Lithium-Sulfur Battery

Angewandte
itermationalediion. CHEIMIIE

DOI: 10.1002/anie.201107817

Spherical Ordered Mesoporous Carbon Nanoparticles with High
Porosity for Lithium-Sulfur Batteries™*

Jorg Schuster, Guang He, Benjamin Mandlmeier, Taeeun Yim, Kyu Tae Lee, Thomas Bein,* and

Linda F. Nazar*

Rechargeable lithium-sulfur (Li-S) batteries are attracting
increasing attention due to their high theoretical specific
energy density, which is 3 to 5 times higher than that of Li-ion
batteries based on intercalation chemistry.l'! Since the elec-
tronic conductivity of sulfur is extremely low,” conductive
carbon materials with high accessible porosity to “wire” and
contain the sulfur are an essential component of the positive
electrode. During the past decades, attempts have been made
to fabricate C/S composites using carbon black,®l activated
carbons (ACs), and carbon nanotubes (CNTs).”! Although
improvements resulted, the cathodes suffered from inhomo-
geneous contact between the active material and the elec-
tronic conductors. A major step forward in fabricating
a uniform C/S composite was reported in 2009. Some of us
employed CMK-3, an ordered mesoporous carbon (OMC)
featuring high specific surface area and large pore volume as
a scaffold.”! As much as 70 wt % sulfur was incorporated into
the uniform 3-4 nm mesopores, and the cells exhibited
reversible capacities up to 1350 mAhg™', albeit at moderate
rates. Inspired by this, another OMC, a bulk bimodal
mesoporous carbon (BMC-1) was investigated as a Li-S
cathode.”! The favorable pore dimensions and large pore
volume greatly improved the rate performance. An electrode
with 40 wt% S showed a high initial discharge capacity of
1135 mAhg™" at a current rate of 1 C (defined as discharge/
charge in one hour). However, similar to other reports,*™® the
capacity is sensitive to the sulfur ratio, dropping to
718 mAhg™! at a sulfur content of 60 wt%. These results
suggest that the texture of the mesoporous carbon could be
further enhanced. Recently, Archer et al. reported nanoscale
hollow porous C/S spheres prepared through vapor infusion.”!
These materials displayed good cyclability and capacity at
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a C/5 rate, illustrating the advantages of nanosized porous
carbon in the sulfur cathodes.

Here we report the synthesis of unique nanoscale
spherical OMCs with extremely high bimodal porosities.
The particles were investigated as a cathode material and
sulfur host in Li-S batteries where they showed high initial
discharge capacity and good cyclability without sacrificing
rate capability. Unlike bulk porous carbons, these carbon—
sulfur sphere electrodes did not display significant capacity
fading with the increase of sulfur content in the cathodes. We
show that the nanoscale morphology of these materials is of
key importance for ensuring very efficient use of the sulfur
content even at high cycling rates. Morphology control is
a central issue in OMC!" synthesis. There are numerous
examples of mesoporous bulk materials obtained either by
hard-templating™! or soft-templating,'” including thin
films,"¥ membranes™ or free fibers.'*!>) Most syntheses
use evaporation-induced self-assembly (EISA) followed by
thermal treatment for template-removal and carbonization. It
is a challenge to either create solution-based OMC nano-
particle syntheses or to adapt the established EISA methods
to nanoparticles.

Only few examples of OMC nanoparticles have been
reported so far which are mostly unsuitable for applications in
Li-S cells due to low pore volume and/or surface area.
Approaches include templating with PMMA colloidal crys-
talsl'! or mesoporous silica nanoparticles,!'”! aerosol-assisted
synthesis,"® ultrasonic emulsification"! or hydrothermal syn-
thesis.”” Ordered arrays of fused mesoporous carbon spheres
were reported by Liu et al. using a macroporous silica as
template.”!) Recently Lei et al.”? reported the synthesis of
65 nm mesoporous carbon nanospheres, with both 2.7 nm
mesopores and high textural porosity (surface area of
2400 m*g~'). These showed promising supercapacitor proper-
ties.

Our spherical OMC nanoparticles of 300 nm in diameter,
prepared by a novel method, can be dispersed in water by
sonification to form stable colloidal suspensions. The spher-
ical mesoporous carbon nanoparticles were obtained in a two-
step casting process. An opal structure of PMMA spheres was
cast with a silica precursor solution to form a silica inverse
opal. The inverse opal was then used as template for
a triconstituent precursor solution containing resol as the
carbon precursor, tetraethylorthosilicate (TEOS) as the silica
precursor and the block copolymer Pluronic F127 as a struc-
ture-directing agent.!” Carbonization was followed by etch-
ing of the silica template and the silica in the carbon/silica
nanocomposite, resulting in the formation of OMC with
hierarchical porosity. Through the presence of silica in the
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walls, shrinkage during carbonization is reduced and addi-
tional porosity is produced by its removal; therefore very high
mesoporosity is created. To the best of our knowledge the
material shows the highest inner pore volume for mesoporous
carbon nanoparticles of 2.32cm’g™' and also one of the
highest surface areas of 2445 m?g~! with a bimodal pore size
distribution.

The scanning electron microscopy (SEM) images in
Figure 1 depict the morphologies at different steps of the
synthesis. The 400 nm PMMA spheres, close packed in an
opal structure, (Figure 1a) were used as the template for
asilica precursor solution. A highly ordered inverse silica opal
structure (Figure 1b) was formed after calcination. The silica
was then used in a second casting step as a template for an
artificial opal made of OMC spheres (Figure 1c,d). The
particle size of the OMC spheres (Figure 1¢) is around
300 nm, indicating little shrinkage occurred at 900°C. The
OMC spheres exhibit the close packing of the PMMA spheres
and the silica inverse opal. The representative TEM micro-
graphs in Figure 1d,e reveal their 2D-hexagonal mesostruc-
ture (P6mm). In agreement with the SEM results, the mean
particle size was (3004 40) nm. Figure 1d depicts the hex-
agonal structure projected along the columns. The FFTs
clearly show the hexagonal symmetry of the projections with
d-spacings of 12.5 nm. Tilting up to 30° showed no other zone
axes; this excludes a 3D structure and verifies the 2D-
hexagonal mesostructure. Figure 1e shows the 2D-hexagonal
structure tilted out of the columnar projection, where the
cylindrical pores can be clearly observed. Thus the spherical

Figure 1. SEM images: a) PMMA spheres ordered in close packing with an inset at higher
magnification. b) Silica inverse opal structure with an inset at higher magnification. c) OMC
spheres ordered in opal structure. d,e) TEM micrographs of spherical OMC nanoparticles
showing the 2D-hexagonal structure: d) projected along the columns, with insets of fast
Fourier transforms (FFT) of the squares; e) tilted out of the columnar projection with FFT
inset.
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Figure 2. a) DLS measurement of OMC spheres in water after sonifica-
tion with insets of the stable colloidal suspension and a TEM micro-
graph showing the intact 2D-hexagonal mesostructure. b) Nitrogen
sorption isotherm and pore size distribution (inset, NLDFT adsorption
branch) of the spherical OMC nanoparticles.

nanoparticles exhibit the same structure as
the bulk material described by Liu and co-
workers!'*! synthesized from a similar pre-
cursor solution. On grinding for TEM
preparation, the OMC opal aggregates
separated into small clusters (e.g. in Fig-
ure 1d) or even single particles (e.g. in
Figure 1e), indicating that they are only
loosely bound. Complete separation could
be achieved by sonification.

The dynamic light scattering (DLS)
measurement in Figure 2a shows an aver-
age particle size of 255 nm and a narrow size
distribution. The mean particle size here is
even smaller than found in SEM and TEM
(300 nm). Thus the spheres could be iso-
lated from the close packing of the opal
structure to form stable colloidal suspen-
sions of single nanoparticles. The left inset
shows a colloidal suspension of the spheres
in water, which was still stable after one
week. The TEM micrograph in the right
inset shows that even after the relatively
harsh ultrasonic treatment the particles still
exhibit a 2D-hexagonal mesostructure. The
OMC spheres show excellent porosity prop-
erties as illustrated in Figure 2b. They
exhibit a Type IV isotherm with a Brun-
auer-Emmett-Teller (BET) surface area of
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2445m*g™!, an inner pore volume of 2.32cm’g’’
(p/py=0.82, pores <13 nm), and a total pore volume of
2.63 cm*g! (p/p,=0.98). The bimodal pore size distribution
(NLDFT adsorption branch) shows a maximum for large
pores of 6.0 nm and smaller pores (3.1 nm). The latter arise
from the porous walls formed by etching the silica from the
carbon/silica nanocomposite walls.

Three C/S samples denoted as S-BMC/S-50, S-BMC/S-60,
and S-BMC/S-70 were prepared (spherical-bimodal meso-
porous carbon). The sulfur content of each sample was
confirmed (Figure S1a, Supporting Information) by thermo-
gravimetric analysis (TGA): 49.7wt%, 61.4wt%, and
70.0 wt %, respectively, and BET analysis of the sample
exhibited the expected decrease in pore volume with increase
in sulfur content (Figure S2). Elemental maps of a single
spherical carbon-sulfur particle (Figure S3) show that sulfur
was homogeneously distributed into the pores. S-BMC/S-50
shows the highest reversible discharge capacity of
1200 mAhg™' (Figure S4a). After 100 cycles this cell main-
tained a capacity of 730 mAhg™! at a high current density of
1C (1675 mAg™"; see Experimental Section for details).
Strikingly, unlike in previous reports®*78! the electro-
chemical performance of the C/S nano composites was not
strongly affected by increasing the sulfur content to 60 and
70 wt%. Both S-BMC/S-70 (Figure 3a) and S-BMC/S-60
(Figure S4a) display an initial capacity of about
1070 mAhg™' with 700 mAhg™"' retained after 100 cycles,
comparable to S-BMC/S-50.

All three materials show a drop in capacity during the first
two cycles, followed by good stability on subsequent cycling.
This is explained by the probable formation of a thin S layer
on the external surface of the carbon nanospheres, owing to
the strong affinity of sulfur for carbon.!** This is significant
since their proportion of external surface area to pore surface
area is relatively large. It is also consistent with the initial
charge—discharge profile of S-BMC/S-70 (Figure 3b, black
curve). An overcharge capacity of about 150 mAhg™ is
observed, which we attribute to the dissolution of the reduced
surface polysulfide species which engage in the shuttle
mechanism during the electrode redox reactions (the results
of the other two samples, which are not shown, are similar). In
order to overcome this, two approaches were followed. First,
S-BMC/S-70 was treated with CS, to remove excess external
sulfur. TGA data (Figure S1b) indicated that about 14 % of
the sulfur was extracted. Nonetheless, the content is still
higher of that of many other composites.”®*?**! The blue
curve in Figure 3b shows that all of the overcharge capacity
disappeared in the first cycle of the washed (“S-BMC/S-70-
W?”) sample, indicating that the undesired shuttle processes
are suppressed. The sharp capacity drop at the 2nd cycle was
also diminished (Figure 3a). This material retained a capacity
above 830 mAhg™' after 100 cycles at a current rate of 1 C
(i.e., 83% capacity retention). Some overcharge (ca.
95mAhg") appeared on the course of cycling as shown in
Figure 3¢, similar to that reported for hollow carbon—sulphur
composites.”) The coulombic efficiency dropped from 100 %
on the first cycle to 92% after 10 cycles, but remained
relatively constant thereafter, indicating reliable stability.
Relative to S-BMC/S-50 and S-BMC/S-60 (Figure S4) (with
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Figure 3. a) Cycling stability of the three 70 wt% C/S electrodes, as
prepared (S-BMC/S-70), washed (S-BMC/S-70-W) and SiO,-coated
(S-BMC/S-70-Si). b) Comparison of initial charge—discharge profiles of
as-prepared S-BMC/S-70 versus post-treated samples by SiO, coating
or CS, washing. c) Discharge and charge capacity of S-BMC/S-70-W as
a function of cycle number. All the cells were operated at a current rate
of 1C (1675 mAg™') at room temperature.

similar sulfur content) it showed the best results. We
anticipate even better capacity retention would be achieved
with surface protection of the negative electrode.

Another approach to avoid overcharge was to modify the
sample S-BMC/S-70 with a thin SiO, coating. It has been
established that additives can play important roles in the
sulfur electrodes to suppress the polysulfide shuttle,” among
which mesoporous silica is particularly promising.”! Very
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recently, some of us have also developed another facile
method by creating a thin SiO, layer on the surface of the C/S
electrodes.’ The electrochemical data for the functionalized
sample S-BMC/S-70-Si (Figure 3a,b) shows that the homoge-
neous SiO, coating evident in the TEM EDX map (Figure S5,
ca. 2wt % SiO, by TGA, Figure S6) was effective and that
most of the over-discharge capacity was eliminated. The
coating does not significantly affect the conductivity of the
cathode as determined by impedance measurements (Fig-
ure S7). The efficacy of the coating approach was also
reflected by the improved long-term cycling performance
(Figure S4b). Comparison of the nanospherical S-BMC
bimodal mesoporous carbon with the previously investigated
bulk material BMC-1 is illustrated in Figure 4, which clearly
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Figure 4. Comparison of electrodes prepared from BMC-1 and S-BMC
showing the importance of particle size on the electrochemical
performance. All the cells were operated at a current rate of 1 C

(1675 mAg™') at room temperature.

demonstrates the advantages of S-BMC. The more sulfur is
incorporated, the more obvious is the advantage. The small
particle size of S-BMC allows the sulfur to distribute more
homogeneously into the pores, which greatly enhances the
electrochemical behavior of the corresponding electrodes,
compared with the bulk mesoporous carbon BMC-1. It is also
of interest to contrast these nano, bimodal pore (3/6 nm) S-
BMC materials with our previously reported CMK-3 sulfur
composites that were based on a single pore size of 3.3 nm.["!
Although the electronic conductivity of CMK-3 is higher by
about a factor of two (0.21 Scm™' compared to 0.1 Scm™" for
the S-BMC), we observed comparable performance: slightly
lower capacities (ca. 1000 mAhg™') and similarly stable
cycling over the first 20 cycles. However, we have achieved
this same capacity at a 5- to 10-fold higher rate with the S-
BMC carbon, highlighting the importance of both the
bimodal pore distribution and nano-carbon dimensions in
improving electrolyte accessibility.

In summary, we have demonstrated the synthesis of
spherical OMC nanoparticles of 300 nm in diameter with
a 2D-hexagonal mesostructure. The material shows the
highest inner pore volumes for mesoporous carbon nano-
particles of 2.32 cm®’g™! and also one of the highest surface
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areas of 2445 m*g ! with a bimodal pore size distribution of
large and small mesopores of 6 nm and 3.1 nm. The C/S
spherical electrodes showed a high reversible charge capacity
of up to 1200mAhg' and good cycling stability. The
performance of the cells could be further improved by
either removing the external sulfur on the surface or by
adding a thin coating of SiO,. A comparison between nano-
size and bulk carbon reveals that the excellent electrochem-
ical properties of the cells can be largely attributed to the
nanoscale morphology of the mesoporous carbon, which
facilitates the preparation of homogeneous C/S composites
and aids in charge transfer. This strategy is generally
applicable to other C/S composites. For example, it also
applies to other nanoscale carbon morphologies such as
fibers, as long as they have comparable particle size, pore
volume and surface area, as we shall show in subsequent
work.

Experimental Section

The S-BMC nanoparticles were obtained in a two-step casting
process!'®? as described in the text, and the C/S composites were
prepared following a melt-diffusion strategy. The electrochemical
performance of the Li-S cathodes was evaluated in 2325 coin cells
cycled galvanostatically at room temperature against lithium metal
foil, using an electrolyte comprised of a 1:1 mixture of of 1,2-
dimethoxyethane (DME) and 1,3-dioxolane (DOL). This electrolyte
was chosen to optimize the high rate behavior.” A current density of
1675 mAhg™' (or 1.3 mA cm™?) equivalent to full discharge or charge
in 1 h was applied in both current sweep directions. For experimental
details, please refer to the Supporting Information.
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