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and natural abundance. [ 2 ]  However, the practical application of 
Li–S batteries can be hindered due to low sulfur utilization rate, 
capacity fading, and low Coulombic effi ciency. This arises from 
the insulating nature of sulfur, and the dissolution/diffusion 
of intermediate lithium polysulfi des (LiPSs) that causes active 
material to shuttle between electrodes, with the latter being the 
major challenge. [ 3 ]  

 To solve the LiPS shuttle problem, a variety of approaches 
have been explored, either indirectly on the electrolyte and 
lithium anode side or directly on the cathode side. Solid-state 
electrolytes [ 4,5 ]  and a LiPS nonsolvent liquid electrolyte [ 6 ]  essen-
tially eliminate the LiPS shuttle, but limitations on interfacial 
charge transfer increase the voltage difference between dis-
charge and charge (polarization) compared to typical liquid 
electrolytes. Protecting the lithium anode using electrolyte addi-
tives limits side reactions between LiPSs and lithium, leading 
to improved Coulombic effi ciency, but the additives do not sur-
vive long-term cycling owing to their eventual consumption. [ 7 ]  

 More effort has been devoted to the cathode side, via 
physical confi nement of LiPSs within the cathode utilizing 
mesoporous carbon, [ 8–10 ]  porous hollow carbon spheres, [ 11,12 ]  
carbon nanofi ber interlayers, [ 13,14 ]  and graphene. [ 15,16 ]  How-
ever, the weak interaction between nonpolar carbon and polar 
LiPS species leads to LiPSs leakage, and further surface accu-
mulation of insulating Li 2 S layers, resulting in capacity fading 
over medium-term cycling. Other approaches relying on metal 
oxides (e.g., SiO 2 , [ 17 ]  TiO 2 , [ 18 ]  Ti 4 O 7 , [ 19 ]  MnO 2 , [ 20 ]  metal–organic 
frameworks, [ 21 ]  and metal carbides (MXene phases)) [ 22 ]  have 
achieved more success due to their more effective LiPS binding 
via chemical interactions and/or surface-mediated redox reac-
tions. Despite their demonstrated remarkable LiPSs binding 
abilities even with sulfur weight fractions as high as 80%, we 
note that an ultrahigh surface area of such relatively heavier 
metal-based hosts is needed in order to take full advantage of 
the interactions, which requires advanced architectures. 

 Recently, chemical modifi cations of light-weight, high sur-
face area graphene by oxidation or heteroatom doping have 
also shown signifi cant potential for LiPSs confi nement. Cells 
employing graphene oxides coupled with an ionic liquid elec-
trolyte and novel binders have achieved a long cycling life, 
for example. [ 23,24 ]  The interaction between the polar oxygen 
groups and the LiPSs was suggested as one of the reasons 
for the improvement. In particular, N-doped graphene or 
N-doped porous carbons show substantial chemisorption of 
LiPSs ascribed to strong Li–N interactions, related to the elec-
tron donating property of nitrogen. [ 25–27 ]  However, the nitrogen 

  Despite the high theoretical energy density of the lithium–
sulfur (Li–S) electrochemical energy-storage system, its appli-
cation has been hindered by capacity fading over long-term 
cycling caused by polysulfi de shuttling. Porous pristine car-
bons and metal oxides have been recently used as sulfur hosts, 
but they suffer the problems of weak physical interaction with 
polysulfi des, and/or relatively low surface area, and high cost. 
Here, we describe a strategy of strong chemisorption for poly-
sulfi des utilizing an ordered nanoporous carbon dual-doped 
with nitrogen and sulfur. The high-surface area carbon mate-
rial was derived from the liquid-crystal-driven self-assembly 
of bio-sustainable and low-cost cellulose nanocrystals. Using 
this host material, the sulfur electrodes exhibited an ultralow 
capacity fading of 0.052% per cycle over 1100 discharge/charge 
cycles. We demonstrated that a synergistic functionalization 
from nitrogen and sulfur heteroatoms dramatically modifi es 
the electron density distribution of the host substrate, leading 
to much stronger polysulfi de binding than that for nondoped or 
nitrogen single-doped carbons. Ab initio calculations based on 
density functional theory reveal the strong interactions between 
Li +  and doped N atoms (Li–N) as well as the polysulfi de anions 
and doped S atoms (S–S). 

 Driven by the demands of sophisticated portable electronics 
and electric vehicles, advanced rechargeable batteries with 
low cost, high energy density, and long cycle life are in tre-
mendous demand. [ 1 ]  Sulfur is considered as a promising can-
didate to replace current Li + -ion insertion-based materials as 
the next-generation cathode material, mainly due to its high 
theoretical capacity (1675 mA h g −1 ), fewer safety concerns, 
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N content in doped carbons is generally low, limiting the fraction 

of active sites available for chemisorption. 
 Other than nitrogen doping, doping carbon with other 

heteroatoms has not been reported for an Li–S host mate-
rial. Herein, we report a “dual-doping” strategy using sulfur 
and nitrogen atoms at a relatively high doping concentration. 
N and S dual-doped carbon has been previously reported to 
be an oxygen reduction reaction catalyst that exhibits greatly 
improved catalytic properties compared to nondoped carbon. [ 28 ]  
This is suggested to be due to its asymmetric charge density 
distribution, namely, N bears a negative charge and S a posi-
tive charge. In our study, the interaction between LiPSs and the 
dual-doped carbon was examined using a combination of X-ray 
photoelectron spectroscopy (XPS) and ab initio theoretical cal-
culations. We demonstrate a greatly improved chemical inter-
action of the dual-doped carbon with LiPSs (electrophilic Li +  
and nucleophilic terminal S − ) compared to graphene alone. In 
addition, the dual-doped carbon exhibits a signifi cant increase 
of conductivity, benefi ting the power capability of an Li–S cell. 

 The synthesis of mesoporous carbons or graphene compos-
ites typically requires the use of exotic hard templates and/or 
expensive surfactants as well as high-cost polymeric carbon 

sources and complex procedures. Herein, we report on a com-
pletely different route to prepare porous carbon materials by 
utilizing a low-cost biomaterial, cellulose nanocrystals (CNCs). 
Cellulose is the major constituent of plant cell walls and the 
most abundant sustainable material on the planet. [ 29 ]  Cellu-
lose nanocrystals with a nanorod morphology can be produced 
on the ton-scale from the acid hydrolysis of wood fi bers (ca. 
$10 kg −1 ). [ 30,31 ]  In our work described here, the porous structure 
was created based on a liquid-crystal-driven self-assembly of 
CNCs. This novel synthesis strategy is modifi ed from our previ-
ously reported approach [ 32 ]  in order to create mesoporous mate-
rials. It avoids traditional hard/soft templating methods, and 
provides a promising industrial solution for utilizing sustain-
able cellulose materials. Moreover, the introduction of the two 
heteroatoms, N and S, into the carbon lattice was realized by 
pyrolysis of a single conjugated polymer, polyrhodanine (PR), 
instead of requiring two separate sources. [ 28,33 ]  

 Carbon materials with a hierarchical pore structure were 
prepared from the pyrolysis of self-assembled CNCs fi lms 
( Figure    1  a). The CNC dispersion (1–7 wt%) exhibits lyotropic 
chiral nematic behavior and evaporation-induced self-assembly 
of the CNCs allows fabrication of an ordered nanoporous 

Adv. Mater. 2015, 27, 6021–6028

www.advmat.de
www.MaterialsViews.com

 Figure 1.    a) The schematic illustration of the synthesis of nitrogen/sulfur-doped cellulose (NSC); b) SEM images of periodic self-assembled cellulose 
nanocrystals (CNCs) and c) PR@CNC precursors for the synthesis of CDC and NSC, respectively; d) TEM and e) SEM images of NSC; f) SEM image 
of the NSC/S-70 composite; g) XRD pattern of the NSC.
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carbon. [ 34,35 ]  Typically, CNCs, used as a self-template, were fi rst 
uniformly coated with polyrhodanine via in situ polymerization, 
which provides a dual doping source for both nitrogen and 
sulfur (denoted as PR@CNC; see Figure S1b, Supporting 
Information). [ 31 ]  Silica derived from the hydrolysis of tetraethyl 
orthosilicate (TEOS) was added into the dispersion to provide a 
spacer between particles and avoid structural collapse upon car-
bonization. A free-standing fi lm with disrupted chiral nematic 
order was then formed upon evaporation of the PR@CNC 
aqueous suspension (3.5 wt%). A porous carbon with N and S 
atoms doped mainly on the surface was obtained upon pyrol-
ysis (denoted as NSC) and etching of silica. The N single-doped 
carbon (NC) and pristine cellulose nanocrystal-derived carbon 
without doping (CDC) were fabricated in the same way, except 
that polydopamine was used as the doping source for NC.  

 The CNCs and PR@CNCs precursor fi lms both exhibit a 
periodic structure with a chiral nematic ordered morphology, 
as shown by scanning electron microscopy (SEM) images in 
Figure  1 b,c. The self-assembly of the latter was disrupted due 
to the decreased interparticle repulsive forces brought upon by 
surface modifi cation. [ 36 ]  The morphology was largely preserved 
upon carbonization for NSC as seen from Figure  1 e. It can be 
seen from the transmission electron microscopy (TEM) images 
(Figure  1 d and Figure S1c, Supporting Information) that the 
individual nanorods, ca. 5 nm in diameter and ca. 200 nm in 
length, are organized in a twisted periodic assembly. 

 The porosity can be tailored by tuning the PR@CNC/TEOS 
ratio in the precursor (See the Supporting Information for fur-
ther details), resulting in four different NSC materials. The 
Brunauer–Emmett–Teller (BET) surface area and pore volume 
calculated by quenched solid density functional theory (QSDFT) 
method are summarized in  Table    1   and Figure S2 (Supporting 
Information). The optimized NSC (NSC-1, Table  1 ) exhibited a 
high BET surface area of 1200 m 2  g −1  and a large pore volume 
of 1.48 cm 3  g −1  and was used for this study ( Figure    2  a,b). A 
hierarchical nanoporosity including both micropores (≈1 nm) 
and mesopores (4–6 nm) was observed in NSC, arising from 
the gas evolution upon pyrolysis of the bio-polymers and the 
space between self-assembled nanorods, respectively. We note 
that departure from this optimal ratio resulted in lower surface 
area and pore volume (Table  1 ). A large pore volume is vital to 
accommodate the sulfur effi ciently and allow enough void space 
for volume expansion, while the high surface area is important 
for interfacial chemisorption for LiPSs. To illustrate this point, 
nonporous NSC (NP-NSC), with a low surface area of 330 m 2  g −1  
and a pore volume of 0.3 cm 3  g −1  (Figure  2 a,b )  was used as a 
comparison for electrochemical studies (vide infra). The NC 
and CDC exhibit comparable BET surface area of 1130 m 2  g −1 , 

1230 m 2  g −1  and a pore volume of 1.50 cm 3  g −1 , 1.30 cm 3  g −1 , 
respectively. A slightly smaller pore size was observed for CDC, 
due to the smaller size of CNC versus PR@CNC.   

 The X-ray diffraction (XRD) pattern in Figure  1 g exhibits 
three broad peaks corresponding to (002) and (100) lattice 
planes, suggesting that the synthesized NSC has a low degree 
of crystallinity. The energy-dispersive spectroscopy (EDS) spec-
trum in Figure S3a (Supporting Information) confi rms the 
presence of nitrogen and sulfur in NSC, with an atomic con-
centration of 2.4% and 3.2%, respectively. As shown by EDS 
elemental mapping in Figure S3 (Supporting Information), N 
and S are homogeneously distributed throughout the carbon. 
Since this material is prepared via sintering at a temperature 
as high as 900 °C, it is reasonable to conclude that the N and 
S are effectively doped into the graphitic lattice. This is further 
confi rmed by Raman spectroscopy analysis. The ratio of D 
band (disordered carbon, 1360 cm −1 ) to G band (sp 2 -hybridized 
graphitic carbon, 1590 cm −1 ) contributions;  I  D / I  G , calculated 
by the integrated areas, is higher for NSC than CDC (1.23 vs 
1.15), suggesting the presence of more defect sites created by 
the N and S doping (Figure S4, Supporting Information). [ 33 ]  We 
note that the overall doping level of the two elements, N and 
S, reaches 5.6 at%, which is higher compared to other reports 
(e.g., 1.61 at% [ 37 ]  or 1.5 at% [ 38 ]  for N doping). This can poten-
tially provide a higher concentration of active sites for LiPSs 
adsorption. The N doping concentration for NC is confi rmed to 
be 2.2 at% by EDS. 

 To investigate the chemical nature of the surface of the 
dual-doped carbon, XPS analysis was performed. In the high-
resolution C 1s spectra (Figure  2 c and Figure S4a, Supporting 
Information), both NSC and CDC display the components cor-
responding to C–C (284.8 eV; which also corresponds to adven-
titious carbon and is used as a reference), C–OH (285.2 eV), 
C O (287.9 eV), and COOH (290.0 eV) species. [ 33,39 ]  This sug-
gests that both materials contain oxygen groups on the surface, 
which is believed to improve LiPSs’ binding ability. [ 20,23 ]  The 
NSC contains an additional component with a binding energy 
of 286.5 eV corresponding to C–N–C species, [ 33 ]  confi rming the 
effective doping of N into carbon lattice. The N 1s spectrum of 
NSC reveals the chemical composition of the nitrogen environ-
ment (Figure  2 d). Three components, pyridinic N, pyrrolic N, 
and quaternary N, can be identifi ed at 398.7, 401.0, and 402.5 eV, 
respectively. [ 33,37 ]  These three typical species observed in 
N-doped carbons have proven to contribute to LiPS binding in 
different ways, either by interacting with pyridinic N atoms or 
the neighboring carbon of quaternary N. [ 40 ]  The S 2p spectrum 
of NSC is shown in Figure  2 e. Only the peak positions of the 
S 2p 3/2  components of the S 2p 3/2 /2p 1/2  doublets are described, 
following convention. Two sulfur species are assigned to 
carbon-bonded thiophene-like sulfur C–S–C (164.1 eV) and 
highly oxidized sulfur species SO  x   (167.9 eV). [ 28 ]  Any possible 
assignment to elemental sulfur (164.3 eV) can be excluded, 
since the material was synthesized at a high temperature. In 
contrast, both the N 1s and S 2p spectra of CDC indicate the 
absence of N and S on the surface, as seen in Figure S5 (Sup-
porting Information). With the same pore structure but com-
pletely different surface properties, NSC, NS, and CDC can 
thus provide an excellent platform to study the dual-doping 
effect on the LiPS binding capability. 
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  Table 1.    The surface area and pore volume of NSC materials with 
respect to the PR@CNC/TEOS ratio. 

Sample  PR@CNC  
 [wt%] 

 BET surface area  
 [m 2  g −1 ] 

 Pore volume  
 [cm 3  g −1 ] 

NSC-1 20 1200 1.48

NSC-2 35  905 0.82

NSC-3 45  815 0.64

NSC-4 60  620 0.40
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 The adsorptivity of NSC and CDC toward LiPSs was quanti-
tatively evaluated using an electrochemical titration method by 
measuring the residual LiPS remaining upon contact with the 
respective sulfur host materials. [ 41 ]  The polysulfi de Li 2 S 4  with 
a medium chain-length was chosen as representative of the 
LiPSs. The adsorptivity of NSC, CDC, commercial mesoporous 
TiO 2  (meso-TiO 2 ), Vulcan Carbon (VC), Super P was evaluated 
(Figure  2 f). The CDC adsorbs ten times more Li 2 S 4  than VC 
and Super P, and NSC can adsorb twice that of CDC. This indi-
cates that although the oxygen functional groups contribute to 
Li 2 S 4  binding, the N,S dual-doping is even more effective. We 
also note that the NSC also adsorbs twice that of meso-TiO 2 , 
indicating its superior ability in this respect compared with a 
highly porous oxide. 

 The nature of the interaction between NSC and LiPSs was 
studied by XPS using the solids recovered from the NSC/Li 2 S 4  

suspension in the titration experiment. The Li 1s spectrum 
of pristine Li 2 S 4  exhibits a single symmetric peak at 55.5 eV 
( Figure    3  a), whereas upon contact with NSC, the NSC-Li 2 S 4  
shows an asymmetric peak extending to higher binding energy 
(Figure  3 c). Therefore, an additional peak with a +0.9 eV shift 
was fi tted and attributed to the Li +  ions interacting with doped 
N (Li–N), consistent with the observation for polypyrrole 
bonded LiPSs. [ 42 ]  On the contrary, the lineshape in the Li 1s 
spectrum of CDC-Li 2 S 4  remains symmetric, indicating little Li +  
interaction (Figure  3 b).  

 The polysulfi de Li 2 S 4  shows two sulfur contributions in its S 
2p spectrum at 161.5 and 163.1 eV with a 1:1 ratio (Figure  3 d), 
ascribed to the terminal sulfur (S T  −1 ) and bridging sulfur 
(S B  0 ) atoms, respectively. The S 2p spectrum of the NSC-Li 2 S 4  
composite sheds light on the interaction between the doped 
S and Li 2 S 4 . Compared with Li 2 S 4  itself, the terminal sulfur 
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 Figure 2.    a) N 2  adsorption/desorption isotherms and b) pore size distributions of CDC, NSC, and NP-NSC; the high resolution c) C 1s, d) N 1s, and 
e) S 2p XPS core spectra of NSC (round markers: experimental data; black line: overall fi t; solid colored lines: fi tted individual components); f) the 
polysulfi de adsorptivity of CDC and NSC, with comparison to Super P, Vulcan carbon, and commercial mesoporous TiO 2 , evaluated by the electro-
chemical titration method ( n  = 4). [ 41 ] 
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S T  −1  shifts to higher binding energy by +1.4 eV, indicating a 
decrease in electron density on the S T  −1 . We ascribe this to 
its interaction with the positively charged dopant S δ+  in the 
NSC (Li-S T  −1 −S δ+ ), which is confi rmed by ab initio studies 
(see below). The bridging sulfur was not fi tted in Figure 
 3 f, since its binding energy region overlaps with the doped 
sulfur. However, for CDC which lacks N and S dopants, the S 
2p spectrum exhibited similar components as we found with 
Vulcan carbon described in a previous report (Figure  3 e). [ 19 ]  
The binding energy of both S T  −1  and S B  0  in the probe mole-
cule Li 2 S 4  remained unchanged. An additional carbon-bonded 
S 0  species arises from the disproportionation of Li 2 S 4  into S 0 , 
favored by the lack of interaction with the nonpolar carbon 
surface. [ 19 ]  This indicates the absence of interaction between 
nondoped carbon and Li 2 S 4 , consistent with the Li 1s spec-
trum. We note that the new components at 166–172 eV in 
CDC-Li 2 S 4  and NSC-Li 2 S 4  are due to the thiosulfate and poly-
thionate species formed by the redox reaction between Li 2 S 4  
and the oxidized carbon surfaces, as we reported for graphene 
oxide. [ 20 ]  The N 1s spectrum and the doped sulfur region 
in the S 2p spectrum of NSC-Li 2 S 4  do not undergo signifi -
cant change. We believe this is due to the highly delocalized 

electron structure of NSC, which distributes any changes in 
electron density over the entire lattice and smears out any 
observable effects in the XPS. 

 To fully understand the interaction between NSC and LiPSs, 
ab initio calculations based on density functional theory were 
carried out. For simplicity, single layer graphene using a 6 × 6 
supercell and an Li 2 S 2  molecule were used as the models for the 
carbon substrate and LiPSs, respectively. In order to model the 
polyrhodanine-derived doping, pyrrolic nitrogen and thiophene-
like sulfur atoms were used. The geometric confi guration and 
charge population of the host substrates after full relaxation are 
shown in Figure S7 (Supporting Information) and  Figure    4   (top 
panels). The nondoped graphene shows a uniform charge den-
sity distribution over the lattice (Figure  4 a), whereas the pyr-
rolic N bears a charge of −0.81, signifi ed by the red electron 
density contour curves on the N position (Figure  4 b). However, 
thiophene-like S exhibits a charge of +0.45 when dual-doped 
into the lattice, shown by the dark electron density contour 
curves on the S position (Figure  4 c and Figure S7c, Supporting 
Information).  

 The most stable geometric confi gurations of the Li 2 S 2  mol-
ecule interacting with different carbon substrates are shown 
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 Figure 3.    High-resolution XPS a–c) Li 1s and d–f) S 2p spectra of a,d) Li 2 S 4 , b,e) CDC-Li 2 S 4 , and c,f) NSC-Li 2 S 4 .
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in Figure  4  along with their binding energy values. There is 
no specifi c bonding between Li 2 S 2  with nondoped graphene, 
resulting in a low binding energy of 0.07 eV. The results in 
Figure  4 b indicate a favorable bonding between Li +  and pyr-
rolic N (1.06 eV) and those in Figure  4 c,d show highly specifi c 
bonding between the S T  −1  and doped S δ+ , as evidenced by the 
local protrusion of doped S out of the graphene layer. The cal-
culation indicates a binding energy (2.59 eV) of Li 2 S 2  onto N,S-
dual doped carbon, which is over twice that of N-doped carbon. 
Furthermore, by model an S/N ratio of 2, the binding energy 
increases to 5.74 eV. These calculations indicate the highly 
favorable aspects of the N,S dual-doping strategy, with fi ndings 
in full accord with XPS studies discussed above. 

 To evaluate the effects of the N,S dual-doping approach on 
the electrochemical properties, sulfur composites with 70 wt% 
of sulfur were prepared via the melt-diffusion method for NSC, 
NC, CDC, and NP-NSC, denoted as NSC/S-70, NC/S-70, CDC/
S-70, and NP-NSC/S-70. These cathodes were employed in 
Li–S batteries (see below). The sulfur content was determined 
by thermogravimetric analysis (TGA) (Figure S6, Supporting 
Information). The representative SEM images of the NSC/S-70 
composites (Figure  1 f) show no aggregated sulfur particles on 
the surface of carbon materials, indicating that sulfur was fully 
diffused into the pores of the carbon networks. In comparison, 
the NP-NSC/S-70 composite is largely covered by large sulfur 
regions (Figure S8, Supporting Information). 

 Substitutional doping of heteroatoms in graphitic lattices has 
proven to be an effi cient route to improve the conductivity. [ 26 ]  
The bulk conductivity of NSC, measured by a four-point probe 
method, is an order of magnitude higher than nondoped CDC 
(0.78 S cm −1  vs 0.04 S cm −1 ). Electrochemical cells constructed 
with NSC as the cathode versus a lithium metal anode show 
that the NSC host itself is not electrochemically active in the 

1.8–3 V (vs Li/Li + ) window, only contributing a negligible capac-
itive capacity of 30 mA h g −1  (Figure S9, Supporting Informa-
tion). This confi rms that the doped atoms, especially S, do not 
participate in redox activity and thus maintain their integrity 
during the operation of an Li–S cell. 

  Figure    5  a shows the galvanostatic voltage profi les of Li–S 
cells with NSC/S-70 electrodes at various current densities. 
They exhibit typical two-plateau discharge curves at 2.4 and 
2.1 V. The overcharge in the fi rst cycle at various rates is neg-
ligible, indicating effective inhibition of LiPS shuttle. There is 
very little increase in polarization upon increase of current den-
sity (1C = 1675 mA g −1 , mass is based on sulfur). The favorable 
redox kinetics are owed to the improved conductivity of doped 
carbon and the effi cient interface between the NSC and LiPS 
intermediates; the void volume within the composite for elec-
trolyte infi ltration is an additional advantage.  

 The NSC/S-70 electrode exhibits a high discharge capacity of 
1370 mA h g −1 , 1280 mA h g −1 , 1135 mA h g −1 , and 830 mA h g −1  
at C/20, C/5 and C/2 and 2C rates, respectively. Long-term 
cycling at various rates was carried out after a conditioning 
cycle at C/20 (Figure  5 a). At C/5, the capacity of NSC/S-70 
stabilized at 1080 mA h g −1  at 100 cycles, whereas NC/S-70 
fades from 925 mA h g −1  to 500 mA h g −1  and similarly for 
CDC/S-70, from 800 mA h g −1  to 430 mA h g −1  (Figure  5 c). 
This implies that compared with N-doping, the N,S dual-
doping strategy greatly inhibits the LiPS shuttle. At a faster 
rate of C/2, the NSC/S-70 electrode was able to maintain a high 
capacity of 775 mA h g −1  even after 500 deep cycles with a low 
decay rate of 0.065% per cycle, whereas the capacity of NC/S-70 
and CDC/S-70 faded to 420 mA h g −1  to 350 mA h g −1  over 200 
cycles (Figure  5 b). The nonporous NSC based electrode (NP-
NSC/S-70) also exhibited a slightly slower capacity fade than 
CDC/S-70, but this is not noteworthy. Compared to porous 
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 Figure 4.    Ab initio calculations illustrating the most stable Li 2 S 2  binding confi gurations after full relaxation for carbon substrates a) with no doping and 
doped with b) 1 N doping, c) 1 N + 1 S, and d) 1 N + 2 S per supercell (bottom right for side view). Insets on top left are the 2D deformation charge 
distributions of the corresponding substrates only without Li 2 S 2  (red for accepting electrons, blue for donating electrons), with the magnifi ed versions 
(around the heteroatoms) shown on the bottom left. Gray, blue, purple, and yellow balls represent C, N, Li, and S atoms, respectively.
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NSC/S-70, it demonstrates that the high-surface-area porous 
structure plays an indispensable role in LiPS binding. In order 
to examine the potential of NSC/S-70 for high power storage, 
the electrode was subjected to high rate cycling at a 2C rate. 
The cell was able to retain 365 mA h g −1  after 1100 cycles, with 
an ultralow capacity fading rate of 0.052% per cycle (Figure  5 d). 
This performance was obtained without utilization of novel 
binders or electrolytes and is among the best for carbonaceous 
sulfur host materials. [ 23–26 ]  To further probe the effectiveness of 
the chemical interaction on the suppression of the LiPS shuttle, 
Li–S cells without LiNO 3  additive in the electrolyte were also 
examined. Greatly alleviated fi rst-cycle overcharge (Figure S9e, 
Supporting Information) and improved average Coulombic effi -
ciency (≈93% vs 83% for CDC/S-70) was observed for NSC/S-70 
(Figure S9f, Supporting Information), demonstrating the effect 
of the interfacial interaction arising from N,S dual-doping. 

 The evolution of positive electrode microstructure and 
impedance upon cycling was examined to further explore 
the underlying reason for the more stable cycling exhibited 
by NSC/S-70. The cycled cells, stopped after 500 cycles at a 
fully charged status, were dissembled and examined by SEM. 
Figure S10a,b (Supporting Information) shows the electrode 
morphology of CDC/S-70 and NSC/S-70 (the small particles 
are Super P). After 500 cycles of CDC/S-70, even at a charged 
status, a glassy layer of Li 2 S/Li 2 S 2  is evident that coats the upper 
layers (Figure S10b, Supporting Information). This fi nding 
indicates that the LiPS intermediates dissolve, diffuse out from 
the micro-/mesoporous channels, and randomly redeposit on 

the electrode surface. It verifi es that nonpolar carbon surfaces 
are not effective in confi ning LiPSs over long-term cycling. [ 19 ]  
On the contrary, for the NSC/S-70 electrode (Figure S10d, Sup-
porting Information), the morphology of individual NSC bulk 
particles mixed with Super P particles is maintained, demon-
strating the effective confi nement of LiPSs within the porous 
structure. Electrochemical impedance spectroscopy (EIS) 
measurement at discharged status provides additional support 
for this conclusion (Figure S9d, Supporting Information). The 
charge-transfer resistance within the cathode, represented by 
the semicircle at high-frequency range, dramatically decreases 
upon fi rst discharge and remains almost unchanged over ten 
cycles. The stable charge-transfer resistance is ascribed to 
inhibited LiPS diffusion and/or confi ned Li 2 S deposition over 
the electrode. 

 In conclusion, nitrogen–sulfur-doped nanoporous carbon, 
synthesized through the self-templating of sustainable bio-
material-derived cellulose nanocrystals, exhibits a tunable 
hierarchical pore structure with a high surface area. The dual-
doping with N and S atoms on porous carbon greatly enhances 
the chemisorption of lithium polysulfi des. The XPS studies 
revealed a synergistic effect arising from N–Li and S–S inter-
actions. Both Li +  and S  n   2−  are effectively bound to N,S dual-doped 
carbon, giving rise to doubled LiPS adsorptivity over N single-
doped or nondoped carbons. The binding confi guration was 
confi rmed by ab initio calculations. This is the fi rst time that 
a dual-doped carbon has been utilized as a sulfur host material 
with demonstrated chemisorption mechanisms. Additionally, 

 Figure 5.    a) Voltage profi les of NSC/S-70 electrodes at various C rates; b,c) the discharge capacity retention of NSC/S-70, NC/S-70, CDC/S-70, and 
NP-NSC/S-70 electrodes at b) C/2 and c) C/5 rates; d) the long-term cycling performance of NSC/S-70 electrode at a high 2C rate, showing Coulombic 
effi ciency on the left  y -axis.
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the electric conductivity of NSC is also greatly improved com-
pared to nondoped carbon, favoring high-rate kinetics. Using 
this dual-doped carbon as a sulfur host, the sulfur electrode was 
able to deliver a high capacity of 1370 mA h g −1  at C/20 and dis-
charge/charge for 1100 cycles at 2C rate with a very low capacity 
fading of 0.052% per cycle. This is attributed to the high pore 
volume and surface area of the host that can provide suffi cient 
active sites for chemically adsorbed LiPSs.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
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