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across the whole electrode and suppressed 
LiPSs shuttling to the lithium anode are 
required.[8–11]

Great efforts have been made to address 
these aforementioned issues with a pri-
mary focus on the cathode materials. 
Nano-carbons and graphenes with micro/
mesoporous channels are representa-
tive of early stage sulfur host materials, 
which provide conductivity and physical 
entrapment of the LiPSs.[12–19] The lack of 
strong interaction with the LiPSs lead to 
rapid capacity fading on cycling in most of 
these studies, however. Functionalized car-
bons, exemplified by graphene oxides and 
heteroatoms-doped carbons, demonstrate 
chemical entrapment of the LiPSs and 
enable longer-term cycling.[20–24] Modifica-
tions of carbons using polymers decorated 
with polar functional groups established 
another path to bind LiPSs without com-

promising the conductivity.[25–27] Departing from carbonaceous 
materials, inorganic metal-based materials including metal 
oxides, metal sulfides, metal organic frameworks, and MXene 
phases have been recently studied as sulfur hosts.[28–35] Their 
strong chemical interaction with LiPSs based on polar-polar 
interactions, Lewis acid-base bonding or chemical catenation 
plays an essential role in suppressing the shuttling. Adsorption 
of LiPSs results in controlled precipitation of Li2S and S8, which 
enhances uniform distribution of active materials.[30,36] Aside 
from the cathode, rationally designed electrolyte modifications 
and redox mediators have also shown promise in controlling 
polysulfide dissolution and Li2S deposition.[37–40]

In light of the above advances, it is now also appreciated that 
the low volumetric energy density (ED) of many Li–S batteries 
still pose a concern due to two aspects: the low density of sulfur 
(2.07 mg cm−3) that is often reported with a high fraction of 
carbon (>40 wt%), and high electrolyte/sulfur ratios. Achieving 
high areal sulfur loading (>7 mg cm−2) with low electrolyte 
volume is critical to maximize the ED, but this is not the case 
for most reported systems to date.[41] Moreover, the challenge 
for high-performance thick cathodes resides in all cathode com-
ponents: the individualized nanosized porous C/S composites, 
the polyvinylidene fluoride (PVDF) binder that lacks elasticity 
and insufficient interparticle conductivity.[9–11] In order to fab-
ricate high-loading Li–S cathodes, two approaches have been 
used. One is to construct 3D conductive frameworks,[42–47] and 
the other is to integrate the host nanomaterials before slurry 
processing.[48–50] Pure carbon 3D networks, usually composed 

A comprehensive approach is reported to construct stable and high volu-
metric energy density lithium–sulfur batteries, by coupling a multifunctional 
and hierarchically structured sulfur composite with an in-situ cross-linked 
binder. Through a combination of first-principles calculations and experi-
mental studies, it is demonstrated that a hybrid sulfur host composed by 
alternately stacking graphene and layered graphitic carbon nitride embraces 
high electronic conductivity as well as high polysulfide adsorptivity. It 
is further shown that the cross-linked elastomeric binder empowers the 
hierarchical sulfur composites—multi-microns in size—with the ability to 
form crack-free and compact high-loading electrodes using traditional slurry 
processing. Using this approach, electrodes with up to 14.9 mg cm−2 sulfur 
loading and an extremely low electrolyte/sulfur ratio as low as 3.5: 1 µL mg−1 
are obtained. This study sheds light on the essential role of multifaceted 
cathode design and further on the challenges facing lithium metal anodes in 
building high volumetric energy density lithium–sulfur batteries.

1. Introduction

There is increasing demand for high energy density and long 
life energy storage devices for applications in electric vehicles 
and electric grid. The lithium–sulfur (Li–S) battery is con-
sidered as one of the most promising electrochemical sys-
tems, owing to the high theoretical specific energy density 
(2600 W h kg−1) and natural abundance of sulfur.[1,2] However, 
rapid capacity fading and low sulfur utilization pose great 
challenges for its commercial viability. This originates mainly 
from three problems, namely, the insulating feature of the 
end-products (S and Li2S), lithium polysulfide (LiPS) dissolu-
tion and shuttling, and the uncontrolled precipitation of Li2S 
from the dissolved LiPSs.[3–7] Solving these problems is crit-
ical, especially for high sulfur loading batteries with low elec-
trolyte volumes, where sufficient electronic/ionic conduction 
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of graphene or carbon nanofiber/tubes, with high surface area 
and conductivity, are reported to enable high sulfur loadings 
up to 21.2 mg cm−2.[47] However, due to the large void space 
inside and/or large fraction of nonactive carbons, the high areal 
loadings were realized at the expense of high electrolyte/sulfur 
ratios (µL mg−1, e.g., 40:1,[43] 14:1,[44] 20:1[46]) necessary to fully 
wet the electrodes. This greatly compromises the ED. Devel-
oping thick and compact electrodes using traditional slurry-
based process that fits current commercial protocols is vital for 
practical applications. In particular, integrating individualized 
nanocomposites into large secondary particles is a promising 
route to improve interparticle electrical connection and to con-
struct integrated thick electrodes.[48–50] This maximizes particle 
packing and reduces the void space, thus requiring less electro-
lyte. Reported carbon electrodes based on this principle usually 
lack sufficient polysulfide adsorptivity, however, which in prin-
ciple aggravates polysulfide shuttling and their side reactions 
with the lithium anode.

For slurry processed electrodes that especially experience 
large volume expansion, binders with sufficient adhesivity and 
elasticity are essential to connect individual particles. A high 
percentage (≥10 wt%) of binder intrinsically decreases the elec-
trode conductivity and the ratio of active material. Few reports 
have been devoted to designing new binder systems for thick 
sulfur cathodes (and/or at a low weight percentage), aside from 
the styrene-butadiene rubber and polyamidoamine dendrimer 
reported recently.[48,51]

Here we describe a multifaceted strategy to construct stable 
and high sulfur loading cathodes based on conventional slurry 
process, enabled by coupling multifunctional sulfur compos-
ites with an in-situ cross-linked polymeric binder. The process 
is summarized schematically in Figure 1. First, a hybrid sulfur 
host material with both strong chemical LiPSs adsorption and 
high electronic conductivity is realized by alternate stacking 
of two layered materials components: graphitic C3N4 (g-C3N4) 

and graphene. By cross-linking only 5 wt% of the carboxyme-
thyl cellulose (CMC) binder with the sulfur composites, crack-
free high sulfur loading electrodes (up to 14.9 mg cm−2) were 
achieved. Most importantly—owing to the compact structure of 
the cathodes–an electrolyte/sulfur ratio as low as 3.5:1 (µL:mg) 
allows high areal capacities, up to 14.7 mA h cm−2 and stable 
cycling. These features are ascribed to (i) the excellent network 
conductivity from graphene and chemical interaction with poly-
sulfides from g-C3N4, (ii) a well-maintained electronic/physical 
connection among the sulfur composites owing to the elasto-
meric cross-linked binder. Here, we also discuss challenges 
related to the lithium metal anode for ultrahigh loading cath-
odes in Li–S batteries.

2. Results and Discussion

Porous g-C3N4 materials have been recently reported that com-
bine the advantages of light weight with intrinsic polarity that 
contributes to strong LiPSs interactions.[52,53] However, their 
semiconducting nature limits electron transport and hence 
sulfur utilization. Incorporating the g-C3N4 into a highly con-
ductive network such as graphene can overcome this problem. 
Taking advantage of the fact that graphene and g-C3N4 both 
exhibit layered structures, we have fabricated a hybrid with alter-
nate stacking of the two component layers (Figure 1, step 1).[54] 
In our study, the hybrid was synthesized by thermal treatment 
of cyanamide and graphene oxide (GO), which are mixed on 
the molecular level based on the cohesive interaction between 
them. Evaporation induced self-assembly of the precursor 
results in aggregated and micron-sized nanosheets. During 
heat treatment, cyanamide undergoes thermal polymerization 
along with the release of ammonia, which in turn initiates 
high temperature N doping of the graphene (NG).[55] The as-
synthesized hybrid is denoted as NG-CN. For comparison, pure 
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Figure 1. A schematic illustration of the concept of coupling hierarchical sulfur composite based on a hybrid host with in situ cross-linked binder 
in order to fabricate stable high-loading cathodes. Step 1 starts with hybridizing two individual 2D nanosheets (graphene and g-C3N4) to form the 
nanosheet-type host material; in step 2, hierarchical sulfur composites are formed as large multi-micrometer sized secondary particles formed as a 
consequence of evaporation induced self-assembly and sulfur infusion; step 3 involves in situ cross-linking of the carboxymethyl cellulose binder in 
the presence of the sulfur composites.
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porous g-C3N4 (N concentration: 53.5 at%) and porous N-doped 
carbon (NdC; N concentration: 3.1 at%) were also synthesized 
(see the Experimental Section for details).[52]

The NG-CN material exhibits a 2D nanosheet structure 
similar to the GO precursor, as revealed by scanning elec-
tron microscopy (SEM) and transmission electron microscopy 
(TEM) images (Figure 2a,b). The NG-CN has a highly wrinkled 
structure owing to the release of ammonia gas during heat 
treatment. The dark-field TEM image clearly shows the porous 
structure resulting from the silica templating (Figure 2c). Con-
sequently, a Brunauer–Emmett–Teller surface area of 470 m2 g−1 
and pore volume of 1.7 cm3 g−1 (pore size −4.5 nm) are obtained 
for NG-CN (Figure 2c, Figure S1a, Supporting Information). 
These properties enable high polysulfide adsorptivity (as dis-
cussed below) and homogeneous infiltration of a high frac-
tion (77 wt%) of sulfur without the formation of large isolated 
sulfur particles (Figure 2d and Figure S2, Supporting Infor-
mation). Based on the very similar morphology of the sulfur-
impregnated material to that of the host itself, we conclude the 
sulfur exists as a film on the surface of the hybrid host. The 
SEM images show that the few-layered NG-CN nanosheets are 
entangled to form large secondary particles (Figure 2a). Con-
sequently, the melt-diffused sulfur composite shows a mor-
phology of multi-micrometer-sized particles (Figure 2e). This 
hierarchical and interconnected architecture is important for 
the fabrication of thick electrodes. It not only allows improved 
connection between individual particles with less binder (com-
pared to nanoparticle materials) but also ensures effective par-
ticle packing and high tap density, while moderate porosity is 
maintained for electrolyte penetration.[48–50]

The modification of the stacking of the g-C3N4 layers in 
NG-CN is suggested by the broadening and low-angle shift of 

the (002) peak in the X-ray diffraction (XRD) pattern relative 
to that of g-C3N4, signifying a slightly increased interplanar 
distance (Figure S1b, Supporting Information). The chemical 
environment of the NG-CN was examined by X-ray photo-
electron spectroscopy (XPS) and energy dispersive spectros-
copy (EDS). The XPS survey spectrum shows the presence of 
both nitrogen and oxygen with a high nitrogen concentration 
of 20 at% (Figure S3a,b, Supporting Information), over five-
fold more than that of most reported N-doped carbons.[21,22,24] 
The high-resolution N 1s XPS spectrum provides detailed 
information on the nature of the nitrogen species (Figure 2f). 
We observe the CNC (398.2 eV) and tertiary N (399.8 eV) 
moitiés from g-C3N4 and the other two species corresponding 
to pyridinic N (401.3 eV) and graphitic N (403.8 eV) in N-doped 
carbons.[21,22,24,52,53] It confirms the formation of g-C3N4 and 
simultaneous N doping on the graphene. N-doped carbons/
graphenes have been reported to effectively adsorb polysulfides 
and we believe that here, NG adds to the overall polysulfide 
adsorptivity.[21,22,24] Furthermore, the EDS spectrum shows a 
nitrogen concentration of 19 at% (Figure S3b, Supporting Infor-
mation), close to the surface-sensitive XPS results, indicating 
that the majority of N species are accessible for LiPS adsorption 
on the surface of the layers. The EDS mapping in Figure S3 of 
the Supporting Information shows a homogeneous distribution 
of N and O.

High electronic conductivity and high LiPS adsorptivity are 
the two very important properties for advanced sulfur host mate-
rials.[29,30,36] The room temperature conductivity of NG-CN is 
over three orders of magnitude higher than g-C3N4 (11.3 S cm−1 
versus 0.012 S cm−1), as measured by the four-probe method on 
cold pressed pellets. We further examined the band structures of 
hybrid and pure g-C3N4 using first-principles calculations based 
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Figure 2. a) The SEM image (higher-magnification, inset), b) bright-field TEM image, and c) dark-field TEM image (and the pore size distribution, 
inset) of the NG-CN material, d,e) the SEM images of NG-CN sulfur composite, f) the high-resolution N 1s XPS spectrum of the NG-CN material.
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on density functional theory. The g-C3N4 material has a band gap 
of 2.1 eV indicative of semiconducting behavior (Figure 3a); on 
the contrary, the NG-CN hybrid exhibits a metallic feature with 
zero band gap (Figure 3b). The downward shift of the both valence 
and conduction bands of the NG-CN relative to g-C3N4 indicates 
significant electron transfer between the two layer components, 
which enhances electron mobility.[55] The LiPS adsorptivity of 
the NG-CN hybrid was quantified via a potentiostatic titration 
approach using Li2S4 as the representative LiPS (see details in 
Supporting Information). The data is compared with pure g-C3N4 
(surface area: 615 m2 g−1); porous N-doped carbon (surface area: 
922 m2 g−1);[52] and typical carbons (Vulcan carbon and Super P) 
in Figure 3c. The NG-CN adsorbs about the same amount of 
Li2S4 as g-C3N4, which is almost twice of N-doped carbon (owing 
to a much higher fraction of surface N sites) and over two orders 
of magnitude higher than the simple carbons. We note that, theo-
retically, not all the soluble polysulfides can be adsorbed by the 
NG-CN based on a 77 wt% sulfur fraction; however, this is not 
necessary since they are not formed simultaneously. Polysulfides 
formed by the reduction of sulfur are continuously consumed by 
further reduction to Li2S. Even in the initial stage of discharge, 
before the onset of Li2S precipitation, polysulfides are in equilib-
rium with solid sulfur at low electrolyte ratios.

To reveal the nature and strength of the interaction of the 
metallic NG-CN with LiPSs, we carried out first-principles cal-
culations. Since the interaction of N-doped carbons with LiPSs 
has been studied in great detail, we did not attempt to simulate 
N-doping but instead employed a plain graphene substrate to 
hybridize with the g-C3N4 surface.[22,24] The double-layer hybrid 
slab was compared to plain graphite in terms of geometry and 
binding energy with LiPSs. The intermediate Li2S4, short-chain 
Li2S2 and end-product Li2S (geometries shown in Figure S4a, 
Supporting Information) were used to simulate LiPSs. The 
fully relaxed binding geometry of the LiPSs on the NG-CN and 
graphite surface is shown in Figure 3e–h. As expected, there is 
no specific bonding between the simulated LiPSs and graphite 
substrate, resulting in very low binding energies (0.18, 0.94, 
and 0.73 eV for Li2S, Li2S2, and Li2S4, respectively, Figure 3d 
and Figure S4b,c, Supporting Information). These arise mainly 
from the van der Waals interaction included in the calculations. 
However, for the graphene-CN hybrid, there is significant Li–N 
bonding between the Li+ and pyridinic N (in g-C3N4). This leads 
to strong interactions for Li2S, Li2S2, and Li2S4, with binding 
energies of 3.18, 2.42, 1.85 eV, respectively. These are higher 
than those reported for LiPSs with functionalized polymers or 
doped carbons.[24,25,27] The higher-order LiPS experience weaker 
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Figure 3. The calculated band structures of a) g-C3N4 and b) graphene-C3N4 hybrid using fully relaxed structures. c) The polysulfide (Li2S4) adsorptivity 
of the as-synthesized NG-CN compared with g-C3N4, porous N-doped carbon, Vulcan carbon, and Super P carbon, as measured by electrochemical 
titration. d) The summary of the calculated binding energy of Li2S, Li2S2, and Li2S4 on NG-CN hybrid and pristine graphite substrates. e–h) The fully 
relaxed configurations of Li2S2 binding on (e) graphite and (f) NG-CN, and of (g) Li2S, (h) Li2S4 binding on NG-CN. Gray, blue, green, and orange balls 
represent carbon, nitrogen, lithium, and sulfur atoms, respectively.



Fu
ll p

a
p
er

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (5 of 9) 1601630wileyonlinelibrary.com

interaction due to a lower overall fraction of positively charged 
Li+ ions, as typically observed. These findings are further sup-
ported by the slightly distorted geometry of the bound LiPSs 
compared to the pristine molecules (Figure S4a, Supporting 
Information). Using Li2S4 as the representative polysulfide, 
XPS studies of the host-LiPS interaction show similar binding 
energy shifts in the Li 1s and S2p3/2 spectra as we reported for 
g-C3N4,[52] (of −0.7 and −0.5 eV respectively), indicative of Li–N 
bonding, and thus are not shown here.

High sulfur loading cathodes have been extensively reported 
in the past year, but most are based on sulfur or S/C composites 
in 3D carbon frameworks, which generally lack chemical trap-
ping of the LiPSs. Moreover, constructing high-loading and com-
pact cathodes on flat current collectors using traditional slurry 
processes is more appealing from a practical view.[9,48,51] Inspired 
by binder designs for high volume expansion anode mate-
rials,[56] we cross-linked CMC binder in situ with the NG-CN/S 
composites (Figure 4a). The advantage of an in-situ cross-linked 
binder to create thick electrodes is twofold—efficient physical/
electrical connection between particles and high elasticity to 
accommodate the large volume expansion. To achieve this, elec-
trodes of a uniform mixture of the NG-CN/S composites, carbon 
additives (CNTs and Super P) and the CMC binders with citric 
acid (CA) were subjected to heat treatment at 150 °C for 1 h. In 
order to avoid sulfur sublimation, the reaction was conducted 
in a closed atmosphere. The cross-linking occurs by esterifica-
tion between the OH groups in the CMC and the COOH in 
CA (Figure 4a). Fourier transform infrared spectroscopy (FTIR) 
was conducted on the electrode, and on a reference mixture of 
CMC with CA (without the sulfur composite) after heat treat-
ment (Figure 4b). Successful cross-linking is confirmed by two 

new peaks at 1594 and 1726 cm−1 that correspond to the ester 
groups (OCO and CO).[56]

SEM studies were carried out to investigate the overall 
and local structure of the thick cathodes (5.2 mg cm−2, all 
mass based on sulfur) fabricated with PVDF and cross-
linked CMC-CA binder. The low-magnification SEM image in 
Figure 4c clearly shows large cracks in the PVDF based elec-
trodes that are formed upon evaporation of the slurry solvent. 
We believe this leads to fluctuating and unstable capacity reten-
tion as discussed below. In contrast, on the same scale, the 
cross-linked CMC-CA based electrode is flat and free of cracks 
(Figure 4d). This indicates the effective connection between 
individual composite particles by the adhesive and elastic cross-
linked CMC-CA binder. Furthermore, the high-magnification 
SEM image of CMC-CA based electrode in Figure 4e shows 
a compact structure yet with moderate porosity for electrolyte 
penetration. We note that such an integrated structure was 
achieved with only 5 wt% binder, increasing the overall sulfur 
content to 65.5 wt% in the electrode.

Galvanostatic cycling was carried out to investigate the 
benefits on Li–S cell performance. First, electrodes with 
2.0 mg cm−2 sulfur loading were fabricated to investigate the 
impact on sulfur utilization and cycling stability. As shown in 
Figure 5a, the PVDF based NG-CN electrode exhibits an ini-
tial capacity of 17% higher than the g-C3N4 electrode at a C/20 
rate (1340 mA h g−1 vs 1150 mA h g−1) and also remains higher 
over 100 cycles at a C/2 rate (1 C = 1675 mA g−1, Figure 5b). 
We believe this owes to the greatly improved electrode conduc-
tivity because of the hybridization with graphene. The NG-CN 
electrode shows very stable cycling with negligible capacity 
fading—in contrast to that experienced by the NdC based 
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Figure 4. a) A schematic illustration of the cross-linking of CMC binder with CA as the linker, based on the esterification of the –OH groups in CMC 
and the –COOH groups in CA at 150 °C. b) The FTIR spectra of the pristine CA, CMC, cross-linked CMC-CA (without the sulfur composite) and the 
in situ cross-linked sulfur electrodes. c–e) The SEM images of the surface of sulfur cathodes fabricated using (c) PVDF binder and (d,e) cross-linked 
CMC-CA binder.
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electrodes (Figure 5b)[52]—indicative of greatly suppressed 
polysulfide shuttling and a stabilized cathode structure.

Based on these results, we fabricated thick NG-CN elec-
trodes using cross-linked CMC-CA binder at varied sulfur 
loading between 5.2 and 14.9 mg cm−2. Carbon paper was used 
as the current collector to allow better adhesion of the slurry 
and more effective electrolyte wetting and retention. Very low 
electrolyte/sulfur ratios (µL:mg), e.g., 5:1 and 3.5:1 for the 
5.2 and 14.9 mg cm−2 loaded electrodes, respectively, allow cells 
to operate due to their compactness and low void space. We 
note that because there is always free space in coin cells which 
uptakes “dead” electrolyte, extremely low total electrolyte vol-
umes (i.e., 3.5:1, µL:mg) cannot be sustained for 5.2 mg cm−2 
electrodes. Pouch cells provide a better forum to investigate 
extremely lean electrolyte conditions, and will serve as the pro-
tocol in future reports. All cathodes were conditioned at the 
same areal current density (0.5 mA cm−2) for the first cycle 
before being cycled at 1.0 mA cm−2. The current density for 
the highest loading electrodes, i.e., 14.9 mg cm−2, is moderate 

(≈C/20 rate) as much higher current densities induce higher 
polarization due to the lengthened Li+ ion pathways in the thick 
electrodes. The voltage profiles of the cathodes at 0.5 mA cm−2 
are shown in Figure 5c. All cathodes exhibit a typical two-pla-
teau discharge profile, with the 14.9 mg cm−2 electrode exhib-
iting a more sloping low-voltage plateau due to increasing 
impedance with deep discharge. All cathodes exhibit an initial 
capacity between 1000 and 1100 mA h g−1. The relatively smaller 
capacity for even a lower loaded electrode (e.g., 5.2 mg cm−2) 
is attributed to its larger sulfur-mass specific current and thus 
lower sulfur utilization. As shown in Figure 5d, an initial areal 
capacity of 14.70, 10.80, 8.65, and 5.15 mA h cm−2 was achieved 
for the thick electrodes with sulfur loadings of 14.9, 10.2, 8.0, 
and 5.2 mg cm−2, respectively. Although the areal capacity of 
14.70 mA h cm−2 is not as high as some recently reported 3D 
architectured cathodes, we note that it is among the highest 
reported for slurry processed electrodes without carbon inter-
layers. Taking into account the low electrolyte/sulfur ratio, we 
believe this cathode design is very promising for high ED.
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Figure 5. a) The discharge/charge voltage profiles (at C/20) and b) cycling stability (at C/2) of the NG-CN/PVDF, NG-CN/CMC-CA, g-C3N4/PVDF, and 
NdC/PVDF sulfur cathodes with a low sulfur loading of ≈2.0 mg cm−2; electrodes were conditioned at C/20 before cycling at C/2. c,d) The voltage pro-
files of the NG-CN/CMC-CA sulfur cathodes with varied sulfur loadings as a function of (c) mass specific capacity and (d) areal capacity at 0.5 mA cm−2. 
e) The cycling stability of the NG-CN based sulfur cathodes fabricated with PVDF, non- and cross-linked CMC-CA binders with sulfur loading of 
5.2 mg cm−2 at 1.0 mA cm−2. f) The cycling stability of NG-CN/CMC-CA cathodes with sulfur loadings of 10.2 and 14.9 mg cm−2 at 1.0 mA cm−2; the 
inset shows the voltage profiles of the 14.9 mg cm−2 electrode at 11th cycle, with significant voltage fluctuation indicating dendrite formation.
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The cycling performance of the 5.2 mg cm−2 loaded cath-
odes using cross-linked CMC-CA binder is compared with 
those made with non-cross-linked binder (i.e., no heat treat-
ment on the cathodes) and PVDF binder in Figure 5e. The 
cross-linked CMC-CA based electrode shows very stable cycling 
over 80 cycles, whereas the non-cross-linked electrode initially 
exhibits fast fading over the first 20 cycles and the PVDF elec-
trodes show fluctuating capacity with slow fading. The evolu-
tion of cell impedance over cycling was also monitored and 
shown in Figure S5a, Supporting Information. Very stable 
charge-transfer impedance represented by the semicircle in the 
Nyquist plot is observed, suggesting effective polysulfide trap-
ping and controlled Li2S deposition on the NG-CN host even at 
high loading. This illustrates the importance of a cross-linked 
binder in maintaining the structure integrity and electron/
ion conductivity of thick electrodes on cycling. The cathode 
with 10.2 mg cm−2 loading shows a good capacity retention of 
6.0 mA h cm−2 over 50 cycles (Figure 5f). However, the cathode 
with 14.9 mg cm−2 loading shows significant capacity fading 
and a short cycle life. At the 11th cycle, we observed dendrite 
formation as seen from the significant voltage fluctuation on 
charge whereupon lithium deposition occurs on the anode 
side (inset, Figure 5f).[57] At such high sulfur loadings, a very 
high areal capacity is applied on the lithium anode, which 
aggravates dendrite formation and impedance build-up on the 
anode surface. When high surface area dendritic lithium starts 
to form, the side reactions with polysulfides accelerate forma-
tion of the impeding Li2S/Li2S2 layer. Moreover, reactions of 
dendritic lithium with the electrolyte are exacerbated, also 
leading to electrolyte depletion and voltage fluctuations. This is 
consistent with the continuous increase of the polarization as 
seen from the voltage profiles as a function of the cycle number 
(Figure S5b, Supporting Information). Thus we believe the 
lithium anode corrosion becomes a dominating factor in lim-
iting the performance of high-loading sulfur cathodes, as some 
recent reports have suggested.[48,58,59] A protected lithium metal 
anode that is dendrite-free at high currents and chemically 
stable with the organic electrolyte is required to achieve even 
higher areal capacity Li–S batteries.

3. Conclusions

We have demonstrated a multifaceted approach to construct 
stable and high loading sulfur cathodes by coupling a multi-
functional and hierarchical sulfur composites with an in-situ 
cross-linked binder. The hybrid sulfur host characterized by 
alternative stacking of N-doped graphene and graphitic C3N4 
has high conductivity and adsorptivity toward polysulfides. The 
hierarchical structure in the form of microsized particles adds 
to its advantages to build compact high loading sulfur cathodes. 
A cross-linked CMC binder is shown to assist the interparticle 
physical binding and electrical connection, which enables com-
pact thick electrodes with up to 14.9 mg cm−2 sulfur loading 
to be fabricated at a low electrolyte/sulfur ratios (3.5:1, µL:mg). 
The cathode with 5.2 mg cm−2 loading shows very stable cycling 
over 80 cycles. Additionally, we note the lithium anode failure 
issue that must be to overcome in order to enable Li–S batteries 
with cathodes with even higher sulfur loadings.

4. Experimental Section

Synthesis of NG/CN, g-C3N4, and N-Doped Carbon: NG-CN was 
prepared by thermal treatment of the homogeneous mixture of 
cyanamide, graphene oxide (ACS Materials), and Ludox (AS-30, 30 wt%) 
silica nanoparticles. Specifically, 450 mg of cyanamide was added to 
200 mL of 1 mg mL−1 graphene oxide aqueous solution, along with 
4.3 g of AS-30 colloid solution. The mixture was sonicated for 2 h and 
then stirred for 5 h. The as-formed dispersion was heated at 105 °C for 
2 h until a thick paste formed. The paste was freeze dried to form the 
precursor, which was then subjected to heat treatment at 550 °C for 4 h 
(4 °C min−1 ramping). The final product was obtained after HF (5 wt%) 
etching and drying at 90 °C. The g-C3N4 was synthesized similarly, 
except that no graphene oxide was used. The N-doped carbon was 
synthesized in the same way as g-C3N4, except that polydopamine was 
used as the precursor, where polymerization of dopamine was achieved 
using tris(hydroxymethyl)-aminomethane in aqueous solution at room 
temperature overnight (w/w 2:1).

Synthesis of Sulfur Cathodes with Cross-Linked Binder: The NG-CN, 
g-C3N4 (and NdC) sulfur composites with 77 wt%, 75 wt% sulfur, 
respectively, were prepared via a melt-diffusion approach under ambient 
atmosphere at 155 °C for 12 h. The cathode slurry was prepared by 
mixing NG-CN/S composite with carboxymethyl cellulose, citric acid, 
and CNTs (8 nm), Super P with a weight ratio of 85:4.5:0.5:5:5 in a 
mixture solvent of H2O and DMF (3:2, v/v). The percentage of binder is 
5 wt% and the ratio of carboxymethyl cellulose to citric acid is 9:1. Using 
a doctor blade, the slurry was coated on AvCarb P50 paper that has a 
rough surface for optimized adhesion to the active materials. We note 
that P50 paper is composed of ≈7 µm thick carbon microfibers, which 
is fundamentally different from 3D carbon current collectors composed 
of carbon nanotube/fibers. The thick slurry is coated only on the top of, 
rather than within the current collector. The cathode was dried at room 
temperature and then at 60 °C overnight, before final treatment at 150 °C 
in a closed atmosphere. The thickness of the electrodes is as follows: 
270, 195, and 105 µm for loadings of 14.9, 10.2, and 5.2 mg cm−2, 
respectively, excluding the carbon paper (110 µm). The PVDF based 
cathode was prepared with 5 wt% of PVDF.

Polysulfide Adsorptivity Measurements: The Li2S4 was synthesized via 
reacting elemental sulfur and LiEt3BH in anhydrous tetrahydrofuran, 
as previously reported.[24] Polysulfide adsorptivity was evaluated by 
electrochemical titration that determines the amount of residual LiPS 
in solution after contact with the respective host cathode materials. 
Sample solutions were prepared by stirring a known mass of materials 
(NC-CN, g-C3N4, VC, Super P, NdC) in a tetraethylene glycol dimethyl 
ether (TEGDME) solution of Li2S4. The mixtures were stirred overnight 
and the supernatant was electrochemically titrated to determine residual 
polysulfide content. All procedures were performed in an H-type cell in 
an argon-filled glovebox.[24]

Electrochemistry Measurements: The electrodes were assembled into 
2325 coin cells in an Ar-filled glovebox. A lithium foil anode and an 
electrolyte comprising 1 m bis(trifluoromethanesulfonyl)imide lithium 
(LiTFSI) and 2 wt% of LiNO3 in a mixture of 1,2-dimethoxyethane and 
1,3-dioxolane (v/v = 1:1) was used. An electrolyte/sulfur ratio of 7:1, 5:1, 
4.5:1, 4:1, 3.5:1 (µL:mg) was used for the cathodes with sulfur loadings 
of 2.0, 5.2, 8.0, 10.0, and 14.9 mg cm−2. The cells were galvanostatically 
cycled using a BT2000 battery cycler (Arbin Instruments).

Materials Characterization: XRD patterns were obtained on a Bruker 
D8-Advance X-ray diffractometer at 40 kV/30 mA with Cu-Kα radiation. 
LEO 1530 field emission SEM (Zeiss) was used for SEM studies 
and EDS mapping. The TEM images were acquired using a JEOL 
2010F TEM/STEM operating at 200 KeV. The surface area and pore 
volume were measured using a Quantachrome Autosorb-1 system at 
77K. Thermogravimetric analysis was conducted at a heating rate of 
10 °C min−1 under a N2 flow, using a TA Instruments SDT Q600. Surface 
areas and pore size distribution were calculated using the Brunauer–
Emmett–Teller method and quenched solid density functional theory 
method, respectively. FTIR spectra were obtained using a Bruker Tensor 
37 spectrometer. XPS analysis was performed on a Thermo ESCALAB 250 
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instrument, using a monochromatic Al Kα source. All spectra were fitted 
with Gaussian–Lorentzian functions and a Shirley-type background. The 
binding energy values were all calibrated using the C 1s peak at 284.8 eV.

Computational Methods: First-principle calculations were performed 
using the plane-wave-based VASP code. Projector augmented wave 
(PAW) pseudopotentials were applied to describe electron-ion 
interactions, and the Perdew–Burke–Ernzerhof (PBE) version of the 
generalized gradient approximation (CGA) was used for the electronic 
exchange correlation effect.[60] The Li_sv version PAW potential was 
used for Li atoms. A cut-off energy of 500 eV was used for the plane 
wave basis to ensure convergence. van der Waals forces are included 
in the calculation. Spin-polarized calculations were employed. A double-
layer graphite of a 6 × 6 supercell size and a 2 × 2 supercell layer were 
used for plain graphene and g-C3N4, respectively. For modeling NG-CN, 
a surface layer of g-C3N4 (2 × 2) was placed on the top of a layer of 
graphene (6 × 6), so that the sizes of the two layers are very close. A 
vacuum layer of 15 Å was used in the vertical direction for slab binding 
calculations, in order to exclude the interaction between the layer and its 
images. The conjugate-gradient algorithm was used for ionic relaxation. 
The binding energy Ebind of Li2Sx on the substrates is defined as 

( )= + −bind sub ps sub+psE E E E
 

(1)

where Esub, Eps, and Esub+ps represent the ground-state energies of the 
substrate, respective polysulfide, and substrate-polysulfide. A larger 
positive value is indicative of greater binding ability.
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