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A highly ordered mesoporous carbon with a bimodal pore structure which exhibits a high specific area

and large pore volume, was synthesized by a triblock-copolymer-templating approach. This optimized

framework served as the scaffold for the preparation of carbon/sulfur (C/S) nanocomposites that serve

as novel cathodes for Li-S batteries. They exhibit high discharge capacities and good cycling stability at

very high current rates of 1675 mA g�1 (1 C), which can be attributed to the unique bimodal porous

structure of the carbon. The small mesopores contain the majority of the sulfur mass and aid in

suppressing the diffusion of polysulfide species into the electrolyte, whilst the large interconnected

cylindrical pores favour rapid transport of solvated Li+ on charge/discharge. Additional doping with

hydrophilic nanoporous silica also aids in capacity retention on cycling.
Introduction

Rechargeable lithium sulfur (Li-S) batteries are safe, environ-

mentally friendly and cost effective. In a typical Li-S cell,

elemental sulfur serves as the active material of the cathode,

which undergoes reduction via a series of polysulphides Li2Sn
(8 $ n $ 2) to ultimately form Li2S during discharge. The

reaction is highly reversible. The high specific capacity of the

redox reaction (1675 mAh g�1) coupled with an average cell

voltage of about 2.15V gives rise to theoretical gravimetric

energy densities of about 2600 Wh kg�1,1 which is a factor of 3–5

times higher than any commercial lithium ion cell. Despite these

advantages, there are challenges to overcome that include

attaining good cycling stability at high power, which is essential

for practical applications such as automotive transport. Also, by
Department of Chemistry, University of Waterloo, 200 University Avenue
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Broader context

Conventional lithium ion batteries based on lithium intercalation c

future demands for longer driving ranges presented by the hybrid an

exhibits high theoretical capacity (1675 mAh g�1) and energy densit

catholyte design can be limiting. In this article, a mesoporous carbon

g�1) and a bimodal pore structure (2 nm/5.6 nm) was synthesized an

rate (2C) capabilities. The large interconnected cylindrical mesopore

containment of polysulfide species in their small pores suppresses the

additive, nanoporous silica (SBA-15), serves to additionally trap pol

stability of the cells.

2878 | Energy Environ. Sci., 2011, 4, 2878–2883
comparison with other cathode materials such as lithium cobalt

oxide,2 sulfur and its discharge products possess very low elec-

tronic conductivity. Therefore, sulfur cells have traditionally

suffered from low discharge capacity and efficiency.3 For

example, cathodes prepared by physical mixing of sulfur and

carbon black exhibit an initial capacity of less than 500 mAh g�1,

which corresponds to about a quarter of the theoretical

capacity.4 A further issue is the ‘‘shuttle phenomenon’’ that

plagues most Li-S cells.5–7 The long chain polysulfide ions Sn
2�

formed in the cathode during discharge are soluble in the elec-

trolyte, and diffuse through the separator to the anode where

they are reduced to insoluble Li2S2 or Li2S. Once the lithium

anode is fully coated, the diffused Sn
2� reacts with these reduced

sulfides to form lower order polysulfides (Sn � x
2�) that become

concentrated at the anode, then diffuse back to the cathode and

are re-oxidized to Sn
2�. The above shuttle process takes place

repeatedly, causing a decrease of active material at the cathode,

capacity fading, inactivation of the anode, and self-discharge of

the cell.8–10

To overcome the above problems, porous carbon/sulfur

composites have been recently explored, wherein the carbon acts
hemistry currently cannot provide sufficient energy to meet the

d electric vehicle market. An alternative system, the Li-S battery,

y (2600 Wh kg�1), but its intermediate rate capability in a non-

with high surface area (2300 m2 g�1), large pore volume (2.0 cm3

d imbibed with sulfur to produce composite cathodes with high

s favor rapid transport of solvated Li+ on charge/discharge, and

ir diffusion into the electrolyte. We also show that an additional

ysulfide species, which is advantageous in improving the cycling
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http://dx.doi.org/10.1039/c1ee01219c
http://dx.doi.org/10.1039/c1ee01219c
http://dx.doi.org/10.1039/c1ee01219c
http://dx.doi.org/10.1039/c1ee01219c
http://dx.doi.org/10.1039/c1ee01219c
http://dx.doi.org/10.1039/c1ee01219c
http://pubs.rsc.org/en/journals/journal/EE
http://pubs.rsc.org/en/journals/journal/EE?issueid=EE004008


D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
at

er
lo

o 
on

 2
3 

Fe
br

ua
ry

 2
01

2
Pu

bl
is

he
d 

on
 0

8 
Ju

ly
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1E

E
01

21
9C

View Online
both as a host to contain the active material and a conducting

conduit. We previously reported11 that up to 70 wt% sulfur can

be incorporated into a mesoporous carbon, CMK-312 which

possesses a large surface area and pore volume. Intimate contact

of carbon and sulfur is achieved, which significantly improves the

conductivity of the cathodes. The cyclability of the cells is further

enhanced using the mesopores and surface polymer modifiers to

confine the polysulfide species, and up to 80% utilization of the

sulfur mass was achieved. However, this promising electro-

chemical performance was accomplished at intermediate current

rates of C/10 or C/5 (where a ‘‘C’’ rate is defined as full theoretical

lithium discharge/charge in one hour; see experimental section)

the latter being equivalent to a current density of about 334 mA

g�1 of active mass (sulfur) loading. An important challenge is

finding ways to achieve practical high ‘‘C’’ rate (>1500 mA g�1

current density) cells in such systems where the sulfur is

‘‘encapsulated’’ or contained within the carbon cathode, without

the attendant problem of low capacity and capacity fading. High

rates are possible for catholyte-type cells where all of the redox

active species are in solution; but such cells have low volumetric

capacity and require negative electrode passivation.13 In

contrast, contained-cathode cells have an estimated theoretical

volumetric capacity of up to 1300 Wh l�1 respectively for a full

cell, assuming a 30% inactive carbon content, and a residual

porosity within the cathode of 10% for the electrolyte. However,

stable high rate performance is difficult to attain because ultra

large-pore carbons—which favor rapid diffusion—can give rise

to extensive dissolution of intermediate reaction species formed

on charge and discharge into the electrolyte. A variety of

methods have been recently described as a possible solution to

the dissolution problem, most concerning the development of

porous carbons. Micropore carbons as sulfur hosts have been

reported, for example, but rate capability is a challenge. They

rely on chemical reaction of the sulfur and carbon that creates

cycling stability, but with attendant poor rate characteristics and

low active mass (sulfur) content.14

Recently, a promising activated mesoporous carbon with

a bimodal structure achieved by KOH activation, was reported

by Liang et al.15 The sulfur cathodes prepared from this carbon

show a large retainable capacity at a high discharge current rate,

which was attributed to the creation of small mesopores. In spite

of the low energy density of the cathode (less than 12 wt% sulfur

in the carbon for the material with the best performance), this

work shows that the existence of the small pores (<3 nm) is a key

factor for polysulphide retention while the large pores aid in high

rate charge/discharge. Therefore the application of bimodal

structured carbon is a new and promising approach for lithium

sulfur batteries. Optimization of the porous structure, taking into

consideration pore size, surface area and pore volume, is still

necessary to realize high-performance Li-S cathodes, however.

Such efforts to tailor nanostructures have shown very promising

results with mesoporous intercalation oxides16—and it is as, if

not more—important in this case.

Among various porous carbon candidates17–21 one developed

by Zhao’s group termed ‘‘MP-C-36*’’ (denotedMPC-36* here) is

particularly interesting due to its large surface area (2130 m2 g�1),

pore volume (2.0 cm3 g�1) and hierarchical bimodal pore distri-

bution (2.6 nm and 5.8 nm).22 Nonetheless, the disadvantage of

this carbon is the small contribution of the small pores to the
This journal is ª The Royal Society of Chemistry 2011
total surface area and pore volume. Here, we report a new

bimodal mesoporous carbon (BMC-1) with a similar structure to

MPC-36* but with a greatly enhanced small mesopore distribu-

tion. This modification of the structure compared to MPC-36*,

gives it an intrinsic large surface area and pore volume which

makes it highly suitable as a scaffold for sulfur in the cathodes of

lithium sulfur batteries. These BMC-1/S cathodes demonstrate

high capacity and good cycling stability at high current rates. The

active mass of the BMC-1/S nanocomposites can be as high as

60 wt% sulfur, that is desirable for practical applications and

which significantly improves the efficiency of the cathodes

compared with a previous report.15 Moreover, by adding

hydrophilic mesoporous silica to the BMC-1/S composites, the

electrochemical performance of the cathodes can be further

improved by 10–25% at high discharge current rates. This unique

structure as well as the high surface area, large pore volume, and

the substantial fraction of smallmesopores, (i.e. largemicropores)

enables the intimate contact of sulfur and carbon, facilitates the

transportation of ions and suppresses the polysulfide shuttle.
Experimental section

Synthesis

The bimodal mesoporous carbon (BMC-1) was prepared by an

evaporation-induced self-assembly (EISA) strategy,22 using an

optimized carbon/silica/surfactant ratio to obtain the desired

morphology. In summary, 6.1 g of phenol was melted at 40 �C
and stirred with 1.0 g 20 wt% NaOH solution for 10 min; then

10.5 g of formalin was added and stirred for another 50 min at 65
�C. After the mixture was cooled to room temperature, the pH

was adjusted to about 7.0 with dilute HCl and water was

removed by evacuation at room temperature. The final product

was dissolved in ethanol to form a 20 wt% solution of water-

soluble phenolic resin. To synthesize BMC-1, 1.6 g of triblock

copolymer poly(propylene oxide)-block-poly(ethylene oxide)-

block-poly(propylene oxide) (F127, Mw ¼ 12,700) was dissolved

in a solution of 8.0 g ethanol and 1.0 g 0.2 M HCl via stirring.

Next, 2.08 g of tetraethyl orthosilicate (TEOS) and 5.0 g phenolic

resin solution were added to this solution and stirred for 5 h at

40 �C. The mixture was transferred to Petri dishes to evaporate

the ethanol overnight and held at 100 �C for 24h to thermopo-

lymerize the phenolic resin. The as-made product was collected

from the dishes, hand milled in a mortar for 10 min, and heated

under Ar flow at 900 �C for 4 h, at a rate of 1 �C min�1 below

600 �C and 5 �C min�1 above 600 �C. The product was washed

with 10 wt% HF for 12 h to remove the silica.

Bimodal mesoporous carbon MPC-36* was also prepared

following methods of Zhao et al.,22 ie MP-C-36*, where the

number ‘‘36’’ represents the percentage of the carbon-compound

content in the carbon-silica nanocomposite after 900 �C calci-

nation, and the star ‘‘*’’ indicates a bimodal structure.

The BMC-1/S nanocomposites were prepared following

a melt-diffusion strategy. Mesoporous carbon obtained above

was ground together with different masses of sulfur to achieve

either 40 wt%, 50 wt% or 60 wt% of sulfur in the resultant C/S

composites, and then maintained in an oven at 155 �C overnight.

Mesoporous silica was prepared by a hydrothermal method.23

First, 2.0 g of triblock copolymer poly(ethylene glycol)-block-poly
Energy Environ. Sci., 2011, 4, 2878–2883 | 2879
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Fig. 1 Low angle XRD pattern of the BMC-1 carbon.

Fig. 2 STEM images of BMC-1 down two unit cell directions, (a) [110]

and (b) [001] (note that the zone axis is slightly off in the latter image);

elemental maps of the BMC-1/S-50 sample corresponding to (c) sulfur;

(d) carbon; The inset is the SEM image of the BMC-1/S-50.
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(propylene glycol)-block-poly(ethylene glycol) (Mw ¼ 5800) was

dissolved in 60 mL of 2.0 MHCl at 36 �C to give a clear solution.

Next, 4.2 g of TEOS was added and the mixture was vigorously

stirred for 10 min. The mixture was kept under static conditions

for 24 h, then transferred to an autoclave and heated to 100 �C for

another 24 h. The solid products were collected by filtration,

washed with water and dried at 70 �C. Finally, the resultant

powder was calcined at 550 �C for 4 h to remove the polymer

template.

Structural characterization

Low-angle X-ray patterns were collected using a Bruker D8-

Advance diffractometer (40 KV, 30 mA Cu-Ka) equipped with

narrow incident slits. Nitrogen adsorption and desorption

isotherms were obtained using a Quantsorb at 77 K; the BMC-1

samples were degassed on a vacuum line at 300 �C prior to

measurements while BMC-1/S samples were degassed at room

temperature. The total pore volume of carbon and the C/S

composites were calculated at a relative pressure of 0.995 (P/Po).

The specific surface area, pore size distribution and pore volumes

were determined by Brunauer–Emmett–Teller (BET) theory24

and the Barrett–Joyner–Halenda (BJH) model25 from the

adsorption branch of the isotherms. The micropore volume was

calculated by the V–t plot method. Scanning transmission elec-

tron microscopy (STEM) was carried out on a Hitachi HD - 2000

STEM.

Electrochemistry

The C/S cathode materials were slurry-cast from cyclopentanone

onto a carbon-coated aluminium current collector. Typically, 82

wt% of C/S composite, 10 wt% Super S carbon and 8 wt% poly

(vinylidene fluoride) (PVDF) were mixed with cyclopentanone.

The slurries were coated on aluminium current collectors and

dried at 60 �C overnight. Each current collector contained

between 0.7–0.8 mg cm�2 active material. The equivalent current

density for the 334 mA g�1 current density (C/5) is 0.25 mA cm�2;

1.25 mA cm�2 for the 1675 mA g�1 current density (C) and

2.5 mA cm�2 for a current density of 3350 mA g�1 (2C). The

electrochemical performance of the prepared cathodes was

evaluated using 2325 coin cells cycled at room temperature

between 1.5 V and 3.0 V, with lithium metal foil as the anode.

The electrolyte used was 1 M bis-(trifluoromethane)sulfonimide

lithium (LiTFSI) in a mixed solvent of dimethoxyethane (DME)

and dioxolane (DOL) with a mass ratio of 1 : 1. This electrolyte

was chosen to optimize high-rate behaviour because of its lower

viscosity (compared to other systems we used previously such as

ethyl methyl sulphone). Charge/discharge rates are reported in

units of current per mass of sulfur cathode, mA g�1, as well as the

C-rate convention, or C/n, where n is the time (h) for complete

charge or discharge at the nominal (theoretical) capacity

measured at low rates, here taken to be 1675 mA h g�1

Results and discussion

The low angle XRD pattern of BMC-1 (Fig. 1) clearly shows two

diffraction peaks at 2q values of 0.91� and 1.54� and another

weak but still recognizable peak at 2.36�. These three peaks can
be indexed as the 100, 110 and 210 reflections of a 2D hexagonal
2880 | Energy Environ. Sci., 2011, 4, 2878–2883
unit cell with a lattice constant (a) of 11.2 nm, indicating a highly

ordered mesostructure with P6m symmetry. The large domain

regularity of the BMC-1 is further verified by TEM images

viewed down the [110] and [001] directions in Fig. 2 (a) and (b).

From their expanded versions, the a cell parameter is estimated

to be 11 nm which is in very good agreement with the calculation

from the XRD pattern. The inner pore diameter is estimated

from Fig. 2(b) as�5.5 nm, in excellent accord with that measured

by BET. The nitrogen sorption isotherm of the BMC-1 (Fig. 3

(a)) displays a typical type IV curve with a sharp capillary

condensation step at a relative pressure of 0.45–0.70 P/Po,

reflecting a narrow pore size distribution. The specific BET

surface area is 2300 m2 g�1, similar to that of MPC-36* (the

reference material in citation 21). The pore size distribution curve

(Fig. 3(b)) exhibits two narrow peaks at 5.6 nm and 2.0 nm,

corresponding to mesopores and supermicropores (or ‘‘small

mesopores’’), respectively. The large hexagonal cylindrical pores

were obtained from the self-assembly of the copolymer F127 and

the small pores are attributed to the addition of TEOS.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1ee01219c


Fig. 3 BET data for BMC-1 analysed by the BJH method, (a) N2 sorption isotherm; (b) pore size distribution.
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Compared with MPC-36*, both the large and small pore sizes of

BMC-1 are slightly smaller; however there is a greatly increased

contribution to the total pore volume from the small pores (Fig. 3

(b)). More detailed data in Table 1 shows that the small pore

(1.5 nm < D < 3.0 nm) volume is 0.95 cm3 g�1 in BMC-1, which

corresponds to almost half of the total volume (2.0 cm3 g�1). The

contribution of micropores (D < 1.5 nm) is negligible as revealed

by the V–t plot method (supplemental information†).

BMC-1 was loaded with sulfur via a melt-diffusion strategy to

form various C/S composite ratios: 40 wt% (BMC-1/S-40), 50 wt

% (BMC-1/S-50) and 60 wt% (BMC-1/S-60). Elemental maps of

the BMC-1/S-50 sample (Fig. 2 (c) and (d)) show that sulfur is

homogeneously distributed into the pores and that no obvious
Table 1 Physicochemical properties of BMC-1 and the three C/S
composites (see text)a

SBET (m2 g�1) Vt (cm
3 g�1) Vs (cm

3 g�1) Vl (cm
3 g�1)

BMC-1 2300 2.0 0.95 1.05
BMC-1/S-40 1000 1.05 0.35 0.70
BMC-1/S-50 435 0.53 0.21 0.32
BMC-1/S-60 194 0.30 0.03 0.27

a SBET is the specific BET surface area. Vt is the total specific pore
volume. Vs is the specific pore volume of the small pores. Vl is the
specific pore volume of the large pores.

Fig. 4 BET data for the BMC-1/S composites analysed by the BJH

This journal is ª The Royal Society of Chemistry 2011
large sulfur masses are evident; however, some sulfur probably

exists as a light coating on the external surface as well. Nitrogen

sorption isotherms in Fig. 4(a) illustrate that the capillary

condensation effect becomes weaker and the hysteresis region

becomes wider with increased sulfur loading, corresponding to

a systematic decrease of the specific surface area, pore volume

and pore size. Table 1 summarizes the data. The small-pore

volume decreases much faster on sulfur loading than that of the

large pores. For example, the volumes of the two types of pores

are almost equal (1.0 cm3 g�1) before sulfur is imbibed. After

loading the C/S composite with 40 wt% of sulfur, the small pore

volume is reduced to 0.35 cm3 g�1, which is half of the large pore

volume. An increase of the sulfur ratio to 60 wt% of the C/S

composite results in a negligible small-pore volume of 0.03 cm3

g�1, which is 1/9 of the large pore volume. This is in accordance

with the pore size distribution of the three samples seen in Fig. 4

(b), which shows the broadening and decreasing intensity of the

peaks with increased sulfur content, until the small peak disap-

pears when the mass ratio of sulfur reaches 60 wt%. Additionally,

this signals the appearance of a new peak at 3.5 nm that grows in

intensity fromC/S-50 to C/S-60, which is easily understood.With

an increase of sulfur loaded into the pores of the BMC, the inner

diameter of the cylindrical pores decreases from 5.6 nm to 3.5 nm

due to the deposition of sulfur on the walls.

The voltage vs. capacity discharge profiles of the C/S-40

sample on the first cycle at a 1C discharge rate (1675 mA g�1) are
method, (a) N2 sorption isotherm; (b) pore size distribution.

Energy Environ. Sci., 2011, 4, 2878–2883 | 2881
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Fig. 5 Initial discharge and charge profile of BMC-1/S-40 at a C rate.
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shown in Fig. 5. The initial discharge capacity of this sample was

as high as 1135 mAh g�1 and the curve displays two plateaus at

2.0 V and 2.3 V, indicative of the two stages of the reduction of

sulfur. At the higher voltage, elemental sulfur S8 is reduced to

Sn
2� (n > 4) and combined with lithium ions to form lithium

polysulfides Li2Sn. These long chain polysulphides are further

reduced to Li2S2 or Li2S at low potential (<2.3 V). The cycling

stability of the three cathodes C/S-40, and C/S-50 and C/S-60

studied at a discharge/charge rate of 1C are shown in Fig. 6. The

initial capacity is closely related to the amount of sulfur loading.

A higher sulfur content results in a lower initial capacity, which is

in agreement with previous findings.15 After 100 cycles, the C/S-

40 cell retains a capacity of 345 mAh g�1, demonstrating a rela-

tively low stability among the three samples. The C/S-60 cathode

has the best cycling stability, but the initial capacity was only 718

mAh g�1. When both capacity and cycling stability are consid-

ered, C/S-50 exhibits the best electrochemical performance. This

cell had an initial capacity of 995 mAh g�1 and maintains

a capacity of 550 mAh g�1 after 100 cycles at a high charge/

discharge rate of 1C.

The excellent performance of the C/S composite cathodes is

attributed to the complex bimodal structure of the mesoporous

carbon, although further optimization is undoubtedly still
Fig. 6 Cycling performance of BMC-1/S-40, BMC-1/S-50 and BMC-1/

S-60 at a C rate (corresponding to 1.25 mA cm�2 or 1675 mA g�1).

2882 | Energy Environ. Sci., 2011, 4, 2878–2883
possible. This advanced carbon was prepared by using triblock-

copolymer as a template and low molecular phenolic resin and

TEOS as precursors. The addition of TEOS serves as an internal

stabilizer to reduce the shrinkage of the structure. The ‘‘mother

material’’ of this bimodal carbon, C-FDU-15, was reported to

have a pore size of around 2.9 nm,22,26 while our BMC-1 has large

cylindrical pores of 5.6 nm. These facilitate the transportation of

electrolyte and solvated Li-ions.

More importantly, unlike activated carbons which acquire

small pores through treatment with KOH, the uniform small

pores of BMC-1 are derived from the removal of homogeneous

nanocrystallite silica that has a particle size of 2.0 nm. These

small pores form numerous ‘‘holes’’ in the walls of the large

hexagonal cylindrical pores and interconnect the isolated cylin-

drical pores. This unique structure also facilitates the transfer of

Li ions in the electrolyte. As discussed above, previous studies15

have shown that supermicropores, or small mesopores can serve

as micro-containers for the polysulphides and mitigate the

shuttle phenomenon. The numerous small pores of this carbon,

which contribute to over half of the total pore volume, are

believed to have a similar role.

The modification of the porous structure from MPC-36* to

BMC-1 influenced the electrochemical performance of the cath-

odes. Fig. 7 shows the cycling discharge capacities of BMC-1/S-

60 andMPC-36*/S-60 at a rate of 1C. The discharge capacities of

the 1st and 50th cycles of MPC-36*/S-60 are 618 mAh g�1 and

453 mAh g�1 respectively, which are 86% and 81% of the corre-

sponding capacities of BMC-1/S-60. These results clearly show

the importance of optimization of the bimodal carbon. As the

molar ratio of phenolic resin to F127 surfactant in MPC-36* is

lower than that of the BMC-1, the carbon obtained is less dense

and its electronic conductivity is predicted to be poorer than

BMC-1. Furthermore, the modification creates more small pores

in BMC-1, which benefit both high rate discharge and mainte-

nance of polysulfide species at the cathodes.

It is known that doping with absorbents or surface modifica-

tion of the host carbon can improve both electronic and ionic

conductivity and immobilize polysulfides.27,28 For example,

previous work from our laboratory shows that functionalizing

the carbon with polyethylene glycol (PEG) increases the surface

hydrophilicity and traps more polysulphides within the
Fig. 7 Comparisonof the cycling performanceofBMC-1/S-60andMPC-

36*/S-60 at a C rate (corresponding to 1.25 mA cm�2 or 1675 mA g�1).

This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 Comparison of the cycling performance of BMC-1/S-50 with and

without a mesporous silica additive at rates of C (corresponding to 1.25

mA cm�2 or 1675 mA g�1) and 2C (corresponding to 2.5 mA cm�2 or 3350

mA g�1).
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cathode.11 More recently, mesoporous silicas that have pore

dimensions on the order of the size of the intermediate poly-

sulphide anions were developed as an additive for sulfur/carbon

cathodes to improve the cycling stability.29 It was found that

their high hydrophilicity and large uniform mesopores can be

tailored to the absorption of the polysulfide species in the cath-

odes via weak binding for absorption, and also permit reversible

desorption and release during the reversible electrochemical

redox reactions. This can suppress the shuttle phenomenon and

improve coulombic efficiency. Here, by doping 10 wt% of

a mesoporous silica (specifically SBA-15)30 into the BMC-1/S-50

composite, we find that the initial capacity increased to 1050

mAh g�1 at a discharge rate of 1C. Overall, a capacity of

602 mAh g�1 was retained after 100 cycles, which is about 10%

higher than for BMC-1/S-50 itself (see Fig. 8). At higher

discharge rate of 2C (3340 mA g�1), the influence of SBA-15 is

even greater. The capacity of the cell with the additive after 100

cycles was 501 mAh g�1, which is more than 25% higher than the

cell without the additive (400 mAh g�1). To our knowledge this

represents the best high rate performance of sulfur cathodes,

considering all factors such as capacity, cycling stability, charge

and discharge rate, and efficiency of the C/S cathodes.

Conclusions

Ordered mesoporous carbon, BMC-1, was synthesized via an

EISA strategy, using soluble phenolic resin and TEOS as

precursors and triblock copolymer F127 as the template. This

carbon has a bimodal structure (2.0 nm and 5.6 nm), high specific

area (2300 m2 g�1) and large pore volume (2.0 cm3 g�1). Carbon/

sulfur cathodes prepared from this carbon for lithium sulfur

batteries exhibit excellent electrochemical performance. The

initial capacity of BMC-1/S-50 was 995 mAh g�1 and remains at

550 mAh g�1 after 100 cycles at a current rate of 1675 mA g�1

(1C). The excellent performance of the C/S cathodes is attributed

to the bimodal structure of the carbon, and the large number of

small mesopores. The small pores interconnect the isolated

cylindrical pores (large pores), which facilitates the transfer of

polysulfide anions and lithium ions through the large pores.
This journal is ª The Royal Society of Chemistry 2011
Therefore, high capacity was obtained even at very high current

rates. Small mesopores created during the preparation served as

containers and confined polysulfide species at the cathode.

Further investigation showed that both initial capacity and

cycling stability were improved by incorporating a porous silica

additive in the cathodes.
Acknowledgements

LFN acknowledges the generous financial support of the

NSERC through its Discovery, and Canada Research Chair

programs.
References

1 Y. V. Mikkhaylik and J. R. Akridge, J. Electrochem. Soc., 2004, 151,
A1969.

2 S. Levasseur, M. Menetrier, E. Suard and C. Delmas, Solid State
Ionics, 2000, 128, 11.

3 J. A. Dean, Handbook of Chemistry, 3rd ed.; McGraw-Hill: New
York, 1985.

4 J. Shim, K. A. Striebel and E. J. Cairns, J. Electrochem. Soc., 2002,
149, A1321.

5 E. Peled, Y. Sternberg, A. Gorenshtein and Y. Lavi, J. Electrochem.
Soc., 1989, 136, 1621.

6 B.M. L Rao and J. A. Shrophire, J. Electrochem. Soc., 1981, 128, 942.
7 S. E. Cheon, K. S. Ko, J. H. Cho, S. W. Kim, E. Y. Chin and
H. T. Kim, J. Electrochem. Soc., 2003, 150, A796.

8 X. Ji and L. F. Nazar, J. Mater. Chem., 2010, 20, 9821.
9 H. S. Ryu, H. J. Ahn, K. W. Kim, J. H. Ahn, J. Y. Lee and
E. J. Cairns, J. Power Sources, 2005, 140, 365.

10 H. S. Ryu, H. J. Ahn, K. W. Kim, J. H. Ahn, K. K. Cho and
T. H. Nam, Electrochim. Acta, 2006, 52, 1563.

11 X. Ji, K. T. Lee and L. F. Nazar, Nat. Mater., 2009, 8, 500.
12 S. Jun, S. H. Joo, R. Ryoo, M. Kruk, M. Jaroniec, Z. Liu, T. Ohsuna

and O. Terasaki, J. Am. Chem. Soc., 2000, 122, 10712.
13 D. Aurbach, E. Pollak, R. Elazari, G. Salitra, C. S. Kelley and

J. Affinito, J. Electrochem. Soc., 2009, 156, A694.
14 B. Zhang, X. Qin, G. R. Li and X. P. Gao, Energy Environ. Sci., 2010,

3, 1531.
15 C. D. Liang, N. J. Dudney and J. Y. Howe, Chem. Mater., 2009, 21,

4724.
16 Y. Ren, A. R. Armstrong, F. Jiao and P. G. Bruce, J. Am. Chem. Soc.,

2010, 132, 996.
17 S. H. Joo, S. J. Choi, I. Oh, J. Kwak, Z. Liu, O. Terasaki and R. Ryoo,

Nature, 2001, 412, 169.
18 J. Lee, J. Kim and T. Hyeon, Chem. Commun., 2003, 1138.
19 A. H. Lu,W. Schmidt, B. Spliethoff and F. Sch€uth,Adv.Mater., 2003,

15, 1602.
20 K. P. Gierszal and M. Jaroniec, Chem. Commun., 2004, 2576.
21 D. Wu, Y. Liang, X. Yang, Z. Li, C. Zou, X. Zeng, G. Lv and R. Fu,

Microporous Mesoporous Mater., 2008, 116, 91.
22 R. L. Liu, Y. F. Shi, Y. Wan, Y. Meng, F. Q. Zhang, D. Gu,

Z. X. Chen, B. Tu and D. Y. Zhao, J. Am. Chem. Soc., 2006, 128,
11652.

23 C. Z. Yu, J. Fan, B. Z. Tian and D. Y. Zhao, Chem. Mater., 2004, 16,
889.

24 S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 1938, 60,
309.

25 E. P. Barrett, B. L. Joyner and P. P. Halenda, J. Am. Chem. Soc.,
1951, 73, 373.

26 Y. Meng, D. Gu, F. Q. Zhang, Y. F. Shi, H. F. Yang, Z. Li, C. Z. Yu,
B. Tu and D. Y. Zhao, Angew. Chem., Int. Ed., 2004, 44, 7053.

27 J. L. Wang, J. Yang, J. Y. Xie, N. Xu and X., Adv. Mater., 2002, 14,
963.

28 J. Wang, J. Chen, K. Konstantinov, L. Zhao, S. H. Ng, G. X. Wang,
Z. P. Guo and H. K. Liu, Electrochim. Acta, 2006, 51, 4634.

29 X. Ji, S. Evers, R. Black and L. F. Nazar, Nat. Commun., DOI:
10.1038/ncomms1293.

30 D. Zhao, J. Feng, Q. Huo, N. Melosh, G. H. Fredrickson,
B. F. Chmelka and G. D. Stucky, Science, 1998, 279, 548.
Energy Environ. Sci., 2011, 4, 2878–2883 | 2883

http://dx.doi.org/10.1039/c1ee01219c

	High tnqh_x201cCtnqh_x201d rate Li-S cathodes: sulfur imbibed bimodal porous carbonsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1ee01219c
	High tnqh_x201cCtnqh_x201d rate Li-S cathodes: sulfur imbibed bimodal porous carbonsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1ee01219c
	High tnqh_x201cCtnqh_x201d rate Li-S cathodes: sulfur imbibed bimodal porous carbonsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1ee01219c
	High tnqh_x201cCtnqh_x201d rate Li-S cathodes: sulfur imbibed bimodal porous carbonsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1ee01219c
	High tnqh_x201cCtnqh_x201d rate Li-S cathodes: sulfur imbibed bimodal porous carbonsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1ee01219c
	High tnqh_x201cCtnqh_x201d rate Li-S cathodes: sulfur imbibed bimodal porous carbonsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1ee01219c

	High tnqh_x201cCtnqh_x201d rate Li-S cathodes: sulfur imbibed bimodal porous carbonsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1ee01219c
	High tnqh_x201cCtnqh_x201d rate Li-S cathodes: sulfur imbibed bimodal porous carbonsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1ee01219c
	High tnqh_x201cCtnqh_x201d rate Li-S cathodes: sulfur imbibed bimodal porous carbonsElectronic supplementary information (ESI) available. See DOI: 10.1039/c1ee01219c


