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MATERIALS AND METHODS 

 

Synthesis of Naph-Den and preparation of Naph-Den-mGO slurry 

All chemicals and solvents were commercially available and used as obtained without further 

purification. Following a reported procedure (1) with modifications, a mixture of PAMAM G4 

dendrimer (25 mg, 1.76 μmol) and 1,8-naphthalic anhydride (26.8 mg, 135 μmol) in DMF (1.5 

mL) was stirred at 90 °C for 48 h in the dark under a nitrogen atmosphere. The crude Naph-

Den product was purified by dialysis using a regenerated cellulose membrane with a molecular 

weight cutoff of 12–14 kDa in dimethyl sulfoxide (DMSO) for three days. The light yellow 

solution in the dialysis bag was dried under vacuum for four days to yield the Naph-Den as a 

light yellow brown semi-solid (40 mg, 85%): 1H NMR (400 MHz, CDCl3), δ 8.26 (br, 252H, 

naphthyl-H and amido-H, overlapped), 7.94 (br, 128H, naphthyl-H), 7.67 (br, 128H, naphthyl-

H), 4.02 (br, 128H, CH2 adjacent to naphthyl unit), 2.90 (s, 256H, -CH2-CO-), 2.74 (s, 256H, -

CH2-NH-CO-), 2.09 (br, 356H, -CH2-N-); λabs (DMSO) 330 nm.  The Naph-Den-mGO slurry was 

prepared by vortex mixing a 6 mg mL-1 mGO (prepared with a modified Hummers method in 

which 0.5 g KMnO4 for 1 g Graphite (2)) DMF suspension with a 6 mg mL-1 Naph-Den DMF 

solution.  

Fabrication of Naph-Den-mGO film protected cathode 

The GO-S composite material was prepared by decomposing sodium polysulfide (NaSx) in the 

presence of GO (prepared with a modified Hummers method in which 4 g KMnO4 used for 1 g 

Graphite (3)) in a water/ethanol mixed solvent. The obtained GO-S was mixed with carbon 

black and polyvinylidene difluoride (PVDF) in a mass ratio of 80:10:10 in N-methylpyrrolidone 

(NMP) to make a slurry that was then casted onto a carbon-coated Al foil (MTI Corporation, 

USA) and dried at 50 °C in a vacuum oven for 2 h. The sulfur electrode film was compressed 

and punched into circular pellets with a diameter of 14 mm. 20 μL of the Naph-Den-mGO 

slurry (6 mg mL-1) was then cast onto the sulfur cathode by doctor blading, followed by drying 

at 50 °C in a vacuum oven for another 2 h. The BP-S electrodes were prepared by immersing 

BP (NTL-12214, 45 gsm MWNT Blend, Nanotech Labs, Inc.) in a 0.04 g ml-1 S8/DMF solution 

followed by drying in a vacuum oven at 70 oC. The electrodes were then punched into circular 
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disks with a diameter of 14 mm. After that, the electrode disks were sealed in a Teflon lined 

stainless steel autoclave and heated at 155 oC for 12h. The Naph-Den-mGO/BP-S electrodes 

were prepared by casting the Naph-Den-mGO slurry onto the BP-S electrodes following the 

same procedure as for preparing the Naph-Den-mGO/GO-S electrodes. 

Materials characterization 

1H NMR spectra were recorded with an Agilent 400 MHz NMR instrument. Chemical shifts are 

reported as ppm from the internal reference tetramethylsilane (TMS). Absorption spectra 

were recorded with a Varian Cary 50 Bio UV-visible spectrophotometer. SEM imaging and EDX 

measurements were performed with a Hitachi SU8230 field emission SEM microscope. TEM 

images were taken on a JEM-1400 Plus TEM microscope. XPS measurements were performed 

with a PHI Versa Probe II with Al Kα radiation. The XPS samples were prepared by soaking 

material loaded silicon chips for 24 h in a 0.01 mol L-1 Li2S4 solution prepared by dissolving 

stoichiometric amounts of elemental sulfur and lithium sulfide (Li2S) in a mixed solvent of DME 

and DOL (1:1 by volume), followed by drying in an argon-filled glove box. The samples were 

then transferred into the XPS chamber without exposing to air, using an air-tight vessel.  

Electrochemical measurements 

CR2032 coin cells were assembled in an argon-filled glove box with the prepared sulfur 

electrodes as cathode, lithium disks as anode, and a porous membrane (Celgard 3501) as the 

separator. The electrolyte was lithium bis(trifluoromethane) sulphonimide (1.0 M) in a solvent 

mixture of DOL and DME (1:1 by volume) containing lithium nitrate (2 wt.%). Galvanostatic 

discharging and charging were performed on an Arbin BT-2143 battery analyzer at various 

rates (1 C = 1600 mA g-1) in the potential window of 1.7-2.7 V vs Li+/Li. The EIS data were 

recorded using a 760D electrochemistry workstation (CH Instruments) at 2.4 V over the 

frequency range of 100 kHz to 10 mHz. To assess the electrochemical stability of the Naph-

Den-mGO film, the Naph-Den-mGO slurry was coated onto Al foil and then cut into electrode 

disks with a diameter of 14 mm. CR2032 coin cells were assembled using the Naph-Den-mGO 

electrode as cathode and Li foil as anode. CV data were recorded with the Arbin BT-2143 

battery analyzer at a scan rate of 0.05 mV s-1. 
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Computational details 

The DFT study was performed with the B3LYP functional (4, 5) implemented in Gaussian 09 

Rev. D.01 (6). Dispersion interactions were considered with Grimme’s D3 correction (7). A 

pruned grid having 99 radial shells and 590 angular points per shell, called “ultrafine” grid in 

Gaussian 09, was used for the non-analytic integral evaluations. The 6-31G(d) basis set (8, 9) 

was used for the geometry optimization, Mulliken population analysis, and the vibrational 

frequency analysis required for free energy calculations. The calculated vibrational 

frequencies were used for the computation of molecular partition functions to evaluate 

thermal contributions to the free energy at 298.15 K by employing the ideal gas, rigid rotator, 

harmonic oscillator approximation (10). The 6-311+G(2df,p) basis set (11) was used in single-

point calculations for refined energetics. The thermal contribution to the free energies from 

the frequency analysis was added to the refined energetics for all final composite free 

energies reported in the manuscript. In the calculation of binding free energies, the 1 M 

standard state was used for all species.  
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SUPPORTING FIGURES 

 

Figure S1 UV-Vis absorption spectra. Both the dendrimer (PAMAM) and its naphthalimide 

functionalized product Den-Naph (PAMAM-Naph) were measured in DMSO at a concentration 

of 0.5 mg mL-1. 

 

Figure S2

 
1H NMR spectrum of Den-Naph in DMSO-d6. 
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Figure S3

 

Morphology and elemental distribution of GO-S cathode material with 65 wt.% 

sulfur content. SEM images of GO-S at low (a) and high (b) magnification. (c, d, e) HAADF 

image and EDX maps of GO-S. 

 

Figure S4

 

SEM and EDX analysis for sulfur electrodes. (a, b) SEM image and corresponding 

EDX spectrum of the GO-S electrode. (c, d) SEM image and corresponding EDX spectrum of 

the Naph-Den-mGO/GO-S electrode. 
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Figure S5 Representative discharging-charging voltage profiles of GO-S at different C rates. 

 

 

Figure S6 Discharging and charging voltage profiles of the GO-S electrodes with and without 

the Naph-Den-mGO film at different stages of cycling stability test. The sulfur content in the 

GO-S composite is 65 wt.%, and the total sulfur loading on the electrode is 1 mg cm-2. 

 

 

Figure S7 Morphology of the GO-S cathode material with 76 wt.% sulfur content. SEM 

images of the GO-S at low (a) and high (b) magnification. 
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Figure S8 Electrochemical performance of the Naph-Den-mGO/GO-S electrode compared 

with the GO-S electrode. (a) Discharge capacities and (b) representative discharging-charging 

voltage profiles of the GO-S electrode at different C rates. (c) Discharge capacities and (d) 

representative discharging-charging voltage profiles of the Naph-Den-mGO/GO-S electrode at 

different C rates. The sulfur content in the GO-S composite is 76 wt.%, and the sulfur mass 

loading on the electrode is 2 mg cm-2. 

 

 

Figure S9 Parallel cycling stability test of the Naph-Den-mGO/GO-S electrodes. The sulfur 

content in the GO-S composite is 76 wt.%, and the sulfur mass loading on the electrode is 2 

mg cm-2. 
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Figure S10 Cycling performance of Naph-Den-mGO/GO-S electrode at 0.2 C. The sulfur 

content in the GO-S composite is 76 wt.%, and the sulfur mass loading on the electrode is 3.5 

mg cm-2.  

 

 

Figure S11 Electrochemical performance of the Naph-Den-mGO/GO-S electrode with high 

sulfur mass loading. (a) Representative discharging-charging voltage profiles. (b) Discharging 

capacities at different C rates. (c) Cycling stability at 1.0 C and 0.5 C. The sulfur content in the 

GO-S composite is 76 wt.%, and the sulfur mass loading on the electrode is 3.5 mg cm-2.  
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Figure S12 SEM images and electrochemical performance of the Naph-Den-mGO/BP-S 

electrode. (a) Top-view and (b) cross-section SEM images of the Naph-Den-mGO/BP-S 

electrode. (c) Enlarged cross-section SEM image showing the Naph-Den-mGO film on the 

electrode surface. (d) Enlarged cross-section SEM image showing the carbon nanotubes 

coated with sulfur particles. (e) Cycling stability of the BP-S and Naph-Den-mGO/BP-S 

electrodes. (f) Discharging-charging voltage profiles of the Naph-Den-mGO/BP-S electrode. 

 

 

Figure S13 SEM and EDX characterization of the Naph-Den-mGO/GO-S electrode after 

cycling (1275 cycles). 
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Figure S14 Cyclic voltammograms of the Naph-Den-mGO film in the Li-S battery electrolyte 

 

 

 

Figure S15. Postmortem analysis of the Li anodes paired with the GO-S and Naph-Den-

mGO/GO-S cathodes in cells after 250 cycles. Photographs of the disassembled cells using (a) 

GO-S and (b) Naph-Den-mGO/GO-S as cathodes. SEM images and the corresponding EDS 

spectra and elemental maps of the cycled Li anodes paired with the (c) GO-S and (d) Naph-

Den-mGO/GO-S cathodes.  

 

 

 



12 

 

12 

 

 

Figure S16. Cross-section SEM images of the Li anodes paired with the (a, b) GO-S and (c, d) 

Naph-Den-mGO/GO-S cathodes after 250 cycles.  

 

 

 

Figure S17. SEM-EDS analysis of the cross sections of the Li anodes paired with the (a) GO-S 

and (b) Naph-Den-mGO/GO-S cathodes after 250 cycles.  
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Figure S18 Figures of merit for Li-S battery cathode interlayers reported in the literature 

(Table S1). (a) Plot of cathode capacity loss upon cycling against interlayer thickness. (b) Plot 

of cathode capacity loss upon cycling against interlayer mass (percentage of sulfur active 

material). Our Naph-Den-mGO film outperforms any other interlayer reported to date.   

 

 

Figure S19 Electrochemical performance of the mGO/GO-S electrode. (a) Cycling stability at 

1.0 and 2.0 C rates. (b) Representative discharging-charging voltage profiles at different C 

rates. (c) The discharging-charging voltage profiles before and after cycling at 1.0 and 2.0 C. 

The sulfur content in the GO-S composite is 65 wt.%, and the total sulfur loading on the 

electrode is 1 mg cm-2. 
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Figure S20 XPS analysis of the interaction between lithium polysulfide and the unmodified 

dendrimer (PAMAM). (a) S 2p core level spectra of free Li2S4 and Li2S4 adsorbed on PAMAM. 

(b) N 1s and (c) O 1s core level spectra of the PAMAM before and after its interaction with 

Li2S4. 
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Figure S21 Theoretical calculations of binding energy (ΔEB). Optimized geometries for the 

binding of LiSSH to (a) DOL, (b) DME, (c) two DME molecules, (d) N1 site, (e) O1 site, (f) Ot site, 

(g) N1 site and one DME molecule, (h) O1 site and one DME molecule, and (i) Ot site and one 

DME molecule, together with the corresponding binding energies in kcal/mol. Grey, white, 

red, blue, yellow, and purple balls represent C, H, O, N, S, and Li atoms, respectively. 
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Figure S22 Structure of the PAMAM G2 dendrimer and three possible binding sites for 

lithium polysulfides. Grey, white, red, and blue balls represent C, H, O, and N atoms, 

respectively. 

 

 

Figure S23 Optimized geometries for the binding of LiSSH to the O1 sites. Models include (a) 

1 bond, (b) 2 bonds, (c) 3 bonds, (d) 4 bonds, and (e) 5 bonds beyond the amide group. The 

calculated binding free energies and key bond lengths are shown in kcal/mol and Å. Grey, 

white, red, blue, yellow, and purple balls represent C, H, O, N, S, and Li atoms, respectively. 
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Figure S24 Theoretical calculations in the absence of solvent molecules. Optimized 

geometries for the binding of LiSSH to (a) N1 site, (b) O1 site, and (c) Ot site of Naph-Den, with 

the binding free energies in kcal mol-1; Mulliken charges (d) before and (e) after LiSSH binding 

to the O1 site of Naph-Den. Grey, white, red, blue, yellow, and purple balls represent C, H, O, 

N, S, and Li atoms, respectively. 
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SUPPORTING TABLES 

 

Table S1. Performance comparison with sulfur cathodes protected by different interlayers 

reported in the literature (green: average capacity decay <2% per 100 cycles; yellow: 2-10%; 

red: >10%). 

Interlayer Sulfur 

loading 

(mg cm-2) 

Interlayer 

thickness 

（μm） 

Interlayer 

mass 

(mg cm-2) 

Cycling stability Ref. 

Cycles Capacity loss 

per 100 cycles 

Naph-Den-mGO 2.0 0.1 ~0.05 500 0.8%@1 C This work 

TiO2-CNT 0.8 35 0.5~0.6 500 5%@1 C (12) 

Carbon/MWCNT paper 1.8~2.7 ~60 \ 100 6.5%@1 C (13) 

GO-TiO2 1.2 ~3 0.15 250 7.2%@0.5 C (14) 

GO 1~1.2 0.75 0.29 400 8%@1 C (15) 

N,P co-doped graphene 2.1 \ 1.0 500 9%@1 C (16) 

Graphene 3~4 20 1.3 300 10%@1 C (17) 

Carbon nanofibers 1.4 ~280 4.2 100 10%@1 C (18) 

Ethylenediamine-functionalized rGO 3.6 0.1 0.54 200 10%@0.2 C (19) 

Microporous carbon paper \ \ \ 100 15%@1 C (20) 

Ni foam \ ~90 \ 50 17%@0.2 C (21) 

GO/Nafion 1.2 0.13 0.0532 200 18%@0.5 C (22) 

SWCNT 1.5 ~9 0.14 300 18%@0.2 C (23) 

GO 1~1.5 ~6 0.12 100 23%@0.1 C (24) 

N doped graphene paper 1.06 ~8 0.5 100 23%@0.2 C (25) 

rGO-carbon black 3 \ 3 100 29%@0.2 C (26) 

Al2O3-activated carbon cloth 12 500 ~2 40 \ (27) 

MWCNT \ 40~50 0.6~0.8 100 38%@1 C (28) 
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Table S2. Performance comparison with state-of-the-art high-performance sulfur cathodes 

reported in the literature (green: average capacity decay <2% per 100 cycles; yellow: 2-10%; 

red: >10%). 

Cathode Sulfur 

content in 

material 

Sulfur loading 

on electrode 

(mg cm-2) 

Cycling stability Ref. 

Capacity 

(mAh g-1) 

Cycles Loss per 100 

cycles 

Naph-Den-mGO/GO-S 65% 1.0 830 560 1.6%@1 C This 

work 
76% 2.0 727 1000 1%@1 C 

76% 3.5 741 200 1.1%@0.5 C 

Covalent bond glued sulfur nanosheets 83% 1.2 715 500 2.1%@0.625C (29) 

S-TiO2 yolk-shell 71% 0.4-0.6 1030 1000 3.3%@0.5C (30) 

CoS2-graphene/S 75% 0.4 1000 2000 3.4%@2C (31) 

MnO2 nanosheets/S 75% 0.7-1.0 870 2000 3.6%@2C (32) 

Mesoporous carbon sphere-CNT/S 70% 5 1200 200 5%@0.2C (33) 

Hollow carbon nanospheres/S 67% \ 842 500 5.3%@1C (34) 

Si/SiO2@C-S 70% 3.1-3.5 890 500 6.3%@2C (35) 

Ti4O7/S 60% 1.5-1.8 850 500 6%@2C (36) 

ethylenediamine-functionalized rGO/S 69% / 700 350 7%@0.5C (37) 

S/Co-N-Graphitic carbon 70% 2.5 795 500 9%@1C (38) 

Graphene-S sandwich 70% 3~4 1000 300 10%@1C (17) 

Dual confined N-doped double-shelled 

hollow carbon spheres/S 

63% 3.9 838 200 19%@0.5C (39) 
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