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Lithium-sulfur (Li-S) batteries have received more and more attention because of higher specific capacity and energy
density of sulfur than current lithium—ion batteries. However, the low electrical conductivity of sulfur and its discharge
product, and also the high dissolution of polysulfides restrict the Li—S battery practical applications. To improve their
performances, in this work, we fabricate a novel free-standing, curled and partially reduced graphene oxide (CPrGO for
short) network and combine it with sulfur to form a CPrGO-S composite as a cathode for Li—S battery. With sulfur content
of 60 Wt%, the free-standing CPrGO-S composite network delievers an initial capacity of 988.9 mAh-g—!. After 200 cycles,
it shows a stable capacity of 841.4 mAh-g~! at 0.2 C, retaining about 85% of the initial value. The high electrochemical
performance demonstrates that the CPrGO-S network has great potential applications in energy storage system. Such
improved properties can be ascribed to the unique free-standing and continous CPrGO-S network which has high specific
surface area and good electrical conductivity. In addition, oxygen-containing groups on the partially reduced graphene
oxide are beneficial to preventing the polysulfides from dissolving into electrolyte and can mitigate the “shuttle effect”.

Keywords: lithium—sulfur batteries, sulfur cathode, curled reduced graphene oxide

PACS: 81.05.U-, 88.80.1f, 81.05.ue

1. Introduction

With the increasing demand of sustainable and clean en-
ergy storage, especially in the portable electronic devices and
electric vehicles markets, traditional lithium—ion (Li-ion) bat-
teries based on conventional insertion compounds have en-
countered their bottlenecks because of the limited theoretic
specific capacity.[!! Recently, lithium—sulfur (Li-S) batteries
have received significant attention because their high theoret-

ical specific capacity of 1672 mAh-g~!

and specific energy
density 2567 W-h-kg~! based on the electrochemical reac-
tion of Sng16Li+Jr16e_1 — 8Liy S, which is more than five
times that of Li-ion batteries. For now, Li-S batteries have
been greatly considered as one of the most promising next-
generation energy storage systems.!>3! In addition, elemental
sulfur has other advantages, such as its natural abundance, low
cost, and less environmental pollution. 4

However, the commercialisation of Li—S batteries is hin-
dered to a great extent by their fast capacity fading, poor rate-
performance, and low sulfur utilization. These major prob-
lems can be ascribed to the following critical issues:!!>6! (i)
the low electrical conductivity of sulfur and its solid-state dis-
charge product (Li,S); (ii) the high dissolution of intermediate
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polysulfides and gradual loss of active sulfur from the cath-
ode into electrolyte and onto the Li metal anode, which are
known as “shuttle effect”; (iii) the large volumetric expansion
(over 80%) from sulfur to LipS after lithiation, inducing the
mechanical damage of cathode.

To address the problems mentioned above, a lot of ef-
forts have devoted to enhancing the electrical conductiv-
ity and preventing polysulfides from dissolving. Various
kinds of composites have been fabricated by the combi-
nation of sulfur and conductive materials, such as porous

8-11 12-14] and con-

carbon,>7! graphene, #-111 carbon nanotubes, !
ductive polymers.!'>161 Among these materials, graphene is
considered as one of the most promising conductive materi-
als because of its high electrical conductivity, superior me-
chanical flexibility, high chemical and thermal stability, and

ULI7-191 Moreover, reduction of

large specific surface area.
graphene oxide (GO) prepared by the modified Hummers
method provides a way to produce graphene on a large scale
for practical applications. >’ However, because graphene lay-
ers tend to agglomerate, many unique properties of graphene

[21

are unavailable.!?!! In order to make the best graphene in prop-

erty, many excellent composite structures of graphene with
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sulfur were reported, 19221 Cui et al. coated GO on sulfur
particles and the core—shell structure showed an initial ca-
pacity of ~ 750 mAh-g~!, followed by a decrease to a ca-
pacity of ~ 600 mAh-g~! at 0.2 C (1 C=1672 mA-g~!)
It is noted that most of the

graphene—sulfur composites were prepared primarily on a con-

over more than 100 cycles.

ventional doctor-blade casting method.®%1°1 But the method
introduces the conductive binders and metal current collec-
tor, thereby increasing the cathode weight and unavoidably
dilute the gravimetric energy density. Therefore, it is nec-
essary to develop binder-free graphene—sulfur composites for
Li-S batteries.!! >3] Cheng’s group constructed fibrous hybrid
rGO-S materials by the hydrothermal method and obtained
550 mAh-g~! at 0.45 C after 100 cycles with a retention of
78%.!'11 So far, although substantial progress based on GO
system has been made in recent years, it is still a great chal-
lenge to achieve the robust cycling performance while to keep
high specific capacity and energy density.

In this study, we improve a synthesis approach and suc-
cessfully fabricate a free-standing, curled and partially re-
duced graphene oxide (CPrGO) network, which can be di-
rectly used as a sulfur host material to prepare the cathode
of Li—S battery. When assembled into a cell, the as-obtained
composite network of CPrGO and S (CPrGO-S) shows an out-
standing cycling stablility with high specific capacity. The ex-
cellent performance can be put down to the synergistic effect
from the good conductive porous network with high specific
surface area and the oxygen-containing functional groups on
CPrGO surfaces. This effect can not only facilitate the infiltra-
tion of electrolyte and transformation of lithium ions, but also
prevent the polysulfide from dissolving by strong binding be-
tween the oxygen-containing groups and polysulfides. In ad-
dition, the free-standing CPrGO-S compoiste electrode avoids
using the conductive binders and metal current collectors, and
therefore has a large overall capacity.

2. Experimental section

2.1. Preparation of CPrGO-S composite

2.1.1. Preparation of GO aqueous solution

GO was synthesized by modified Hummers method. 3 g
of graphite powder, 1.5 g of NaNO3 and 70 mL of concen-
trated HySO4 were mixed in an ice—water bath under magnetic
stirring. 9 g of KMnO4 was gradually added to the above mix-
ture while keeping the temperature at 40 °C for 3 h. Deionized
water (140 mL) was slowly dropped into the resulting solution
followed by another 200 mL of deionized water. Then 20 mL
of HyO; (30 wt%) was slowly added and stirred for 10 min to
obtain GO suspensions. The brown mixed solution was rinsed
with deionized water using a centrifuge system several times.
Finally, the GO aqueous solution was obtained.

2.1.2. Preparation of CPrGO network

5-mL aqueous dispersion of GO (0.5 mg-mL~!) and 5 mL
of glucose solution (0.5 mg-mL~!) were mixed and stirred to
disperse and finally formed a stable dispersion solution. Af-
ter the infusion of prepared solution into the cylindrical mold
made by PTFE, we used liquid nitrogen to freeze the PTFE
mold until all the solution was frozen. Then lyophilization
was carried out by the vacuum-freeze-drying apparatus to re-
move water. Thus, a stable and intact sample of porous GO
network with glucose (GO-g for short) was obtained with the
same shape as the mold. For convenience in assembling into
button cell, we specially designed the PFTE mold size on the
basis of CR2032.

The GO foam without the addition of glucose was pre-
pared by the same procedure with GO-g network.

The as-obtained GO-g network was heated at 180 °C for
at least 12 h. To remove excess glucose, the GO-g network
was washed many times by immerging into the mixed solu-
tion of deionized water and ethanol at 60 °C. Finally, the pure
CPrGO network was achieved by drying process.

2.1.3. Preparation of CPrGO-S composite

Porous CPrGO-S composite was prepared by a melt-
diffusion approach. Briefly, the pure CPrGO network and sul-
fur, at the weight ratios of 5:5, 4:6, and 3:7, were co-heated
to 155 °C for 12 h in an autoclave under argon atmosphere,
respectively.

2.1.4. Preparation of PrGO-S film

Partially reduced graphene oxide (PrGO) film was ob-
tained by vacuum filtration of GO aqueous solution and sub-
sequent heat treatment at 180 °C for 12 h. Then, by the melt-
diffusion approach, a PrGO-S film was fabricated. Its mass
per unit area was the same as that of CPrGO-S composite.

2.2. Material characterization

Morphologies of the samples were characterized by
field-emission scanning electron microscopy (SEM) using S-
4800 (Hitachi, Japan) equipped with energy disperse spec-
troscopy (EDS, EMAX 7593-H, HORIBA). Raman spectra
were recorded with the laser of 514 nm (Lab RAM HR&800,
HORIBA Jobin Yvon Inc.). X-ray diffraction (XRD) mea-
surements (D8 Advance, Bruker) were performed with Cu Ko
radiation. Fourier-transformed infrared (FTIR) spectra were
recorded on a Bruker VERTEX 70v spectrometer. The ratio
of sulfur was obtained by weighting the change of mass be-
fore and after adding sulfur using XP2U ultramicro balance
(Mettler toledo, Switzerland).

2.3. Cell assembly and electrochemical measurement

A free-standing CPrGO-S network with a diameter of
10 mm was directly used as the cathode of Li-S battery.
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CR2032-type coin cells were assembled in an argon-filled
glove box (MBraun, Unilab) with lithium foil as the counter
electrode. The electrolyte was 1.0-M lithium bis-trifluoro-
methane sulfonyl-imide (LiTFSI) and 2-wt% lithium nitrate
(LiNO3) in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) (1:1 by volume ratio). A Celgard 2400 polypropylene
membrane was used as the separator. The PrGO-S film was
cut into disk with a diameter of 10 mm and was also assem-
bled as a cathode in the same way as the above. The galvano-
static chargedischarge test with a potential window of 1.7 V-
2.8 V (versus Li*/Li) was performed by a Land CT-2001 A
(Wuhan, China) battery analyser.
(CV) and electrochemical impedance spectroscopy (EIS) were

The cyclic voltammetry

conducted on an electrochemical workstation (IM6, Zahner).
During the measurements, CV was performed at a scanning
rate of 0.1 mV-s~! in the potential window of 1.5 V=3.0 V. EIS
was carried out at open circuit potential and the potentiostatic
signal amplitudes of 5 mV in the frequency range from 0.1 Hz
to 100 kHz. Unless otherwise specified, all experiments were
conducted at room temperature and the characterizations were
based on CPrGO-S composites with sulfur loading of 60 wt%.
Moreover, all the specific capacities were calculated based on
sulfur mass in the electrodes.

@5 e sulfur

- w9

Fig. 1. (color online) Schematic illustration of the fabrication process of a
free-standing CPrGO-S composite network.
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3. Results and discussion

Schematic illustration of the fabrication process of a free-
standing CPrGO-S network is shown in Fig. 1. Its free-
standing feature originates from the GO-g network in the
freeze-drying process and preserves over subsequent proce-
dures. A stable, intact and porous GO-g sample with the same
shape as the mold is demonstrated in Fig. S1(a), which indi-
cates that it is self supporting.

As can be seen in Figs. 2(a) and 2(c), the CPrGO dis-
plays interconnected network. It is worth mentioning that dif-
ferent CPrGO layers, with a width of about 1 um (see Ap-
pendix A in Fig. S2(a)), are entangled with each other and
their overlapped parts have good contacts by Y-type junctions
(Fig. S2(b)), which build a continuous network with good elec-
trical conductivity. Moreover, the free-standing network dis-
plays a distribution of pores in several micrometer ranges. The

above features are maintained very well in the CPrGO-S com-
posites (Figs. 2(b) and 2(d)) prepared by the combination of
CPrGO network with sulfur via melt-diffusion approach. The
homogeneous carbon and sulfur mapping in the same region
of Fig. 2(b) as shown in Figs. 2(e) and 2(f), respectively, con-
firm the uniform distribution of sulfur in the composite. These
features can largely enhance the permeation of electrolyte, dif-
fusion of lithium ions as well as accommodation of the large
volume effect. It is noted that even after charge-discharge 200
times, the CPrGO-S composite still keeps an original mor-
phology (Fig. S3 in Appendix A), which further demonstrates
its robust structure.

Fig. 2. SEM images of ((a), (c)) CPrGO and ((b), (d)) CPrGO-S at different
magnifications. (e) carbon and (f) sulfur mapping of the region in panel (b).

At high magnification image of a CPrGO-S network, as
illustrated in Fig. S2(a), the layers form curled shapes (marked
by white arrows) connected by many Y-junctions, which will
restrict the stacking of graphene layers and highly increase
the surface area. Its microstructure duplicates the CPrGO net-
works, but contrasts with the PrGO foam without the addition
of glucose. The latter exhibits disorder and dispersive flaky
layers shown in Figs. S4(a) and S4(b), which account for the
loose macroscopic morphology. A PrGO film, prepared by
vacuum filtrations, manifests a dense surface without evident
pores (Figs. S4(c) and S4(d)). It indicates severe stacking of
graphene layers in the process of filtration. The reason why
graphene layers formed interconnected curled graphene with
the addition of glucose may be due to the connection function
of glucose among graphene layers and the specific temperature
gradient field. The detailed mechanism needs further studying.

Raman spectra of different samples (GO foam, CPrGO
and CPrGO-S networks) are shown in Fig. 3(a). Although
the relevant peaks are slightly changed in shape and shifted a
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little, they are located at around 1355 cm™! and 1597 cm™!,
which are identified as the D band (disorder-induced phonon
mode) and the G band (graphite band) of graphene nanosheets.
The intensity ratios of Ip/Ig based on the relevant peaks are
calculated to be 0.40, 0.89, and 0.90 for GO foam, CPrGO
and CPrGO-S networks, respectively. Therefore, after the in-
troduction of sulfur, CPrGO-S composite can keep the same
Ip/I; as that of CPrGO network, but they both have more de-
fects than GO foam. Their larger ratios would correspond to
the increase of edges and the unrepaired defects introduced
in partial reduction treatment of GO, which is consistent with
previous studies. 2423

FTIR spectra of CPrGO and CPrGO-S networks are
shown in Fig. 3(b). It can be seen that the strong and broad

absorption at 3380 cm™! is attributed to O-H stretch vibra-
tion. The peaks at 1650, 1400, and 1050 cm~! are ascribed
to carboxyl O = C-O bonds, C-OH bonds and alkoxy C—

2627 In comparison with GO foam,

O bonds, respectively.!
most of these oxygen-functional groups are significantly re-
duced, and the peaks at 1570 cm~! and 1220 cm™ !, due to
C = C and epoxy C-0O, become dominant in both CPrGO and
CPrGO-S networks. This proves that the GO has been par-
tially reduced to graphene during heat treatment at 180 °C.
It is worth mentioning that the major oxygen-containing func-
tional groups remaining in CPrGO and CPrGO-S networks are

11,28

epoxy/hydroxy groups,[!?8] which would benefit their elec-

trochemical performance.
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Fig. 3. (color online) (a) FT-IR spectra and (b) Raman spectra of GO foam, CPrGO, and CPrGO-S networks. (c) XRD patterns of pure sulfur

powder, CPrGO and CPrGO-S networks.

The detailed structure and composition of pure sulfur
powder, CPrGO and CPrGO-S networks are analysed by
XRD. Figure 3(c) shows that sulfur exhibits very sharp and
strong peaks throughout the entire diffraction range, indicating
a well-defined crystal Sg structure. In contrast with pure sulfur,
no obvious characteristic peaks of sulfur can be observed for
the CPrGO-S composite. Only one broad peak centered at 24°
is found in CPrGO and CPrGO-S networks, which suggests
that the sulfur is amorphous in the CPrGO-S network.!?°! In
addition, no new peak found in CPrGO-S composite proves
that no new phase is generated in the fabrication process.

To demonstrate the microstructural advantages of
CPrGO-S network, systematical electrochemical measure-
ments are performed. The electrochemical route to the
CPrGO-S composite material is monitored by cyclic voltam-
metry analysis for the initial three cycles between 1.5 V and
3.0 V as shown in Fig. 4(a). In the first cycle, two cathodic
peaks are observed at 1.97 and 2.20 V due to the multistep
reduction of elemental sulfur with lithium. Specifically, the
peak at 2.20 V is attributed to the reduction of Sg molecules
to high-order polysulfides ( Li;S,,, 4 < n <= 8),13%1 while the
peak at 1.97 V is associated with the further reduction of sol-
uble high-order polysulfides to loworder polysulfides (such as
Li>S4, Li»S3, and Li»S,) and Li»S,B32! in which Li,S, and
Li,S are insoluble. In the subsequent anodic scan, the only one
anodic peak at 2.48 V is assigned to the coupled conversion

from Li,S to polysulfides (Li,S,,, 1 <n <= 8), and ultimately
to elemental sulfur. These results are in agreement with gal-
vanostatic charge-discharge curves (Fig. 4(b)) and similar to
other reports. 333341 From the second cycle, both the peak po-
sitions and areas undergo very little change, suggesting high
electrode stability and hence, good capacity retention.

Figure 4(b) shows galvanostatic charge-discharge curves
of the CPrGO-S composite at a current rate of 0.2 C. It is
obvious that the charge—discharge plateaus resemble the re-
In brief,
two typical plateaus behaviors are ascribed to the formation
of high-order lithium polysulfides and low-order lithium sul-
fides in the discharge process.[!!336] The CPrGO-S com-
posite assembled into coin cell, acting as a cathode, deliv-
ers an initial capacity of 988.9 mAh-g~! at 0.2 C (Fig. 4(c)),
and the overall capacity of the cathode (including sulfur
and CPrGO) is 593.3 mAh-g~!, calculated according to the
known sulfur weight ratio. The capacity can be maintained at
841.4 mAh-g~! after 200 cycles, which exhibits a stable ca-
pacity retention of over 85%, with capacity loss 0.075% per

dox peaks observed in cyclic voltammetric scan.

cycle. It is worth noting that the cathode shows a capacity fad-
ing and then a capacity increasing within the first 45 cycles.
The capacity fading at the beginning of cycling may be as-
sociated with the poor electrochemical contact in the original
sulfur electrode, resulting in the low sulfur utilization.37-38]

Then the capacity gradually increases with the improvement
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of chemical activity of sulfur due to the redistribution of ac-
tive sulfur in the charge process.” After 45 cycles, the capac-
ity displays a less fading rate of 0.029% per cycle, suggesting
that the outward migration of dissolved polysulfides and loss
of active sulfur are greatly suppressed by the strong interac-
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tion between sulfur/polysulfides and graphene surface.[>!!-31]

Furthermore, the Coulombic efficiency is above 98% for all
CPrGO-S composites with different sulfur ratios during cy-
cling (Figs. 4(c) and S5), indicating that the shuttling effect is
effectively avoided in the Li-S batteries.

3.0
b

o7 (b)
>
o 24 - 1th
s —e— 2nd
§ 2.1 —=— 10th

—e— 200th
1.8
0 300 600 900 1200
Specific capacity/mAh-g=!

= 1500
20 o
P f' Ll L L R 100 Zi
<C;: 1200 (d) 1so §>
= 2

900} 5
kS 0.1C03 0.1C J60 &
g 600 0.5 C 2
8 1C {40 .7';
o
g 300t 120 =
|3} =]
9] o
[% 0 N N N N N 0 o

0 5 10 15 20 25 30

Cycle number

Fig. 4. (color online) (a) CV profiles of CPrGO-S composite cathode at a scan rate of 0.1 mV-s~!. (b) Galvanostatic charge—discharge curves of
CPrGO-S network. (c) Cycling performance at 0.2 C for 200 cycles. (d) Rate performances at various current densities of CPrGO-S network.

The PrGO filtration film (Fig. S6(a)) possesses an initial
specific capacity of 897.6 mAh-g~!. After 100 cycles, the ca-
pacity decreases to 409.7 mAh-g~!
ity decay of 54%. What is more, the capacity still has obvi-
ous downward trend, reflecting the poor cycling performance.
In comparison with CPrGO network, the PrGO filtration film
equally contains oxygen groups which can bind the polysul-

fides and restrain their dissolution into electrolyte in the same

, showing a large capac-

way, but its dense stacked layers seriously hinder the infusion
of electrolyte and diffusion of lithium ions, leading to the rapid
fading of capacity.

The rate capacity of CPrGO-S network electrode is illus-
trated in Fig. 4(d). The CPrGO-S network delivers a high ini-
tial specific capacity of 1007.3 mAh-g~! at a current density of
0.1 C. With current density increasing to 0.2 C, 0.5 C,and 1 C,
the corresponding discharge specific capacities are 890, 815,
and 700 mAh-g~! with the overall capacities of the cathode
being 534, 489, and 420 mAh-g~!, displaying a gradually de-
creasing trend. When the cycling current is restored to 0.1 C,

! can be well recovered,

a discharge capacity of 960 mAh-g~
implying the stable structure, low polarization and the high re-
versibility of the cathode. Compared with PrGO filtration film
(Fig. S6(b)), the CPrGO-S network exhibits much high capac-
ities at different current densities ranging from 0.1 C to 1 C.
The superior rate performance of CPrGO-S network further
indicates that the unique architecture significantly enhances

the electrochemical stability of the composite cathode.

50
—a— before cycling
40k —=—200th cycle
c 30r
>
N
I 20F
10F
0 1 1 1 1
0 30 60 90 120 150
Z'/Q

Fig. 5. (color online) Nyquist plots of CPrGO-S network before and
after cycling.

The EIS tests of CPrGO-S before and after cycling are
conducted. As shown in Fig. 5, the Nyquist plot of battery
after 200 cycles consists of two depressed semicircles and a
short line. Specifically, the semicircle at high frequency is
considered as being due to the resistance of the accumulated
lithium sulfide interlayer formed on the surface of the lithium
anode, suggesting the dissolution of polysulfides followed by
their deposition on the electrode to form passivation films. The
semicircle in middle frequency region, which only the plot of
battery before cycling has, corresponds to charge-transfer re-
sistance (R.). The positive slope at low frequency is related
to Warburg impedance, due to the diffusion process of lithium
ions in the active material of the electrode.”>! As shown in
Fig. 5, It can be found that R, decreases from about 100 Q to
40 Q after 200 cycles. It indicates that there are closer contacts
between the sulfur and CPrGO networks because of the rear-
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rangement of the physically stable sulfur occupying a more
electrochemically favorable position.3!

4. Conclusions

We have designed and fabricated a free-standing CPrGO—-
S network by the combination of CPrGO with sulfur. The
CPrGO-S composite possesses a continuous porous structure
with curled morphology as well as good conductivity, which
facilitates the infiltration of electrolyte and transportation of
lithium ions. The oxygen-containing functional groups on the
CPrGO surface can efficiently improve the utilization of sul-
fur and cycling performance by binding lithium polysulfides.
Moreover, the CPrGO-S networks can be directly assembled
into cathodes without metal current-collectors and conductive
binders. When cycling at 0.2 C, the composite electrode de-
livers a high initial capacity of 988.8 mAh-g~! and an excel-
lent cycling stability for 200 cycles with a capacity retention
of 85%. What is more, after 45 cycles, the specific capacity
shows slight decrease with the fading rate of only 0.029% per
cycle. The excellent results demonstrate that the free-standing
CPrGO-S composite networks can be promising cathodes for
long-life Li-S batteries, and also have great potential applica-
tions in high energy density flexible power devices. In addi-
tion, the fabrication of CPrGO also opens up fresh perspectives
of using graphene as free-standing porous materials for wide
applications, such as lithium-air batteries, supercapacitors and
catalyses.

Appendix A. Supporting information

Some supporting materials for better understanding this
paper are provided in the following figures.

(a) (b)

Fig. S1. (color online) Optical photographs of (a) GO-g network and (b)
GO foam after freeze-drying. The former is stable and intact with the same
shape as the mold. However, the latter is very easy to fall apart and often to
be blown away by slight airflow. So, it fails to form a stable free-standing
foam, nor does it carry out the follow-up processes either.

Specific capacity/mAh-g~!
Coulombic efficiency/%

Cycle number

Fig. S2. (color online) (a) SEM image of CPrGO network and (b) corre-
sponding schematic illustration of a curled shape connected by Y-junction.
Area marked by blue ellipse shows that different rGO layers intertwine to
form Y-type junction, which can improve electrical conductibility and facil-
itate the formation of a free-standing continuous network. Areas marked by
white arrows illustrate that layers form curled shapes, which would restrict
the stacking of graphene layers and increase surface area.

Fig. S3. (color online) (a) Optical photograph and (b) SEM image of CPrGO-
S composite after cycling. To investigate structural stability of CPrGO-S
composite, after discharging and charging circulation at 0.2 C 200 times, the
cell is disassembled and the CPrGO-S composite is rinsed to remove elec-
trolytes. It is demonstrated that CPrGO-S composite can still keep integrity
with free-standing after cycling. Moreover, its microstructure also remains
interconnected network with curled morphology.

Fig. S4. SEM images with different magnifications of ((a), (b)) PrGO foam
without the addition of glucose and ((c), (d)) PrGO filtration film. The PrGO
without the addition of glucose is obtained by further heat treatment of sam-
ple as shown in Fig. S1(b). To fabricate PrGO filtration film, we first per-
form vacuum filtration to obtain GO film of the same mass per unit area as
freeze-drying GO foam, then heated the GO film at 180 °C for 12 h.
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Fig. S5. (color online) (a) Cycling stability at 0.2 C and (b) rate performance of CPrGO-S composite networks with sulfur loading of 51 wt% and
68 wt%. It is noted that two composites and other one in text (60-wt% sulfur loading) have the same mass per unit area as that of the basic CPrGO

networks.
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Fig. S6. (color online) (a) Cycling stability at 0.2 C and (b) rate performance of PrGO filtration film with 60 wt% sulfur. To prepare the cathode, the
PrGO-S film is cut into disc with a diameter of 10 mm, and the whole weight of film is the same as that of CPrGO-S network (60-wt% sulfur loading).
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