondary, and tertiary amine groups own different 

electron density in PEI, all of them exhibit strong electronegativity 

which attracts the Li ions and thus anchors the S6
2-

 anions.  

To achieve the electrostatic absorption strategy, amine groups 

are methylated by methyl iodide (CH3I) first to become cationic. 

The N atom is positively charged after cationization. The 

methylated amine groups will directly connected to the negatively 

charged S6
2- 

anions after the leaving of I
-
.
56 

After the nucleophilic 

substitution of CH3I, the charge distribution of MPEII is simulated 

as shown in scheme 1.  

The adsorption strength between binders and lithium 

polysulfides should be prevail to the dissolution into the 

electrolyte solvents. Hence, the adsorption energy is also 

quantified through simulation. The calculated adsorption energies 

of Li2S6 on different molecule are shown in Scheme 1. The 

adsorption energy for DOL-Li2S6 and DME-Li2S6 is 0.79eV and 

0.77eV, respectively. In contrast, the binding energy of PEI-Li2S6 

anchoring system is 0.94eV, which is higher than that of DOL-Li2S6 

and DME-Li2S6. For MPEII, the binding energy is 1.89eV, which is 

the highest among the interactions.  

Synthesis and characterize of MPEII cationic polymer 

The designed MPEII was synthesized by reaction of CH3I with 

the branched PEI at the mole ratio of 4:1 (CH3I to monomer units 

of PEI). The IR-ATR spectra of production are shown in Figure 1, 

insertion is the structure formula of PEI unit. Characteristic peaks 

of PEI at 3270 cm
-1

 (–N–H stretching), 2940–2830 cm
-1

 (–C–H 

stretching), 1558 cm
-1

 (–N–H bending), 1473 cm
-1

 (–C–H bending) 

and 1350–1000 cm
-1

 (–C–N stretching) can be found in the MPEII. 

The peak of stretching vibration of –N–H appeared at 3270 cm
−1

 in 

the spectrum of PEI transfers to 3440 cm
−1

 in the spectrum of 

MPEII, with an intensity decrease. Peaks at 2929 and 2839 cm
-1

 

attributed to the C-H vibration on CH2 also have a blue-shift in 

MPEII. 

Electrolyte Uptake of the polymer binders 

Due to the coating of binders on the bulk sulfur material, lithium 

ion diffusion in the polymer binder is critical for the cycling 

performance of L-S battery, because of the binder. In our system, 

the lithium ion diffusion in polymer binders is measured through 

4000 3000 1750 1500 1250 1000 750

In
te
n
s
it
y
 (
a
.u
.)

Wavenumber cm
-1

PEI

MPEII

Structure of PEI 

Figure 1 IR-ATR spectra of PEI and MPEII. 

Figure 2 (a) Photo images of lithium polysulfide (Li2S6) solution before and after addition of binders; (b,c) The time-lapsed UV–vis 

absorbance of the in situ UV–vis spectra of PVDF and MPEII binder in 3 mmol/L polysulfide dissolved in DOL/DME solution; (c) The 

absorbance change of the in situ UV–vis absorbance as a function of time for PVDF and MPEII polymer. 
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electrolyte uptake. As shown in Figure S1, the total electrolyte 

uptake is around 10-11% of its final weight after 7 days for both 

PEI and MPEII. The iodide ions play a limited role in the polarity. 

In situ UV-vis investigation on interactions of Li2S6 with cationic 

polymer binder 

Besides the theoretical calculation, the adsorption abilities of 

PVDF, PEI and MPEII on lithium polysulfides were examined. The 

experimental phenomena of polysulfide solutions after adding 

these binders are shown in Figure 2a. It can be seen that after 

adding binder for 48h, solution with both PEI and MPEII binder 

show much lighter color compared to the pristine, while no 

change is found in solution with PVDF. The color of solution 

indicates the adsorption ability of polysulfides. MPEII shows the 

best adsorption ability since the color is almost disappeared.  

In-situ ultraviolet-visible spectroscopy (UV-vis) is conducted to 

confirm the electrostatic confinement as shown in Figure 2(b-d). 

The 0.1g polymers are soaked in the 1-mL 3-mmol/L long-chain 

lithium polysulfide (average formula Li2S6) in 1M 

Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) in 

1,3-dioxolane (DOL)/ 1,2-dimethoxyethane (DME) electrolyte for 

14 hours to track the polysulfide concentration evolution. The in 

situ spectra indicate that Li2S6 species produce characteristic peaks 

in around 430 nm. A significant polysulfide concentration decrease 

is recorded for the solution exposed to MPEII polymer. In contrast, 

the absorption signals for polysulfide solution exposed to PVDF 

hold constant, indicating limited interaction of PVDF with 

polysulfide over 14 hours.  

Galvanostatic lithiation/delithiation performance 

The cycling performances are all based on high loading 

electrodes, which are composed of 50 wt% micro-size sulfur 

particles. As shown in Figure 3a, a high initial capacity of 6.23 

mAh/cm
2
 was reached for PEI based electrode, corresponding to a 

sulfur utilization of 61.8% with the sulfur loading of 5.98 mg/cm
2
. 

The specific capacity is stable at ca. 500 mAh/g for both PEI and 

MPEII based electrode as presented in Figure S2. Self-discharge 

tests were conducted to study the polysulfides absorption ability 

of PEI and MPEII binder in Li-S batteries as shown in Figure 3a. The 

rest procedures are set after the 10th, 20th, and 30th cycles at a 

fully charged status. The corresponding rest time is 60 h, 60 h and 

240 h, respectively. The self-discharge prevention ability of 

cathode is characterized by three factors: (1) The self-discharge 

prevention factor, which shows the capability to prevent capacity 

loss during the rest; (2) The reversible capacity retention factor, 

which shows the ratio of capacity could be recovered after rest; (3) 

Open circuit voltage drop, which shows the polysulfide dissolution 

during the rest. The self-discharge prevention factor shown in 

Figure 3b was calculated by formula Qp=Ca/Cb, Ca is the discharge 

capacity after rest, and Cb is the discharge capacity before rest. 

The reversible capacity retention factor shown in Figure 3c was 

calculated by formula Qr=Cf/Cb, Cf is the discharge capacity of the 

following cycle after rest. The Qp and Qr trends in Figure 3b and c 

indicate that MPEII shows better self-discharge prevention ability 

and reversible capacity retention than PEI. The loss of lithium 

polysulfides could also be illustrated through the variation of open 

circuit voltage during rest in Figure 3d. MPEII exhibits a much 

slower voltage drop compared to PEI. 

The cationization of PEI obviously alleviates the shuttle effect 

through the electrostatic interaction with the negatively charged 

polysulfide anions. Hence, a higher content of MPEII are 

investigated as shown in Figure 4. The result confirmed that the 

self-discharge prevention ability and reversible capacity retention 

are improved with the increasing binder content up to 20 wt%. 

However, it comes out that the electrode with 15% binder shows 

the highest areal capacity of 7.13 mAh/cm
2
 in Figure 4a. It could 

be ascribed to the compromise between the increasing absorption 

capability and decreasing conductivity. The areal capacity is stable 

at ca. 4.0 mAh/cm
2
 in the following cycles, corresponding to a 

specific capacity of ca. 670 mAh/g as shown in Figure S3. The Qp 

and Qr trends in Figure 4b and c indicate that S cathode with 20 wt% 

MPEII shows the best self-discharge prevention ability and 

Figure 3 (a) Cycling performance of PEI and MPEII based sulfur electrodes at 0.05C; (b) Capacity retention ratio of cycle immediate after 

rest(Qp); (c) Capacity retention ratio of the following cycle after rest(Qr); (d) Open circuit voltage change versus rest time for the 240 hour 

self-discharge rest. 
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reversible capacity retention. A much slower voltage drop is found 

during rest, as shown in Figure 4d, which also indicates that a 

higher MPEII content resulted in enhanced affinity to polysulfides.  

Based on the optimized binder proportion, the rate 

performance of MPEII based electrodes were investigated as 

shown in Figure S4. All cells for rate performance test were cycled 

with a sulfur loading of ca. 6.30 mg/cm
2
 between 1.8–2.6 V. For 

such a high loading, high areal capacity of 7.52 mAh/cm
2
 (1160 

mAh/g) is still obtained as show in Figure S4a and S3b. The 

capacity is stabilized at 5 mAh/cm
2
 (ca. 710 mAh/g) on cycling at 

0.05C. When the current density increased to 0.1 C, the cycling 

capacity could be stable at ca. 4 mAh/cm
2
. A relatively high 

capacity of 3 mAh/cm
2
 is still obtained at 0.3C. The specific 

capacity profiles for all rates performance is presented in Figure 

S4c. Considering cells capacity stabilized after 10 cycles, the 

galvanostatical charge/discharge profiles at the 10th cycle are 

shown in Figure S4c. The typical two discharge plateaus at 2.3V 

and 2.0V are observed at 0.05C. An increasing polarization is 

found with the increasing rate. Afterwards, the long term cycle 

performance is recorded at 1C based on the 15 wt% MPEII 

polymer binder as shown in Figure S5. The capacity fade fast due 

to the high mass loading of around 6.0 mg.  

Morphology of cathodes with different binders in lithiated and 

delithiated state 

To investigate the morphology evolution after 

lithiatino/delithiation, SEM images of sulfur are shown in Figure 5. 

All fresh prepared cathodes show a uniform sulfur, carbon and 

iodine distribution, which can also be verified in the Energy 

Dispersive Spectra (EDS) mapping in Figure S6 and S7. In fully 

lithiated state, porosity was found to be decreased after the 

deposition of the lithiated product, i.e., Li2S. For PEI, the 

solid-phase Li2S precipitations congregate on the surface of 

cathode, as shown in Figure 5b. While for MPEII, Li2S precipitation 

is uniformly distributed in cathode matrix. Fully delithiated 

cathodes (Figure 5c and 5f) show the similar morphology to fresh 

prepared cathodes, which means a good reversibility was achieved 

on each cathode. The long chain sulfur species were trapped in 

cathode matrix without much dissolution. This trend is accord with 

electrochemical performance of cathode. 

Figure 4 (a) Cycling performance of cathodes with vary MPEII binder content; (b) Capacity retention ratio of cycle immediate after rest (Qp); 

(c) Capacity retention ratio of the following cycle after rest (Qr); (d) Open circuit voltage change vs. rest time during the third self-discharge 

rest. 
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Conclusions 

A cationic polymer binder was designed and superior 

performance of S cathode with this binder was obtained. Both the 

experimental and calculation results show that the nitrilerich and 

positive charge contained MPEII binder have a higher binding 

affinity to polysulfides than PEI. It indicates that electrostatic 

attraction could become an effective way in polysufur confining. 

By physically and chemically trapped the polar lithium polysulfides, 

S cathode with MPEII binder shows rather good self-discharge 

performance. A high areal capacity of 6.48mAh/cm
2
 and a high 

specific capacity of 985mAh/g at 10th cycle are achieved, with 

high S loading of 6.5 mg/cm
2
, when the discharge rate is 0.05C. 
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