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ABSTRACT: We report the synthesis of a low-cost carbon/sulfur nano-
composite using Ketjen black (KBC) as the carbon framework, encapsulated by
thin graphene sheets using a simple process that relies on binding a
functionalized KBC/S nanoparticle surface with graphene oxide (GO), which
is reduced in situ. A slight excess of GO is employed to create a second layer of
graphene wrapping around the KBC/S. This g-KBC/S sulfur cathode exhibits
excellent cyclability over 200 cycles where the average stabilized fade rate is only
0.026% or 1.1 mAh g™' per cycle. This excellent performance is primarily
attributed to the wrapped, internally porous architecture. The large pore volume,
small pore diameter, and uniform nanoparticle size of the mesoporous KBC
array provides an ideal frame for the fabrication of a homogeneous C/S
composite, whereas the graphene/GO sheets serve as an external chemical and
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physical barrier that inhibits polysulfide diffusion.
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B INTRODUCTION

The Li—S battery is considered to be one of the most
promising candidates for the next generation of transportation
because it is safe, low-cost, and environmentally benign and
exhibits much higher theoretical capacity (1675 mAh g™') and
energy density (2600 Wh kg™') than the Li-ion battery.'™
Currently, most studies concerning Li—S batteries focus on the
challenges of the sulfur cathodes: namely, suppression of the
polysulfide shuttle that causes active material loss and capacity
fading.> Many of these have involved polysulfide encapsulation
based on porous carbons and graphene. Porous carbon is
typically used as a framework that incorporates sulfur into its
nanopores to fabricate a C/S nanostructure.’ The pores
(usually in the small meso and large micro range) restrict the
soluble sulfur redox intermediates (S,*~, 4 < n < 8) from
diffusing into the electrolyte and engaging in the shuttle
mechanism.”® A good porous carbon sulfur host must meet the
following criteria: (1) a large total pore volume to
accommodate possible large sulfur content and increase the
proportion of the active material in the cathode; (2) a high
specific surface area for efficient contact between sulfur (or
Li,S) and carbon for efficient electron transfer; (3) an
intermediate pore size that allows mass transfer but provides
effective confinement of sulfur and polysulfides; and (4) a
nanostructured framework that facilitates sulfur impregnation
into the pores. Our group explored various ordered
mesoporous carbons such as CMK-3,” BMC-1,"° and
spherical- BMC'! as frameworks for Li—S cathodes and found
that different pore structures lead to distinct electrochemical
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performance. For example, CMK-3 carbon with small
mesopores (3 nm) shows very high reversible capacity (1200
mAh g_l) at low/intermediate current rates (C/10 and C/S)
whereas spherical-BMC nanospheres with a bimodal porous
structure display high capacity (900 mAh g™') at high current
rates (1C) over 100 cycles in combination with a DOL/DME
electrolyte. Many other groups have also demonstrated
enhanced cell performance using porous carbon frame-
works.'>7'® Overall, and not surprisingly, small pores
demonstrate better sulfur/polysulfide retention than large
pores. Promising results have also been achieved with certain
microporous carbons'>'* assisted by carbonate electrolyte
solvents. However, only one sloping plateau at ~1.8 V is
observed for this type of cathode, leading to a lower energy
density than for the two-plateau Li—S cells. More importantly,
some groups obtained conflicting results with carbonate
electrolytes,'”'® indicating the mechanism behind the stable
cycling is still not clear.

The shuttle issue can also be addressed by encapsulating the
sulfur cathode particles within graphene sheets.” A distinct
advantage for graphene-based sulfur cathodes over porous
carbon cathodes is the ability to easily introduce various
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Figure 1. (a) N, adsorption analysis and (b) pore size distribution of KBC (black curve) and KBC/S (red curve).

functional groups on the surface. These functional groups are
reported to be critical for long cycling life by benefiting the
binding for polysulfides.”>*' The most commonly used strategy
to realize graphene encapsulation of sulfur particles is the
reduction of graphene oxide by sodium polysulfide or sodium
thiosulfate."®**~** The particle size of sulfur synthesized in this
way is always at the submicrometer level, 2 orders of magnitude
larger than sulfur trapped in micro/mesopores. The uniform
encapsulation of such large sulfur particles 7presents a challenge
for many graphene/sulfur cathodes.”>™> Graghene/ sulfur/
carbon nanotube/fiber hybrid materials’* > have been
designed to solve this problem but the sulfur coating thickness
on these 1D carbon nanoparticles is still much larger than
mesopore dimensions. The development of graphene/porous
carbon hybrid sulfur cathodes is another option to reduce the
sulfur particle size, combining the advantages of both of these
nano frameworks; nevertheless, very few studies have employed
this approach so far to our knowledge.

We report here a new sulfur cathode configuration obtained
by combining both porous carbons and graphene using a self-
assembly process. The selected mesoporous carbon is
commercially available, low cost Ketjen black (KBC), that has
a large surface area and a pore volume akin to lab-made
carbons. The uniform nanoscale particle size of the carbon not
only facilitates sulfur incorporation into the micro/mesopores,
but also provides a conductive scaffold for graphene-wrapping.
Coupled with the polysulfide retention properties provided by
the residual oxygen-containing functional groups on the
graphene sheets, the resulting electrode exhibits high reversible
capacity with exceptionally stable cycling performance. This
high capacity and stable cycling implies the dual-protection
provided by nanopores and graphene sheets reinforces
polysulfide retention. Additionally, all the raw materials are
easily obtainable and the graphene/porous-carbon/sulfur
composite is prepared with a low-temperature and scalable
approach, making this method very attractive for industrial
adaptation.

B EXPERIMENTAL PROCEDURES

Preparation of the KBC/S Nanocomposite. the KBC/S was
prepared via a simple two-step strategy. First, KB carbon (Toyota) and
sulfur powders were mixed (w:w = 3:7) and ball-milled for 8 h with
acetone. The slurry was then dried at 60 °C and the obtained C/S was
heated at 155 °C overnight to complete the impregnation of sulfur
into the pores of the carbon framework.

Preparation of g-KBC/S. To fabricate g-KBC/S, the KBC/S was
first functionalized by a cationic polyelectrolyte poly-
(diallyldimethylammonium chloride) (polyDADMAC).*" Specifically,
200 mg of KBC/S was dispersed in 400 mL of aqueous solution
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containing 0.5 wt % polyDADMAC, 20 mM NaCl, and 20 mM
tris(hydroxymethyl)aminomethane. This dispersion was sonicated for
0.5 h and stirred for at least 4—6 h to introduce positively charged
groups on the surface of the KBC/S. After the solid was collected by
vacuum filtration and washed by DI water, 100 mg of KBC/S was
redispersed in 100 mL of DI water. Separately, 20 mg graphene oxide
(GO, ACS Material) was dispersed in 100 mg of DI water by
sonication. The KBC/S suspension that was obtained was then slowly
added into the GO dispersion and stirred for 2 h. Because of the
electrostatic interaction between the positively charged KBC/S and
negatively charged GO, the wrapping of KBC/S by GO sheets was
achieved by self-assembly.>> Next, 180 yL of hydrazine (35 wt %) was
added into the mixture and stirred at 60 °C for 30—60 min to reduce
the GO. Finally, the resulting product was filtered and dried at 60 °C
overnight.

Electrode and Cell Assembly. The g-KBC/S cathode materials
were slurry-cast from N,N-dimethylformamide onto a carbon-coated
aluminum current collector, with a positive electrode formula of C/S:
Super P: Kynar Flex = 80:10:10. The electrolyte was 1 M
bis(trifluoromethanesulfonyl)imide lithium (LiTFSI) in a mixed
solvent of 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL)
(v/v = 1:1), with 2 wt % of LINO;. The volume of electrolyte added to
each cell was 50 L per an average sulfur loading of 1.5 g cm™ per
electrode. Metallic lithium was used as the negative electrode.

Characterization. Surface area, pore volume and pore size were
determined from nitrogen adsorption and desorption isotherms
performed on a Quantachrome Autosorb-1 instrument. Before
measurement the samples were degassed at either 150 °C (for
KBC) or room temperature (for KBC/S) on a vacuum line. The total
pore volume of carbon and the C/S composites were calculated at a
relative pressure of 0.999 (P/P,). The specific surface area and pore
size distribution were determined by the Brunauer—Emmett—Teller
(BET) theory and the quenched solid density functional theory
(QSDFT) model from the adsorption branch of the isotherms. Field-
emission scanning electron microscopy (FESEM) images were
acquired on a LEO 1530 instrument. Scanning transmission electron
microscopy (STEM) and high resolution transmission electron
microscopy (HRTEM) were carried out on a Hitachi HD - 5200
STEM and JEOL JEM-2010, respectively. Galvanostatic cycling of the
Li—S coin cells was performed on an Arbin BT-2000 at room
temperature.

B RESULTS AND DISCUSSION

N, adsorption isotherms and pore size distribution curves of
both KBC and KBC/S are shown in Figure 1. The raw KBC
exhibits a typical type-IV curve and capillary condensation step,
indicating a mesoporous structure with narrow pore size
distribution (Figure la, black curve). The specific BET surface
area and pore volume of the KBC are 1600 m* g and 4.0 cc
g™ (P/P, = 0.999), respectively, much larger than many
synthetic mesoporous carbons.>*** The pore size distribution
curve reveals the large surface area and pore volume of the KBC
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originates from a combination of micropores (<2 nm) and
small mesopores (ca. 4.0 nm), as shown in Figure 1b (black
curve, based on QSDFT model). Theoretically, as much as 80
wt % of sulfur (S:C = 4:1 in weight) could be incorporated for a
carbon framework possessing a pore volume of 4.0 cc g~ ', based
on complete conversion of sulfur (S) to lithium disulfide (Li,S)
in the cathode. However, the sudden rise of the isotherm
(adsorption branch) at the region above P/P, = 0.9 suggests
that there is also meaningful contribution from the textual
porosity to the total pore volume. This is due to the nanosize
dimensions of the KBC, as shown in the SEM image (see
Figure Sl in the Supporting Information). To estimate the
intrinsic micro/meso pore volume, the cumulative volume is
plotted with increasing pore diameter of the KBC nano
framework (see Figure S2 in the Supporting Information),
based on the QSDFT model. The result indicates the intrinsic
pore volume is ca. 1.5 cc g~', comprised mostly of micropores
and small mesopores with diameters less than 6 nm, which is
consistent with the finding in Figure 1b. Large mesopores (6
nm < d < 15 nm) contribute approximately an additional 0.5 cc
g~!, for a total of ca. 2.0 cc g~'. Even this significant pore
volume is sufficient for 70 wt % sulfur in the C/S composite,
comparable to many synthetic porous carbons prepared with
elaborate methods. In addition, textural porosity (pores >15 nm
that reside between the 50 nm KBC particles account for an
additional ca. 2.0 cc g”' pore volume. After the material is
treated with sulfur, the N, adsorption isotherm curves (Figure
1, red curves) and the pore size distribution curve of the KBC/
S composite significantly diminish. The total pore volume of
KBC/S is calculated to be 0.4 cc g™', confirming the successful
impregnation of sulfur into the pores.

Irrespective of internal mesoporosity, large particle-size
carbon frameworks always manifest a sulfur layer on their
external surface which results in an inhomogeneous sulfur
distribution and difficulty for sulfur accessibility into the
interior. This is solved by reducing the carbon particle size
down to the nanoscale. The SEM and STEM images of the
KBC/S (Figure 2a, b) show an almost identical morphology
and particle size to the pristine carbon and no sulfur
agglomeration between the loosely packed nanoparticles. The
elemental maps of this nanocomposite also suggest a uniform

Figure 2. (a) SEM and (b) STEM images. The corresponding
elemental maps show (d) a homogeneous sulfur distribution in (c) the
carbon framework. Scale bar: 200 nm for both a and b. Note: a typical
TEM grid coated with a carbon film was used, accounting for the
presence of the background carbon.

distribution of sulfur into the pores of the KBC after ball-
milling and heat treatment at 155 °C (Figure 2c, d).
Graphene-wrapping of the KBC/S was achieved by self-
assembly between the positively charged KBC/S and negatively
charged graphene oxide (GO). The KBC/S was first function-
alized with the cationic polyelectrolyte poly(DADMAC) to
create positive charges on the surface. This step enables the
KBC/S to be dispersed in water to form a suspension. When
this is added to a dilute GO dispersion, the positively charged
KBC/S is encapsulated by negatively charged GO due to
electrostatic interactions. Hydrazine was then added as the
reducing agent to convert the GO to graphene. It is important
to note that the reduction effect strongly depends on the
reaction temperature and not only reaction time. For example,
it is reported that the sp” structure of partly reduced GO only
forms above 60 °C in the presence of hydrazine, which leads to
a leap in electric conductivity from 1 X 107° S cm™ to § S
cm™'** However, it is thought that the functional groups on
GO play an important role in the immobilization of lithium
polysulfide species.”’ Thus, a compromise between highly
conductive graphene and partially reduced GO with oxygen-
containing groups remaining in the structure is necessary. To
examine the role of temperature in controlling reduction, a GO
dispersion (without KBC/S) was treated with hydrazine for 60
min between 25 and 70 °C. As shown in Figure 3, the sample

GO GO-RT

GO-60 GO-70

Figure 3. Images of a GO solution and the products reduced by
hydrazine under various temperatures: room temperature (GO-RT),
60 °C (GO-60), and 70 °C (GO-70). GO and hydrazine
concentrations are 0.1 mg mL™" and 0.3 mg mL™", respectively. The
reduction duration was 60 min for all three samples treated at different
temperatures.

treated at room temperature (GO-RT) still appears brown in
color, the sample treated at 60 °C (GO-60) is dark-brown, but
the sample treated at 70 °C (GO-70) is essentially black. This
result is consistent with the findings of previous studies that the
C/O atomic ratio increases at elevated temperature because of
the deep reduction of GO.>® The optimal conditions are at 60
°C, where oxygen-containing functional groups on the GO-60
sample are still present, evidenced by characteristic bands in its
FTIR spectrum owing to C—O (1410 cm™'), C—0O-C (1105
cm™"), and C—OH (3450 cm™") species (Figure 4). At higher
reduction temperatures (>70 °C), the product is mainly
graphene® and sulfur dissolution from the KBC/S becomes
problematic (see Figure S3 in the Supporting Information).
Figure S displays the electron microscope images of the
encapsulated KBC/S composite at different magnifications. The

dx.doi.org/10.1021/am500632b | ACS Appl. Mater. Interfaces 2014, 6, 10917—10923



ACS Applied Materials & Interfaces

Forum Article

Transmittance (a.u.)

O-H

4000 3000 2000 1000
Wavenumber (cm™)
Figure 4. Fourier transform infrared spectroscopy (FTIR) of the GO

treated at 60 °C with hydrazine; characteristic bands of oxygen-
containing functional groups are indicated.

STEM and TEM images clearly show the graphene wrapping
around the KBC/S composite (Figure Sa, b).

The low-magnification SEM image also shows the presence
of looser encapsulation of the aggregated KBC/S nanoparticles
(Figure Sc), which is likely due to the precipitation of an excess
of reduced-GO sheets on the closely wrapped KBC/S
composites. This unique close-loose graphene-wrapping of
the mesoporous C/S nanostructure is different from most of
the previously reported graphene cathodes.

The g-KBC/S material was evaluated as a sulfur cathode in
coin cells with metallic lithium as the anode and 1 M LiTFSI in
DOL+DME as the electrolyte between 2.7—1.8 V. The
capacity—voltage profiles for different cycles of the Li—S cell
at a current density of 168 mA g~' (C/10) are presented in
Figure 6a. The first discharge of the cell (black curve) displays a
typical two-plateau process where the high plateau at 2.3—2.35
V is associated with each sulfur atom gaining about half an
electron to form S,*” (4 < n < 8) polysulfide species. Further
discharge reduces the S,* (4 < n < 8) intermediates to S,*”
and/or S*” at the lower plateau (2.1 V). The charge process
also consists of two plateaus at 2.25 and 2.4 V, respectively,
indicating the two stage oxidation of Li,S and/or Li,S,. The g-
KBC/S cathode exhibits a capacity fading to 770 mAh g~'
within the first 15 cycles, and extremely stable cycling over the
following cycles (Figure 6b). The discharge capacity on the
200th cycle is 740 mAh g™, which is 96.1% of the capacity of
the 15th cycle (~770 mAh g'). The capacity loss over these
185 cycles is only 0.026% or 0.167 mAh g~' per cycle, with a
relatively high Coloumbic efficiency of ~98%. The stable
cycling performance of the cell is coincident with the charge—
discharge curves shown in Figure 6a. They are almost
identical— except for some small capacity variation—from
the 10th cycle onward.

The exceptionally good cyclability of the cathode is
attributed to the unique configuration of the g-KBC/S. First,
KBC is an ideal framework for sulfur: it has sufficiently small
mesopores and large micropores to provide sufficient contain-
ment for 70 wt % sulfur, and additional textural porosity to
accommodate for expansion on forming the lowest density
sulfide, Li,S. The nanoscale particle size of the carbon facilitates
homogeneous sulfur distribution in the meso/micropores, one
of the key factors to enable all of the sulfur to be reduced at the
same rate. However, sulfur/polysulfide dissolution and the

Figure S. (a) STEM, (b) TEM and (c) SEM images of g-KBC/S
showing the graphene-wrapping of KBC/S particles at various
magnifications. Arrows in a and b indicate multilayer-graphene sheets
on the surface of the C/S nanoparticles. Scale bar: 50, 20, and 200 nm
for a, b, and c, respectively.

polysulfide shuttle cannot be avoided by simply employing a
porous carbon as a framework. This is because the open porous
structure provides paths for solvated polysulfide species in
addition to solvated Li ions. Additionally, the hydrophobic
carbon environment does not support interaction with
polysulfides owing to their hydrophilic nature. Cycling stability
can be greatly enhanced by either decorating the carbon with a
hydrophilic polymer such as poly(ethylene glycol),” adding
hydrophilic compounds®**” into the cathodes, or employing a
less hgdrophobic framework such as a conductive polymer™ or
TiO,.* Once the polysulfides diffuse out from the nanopores
into the electrolyte, they are more likely to precipitate as Li,S
on the exterior surface of the carbon framework on the
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Figure 6. (a) Voltage—capacity profiles (black, 1st cycle; red, 10th
cycle; blue, S0th cycle; magenta, 100th cycle; dark yellow, 150th cycle;
and green, 200th cycle), and cycling performance at (b) C/10 and (c)
C/2 and 1C (solid spheres, discharge capacity; hollow spheres, charge
capacity) of the g-KBC/S cathodes.

subsequent reduction cycle.***" Consequently, if the layer

becomes sufficiently thick, electrical contact and ion transport is
lost, gradually impairing cycling. This assumption is verified by
using bare KBC/S as an electrode, where severe capacity fading
is detected over 100 cycles under exactly the same charge—
discharge conditions as for the g-KBC/S sample (see Figure S4
in the Supporting Information). The oxygen-containing groups
on the graphene sheets provide a physical diffusion barrier, limit
surface reduction (because of their poor conductivity), and
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contribute to the immobilization of the polysulfides in the
cathode by modifying the hydrophobicity** and enhancing their
binding.*® Finally, the selected narrow electrochemical window
(1.8—2.7 V) is another capacity retention optimization strategy.
The electrolyte additive LINO; participates in the reaction in
the cathode below 1.7 V.** Some groups (including ours) have
observed a third plateau in this range on the discharge curve
and large irreversible capacities for the first few cycles.*¥*
Zhang et al. suggest use of LINO; as a regular electrolyte salt
instead of an additive as it is continuously consumed upon
cycling.*® By ending the discharge process at 1.8 V, both the
third plateau and irreversible capacity are avoided (Figure 6a).

The cycling performance of the KBC/S cathodes was also
studied at more practical rates, C/2 and 1C. Beforehand, the
cells were discharged at a much slower rate (C/20) in order to
condition the electrode and enable complete electrolyte
wetting. The initial discharge capacities of the cells at C/2
and 1C are 863 and 843 mAh g™/, respectively. Similar to the
data collected at C/10, some capacity fade is observed on the
first several cycles, but this is followed by very stable cycling
(Figure 6¢). After 250 cycles, capacity retention of 83.4% (720
mAh g™') and 75.9% (640 mAh g') is achieved for C/2 and
1C, respectively, which suggests that the polysulfide shuttle is
significantly suppressed at high rates as well.

B CONCLUSIONS

In summary, we have demonstrated a strategy to prepare a
graphene-encapsulated KBC/S nanocomposite via self-assem-
bly between surfactant stabilized KBC/S nanoparticles and
dispersed GO. Control of the reaction temperature and
duration results in partial reduction of the GO, whereby a
significant fraction of oxygen-containing groups are retained.
The resulting sulfur cathode exhibits high reversible capacity
over a long period, with average capacity fading of only 0.026%
or 1.167 mAh g™" per cycle over 185 cycles. To the best of our
knowledge, this represents one of the best results for
carbonaceous-based sulfur cathodes. This particularly stable
cycling performance arises from the combined effects of
mesoporous carbon and graphene, which successfully confine
polysulfide species within the cathode. In addition, the oxygen-
containing functional groups on the graphene sheets and the
selected narrow electrochemical window are expected to be
beneficial for polysulfide retention.
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SEM image and cumulative pore volumes of Ketjen black
carbon and Ketjen black carbon/sulfur composites; TGA
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