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a value of 1675 mA h g−1 or 2800 Wh L−1 
on weight or volume basis, respectively. 
With over fivefold energy capacity, sulfur 
demonstrates superior advantages over 
current commercial intercalation com-
pound (LiCoO2 and LiFePO4) cathode 
materials.[3–5] Despite its considerable 
advantages, the practical application of 
Li-S battery has been hindered by poor 
cycle life due to the shuttle effect, leading 
to quick capacity decay due to the loss of 
active materials and an low Coulombic 
efficiency.[6,7] Moreover, the insulating 
nature of S/Li2S and as large as 78% 
volume expansion of sulfur cathode 
when initial state S (2.03 g cm−3) is fully 
converted to final state Li2S (1.66 g cm−3) 
result in rapid capacity fading and short 
cycle life due to the low utilization of 
active materials and poor electrical con-
tact between sulfur particles and conduc-
tive additives.[8,9] Aiming to address these 

negative impact of at least some of the detrimental processes 
described above for realizing commercial application of high-
energy Li-S battery, various considerable strategies have been 
focused on cathode material modification including N-doped 
materials,[10–12] porous materials,[13] hierarchical materials,[14] 
metal oxides[15,16] transition metal disulfides,[17] and functional 
separator modification,[18,19] as well as employment of solid or 

As one of the important ingredients in lithium-sulfur battery, the binders 
greatly impact the battery performance. However, conventional binders have 
intrinsic drawbacks such as poor capability of absorbing hydrophilic lithium 
polysulfides, resulting in severe capacity decay. This study reports a new type 
of binder by polymerization of hydrophilic poly(ethylene glycol) diglycidyl ether 
with polyethylenimine, which enables strongly anchoring polysulfides for high-
performance lithium sulfur batteries, demonstrating remarkable improvement in 
both mechanical performance for standing up to 100 g weight and an excellent 
capacity retention of 72% over 400 cycles at 1.5 C. Importantly, in situ micro-
Raman investigation verifies the effectively reduced polysulfides shuttling from 
sulfur cathode to lithium anode, which shows the greatly suppressed shuttle 
effect by the polar-functional binder. X-ray photoelectron spectroscopy analysis 
into the discharge intermediates upon battery cycling reveals that the hydrophilic 
binder endows the sulfur electrodes with multidimensional Li-O, Li-N, and S-O 
interactions with sulfur species to effectively mitigate lithium polysulfide dissolu-
tion, which is theoretically confirmed by density-functional theory calculations.
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Lithium-ion batteries (LIBs) with high energy density have 
been applied in a variety of energy storage devices to address 
the increasing energy storage demands for various techno-
logical applications, including portable electronic devices, 
electric vehicles, and hybrid electric vehicles.[1,2] Among LIBs, 
lithium-sulfur (Li-S) battery has received tremendous attention 
arising from the exceptional theoretical capacity of sulfur with 
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quasi-solid electrolytes.[20–22] Those tremendous efforts have 
achieved benefited ability to circumvent polysulfide dissolution 
and the shuttle effect for achieving significant improvements in 
specific capacity, cycling stability, and cycle life of Li-S batteries.

The binder as an important component in lithium battery to 
stabilize the electrode is highly important. However, the binder 
has been rarely investigated and attracted less attention in the 
Li-S battery field. Poly(vinylidene fluoride) (PVDF) as a con-
ventional binder has been widely used in traditional Li-S bat-
teries due to the acceptable adhesion and wide electrochemical 
window.[23,24] However, the nonfunctionalized chain structure 
of the PVDF binder cannot afford sufficient binding to poly-
sulfides, and the shuttling effect still occurs (Figure 1a).[25] In 
contrast, the functionalizing polymer binders with additional 
chemical bonds to anchor polysulfides are a well-known 
strategy for stabilizing the sulfur cathode because irrevers-
ible dissolution of polysulfides is mitigated (Figure 1b).[26–30] 
For instance, Zhang and co-workers employed gum arabic 
as bifunctional binder that shows strong chemical bonding 
between both sulfur and polysulfides,[26] resulting in the long 
cycle life of 500 cycles with a capacity retention of 72.7% at 
0.5 C. Xiao and co-workers developed a functional binder (poly-
amidoamine dendrimers) with high degree of surface func-
tionalities, interior porosities, and polarity, which allows for 
high S loadings (>4 mg cm−2) in Li-S batteries.[27] Very recently, 
the authors demonstrated that the polar binder (AFG) could 
perfectly trap polysulfides and maintain electrode integrity.[30] 
However, it has been found that the AFG binder is not dis-
solved with most of the solvents such as water, ethanol, ace-
tone, acetonitrile, N-methyl-2-pyrrolidone, and dimethyl forma-
mide (DMF) that resulting the AFG binder has to be dispersed 

with micropartials and then be used (Figure S3, Supporting 
Information).

To address the aforementioned issues, herein we propose a 
new hydrophilic binder with strong adhesion performance and 
abundant polar groups, which could effectively advance the Li-S 
battery toward commercialization. As shown in Figure 1c, on 
the basis of this conceptual motivation, poly(ethylene glycol) 
diglycidyl ether (PEGDGE) is used to crosslink polyethylen-
imine (e-PEI) to form hyperbranched binder (denoted as PPA 
binder; Figures S1 and S2, Supporting Information). Thus, the 
high polar affinity and strong binding characteristics of PPA 
binder can strongly trap polysulfides. Furthermore, in situ 
micro-Raman investigation clearly reveals that the dissolution 
of polysulfides is effectively suppressed because only weak mid-
chain Li2S4 Raman signal is detected. In addition, the strong 
affinity energy of polysulfides to PPA binder is verified by den-
sity-functional theory (DFT) calculations, which yields the sub-
stantial LiO and LiN bonding.

Fourier transform infrared spectroscopy (FTIR; Figure S4, 
Supporting Information) and X-ray photoelectron spectros-
copy (XPS; Figure S5, Supporting Information) survey scan-
ning spectra are utilized to analyze the chemical structure of 
the covalently cross-linked PPA binder (Figure S2, Supporting 
Information). As presented in Figure S4 (Supporting Informa-
tion), prior to cross-linking reaction, a relatively strong peak at 
≈3400 cm−1 is observed, which corresponds to the character-
istic peaks of the stretching vibration of the secondary amine 
groups. In addition, the weak peaks at 1668–1300 cm−1 are 
observed for the pristine PEI sample, which is assigned to the 
NH2 bending vibration of primary amine on the frame con-
struction of PEI. For PEGDGE, the observed peak at 2900 is 
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Figure 1. Schematics of the binder: a) Traditional approaches to maintain electrode construction using PVDF as mechanical binder indicating that 
intermediate sulfur species fast dissolve with time. b) Polar polymer with abundant amino and amide groups. c) The reducible molecular structure of 
multiactive sites binder of PPA for tailoring chemical and physical ability for improving the performance of the Li-S battery.
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attributed to the stretching vibration of the epoxy group.[31] 
After the undiscriminating reactions, the FTIR results of the 
PPA binder indicate that the bond of epoxy group at 2900 cm−1 
gradually disappears, confirming the bonding between PEI and 
PEGDGE occurred. Excessive amine groups remain available 
for interaction with polysulfides even after cross-linking reac-
tion. These results are further verified by XPS scanning spectra, 
as presented in Figure 2a,b. Deconvolution of the C 1s signal 
can be well resolved into three peaks corresponding to CN 
amine bond at 287.2 eV, CO hydroxyl bonding at 285.7 eV, 
and CC binding at 284.7 eV. Besides the C signal, the N 1s 
signals are from both amine (399.7 eV) and amide (401.5 eV) 
groups. It implies that amino groups are retained after reac-
tion, which is consistent with FTIR results. Furthermore, the 
COH (533.6 eV) 1s peak from PPA appears in the wide O 
1s spectra (Figure S5, Supporting Information), indicating that 
PEI has taken part in the reaction with PEGDGE. Besides struc-
ture characterization of PPA binder, adhesion tests are further 
conducted to qualitatively evaluate and compare the mechanical 
property of the PPA binder. As shown in Figure 2c, the results 
indicate that the PPA polymer could afford strong mechanical 
strength as high as 100 g weight, whereas PVDF cannot sup-
port any mass weight. The adhesion tests clearly demonstrate 

that the robust bond of PPA binder chains contributes to the 
mechanical strength after cross-linking reaction between PEI 
and PEGDGE.[32] Clearly, these results imply that the strength 
of the whole electrode is greatly improved with PPA binder, 
which can help to buffer the volume changes during the cycling 
process, preventing active material from exfoliation and main-
taining the integrity of the electrode, especially under the long-
term cycling conditions.

Wide electrochemical windows of binders are undoubtedly 
important for Li-S batteries because the high chemical potential 
of sulfur cathodes (≈3 V) has the ability to decrease the electro-
chemical stability and even destroy the structure of binder in the 
cathode if the highest occupied molecular orbital (HOMO) of 
the binder is larger than −4.46 eV (the conversion relationship 
between V and eV is described in the Experimental Section).[29] 
Therefore, Gaussian calculations are employed to analyze the 
band structure of PPA binder to evaluate the electrochemical 
window of PPA binder.[33] As shown in Figure 2e,f, the calcu-
lated results indicate that the PPA binder has a wide energy gap 
window of Eg ≈ 6.72 eV (the difference between low unoccu-
pied molecular orbital (LUMO) and HOMO) and the HOMO 
as low as −5.20 eV that is far below −4.46 eV, implying the PPA 
binder owns not only strong physical bonding strength but also 
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Figure 2. Characterization of multifunctional binder PPA. a,b) High-resolution XPS of C1s and N1s spectra of PPA, respectively. c) Schematic represen-
tation of the setup used to perform the adhesion tests for the PPA binder, and the inset digital image shows the vials with the PPA binder after DMF 
evaporation. d) Structure of reducible PPA binder deduced from DFT analysis. Calculated band structures of e) LUMO and f) HOMO for evaluating 
PPA electrochemical window. g) Calculated binding energy between PPA and Li2S, showing strong LiO and LiN bond. h) Digital images of shown 
chemical bonding test of PPA binder with sulfur. i,j) The high-resolution XPS analyses of S 2p before and after exposing to the PPA binder, respectively.
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excellent electrochemical stability in the electrolyte. We further 
evaluate the chemical adsorption capacity of the PPA binder for 
polysulfides (elected: Li2S) by DFT analysis (Figure 2g). Perfect 
interaction with Li2S by forming LiO and LiN bonds is veri-
fied by the strong adsorption energy of 1.81 eV, which provided 
the strong evidence that PPA binder is suitable for high-energy 
Li-S battery for anchoring polysulfides. As shown in Figure 2h, 
we simulate sample preparation processes by simply mixing 
PPA and S at room temperature to monitor the S atom bond 
evolution and study the possible chemical bonding between 
PPA and S. It is surprisingly found that only after 10 s the color 
at the interface between S and PPA turns fast from light yellow 
to brown, and the color of the upper liquid changes to the olive, 
indicating strong chemical bonding occurred between S and 
PPA binder. We then employ XPS S 2p spectrum (Figure 2i,g) 
to study the possible chemical bond formation between S and 
PPA binder, and the results show that strong SO bond forms 
as the sulfate signal appears, implying that the chemical bonds 
are generated between the functional groups of PPA and sulfur 
powders, which is beneficial for the immobilization of S on 
nonpolar carbon surface for better ion kinetics.[26]

We employ commercial sulfur powders to investigate the 
electrochemical performance of sulfur electrode with PPA 
binder (Figure S6, Supporting Information). Figure 3a shows 
the cyclic voltammetry of the S/C/PPA composite cathode at a 
scan rate of 0.01 mV S−1 between 1.5 and 3 V (vs Li/Li+) for the 
initial five cycles. Slight polarization is observed in the first acti-
vation cycle, which is likely due to the strong adsorption ability 
of the hybrid carbon matrix.[34,35] From the second cycle onward, 
no obvious changes are observed for the sharp redox peaks 
compared with PVDF binder (Figure S7, Supporting Informa-
tion), implying that the cathode exhibits good electrochemical 
stability. According to the multiple reaction mechanism 

between S and Li,[9] two cathodic peaks are observed: one is 
located at ≈2.3 V due to the transformation of S8 to long-chain 
Li2Sn (4 ≤ n ≤ 8), and the other at ≈2.05 V is attributed to the 
further reduction to low-order Li2Sn (n < 4), and finally to Li2S. 
The overlapping anodic peaks at ≈2.4 V are caused by the trans-
formation of sulfur species to Li2Sn (n > 2) corresponding to 
its reverse process. Figure S8 (Supporting Information) shows 
the typical two-plateau charge/discharge profile of the S/C/
PPA composite cathode at the 1st, 2nd, 10th, and 100th cycles 
at a current rate of 0.5 C (1 C = 1675 mA g−1), which could 
be assigned to the formation of long-chain polysulfides (high 
plateau) and short-chain polysulfides (low flat plateau). Com-
pared with PVDF binder (Figure S9, Supporting Information), 
these plateau patterns remain almost unchanged even after 
100 cycles, indicating the excellent electrochemical stability of 
the S/C/PPA composite cathode.

As depicted in Figure 3b, we comparatively confirm the 
effects of the PPA binder with different molar fractions of epoxy 
groups and amine groups on the electrochemical performance 
of the composite cathode named as PPA1:2, PPA1:1, and PPA1.5:1 
over 100 cycles. It could be clearly found that both cycle life and 
specific capacity are enhanced after PVDF has been replaced 
with PPA binder. The observed capacity decay at the initial cycles 
is speculated to be associated with the dynamic balance envi-
ronment in the Li-S system and the further formation process 
of solid electrolyte interphase (SEI) layer on the surface of the 
lithium metal during the initial cycling process. After cycling 
over ten cycles, the stable capacity retention of PPA binder 
is achieved. In particular, when the molar fractions of epoxy 
groups and amine groups are 1:2, a capacity retention of 93% 
(763 mA h g−1) is achieved at 100 cycles (Figure 3c), which sug-
gests a very small capacity loss of 0.48 mA h g−1 per cycle, as 
calculated based on the tenth cycle at 0.5 C in Figure 3b. Rate 
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Figure 3. a) Cyclic voltammogram at a scan rate of 0.01 mV s−1. b) Cycling performance and Coulombic efficiency. c) Capacity retention based on the 
capacity of the tenth cycle in (b). d) Nyquist plot curves of PPA binder and PVDF binder, respectively. e) Long-term cyclability of the cathode with PPA 
binder with different cross-linked degrees at 1.5 C over 400 cycles.
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capabilities of the PPA binder are further investigated as shown 
in Figure S10 (Supporting Information). The S/PPA1:2, S/PPA1:1, 
and S/PPA1.5:1 electrodes exhibit significantly higher rate capa-
bilities than S/PVDF, especially for the S/PPA1:2 and S/PPA1:1 
electrodes with more amino groups. The significant enhance-
ment in the rate performance of the S/C cathodes should be 
attributed to the high chemical/mechanical properties of the 
binder. The advantages of PPA1:2 are further confirmed by the 
electrochemical impedance spectroscopy measurements of PPA 
and PVDF binder, as conducted within the frequency range 
between 0.1 Hz and 1 MHz. The Nyquist plots presented shown 
in Figure 3d are composed of a depressed semicircle at high fre-
quencies corresponding to the solution resistance (Rs) and the 
interfacial charge transfer resistance (Rct) that is related to the 
electrochemical activities of the composites.[35] It is clear that Rct 
dramatically increases with cross-linking degrees of PPA binder 
caused by the increased molecular structure that tends to be in 
an insulating gel state. As comparison, there is a remarkably 
increased resistance for PVDF. Whereas, after prolonged cycling, 
the capacity retention of ≈72% (from 600 to 430 mA h g−1) at 
a current density of 1.5 C is obtained (Figure 3e) with cross-
linking degree of 1:2 over 400 cycles. Apparently, the enhanced 
reversibility of PPA1:2 binder is attributed to more amino/amide 
groups, which more efficiently inhibit the leakage of polysulfide.

To re-evaluate the effect of the PPA binder, the LiNO3 is com-
pletely removed from the electrolyte, as shown in Figure S11 
(Supporting Information). Both cycling behavior and Coulombic 
efficiency were significantly increased of PPA binder, and 83.9% 
capacity retention (Figure S11, Supporting Information) and 
90.1% initial efficiency can be obtained after 50 cycles at 1 C. 

For comparison, The PVDF binder shows more serious capacity 
decrease (52.8%) and lower initial efficiency (76.3%). These tests 
provide a direct demonstration that the PPA binder has effectively 
capacity to suppress “shuttle effect” and improve both the cycle 
and Coulomb efficiency compared to PVDF binder. Furthermore, 
we increased the high sulfur loading with 5.3 mg cm−2 at 0.2 C 
for S/C/PPA electrodes (Figure S12, Supporting Information). 
The stable capacity could be sufficiently obtained, indicating 
effective capacity of PPA binder for challenging high energy den-
sity. Therefore, compared with other traditional binders (such 
as PVDF, polyvinyl pyrrolidone (PVP), polytetrafluoroethylene 
(PTFE), and carboxymethylcellulose (CMC)), the PPA binder 
shows that it can more effectively promote the stable performance 
of S electrodes (Table S1, Supporting Information), thus making 
it possible that PPA binder can be easily integrated into other 
optimized devices by simply replacing the traditional binder with 
the newly designed binder without modifying the complicated 
electrode structure, and thus may readily be integrated with other 
development in field and implemented for practical technologies.

To gain insight into the shuttling mechanism of the poly-
sulfides, in situ micro-Raman spectroscopy is performed by 
analyzing the evolution of various lithium polysulfides,[36,37] 
which is shown in Figure 4a,b. Typically, long and mid-chain 
polysulfides can be qualitatively determined and clearly dis-
tinguished with in situ Raman spectroscopy according to the 
reaction time and the typical two-plateau voltage profile. As 
presented in Figure 4c,d, during the discharge process, it is 
clearly revealed that various long-chain and mid-chain poly-
sulfides are found for the PVDF binder from the time-resolved 
Raman image, as highlighted according to the theoretical 
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Figure 4. In situ micro-Raman measurements of S/PVDF and S/PPA electrodes during discharging: a) Schematic illustration of Li-S configurations with 
a sealed glass window for in situ Raman experiments. b) Theoretical (DFT) Raman spectra of polysulfides (Li2S3, Li2S4, Li2S5, Li2S6, and Li2S8) with a 
concentration of 20 × 10−3 m. c,e) In situ time-resolved Raman images of the cathode with PVDF and PPA, respectively. d, f) Selected Raman spectroscopy 
of the cathodes with PVDF and PPA, respectively. The inset red curves in (c) and (e) are voltage profiles of the cathodes with PVDF and PPA, respectively.
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Raman spectra (Figure 4b).[37] In particular, at the first pla-
teau, the peaks intensity of S8

2− anion is strongly highlighted 
by three characteristic locations at the vicinity of 155, 219, and 
478 cm−1, indicating the abundant Li2S8 is released from sulfur 
cathode with PVDF binder.[37] With the continuous discharge, 
the signal of S8

2− anion gradually disappears, but the peaks at 
324 and 416 cm−1 appear, which are attributed to the long-chain 
and mid-chain polysulfides Li2S6 or their mixtures.[36] Espe-
cially, the peaks of Li2S6 and Li2S4 reach the maximum values 
when the voltage decreases to the beginning of the second pla-
teau (≈2.03 V), implying the change of Li2S6 to Li2S4. At the end 
of the discharge process, the characteristic peaks of Li2S4 and 
Li2S3 are located at ≈470 cm−1,[36] indicating that the soluble 
mid-chain polysulfides are produced during the second plateau. 
Observably, serious shuttle effect occurs for the PVDF binder. 
In contrast, in situ Raman spectra of the cathode with PPA 
binder are shown in Figure 4e,f. We could clearly observe that 
no Raman signals of S8

2− are highlighted on the time-resolved 
Raman image of the PPA binder. At 2.07 V, some highlight bars 
appear (Figure 4e), which are attributed to Li2S6 or Li2S4. Appar-
ently, the PPA binder exhibits stronger capability of absorbing 
polysulfides than PVDF binder, which verifies the superior per-
formance of the sulfur cathode with polar PPA binder.

To better understand the effect of the chemical/physical 
characteristic among electrode components, the surface mor-
phology of S/C electrodes with PPA and PVDF binders is 
characterized using scanning electron microscopy (SEM) and 
XPS to examine the stability of the electrode before and after 
galvanostatic cycles (Figure 5). At the macroscopic scale, sig-
nificant differences can be clearly observed before cycling. The 
PPA binder presents a uniformly coated electrode in Figure S13 
(Supporting Information), exhibiting smooth and uniform 
structure. In particular, the binder “bridges” emerge between 

the adjacent S/C materials (Figure S13b, red arrows, Supporting 
Information), indicating that the PPA binder has sufficient 
capacity to connect the active materials. Furthermore, the 
energy dispersive spectrometer (EDS) mappings of N element 
(white elliptical circle), as presented in Figure S14b (Supporting 
Information), further reply that the extremely smooth surface 
(white elliptical circle) is caused by PPA binder. In addition, the 
coated film has a strong adhesion to the Al foil. No materials 
peel off during the subsequent operations after the electrode is 
repeatedly bended and folded (Figure S15, Supporting Informa-
tion). There are no swelling and structure changes of S/C/PPA 
mixtures, implying the PPA polymer binder has very good sta-
bility (Figure S16, Supporting Information).

To quantitatively evaluate and compare the mechanical prop-
erties of S electrodes with PPA binder, widely adopted peeling 
tests are employed. As shown in Figure S17 (Supporting Infor-
mation), the PPA binder shows higher initial peeling stress 
(≈0.46 Mpa), which is about 7.7 times than the reference 
PVDF binder (≈0.06 Mpa). Moreover, few S/C materials with 
PPA binder could be peeled off from the aluminum foil, which 
should be observed in the inside digital photographs. The adhe-
sion test clearly indicates that the robust PPA binder contrib-
utes to adapt the mechanical strength and maintain structure 
integrity of S electrodes. With 50 deep galvanostatic discharge 
at 0.5 C, the S/C/PPA cathode exhibits more uniform struc-
ture (Figure 5a) with integral SEI formation after the lithiation. 
The difference between the samples, however, becomes evident 
after 50 cycles. The S/C/PVDF cathode shows cracks (Figure 5b, 
red arrows) over the entire area of the film due to the volume 
expansion of the S cathode. Therefore, the PPA binder is better 
at preserving the original film morphology due to the improved 
multidimensional binding capability based on the hyper-
branched polymeric network compared with single-structure 
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Figure 5. SEM images of sulfur cathodes with a) PPA binder and b) PVDF binder after 50 cycles, respectively. XPS characterization of chemical bonds 
between PPA binder and sulfur cathodes after discharge, c) wide spectral scan, and d–f) high-resolution spectra of N 1s, S 2p, and Li 1s, respectively.
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PVDF binder. These results clearly demonstrate that the 
3D crosslinked PPA binder can maintain the electrical and 
mechanical integrity upon deep galvanostatic cycling. Besides 
excellent mechanical performance of PPA binder, the bonding 
between the PPA binder and the polysulfides is further veri-
fied by the XPS spectra of the discharge product (Figure 5c). 
Weak N1s spectrum is observed, but the strong N-Li peak at 
403.2 eV is found (Figure 5d), which verifies the strong inter-
action between the PPA moieties and discharge products. This 
result is in good agreement with the DFT calculation results 
(Figure 2g). In the S 2p signal (Figure 5e), lithium sulfide peaks 
are observed at the neighborhood of 162 eV,[38,39] indicating 
the full discharge of elemental sulfur. There is also a sulfate 
signal resulting from the SO bond between PPA binder and S 
(Figure 2g) or from the air and moisture sensitivity of Li2S. The 
Li 1s spectrum shows the Li−N and the Li−S signals (Figure 5f), 
indicating again the strong interactions between cathode dis-
charge polysulfide products and PPA binder. Those benefits of 
PPA binder are further demonstrated by resolving Li anodes, as 
shown in Figure S18a (Supporting Information), that a more 
dense and uniform SEI film can be observed compared with 
PVDF binder (Figure S18b, Supporting Information). More-
over, less S element on the surface of Li anode is observed, 
demonstrating the PPA binder can effectively suppress poly-
sulfides shuttling during cycles.[40] All these results provide 
direct insight into the mechanism for PPA binder to confine 
polysulfide species within the cathode.

In summary, we have proposed a new hydrophilic binder 
with strong polarity and viscosity for anchoring polysulfides for 
high-energy Li-S batteries. The novel PPA binder exhibits abun-
dant LiN, LiO, and SO bonds, which leads to significant 
improvements in both cycle retention and rate performance as 
compared with conventional PVDF binder. With DFT analysis 
and in situ Raman spectra measurements, we further confirm 
the origin for the performance enhancement by the strong 
covalent bonding of polysulfides with PPA binder. The advan-
tages of the PPA binder can be summarized as follows: (i) polar 
sites of the cross-linked PPA binder effectively ensure strong 
adhesion of polar discharge products on the S cathode; (ii) the 
chemical interaction of SO bond facilitates S immobilization 
on nonpolar carbon surface for better ion kinetics; and (iii) the 
excellent mechanical behavior improves the electrode integrity. 
We believe the currently reported binder represents a major 
advance in lithium-sulfur battery toward real-life commercial 
applications.

Experimental Section
Synthesis of the Hydrophilic PPA Binder: Polyethylenimine, 

ethylenediamine (PEI), and N,N- dimethylformamide (DMF) were 
purchased from Aladdin. PEGDGE was purchased from Sigma-Aldrich; 
all targets were used as received. To obtain and compare the hydrophilic 
PPA binders with different cross-linking degrees, different molar ratios 
of PEGDGE and PEI according to the scheduled molar fractions (typical, 
1:2; 1:1; and 1.5:1) of epoxy groups in PEGDGE and amine groups in 
PEI were copolymerized in DMF solvent with magnetic stirring for 4 h at 
140 °C under the N2 environment. Then different cross-linking degrees 
of PPA binders were uniformly gained with the lightly yellow product in 
the DMF solution after cooling to room temperature.

Characterization: FTIR (USA) and XPS (Kratos Axis Ultra Dld, Japan) 
were used for elemental analysis and possible chemical bonding 
information. For the adhesion tests, the mixtures of acetylene black and 
PPA binder were uniformly mixed. The morphology and microstructure 
of cathode before and after cycles were investigated with SEM on 
HITACHI SU8010 Japan.

Preparation of S/PPA Cathodes and Electrochemical Measurement: 
Commercial sulfur powder and acetylene black with a mass ratio of 
6:4 were taken and ball-milled for 60 min at 300 rpm. The obtained 
mixture was then heated at 155 °C for 12 h to encapsulate sulfur in the 
acetylene black. After cooling to room temperature, the S/C composite 
was obtained. Then the electrodes were prepared by making slurry of 
S/C and binder (PPA or PVDF) in a mass ratio of 8:1:1 in DMF solvent. 
Typically, each electrode contained ≈1.2–1.5 mg of active materials  
per cm2.

The electrolyte was 1 m LiTFSI in a mixture of 1,3-sdioxolane (DOL) 
and 1, 2-dimethoxyethane (1:1 v/v) with 1 wt% lithium nitrate (LiNO3) 
as additive. Cells were assembled in an argon-filled glove box. For each 
cells, 35 µL electrolyte was strictly controlled for performance evaluation 
with various sulfur loading densities. The cyclic voltammetry was tested 
on CT2001A cell test instrument (Wuhan LAND Electronic Co., Ltd) 
and CHI660E (Shanghai Chenhua instrument Co., Ltd) electrochemical 
workstation, respectively.

In Situ Raman Spectroscopy: Li-S coin cells with a quartz window on 
negative shell were used for in situ micro-Raman spectroscopy analysis. 
The same method was used to prepare S/PVDF and S/PPA cathodes 
as aforementioned. A hole was created on lithium metal foil to allow 
the laser shed on the separator. The cells were run at a charging rate of 
0.5 C. Raman signals were recorded simultaneously by a 532 nm laser 
with an ≈1 µm laser spot on the separators near the lithium ring.

Calculation Method: The atomic configurations and adsorption 
energies between the binder molecule and Li2S were calculated by 
using DFT within the Perdew–Burke–Ernzerhof generalized gradient 
approximation, as implemented in the Dmol3 package. The double 
numerical plus polarization basis sets with effective core potential 
were employed to describe atomic potentials. Self-consistent field 
calculations (SCF) were carried out until the SCF tolerance was below 
1 × 10−6. The adsorption energy was obtained by subtracting the SCF 
energies of both Li2S and binder molecule from the energy of the 
optimized configuration of Li2S coordinated to the binder molecule. 
The HOMO and LUMO of the binder molecule were calculated by DFT 
simulation at the B#LYP/6-31G* level carried out with the Gaussian 
09 package.

The theoretical threshold energy level of binders for cathodes 
was calculated by the equation: E(eV) = −4.5−E(NHE) where the normal 
hydrogen electrode (E(NHE)) is the difference between the theoretically 
highest voltage of cathodes and the lowest redox potential of lithium 
anode (−3.04 V vs the standard hydrogen potential electrode). For 
instance, the working potential window of S cathodes lies between 
1.5 and 3 V versus Li+/Li, which is equivalent to the energy level from 
−4.46 to −2.96 eV. The energy range between HOMO level and LUMO 
level of the binders should cover the cathode working energy level; 
otherwise, the binders will be electrochemically instable in the sulfur 
cathodes.

The Raman spectra of polysulfides were calculated by DFT 
simulations at the apdf/6-311G (2d) level carried out with the Gaussian 
09 package. The ground state geometries of polysulfides optimized 
under the same conditions were used to predict Raman peaks, and a 
uniform scaling factor was set to be 0.965. The universal solvation 
model was employed to describe the solvent effect of DOL electrolyte in 
the Li-S battery system.
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