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This study reports on a facile approach to the fabrication of nanoporous carbon cathodes for lithium sulfur batteries using gyroid carbon replicas based on
use of polystyrene-poly-4-vinylpyridine (PS-P4VP) block copolymers as sacrificial templates. The free-standing gyroid carbon network with a highly ordered
and interconnected porous structure has been fabricated by impregnating the carbon precursor solution into the gyroid block copolymer nanotemplates
and subsequently carbonizing them. A wide range of analytical tools have been employed to characterize fabricated porous carbon material. Prepared
nanostructures are envisioned to have a great potential in myriad areas such as energy storage/conversion devices owing to their fascinating morphology
exhibiting high surface area and uniform porosity with interconnected three-dimensional networks. The resulting carbon nanoporous structures infused
with elemental sulfur have been found to work as a promising electrode for lithium sulfur batteries demonstrating a high cycling stability over more than

200 cycles.
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rdered mesoporous materials have
Oattracted immense interest from

researchers for their applications
in a wide range of areas ranging from
heterogeneous catalysts, environmental
technology, host—guest chemistry, and
absorbents to energy storage (supercaps,
Li-ion and Li—S batteries) because of their
large specific surface area, uniform pore
size distribution, tunable porosity, and well-
defined surface properties.~® Among them,
a great deal of the research has been done
on mesoporous elemental carbon materials,
which are known to exhibit a unique
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combination of chemical, mechanical, elec-
trical, and biocompatible properties.” They
are widely being used in myriad application
areas including nanoelectronic devices,
strength-enhancing materials, separation
media, catalyst supports, energy storage/
conversion systems (hydrogen storage, fuel
cell electrodes, etc.), proximal probes, opti-
cal components, catalyst supports, and
adsorbents.®™ "' However, a number of
approaches have been reported in the lit-
erature for the fabrication of carbon films
including chemical vapor deposition, ultra-
sonic deposition, pyrolysis of polymer
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coatings, and hydrothermal decomposition of carbide
compounds, but fabrication of mesoporous carbon
materials with an ordered structure has been a chal-
lenge for material scientists. One of the most com-
monly employed protocols for fabrication of such
materials exploits hard templates to create ordered
replicas.'®'® Since Ryoo et al. first reported the synthe-
sis of mesoporous carbon materials (CMK-1,4) via a
nanocasting route using mesoporous silica MCM-48 as
a hard template,” various types of mesoporous silica
and carbon precursors have been adapted to synthe-
size mesoporous carbons, such as CMK-2 from
SBA-1'*'*> and CMK-3 and CMK-5 from SBA-15.'%"”

In recent years, structure-guiding templates derived
from self-assembled block copolymers have been
identified as a promising tool for fabrication of well-
defined material architectures. The self-assembly of
two dissimilar covalently bound polymer chains leads
to the formation of a variety of polymer templates with
fascinating morphologies possessing periodicities on
the 10 nm length scale.'® By careful manipulation of
the total block length, the composition of the blocks,
and the strength of the interaction between the blocks
of copolymers the morphology can be as varied as
lamellae (1D), hexagonally packed cylinders (2D),
body-centered cubic spheres (3D), or bicontinuous
gyroids (3D)."® A variety of metal/metal oxide nanodots
and nanowires have been fabricated by exploiting
cylindrical and lamella morphologies of self-assembled
block copolymers, respectively.?*~2* Such nanostruc-
tures usually exhibit only in-plane continuity in thin
films, but for most of the above-mentioned applica-
tions of the porous carbon materials, especially in
energy storage/conversion devices, three-dimensional
interconnected networks with uniform porosity are
critical to the performance. In order to fabricate such
nanostructures, nanotemplates derived from bicontin-
uous double-gyroid morphology of the self-assembled
block copolymers have been found most appealing as
structure-guiding templates. In this fascinating mor-
phology, two interwoven continuous networks of the
minority polymer block are held in a matrix phase of
the majority block, which is centered on a gyroid
surface.'>?*~2% The selective degradation of the minor
phase by one or another means results in the fabrica-
tion of nanotemplates exhibiting fully interconnected
channels and struts with uniform porosity and high
surface area. Recently, some studies have been re-
ported in the literature on the application of such
nanostructures as sacrificial templates to fabricate
metal/metal oxide gyroid replicas. For example, Cross-
land et al.?” reported the fabrication of a free-standing
bicontinuous double-gyroid titania network for solar
cell applications by exploiting poly(4-fluorostyrene)-b-
poly(p,.-lactide) (PFS-b-PLA) as a template. In another
study, Wiesner et al.”® described the preparation
of silica-based bicontinuous nanostructures using
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poly(isoprene-b-ethylene oxide) (PI-b-PEO) block co-
polymers with gyroid morphology as a structure-
guiding agent. Thomas et al."* have demonstrated
the preparation of gyroid silica networks with an
extremely low refractive index (1.1) by employing
polystyrene-b-poly(L-lactide) (PS—PLLA) as a sacrificial
template. In another set of studies, Steiner et al.*®
employed the double-gyroid morphology of a poly-
styrene-b-polyisoprene (PS-b-Pl) block copolymer to
achieve calcite single crystals, while Chen et al.*® used
polybutadiene-b-poly(dimethylsiloxane) (PB-b-PDMS)
block copolymer templates to fabricate conducting
gyroid-polypyrrole networks. Loos et al. demonstrated
the use of gyroid morphology for the fabrication of
metallic foams.' Recently Wiesner et al. also reported
the fabrication of porous carbon material using block
copolymers with gyroid structure.3?

In this study, we explore the fabrication and char-
acterization of such novel carbon materials by employ-
ing polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP)
block copolymers and the amphiphilic molecule
3-pentadecylphenol (PDP), which together form a
gyroid morphology as a sacrificial template. We apply
the obtained nanoporous carbon as a material to de-
sign cathodes for lithium sulfur batteries, which have a
very high theoretic specific energy of 2600 Wh/kg due
to the extraordinary theoretical specific capacity of
1675 mAh/g of sulfur.

RESULTS AND DISCUSSION

In this paper we used block copolymers, which form
a gyroid morphology, to fabricate porous carbon cath-
odes for lithium sulfur batteries. As schematically
shown in Figure 1, first, nanoporous templates with
gyroid morphology are fabricated by selective removal
of pentadecylphenol molecules from the PS-(P4VP-
PDP) supramolecular complex (Figure 1ab). The
formed nanoporous templates are filled with carbon
precursor solution, i.e., resorcinol—formaldehyde resin
(Figure 1c), cross-linked, and finally carbonized at
elevated temperature in inert media to fabricate the
gyroid carbon replicas (Figure 1d) with uniform poros-
ity and high surface area. The formed nanoporous
carbon is then filled with sulfur and used as a material
for the cathodes (Figure 1e).

The Flory—Huggins interaction parameter between
polystyrene (PS) and poly(4-vinylpyridine) (P4VP) (y =
0.35)**3%indicates that a PS-b-P4VP diblock copolymer
will be in the strong segregation limit except for small
molar masses and thus limit the possibility of a bicon-
tinuous gyroid self-assembly.?® However, the addition
of a small amphiphilic molecule such as 3-pentadecyl-
phenol has been found to reduce the effective inter-
action parameter between the two phases and allows
the system to self-assemble in a gyroid morphology
(Figure 2a).>' PS-b-P4VP diblock copolymer and the
amphiphilic agent PDP were dissolved in chloroform
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Figure 2. SEM images of PS-P4VP(PDP) complexes before (a) and after (b) removal of PDP.

and annealed in an atmosphere saturated with chloro-
form to make the PS-(P4VP-PDP) supramolecular com-
plex. Owing to the hydrogen-bonding interaction
between the hydroxyl groups and nitrogen atoms of
the pyridine rings, PDP prefers to assemble into the
P4VP phase. After annealing for several days, chloro-
form was allowed to evaporate, and white-colored
free-standing block copolymer films were obtained. A
selective washing of PDP molecules from the block
copolymer films in ethanol resulted in the formation of
a nanoporous template with gyroid morphology ex-
hibiting PS struts coated with P4VP chains (Figure 2b).
In order to investigate the morphology, samples have
been analyzed with electron microscopy. Figure 2a and
b show representative SEM images of PS-b-(P4VP-PDP)
complexes before and after ethanol washing, respec-
tively. These images prove the fabrication of a highly
porous polymer film exhibiting almost uniformly dis-
tributed and interconnected pores after selective re-
moval of the PDP from the PS-(P4VP-PDP) complex.
To confirm the removal of PDP from the PS-b-(P4VP-
PDP) complex, samples have been studied by FTIR
spectroscopy. Figure 3 shows the FTIR spectra of the
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PS-b-(P4VP-PDP) complex before and after the ethanol
wash. One can observe a significant decrease in in-
tensity of the C—O stretching vibrations of the PDP
molecules at 1145 and 1230 cm ™. In addition, the
intensity of the C=C aromatic stretching vibrations at
1600 cm ™" has also been observed to decrease after
the ethanol treatment, indicating loss of aromatic
content from the sample, attributable to the removal
of PDP from the complex. It is noteworthy that PDP-
characteristic bands have not disappeared completely
in the ethanol-treated sample, which suggests the
presence of a small amount of PDP in the nanoporous
template.

Resorcinol—formaldehyde resin is known as a pro-
mising carbon precursor material due to the high
aromatic content, and it has been frequently used for
the fabrication of porous carbon materials by impreg-
nating into templates followed by pyrolyzing in an
inert media.3> We also use this resin as a precursor and
impregnated into fabricated porous gyroid templates.
To ensure the complete filling of the available porous
area in the template, air has been sucked out from the
pores by applying a vacuum before impregnation with
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resin solution. Moreover, the hydrophilic nature ren-
dered by the P4VP phase of the channel walls of these
porous structures facilitates the impregnation of aque-
ous resin solution deep inside the templates. As visu-
alized in the microscopic analysis (Figure 4a—d),
template films have nanoscaled interconnected chan-
nels; therefore capillary forces can also be expected to
facilitate the penetration of the solution inside the film.
Most importantly, the presence of the polar P4VP
corona around the PS struts in the gyroid templates
formed after selective removal of the PDP molecules
from the PS-(P4VP-PDP) complex promotes the wetting
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Figure 3. FTIR spectra of the PS-P4VP(PDP) complex before
and after the ethanol wash.

of pores with the aqueous solution of resorcinol—
formaldehyde. After impregnation with resin solution,
white-colored porous nanotemplate films have been
found to turn yellowish-brown, indicating the filling of
the pores.

In a subsequent step, samples were heated at 80 °C
for 4 days, resulting in the formation of cross-linked
resorcinol—-formaldehyde resin inside the gyroid tem-
plates. Finally, resin-filled samples were pyrolyzed at
elevated temperature in an inert media to get highly
porous gyroid carbon replicas. Pyrolysis of the samples
not only converts the cross-linked resin into carbon but
also removes the PS phase, leaving behind an inter-
connected porous carbon network with a high surface
area. Figure 4a shows a representative SEM image of
gyroid carbon replicas obtained after pyrolysis of resin-
filled gyroid nanotemplates, revealing a highly ordered
and porous structure across the bulk sample. Figure 4b
shows a magnified top view of the same sample,
indicating interconnected channels of fabricated por-
ous carbon material.

TEM analysis has also been employed to study the
morphology of fabricated carbon nanostructures.
Figure 4c,d reveal representative TEM images of a
gyroid carbon replica at different magnifications. One
can clearly observe a highly ordered and uniform
porous structure of gyroid carbon replicas. The dark-
colored areas represent the walls of the carbon net-
work, while free space appears light gray in these

200 nm

Figure 4. Structure of nanoporous carbon obtained using block copolymers. (a) Overview and (b) magnified SEM images of
carbon nanostructures, obtained after calcination of resorcinol—formaldehyde-filled gyroid nanotemplates. (c, d) TEM
images of highly porous gyroid carbon replicas at different magnifications.
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Figure 5. Nitrogen adsorption—desorption isotherms at 77 K: (a) micro- and (b) mesopore size distribution for nanoporous

carbon.

images of the porous carbon material. These results
suggest that the carbon replica remains stable after the
thermal treatment and retains the inverse gyroid mor-
phology imposed by the structure of the porous poly-
mer template.

It is noteworthy to mention here that mixing of the
PDP molecule in the diblock copolymer helped in
fabricating the carbon material with a high porosity
and surface area because the PS(core)-P4VP(corona)
gyroid network occupies more than 50 vol % in such
complexes. In contrast, a conventional bicontinuous
gyroid diblock copolymer structure would result in a
highly porous template (porosity ca. 65 vol %) after the
selective removal of the matrix-forming block and thus
a correspondingly far less porous (ca. 35 vol %) carbon
nanostructure. Additionally, removal of the chemically
degradable matrix such as PLA or PEO from the
bicontinuous gyroid morphology of their diblock co-
polymers with PS*® would result in a porous template
exhibiting the hydrophobic surface of the PS struts. For
such templates, an extra step of the surface modifica-
tion of these PS struts would be required for facilitating
the penetration of the resin precursor solution.?”
The supramolecular approach described here avoids
this issue by the presence of the hydrophilic P4VP
corona on PS struts, which promotes the penetration
of the water-based carbon precursor into the porous
template.

To confirm the porous nature of the fabricated car-
bon material, surface area and porosity measurements
have been carried out using a nitrogen adsorption/
desorption method. Figure 5a reveals that the fabri-
cated sample follows a typical IV type physisorption
isotherm. An increase in nitrogen uptake at high
relative pressure P/Py = 0.9—1.0 and a wide hysteresis
loop suggest that the fabricated sample is mesoporous
in nature. Following the Brunauer—Emmett—Teller
(BET) method, the specific surface area has been
estimated as 885 m? g™, which is comparable to that
reported in the literature.>? As shown in Figure 5b
and ¢, the sample has been found to have pores with
sizes in both the micro and meso ranges. The SF
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(Saito—Foley) and BJH (Barrett—Joyner—Halenda)
methods have been employed to estimate the pore
sizes in the micro (<2 nm) and meso ranges (2—
50 nm), respectively. A meager distribution of meso-
pores with a pore diameter around 20 nm and micro-
pores with a pore diameter around 1 nm has been
observed. It is speculated that mesopores are formed
by the degradation of the polymer template, while
micropores are generated by the volatile components
evolved during the pyrolysis of the resorcinol—
formaldehyde resin filled polymer templates. On the
other hand, the porous carbon derived by carboniza-
tion of the resorcinol—formaldehyde resin without
a polymer template consists only of micropores and
has a far lower value of BET surface area of 280 m?/g
(see Figure S1 in the Supporting Information). The
effect of having the three-dimensionally ordered struc-
ture with bimodal porosity of gyroid templated carbon
is expected to reflect the electrochemical performance
of the carbon—sulfur cathode.

The nanostructured carbon materials, prepared from
a gyroid-templating approach, have been used as a
housing for elemental sulfur to prepare the cathode for
Li—sulfur batteries. In such electrodes, conductivity of
the carbon material is critical to the performance.
The carbon material derived from our approach has
been found to possess an electrical conductivity of
365 mS/cm, which is lower than that reported by
Wiesner et al.** which can be caused by fine grinding.
This conductivity should, however, be sufficient to
realize a good performance of the resulting carbon—
sulfur composites as a cathode in Li—S batteries that is
sufficient for maintaining electrical contact between
carbon and sulfur.

Raman spectroscopy is a powerful analytical tools
for characterizing carbon materials. The Raman spec-
trum of fabricated gyroid carbon replicas is shown in
Figure 6a. As expected, one can observe two strong
peaks centered at 1345 and 1598 cm ™', which can be
assigned as first-order D and G bands of the carbon
material, respectively. Another broad peak at
2720 cm™" can be attributed to the second-order D
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Figure 6. Raman spectra and small-angle X-ray scattering (SAXS) intensity profile with respect to the allowed reflecting
lattice planes (blue numbers: hkl) of the assumed gyroid carbon structure (reflection intensities are adapted by lines to the
scattering profile).

band. It is known from the literature that the D band is material with sulfur by capillary forces. Moreover, the
related to the C—C stretching vibrations of the disor- hydrophobic nature of highly porous carbon material
dered sp® carbon structure, while the G band cor- facilitates the infiltration of molten sulfur. Figure 7a
responds to the C—C stretching vibrations of the planar shows the SEM image of a physically mixed and heat-
sp? carbon structure as in conventional graphite treated carbon—sulfur mixture. One can observe sulfur
structures.®® The D/G intensity ratio of these bands clusters adhered onto the surface of the porous carbon
was calculated considering the complete peak areas structures. At the end a carbon—sulfur composite
under the D and G band and was found to be 1.63. The with uniformly distributed sulfur was achieved, and
D/G intensity ratio signifies the degree of order the homogeneity is observed from the SEM images
(content of graphitization) in the carbon material. In (Figure 7b). The homogeneous distribution of sulfur in
pristine graphite materials the D/G ratio is usually very the porous carbon network was further confirmed by
small. If the D/G ratio is higher, like in this material, then energy-dispersive X-ray spectroscopy (EDX) (Figure 7c).
the degree of defects in the planar carbon graphite Finally, we assembled a lithium—sulfur battery using
structure is relatively high.3® So, these results suggest prepared sulfur-infiltrated porous carbon as cathode.
that the fabricated sample is a mixture of disordered The electrochemical properties of porous carbon—
and ordered (graphitized) carbon structures with a sulfur cathodes have been tested by means of cyclo-
relatively high content of disordered sp> carbon struc- voltammetric and charge/discharge measurements
tures, like in amorphous carbon. (Figure 8). As shown in Figure 8a, cyclovoltammetric

In order to further investigate the structural aspects measurements have been performed by charging and
of fabricated porous carbon material, samples have discharging the cells between 1 and 3 V. During the
been characterized by small-angle X- ray scattering, discharge cycle, two reduction peaks, at 2.4 and 2 V,
and the results are shown in Figure 6b. One can were observed. These peaks correspond to the reduc-
observe the scattering pattern with a mutual gyroid tion of sulfur to Li,S, (n > 4) and the subsequent
structure having a cubic unit cell parameter a = reduction of higher order polysulfides to short-chain
72.0 nm (Figure 6b). The first eight possible reflections polysulfide species, respectively. The charging curve
(i.e., the allowed ones assigned by Miller indices (hkl) of the battery has been found to show a single peak
beginning with (211)) in this model are arranged with at 2.4 V. The relatively narrow peaks indicate good
the following g-ratios, which fits with the structure of reaction kinetics for reduction as well as the oxida-

nanoporous carbon prepared from gyroid templating. tion reactions. The plateaus in the voltage profiles
In the subsequent step, elemental sulfur was dif- (Figure 8b) match with the peak voltages of the cyclic

fused into the fabricated porous carbon structures to voltammograms for the reduction and oxidation cycles

prepare carbon—sulfur composites. For this purpose, (Figure 8a).

sulfur was physically mixed with porous carbon in a ball Figure 8c—f show the galvanostatic charge/

mill, and then the resulting mixture was heat treated at discharge curves of fabricated Li—S batteries (cal-
155 °Cfor 5 h (Figure 7a). As elemental sulfur is known culated based on per gram sulfur) cycled within differ-
to show the lowest viscosity at 155 °C, this temperature ent voltage ranges using electrolytes with and without
has been chosen to heat treat the premixed carbon— LiNOs. For all charge—discharge experiments, the cells
sulfur composites.*® This heat treatment helps in filling were charged at double the C-rate compared to the
the majority of the channels of the porous carbon discharge C-rate to simulate a realistic situation where
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Figure 7. SEM images of a carbon—sulfur composite (a)
before thermal annealing and (b) after thermal annealing.
(c) EDX spectra of elements of the annealed carbon—sulfur
composite.

a faster charging is normally adopted. For these experi-
ments, fabricated cells have been cycled in order to
avoid complete charge and discharge of the battery;
that is, the voltage range was set to 1.5—2.8 or 1.8—
2.6 V. Charging and discharging capacities have been
observed in the range of 600 (cycling range 1.8—2.6 V)
to 800 mAh/ggyiur (cycling range 1.5—2.8 V). Clearly,
the wider the potential window is, the larger the
capacity. The Coulombic efficiency was found to be
around 80% (without LiNO3) or 100% (with LiNOs),
which is known to improve the Coulombic efficiency
by creating a protective film comprising Li,NO, formed
on the Li anode by the reactions of the additive directly
with the anode surface.*' Moreover, it is noteworthy
that both charging and discharging capacities have
been found to be stable over more than 200 cycles.
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Interestingly, the cycling experiments performed be-
tween 1 and 3 V, which resulted in full discharge and
charge of the cell, have been found to show a very
fast decay in discharging capacity of the cells from
600 MAh/gsyifur to ca. 200 mAh/gsyis., OVer the first
50 cycles only (see Figure S2 in the Supporting Infor-
mation). This difference in performance of fabricated
Li—S batteries can be attributed to the electrochemical
reactions undergone by sulfur between two different
voltage windows. Complete charging of the cell results
in the formation of insoluble sulfur particles on the
cathode, which might lose contact with the elec-
trode during the discharge cycle and may resultin a de-
crease in the effective mass of sulfur participating in
the electrochemical reaction. Moreover, full dischar-
ging leads to formation of lithium sulfide, which is also
insoluble and can be partially excluded from the
electrochemical reaction when lithium sulfide particles
lose contact with the electrode. On the other hand,
incomplete charge and discharge leaves sulfur in the
form of polysulfides with different lengths. These
polysulfides are soluble in electrolyte and, thus, are
available for electrochemical reaction. The soluble
higher order lithium polysulfides were used to react
with metallic lithium, forming an insulating passivation
layer of Li,S. This effect was restricted by the use of
LiNO;3 as additive, and improved Coulombic efficiency
was achieved (Figure 8e/f). In the experiments with
LiNO; the surface passivation layer of Li,NO, does not
expose the elemental lithium to the soluble polysul-
fides; thus it reduces the shuttle effect, which basically
prevents the active mass loss by the so-called “shuttle
effect”, and the capacity loss due to this effect is also
compensated. We also investigated the rate capability
of batteries assembled using nanoporous cathodes by
changing the charging rate from 0.2C to 2C and back to
0.2C (the discharging rate was changed from 0.1Cto 1C
and back to 0.1C, Figure 8d). We observed that the
initial discharge capacity was in the range of 700 mAh/
Jsulfur at @ 0.1C discharge rate. The discharge capacity
decreased to ca. 400 mAh/gqs. at @ 1C discharge rate
and increased back to 700 mAh/gsus, at a 0.1C
discharge rate, which indicates a good electro-
chemical stability. The obtained values for charging
and discharging capacity are comparable to the
values reported in the literature, which are around
800—1000 MAh/gsuirur.*?>° In fact, the direct compar-
ison of different values of capacity is difficult because
the measurements are done at different conditions
and the performance of the battery is a combination of
many factors.

The ordered gyroid-structured carbon material to
host sulfur in its high surface area is beneficial with
respect to electrochemical performance because of
the bimodal porosity generated by decomposition of
the polymer template, creating mesopores (pore dia-
meter 2—50 nm), and the evolution of gaseous product
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Figure 8. Cyclovoltammetric (a) and voltage profile of the constant-current measurements (b) and charge/discharge
measurements (c—f) of Li—S batteries assembled using cathodes with carbon materials obtained from porous carbon with
a gyroid structure measured at different conditions (voltage range and presence of LiNO3).

due to the pyrolysis of resorcinol—formaldehyde resin
responsible for generating micropores (pore diameter
<2 nm). The bimodal porous structure is advanta-
geous for higher active material loading as well as
trapping the polysulfides in the narrow micropores.
This bimodal porosity gives rise to a high surface area,
whereas the carbonized resorcinol—formaldehyde
resin without a template has a far lower surface area
(~280 m?/qg), charging/discharging capacity, and
Coulombic efficiency (see Figure S3 in the Supporting
Information), and it is devoid of any ordered structure,
which might keep the cell capacity high. The three-
dimensionally ordered mesopores demonstrate uni-
form accessibility of sulfur by the diffused lithium ion
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throughout the structure and offers structural integ-
rity of the cathode structure with prolonged cycling.

Finally, we compared the obtained capacity with
theoretical values. The theoretical capacity of the
sulfur electrode is 1.6 x 107 "°(C) x 6 x 10?* (/mol) x
2/(32 (g/mol) x 3600s/h) = 1.67 Ah/gsysr- This value
corresponds to the whole route of conversion from
Sg to S*~ (Figure 9). In experiments we avoided
complete charge and complete discharge, which lead
to formation of insoluble Sg°, S,2~, and S*~. The
energetic capacity of sulfur involved in the reaction
355~ — 855°7, where electrolyte-soluble polysulfides
are formed, is 1.6 x 1072 (C) x 6 x 10% (/mol) x
10/(768 (g/mol) x 3600s/h) = 0.35 Ah/ggyifur. Our
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Figure 9. Scheme of the electrochemical conversion of
sulfur in Li—S batteries.

batteries demonstrate an intermediate capacity, which
is around 0.8 Ah/ggrur- Thus, we can argue that cycling
between 1.6 and 2.8 V leads to formation of some
amount of insoluble Sg°, $,°~, and 52~

CONCLUSION

A novel approach to the fabrication of nonporous
carbon cathodes with high surface area and uniform
porosity for lithium—sulfur batteries has been re-
ported. Self-assembled block copolymer templates

METHODS

Materials. Polystyrene-b-poly(4-vinylpyridine) block copoly-
mer (M,(PS) = 37 500 g/mol, M,,(P4VP) = 16 000 g/mol, M,,/M,, =
1.3) was obtained from Polymer Source Inc. and used as
received. Resorcinol, formaldehyde (as 37 wt % formalin
solution), and sodium carbonate were purchased from Aldrich
and used as received. 3-Pentadecylphenol was also acquired
from Aldrich (98% purity) and recrystallized from petroleum
ether before use. The lithium-ion battery grade conductive
carbon black was provided by Timcal Graphite and Carbon.
Elemental sulfur (Sg), polyvinylidine fluoride (PVDF), N-methyl-2-
pyrrolidone, bis(trifluoromethane)sulfonimide  lithium  salt
(LiTFSI), 1,2-dimethoxyethane (DME), 1,3-dioxolane (DOL), and
lithium nitrate (>99% purity) were purchased from Sigma-
Aldrich, Germany, and used without further purification. Nickel
foil of thickness 20 um was procured from Schlenk Metallfolien
GmbH. Electrochemical-grade high-purity (99.9%) lithium was
purchased from LinYiGelon New Battery Materials Co. Ltd.,
China. Porous polypropylene membrane was used as separator.

Preparation of Nanoporous Gyroid Templates. PS-b-P4VP block
copolymer and PDP (PDP,,,o//P4VP ., = 0.8) were dissolved in
chloroform at 1.5 wt % concentration, and the resulting solution
was stirred for 2 h at room temperature. The filtered solution
was poured into a glass bottle and annealed in a saturated
chloroform atmosphere for 11 days. Next, chloroform was
allowed to evaporate slowly, and the resulting casted films
were heat treated at 130 °C for 20 min. Afterward, films were
peeled off from the glass vessel and stirred in ethanol for 3 days
at room temperature to remove PDP molecules from the
PS-(P4VP-PDP) complex, resulting in the formation of PS-P4VP
gyroid nanoporous templates.

Fabrication of Gyroid Carbon Replicas. The nanoporous polymer
films were treated with oxygen plasma on both sides and then
subjected to vacuum for 3 h to reduce the air pressure inside the
pores, so that the resin precursor solution can penetrate into the
porous template. The resorcinol—formaldehyde solution was
prepared by dissolving resorcinol in formaldehyde (37 wt %
formalin solution) in 1:1.8 molar ratios and adding a small
amount of Na,COs as catalyst (1:0.017 molar ratio of resorcinol
to Na,COs3) dissolved in water at 10 wt % concentration. This
resin precursor solution was allowed to fill the nanoporous
template for 2 h, which turned the white-colored porous
polymer film to yellowish-brown. Samples were heated in a
closed vessel for 4 days and then for 1 day in an open vessel at
80 °C to cross-link the resorcinol—formaldehyde resin. Finally,
the resulting dark red colored films were carbonized at 900 °C at
5 K/min for 2 h in an argon atmosphere to obtain the gyroid
carbon replicas.

Fabrication of Gyroid Carbon—Sulfur Composite Cathode. As-
prepared gyroid-structured carbon was mixed with elemental
sulfur in a ball mill by keeping the weight ratio of carbon to
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with gyroid morphology have been exploited as a
structure-directing agent and filled with resorcinol—
formaldehyde resin as carbon precursor. Cross-linking
and subsequent carbonization of the resin-filled gyroid
nanotemplates resulted in the fabrication of gyroid
carbon replicas. We applied the prepared porous
carbon as a cathode for lithium—sulfur batteries, which
demonstrate high charging/discharging capacity, very
good rate capability, and high cycling stability for more
than 200 cycles. Underlining the unique morphology,
fabricated carbon nanostructures with sulfur have
been found to have great potential in lithium sulfur
batteries by giving uniform accessibility of sulfur by
lithium ions in its three-dimensional network structure
and demonstrating improved battery performance.

sulfur as 1:2. The carbon—sulfur composite powder was heated
at 155 °C to facilitate the infiltration of very low viscous sulfur
melt. It was allowed to anneal at 155 °C for 5 h to ensure
complete filling of the carbon pores by sulfur and followed by
heat treatment at 300 °C for 2 h to remove excess sulfur adhered
onto the surface. In the next step, the cathode was prepared by
mixing the carbon— sulfur composite material (82 wt %), PVDF
binder (8 wt %), and carbon black (10 wt %) as conducting
additive in N-methyl-2-pyrrolidone. The slurry was then coated
on nickel foil acting as a current collector followed by drying at
60 °C for 12 h under vacuum.

Analytical Characterization. Scanning electron microscopy
(SEM) images were recorded on a NEON40 microscope (Carl
Zeiss Microscopy GmbH, Oberkochen, Germany) at an acceler-
ating voltage of 3 kV. Specimens were prepared by fixing small
pieces of the samples on a stub with conducting tape and
coating them with a 3 nm layer of platinum.

Transmission electron microscopy (TEM) analysis was car-
ried out in a Libra 200 microscope (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) at 200 keV. The specimens were pre-
pared by grinding a small grain of carbon sample and dispersing
it into the ethanol followed by placing a drop on a TEM grid.
Samples were dried at 50 °C to remove all traces of ethanol
before TEM investigation.

X-ray scattering analysis was done on an XRD 3003 6/6
diffractometer (GE Inspection Technologies, Ahrensburg,
Germany) by irradiating the powdery samples, mounted in a
glass tube of 1 mm diameter and 0.01 mm wall thickness, with a
Cu Ko monochromatic beam (1.54 A). The carbon powder
sample in a glass capillary was used for the measurement of
small-angle X-ray scattering (SAXS) in the range of 0.2° to 5°.

Raman spectra were taken on a WITEC alpha 300R Raman
Imaging System by irradiating the samples with laser light
having a T mW power and 532 nm wavelength. FTIR spectra
were recorded on a Vertex 80 V FTIR spectrometer (Bruker). Prior
to analysis, dried samples were mixed with KBr and pressed into
a tablet. Surface area and porosity measurements were carried
out on an Autosorb-1 instrument from Quantachrome, USA, at
77.4 K by using nitrogen as adsorbent. Prior to analysis, samples
were dried at 80 °C for 2 h.

Conductivity of the powder sample was measured in an
in-house-built device with custom-made software. The carbon
sample was ground to a powdery form in a ball mill prior to
measurement. The powder to be examined was filled into a
hollow PMMA cylinder and compressed by a piston. During the
compression process, the electric resistance was continuously
measured between two electrodes situated on top of the piston
and on the bottom of the cylinder by DMM 2001 Keithley
Instruments. The conductivity derived from the resistance and
the geometry data was then recorded against the pressure. The
control of the device as well as the data acquisition and analysis

VOL.9 = NO.6 = 6147-6157 = 2015 K@N&NJK)\

WWW.acsnano.org

WL

6155



was carried out by custom-made software developed with
TestPoint. The software allows user programming of different
cycles and automatic control. The pressure between the elec-
trodes was maintained up to a maximum value of 1 MPa to
avoid rupturing of the carbon nanostructures.

Energy-dispersive X-rays were obtained in an Ultra Plus (Carl
Zeiss Microscopy GmbH, Oberkochen Germany) scanning elec-
tron microscope and a Quantax EDX detector (Bruker AXS
GmbH, Berlin, Germany). A primary beam of 20 keV was used
for these measurements. The carbon—sulfur composite powder
samples were adhered on a double-sided adhesive carbon and
coated with carbon using carbon filament vapor deposition to
reduce charging at high magnification.

Electrochemical ~ Characterization. Electrochemical measure-
ments were done by means of cyclic voltammetry and constant
current measurements. The coin-type cathodes were cut as
discs from the entire piece, and 2032 coin cells were assembled
in an argon-filled glovebox, keeping the carbon—sulfur compo-
site electrode as the cathode, lithium metal discs as the anode,
and the porous polypropylene membrane as the separator.
Electrolytes with two different compositions were made: one
containing 1 M LiTFSI in 1:1 (v/v) DME and DOL and another
containing 0.25 M lithium nitrate and 1 M LiTFSlin 1:1 (v/v) DME
and DOL. The separators were soaked with 100 uL of the
respective electrolyte during cell assembly. Cyclic voltammetry
was performed in an Ivium-nStatpotentiostat-galvanostat with-
in the potential range of 1 to 3 V at a scan rate of 100 uV/s.
Galvanostactic charge/discharge tests were carried out in a
BST8-MA 8 channel battery analyzer at a constant current
density of 336 mA/g (0.2 C) for charging and 168 mA/g (0.1 C)
for discharging within the potential window of 1.5 to 2.8 V.
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