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Design, System, and Application

Generally, synthetic methods for the production of ordered mesoporous carbons (OMCs)
through direct pyrolysis of block copolymers involve several sophisticated steps for precursor
preparation and long crosslinking times, which can result in the entire manufacuting process
being high-cost and time-consuming. In this work, we address these challenges by demonstrating
an efficient OMC precursor platform and system design with rapid crosslinking kinetics and
controlled ordered structures. Specifically, through using polystyrene-block-polybutadiene-
block-polystyrene, which contains unsaturated groups in the polymer backbone, sulfonation-
induced crosslinking reaction can be accomplished with much faster kinetics than most
conventional systems. Upon carbonization, these materials can produce OMCs with large
mesopores and sulfur-doped frameworks. These desired features can enable enhanced diffusion
and sorption of large-size molecules within OMC pore channels, which are particularly attractive
for many applications such as drug delivery and water remediation. The reported system can
complement with soft-templating methods for OMC synthesis, which typically yield small
mesopores (e.g. < 6 nm) from the cooperative assembly of phenolic resin and commerical
surfactant templates.
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Precursor design for efficient synthesis of large-pore, sulfur-doped
ordered mesoporous carbon through direct pyrolysis
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DOI: 10.1039/x0xx00000 The production of ordered mesoporous carbons (OMCs) can be achieved by direct pyrolysis of self-assembled polymers.

Typically, these systems require a majority phase capable of producing carbon, and a minority phase to form pores through
a thermal decomposition step. While polyacrylonitrile (PAN)-based block copolymers (BCPs) have been broadly reported as
OMC precursors, these materials have a relatively narrow processing window for developing ordered nanostructures and
often require sophisticated chemistry for BCP synthesis, followed by long crosslinking times at high temperatures.
Alternatively, olefinic thermoplastic elastomers (TPEs) can be convered to large-pore OMCs after two steps of sulfonation-
induced crosslinking and carbonization. Building on this platform, this work focuses on the precursor design concept for the
efficient synthesis of OMCs through employing low-cost and widely available polystyrene-block-polybutadiene-block-
polystyrene (SBS), which contains unsaturated bonds along the polymer backbone. As a result, the prescence of alkene
groups greatly enhances the kinetics of sulfonation-induced crosslinking reaction, which can be completed within only 20
min at 150 °C, nearly an order of magnitude faster than a recently reported TPE system containing a fully saturated polymer
backbone. The crosslinking reaction enables the production of OMCs with pore sizes (~9.5 nm) larger than most conventional
soft-templating systems, while also doping sulfur heteroatoms into the carbon framework of the final products. This work
demonstrates efficient synthesis of OMCs from TPE precursors which have a great potential for scaled production, and the
resulting products may have broad applications such as for drug delivery and energy storage.

Design, System, and Application

Generally, synthetic methods for the production of ordered mesoporous carbons (OMCs) through direct pyrolysis of block
copolymers involve several sophisticated steps for precursor preparation and long crosslinking times, which can result in the
entire manufacuturing process being high-cost and time-consuming. In this work, we address these challenges by
demonstrating an efficient OMC precursor platform and system design with rapid crosslinking kinetics and controlled
ordered structures. Specifically, through using polystyrene-block-polybutadiene-block-polystyrene, which contains
unsaturated groups in the polymer backbone, sulfonation-induced crosslinking reaction can be accomplished with much
faster kinetics than most conventional systems. Upon carbonization, these materials can produce OMCs with large
mesopores and sulfur-doped frameworks. These desired features can enable enhanced diffusion and sorption of large-size
molecules within OMC pore channels, which are particularly attractive for many applications such as drug delivery and water
remediation. The reported system can complement with soft-templating methods for OMC synthesis, which typically yield
small mesopores (e.g. < 6 nm) from the cooperative assembly of phenolic resin and commerical surfactant templates.

contain uniform structures with pore sizes in the range from 2
to 50 nm.* The immense utility of OMCs has been demonstrated

Porous carbons are extensively used in various applications in a variety of fields including energy storage,>® water
due to the combination of carbon properties (e.g. chemical remediation,”® gas capture,® biomedicine,%! and catalysis.’2 In
inertness, electrical and thermal conductivity, mechanical general, OMCs synthesis have been relied on the self-assembly
stability) and porosity which facilitates interactions between of polymeric materials to form ordered mesostructures. For
guest molecules and the carbon matrix.’”® Ordered mesoporous  instance, conventional soft-templating route employs

Introduction

carbons (OMCs) represent a subclass of porous carbons which  evaporation induced self-assembly of amphiphilic
polymers/surfactants and phenolic resin (resol), which act as
templating agents and carbon precursors, respectively.'314
a-School of Polymer Science and Engineering, University of Southern Mississippi, Upon the evaporation of solvent, resol can cooperatively
Hattiesburg, MS, 39406 ble i m d d d . hich h b
Electronic Supplementary Information (ESI) available: Differential scanning assemble into well-ordered nanodomains, which can then be

calorimetry thermogram and supplemental nitrogen physisorption isotherms/pore  crosslinked and carbonized. While the soft-templating method
size distributions. See DOI: 10.1039/x0xx00000x
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can effectively access a variety of pore textures, it involves
large-scale solvent consumption and several time-consuming
steps. For example, steps of solvent evaporation and resol
crosslinking would respectively require at least a few hours.*
Additionally, the attainable pore sizes from soft-templating
methods using commercially available templating agents (e.g.
surfactant molecules) are generally restricted up to 6 nm.

An alternative method for OMC synthesis is through the
direct pyrolysis of block copolymers (BCPs). In these systems,
the ability of BCP self-assembly to establish well-ordered
nanostructures is leveraged through synthesizing precursors
which contain a majority phase that can be converted to carbon,
while the minority domains can be decomposed to form pores.
In previous works, direct pyrolysis of BCPs generally relies on
precursors which contain polyacrylonitrile (PAN) as the majority
phase of the material.’®"18 PAN undergoes a self-crosslinking
reaction simply through the application of heat which allows it
to produce a carbon matrix after exposure to high temperatures
in an inert atmosphere.’> PAN-derived precursors are
advantageous because they provide inherently nitrogen-doped
carbons  which their

applications.'®2° Through direct pyrolysis of BCP precursors, the

can enhance utility in many
resulting pore sizes are often much larger than conventional
surfactant-templated OMCs. Notably, as highlighted in several
review and perspective articles, large-pore OMCs are highly
desired for separation, sorption, loading, and transport of large
molecules such as proteins, viruses, as well as nanoparticles.?'~
23 However, one challenge in PAN-based materials is that they
typically have a limited processing window for developing
ordered nanostructures, due to the high glass transition and
while the PAN

crosslinking reaction can occur starting around 200 °C.24?> As a

melting temperatures of PAN segment,

result, it might be challenging to achieve long-range ordering in
PAN-based BCPs, as well as their derived OMCs.18

The application of thermoplastic elastomers (TPEs) as a new
type of OMC precursor through direct pyrolysis approach has
been very recently reported, providing an exciting new avenue
to synthesize OMC using low-cost and widely available
chemicals.?® Generally, TPE-based BCPs contain a polyolefin
majority phase and some high glass transition temperature (Tg)
minority components, such as polystyrene. These materials can
spontaneously form ordered nanostructures, where assembled
glassy domains physical
sulfonation-induced crosslinking reaction was employed to

can serve as crosslinkers.?” A
selectively crosslink the polyolefin majority phase of a
polystyrene-block-poly(ethylene-ran-butylene-block-

polystyrene) (SEBS) block copolymer, allowing it to be
successfully converted into a carbon matrix while the
polystyrene (and their derived sulfonated products) minority
phases can be decomposed to form pores. The OMCs fabricated
through this process can exhibit improved degree of ordering in
comparison to PAN-based precursors, pore sizes larger than 10
nm, as well as sulfur-doped carbon frameworks. While the
sulfonation-crosslinking method was generalizable to multiple
different SEBS precursors for OMC synthesis, these systems still
require at least a few hours to accomplish crosslinking. With a
vision toward scale-up and efficient energy use, it would be
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ideal to enable faster reaction kinetics through rational
precursor and/or system design. A previous work explored the
opportunity of employing SIS as porous carbon precursor,
however, the polyisoprene segment was highly reactive, and
the rigorous sulfonation reaction led to completely disordered
nanostructures after the crosslinking step.?®

In this work, we report how the design of TPE precursors and
engineering of the fabrication process can
synthesis of OMCs,
sulfonation-crosslinking reaction kinetics and improved degree
of ordering. Specifically, polystyrene-block-polybutadiene-
block-polystyrene (SBS) is used as a nanostructured precursor.

improve the

including significantly accelerated

The presence of unsaturated bonds within the polybutadiene
(PB) majority phase greatly enhances the crosslinking kinetics
(nearly an order of magnitude) in comparison to SEBS-based
precursors, enabling completed crosslinking within 20 min at
150 °C. Additionally, the impact of reaction conditions (e.g. time
and temperature) on the morphology development and
chemical of the final OMC products is
systematically investigated, allowing informed process design
for manufacturing SBS-derived OMC materials.

compositions

Experimental Section

Materials

Poly(styrene)-block-poly(butadiene)-block-poly(styrene)
(SBS; M,: 140,000 g/mol, ¢ps =0.33, b = 1.15), toluene (>99.5%)
and sulfuric acid (98%) were obtained from Sigma Aldrich. A
Millipore Sigma Milli-Q 1Q 7003 ultrapure lab water purification
system was used to obtain deionized (DI) water.

Synthesis of SBS-derived OMC

To prepare SBS-derived OMC, 1 g of SBS (pellets form,
averaged diameter of ¥4 mm) was placed in a reaction vessel
containing 3g of sulfuric acid, which was then heated at 100 °C
or 150 °C for varying amounts of time. Following sulfonation,
the crosslinked sample was removed and washed with DI water
three times to remove byproducts
Subsequently, the samples were then dried overnight at 125 °C

and residual acid.
and carbonized under a N, atmosphere at a rate of 1 °C/min to
600 °C and thereafter 5 °C/min to 800 °C using an MTI
Corporation OTF-1200x tube furnace. As a note, carbonization
process may produce various SOy gaseous products and care

should be taken to ensure that they are properly ventilated.

Characterization

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Representative chemical structure of SBS and a schematic illustration of the sulfonation process used to convert the cylinder forming BCPs to OMCs. As a
note, the chemical structure of poly(1,4-butadiene) (PB) segment is simplified, as other isomers may exist.

Chemical compositions of SBS and derived sulfonated
samples were characterized using a Frontier attenuated total
reflection Fourier transform infrared (FTIR) spectrometer
(PerkinElmer). Spectra were collected at a wavenumber range
of 4000-600 cm™* with an average of 32 scans at a resolution of
4 cm™. Mass gain was calculated by comparing the mass of the
sulfonated sample to the mass of the sample before reaction,
and gel fractions were determined by vigorously stirring the
sulfonated materials in toluene for 1 h to remove any un-
crosslinked material. The mass of the sample after extraction
with toluene was compared to the mass before extraction to
determine the gel fraction. Thermal degradation profile of
sulfonated SBS was further characterized by thermogravimetric
analysis (TGA) using a TA Instruments Discovery Series TGA 550,
which were performed under a nitrogen environment to 800 °C
at a rate of 20 °C/min. Differential scanning calorimetry (DSC)
was carried out with a TA Instruments Discovery Series DSC 250.
A heat-cool-heat cycle was used from 0 °C to 200°C with heating
rates of 10 °C/min and cooling rates of 5 °C/min. Nitrogen
physisorption isotherms of OMC samples (at 77 K) were
characterized on a Micromeritics Tristar 1l 3020. Surface areas
of oMcC samples were determined through
Brunauer-Emmett-Teller (BET) analysis and pore size
distributions (PSDs) were determined from nonlocal density
functional theory (NLDFT) models. A Zeiss Ultra 60 field-
emission scanning electron microscopy (SEM) was employed to
characterize the mesoporous structure with an accelerating
voltage of 15 kV. From these SEM images, pore size analysis was
performed using Imagel) software. Small-angle X-ray scattering
(SAXS) was performed on a Xeuss 2.0 laboratory beamline
(Xenocs Inc.) with a sample to detector distance of 3.86 m. A
copper source was used to irradiate the samples with 8.05 keV
X-rays. The Irena and Nika package in Igor Pro (Wavemetrics)
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software was used for data processing. Domain spacing, d, was
determined as d = 2m/q*, where g* is the position of the
primary ordering peak. An ESCALAB Xi* spectrometer (Thermo
Fisher) equipped with a monochromatic Al X-ray source (1486.6
eV) and a MAGCIS Ar*/Arn* gas cluster ion sputter gun was used
for X-ray photoelectron spectroscopy (XPS) characterization. A
base pressure in the analysis chamber of 3 x 107 mbar and a
takeoff angle of 90° from the surface was set for spectral
acquisition. Spectral analysis was carried out using Avantage
software from Thermo Fisher.

Results and Discussion

The sulfonation-induced crosslinking of SBS samples and
their further conversion to produce OMCs are schematically
illustrated in Figure 1. Briefly, SBS used in this work can self-
assemble into ordered cylindrical nanostructures that serve as
the starting precursor materials. The polymer crosslinking is
performed through submerging SBS pellets in concentrated
sulfuric acid for extended periods of time at elevated
temperatures. During the sulfonation process, the acid can
diffuse through and react with both polystyrene (PS) and PB
segments, forming crosslinked networks while maintaining an
ordered nanostructure. Subsequently, sulfonation-induced
crosslinking can enable the successful conversion of PB
segments to carbon upon exposure to high temperatures (>600
°C) in an inert atmosphere. This process is simple and scalable,
only involving two processing steps and using low cost,
commercially available materials.

Two different reaction temperatures are employed in this
work to investigate their impact on reaction kinetics and
tunability of the OMCs material properties. The progress of the

(:t;- * e 60 (E-) T
= .’:. ot o 3 40 min
= = 20 min
£ 404 4035 o _/MJD/\JM
3 ° o 8~ M2mn__o—
2 S s —Bsmn "
g 20- 202 £ |7 amin_ ok
= < B8 CH=CH,
04 150 °C| o %[ T, Neat =
T T T — T
0 20 40 60 4000 3000 2000 1000

Sulfonation Time (min) Wavenumber (cm‘1)

Figure 2. (A) Mass gain and gel fraction and (B) FTIR spectra of SBS reacted at 100 °C as a function of reaction time. (C) Mass gain and gel fraction and (D) FTIR spectra

of SBS reacted at 150 °C as a function of reaction time.

This journal is © The Royal Society of Chemistry 20xx
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sulfonation reaction can be monitored through studying mass
gain, gel fraction, and the evolution of functional groups in the
polymer through Fourier transform infrared (FTIR)
spectroscopy, the results of which are provided in Figure 2.
Sulfonating SBS at 100 °C results in gradual increases in both
mass gain and gel fraction which begin to plateau around 60 min
of reaction at 50 wt% and 62 wt%, respectively. In comparison,
the mass gain and gel fraction increase much more rapidly
under reaction at 150 °C, where the values begin to plateau
after 20 min indicating enhanced reaction kinetics at elevated
temperatures. These results are further supported through FTIR
spectra provided in Figure 2(B,D). Generally, the progress of the
reaction can be monitored through multiple characteristics
bands within the spectra. The alkyl stretching vibrations (3130
cm™ — 2824 cm™), which correspond to reactive sites along the
polymer backbone, diminish as the reaction occurs. Similarly,
the strong IR band at around 1013 cm™ in the spectrum of neat
sample is associated with the alkenes present within the PB
units of the polymer. These functional groups are reacted
during the crosslinking reaction and the intensity of associated
band reduces greatly after reacting at 100 °C and 150 °C for 8
min and 4 min, respectively. A band at 1009 cm™ can be found
for both reaction conditions, which is associated with the in-
plane skeletal vibrations of aromatic rings in the PS repeat units
As the reaction
progresses, a secondary band at 1030 cm™ evolves, which is

that are substituted with sulfonic acids.

representative of increased sulfonation degree of the PB
backbone. Similar to the mass gain and gel fraction results,
reaction at 150 °C results in more rapid evolution of the
structure, indicating faster kinetics.
Importantly, the SBS precursor exhibits greatly enhanced
crosslinking kinetics than SEBS used in previous work, even at

chemical reaction

significantly lower reaction temperatures. SEBS required 4 h of
reaction at 150 °C to achieve a fully crosslinked state, confirmed
by mass gain, gel fraction, and FTIR results.?® The enhanced
sulfonation-induced crosslinking reaction kinetics of the SBS
precursors can be attributed to the presence of alkenes within
their backbones. These functionalities can readily react to form
intermolecular crosslinks, as double bonds are known to be
more reactive than single bonds due to their more electron rich
nature, which can also facilitate the installation of sulfonic acid
groups along the polymer backbone. In turn, diffusion of the
concentrated sulfuric acid crosslinking agent is also greatly
encouraged resulting in a more rapid reaction. Notably,
sulfonation induced crosslinking in polyolefin systems has been
demonstrated as a diffusion-controlled reaction.?*=3! Herein, by
including unsaturated bonds in the precursor design of the
amorphous polyolefin-containing systems (Figure S1), it is found
that the required crosslinking time can be significantly reduced
from 4 h (for SEBS) to 20 min (for SBS), corresponding to nearly
8-fold enhancement in reaction kinetics.

As discussed earlier, the PS minority phase in SBS is also
sulfonated during the crosslinking reaction, which sulfonic acid
groups can be installed to the aromatic ring of the PS repeat
units.32 While sulfonation of the PS rings can lead to
intermolecular sulfone bridges, the minority PS phase does not
contribute to the formation of carbon in the final product,

4| J. Name., 2012, 00, 1-3
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which has been demonstrated in other sulfone-bridged
aromatic polymers.333% However, the sulfonation of PS could
play an important role in determining the nanostructures of the
crosslinked SBS domains, and their derived pores in the OMC
after carbonization. For sulfonation induced-
crosslinking of SEBS leads to an expanded domain spacing from

example,

25.5 nm to 38.0 nm with a reduced degree of ordering, which
can be attributed to the competition between nanostructure
rearrangement/ordering and crosslinking-induced hindered
chain mobility. Moreover, a previous work has demonstrated
that while poly(styrene)-block-poly(isoprene)-
block-poly(styrene) (SIS) can proceed vigorously,?® the intense

sulfonation

reaction can result in rapid release of gaseous byproducts and
strongly disrupt the ordered nanostructure of the BCP
precursor. Therefore, it is important to assess how the
sulfonation reaction impacts the nanostructure development of
SBS materials. Here, we found that crosslinking of SBS results in
a reduced degree of ordering of polymer nanostructure, which
(SAXS)

measurements as shown in Figure 3. Specifically, the SAXS

was confirmed by small angle x-ray scattering

results of the neat SBS polymer demonstrates ordered
structures with domain spacings of 34.2 nm and a full-width at
half-maximum (FWHM) of 0.0385 nmX. However, sulfonation at
100 °C results in a broad primary peak (FWHM: 0.0661 nm™)
which represents a domain spacing of 33.7 nm. Similarly, the
sample sulfonated at 150 °C exhibits a broad peak associated
with a slightly higher degree of ordering in the system (FWHM:
0.0619 nm™) compared to their counterparts at 100 °C, and a
domain spacing of 33.4 nm. Interestingly, sulfonation of SBS
leads to a reduced d-spacing, compared to neat sample, which
is contrary to the phenomena observed in the sulfonation of
SEBS polymers. We attribute this difference to the rapid kinetics
of the crosslinking reaction which can immediately trap the
nanostructure prior to their rearrangement toward thermo-
equilibrium states. Therefore, the PS domain expansion was
almost completely hindered. Subsequently, the network
formation from linear polymer chains can leads to a slightly
reduced domain spacing due to more densified chain packing,
as suggested by many previous studies.3>3¢ Additionally, the
crosslinking of the polyolefin domains overall results in reduced

150 °C
100 °C

*

34.2 nm

Intensity (arb. u.)

Neat

0.1 02 0.3 0.4 05 06
-1
g (nm )

Figure 3. SAXS results for neat SBS in comparison to samples sulfonated at 100
°C for 60 min and 150 °C for 20 min, respectively.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. TGA thermogram of neat SBS, SBS sulfonated at 100 °C for 60 min, and
SBS sulfonated at 150 °C for 20 min.

ordering in the BCP nanostructures, which is consistent with the
broadening of the primary peak in the SAXS patterns of the
crosslinked polymers.

The sulfonation induced-crosslinked SBS is converted to
carbon through exposure to 800 °C under a N, atmosphere.
During this process, the minority PS domains thermally
decompose to form pores due to the selective crosslinking
reaction only occurring within the polyolefin majority phase.
Additionally, the sulfonated PB matrix can be converted to
carbon upon pyrolysis; this step may result in the loss of
functional groups. Thermogravimetric analysis (TGA) was used
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Figure 5. Carbon yield as a function of sulfonation time for samples sulfonated
at (A) 100 °C and (B) 150 °C. Gray shading represents datapoints which do not
exhibit ordered pores, while the colored shading represents datapoints which
were successfully converted to OMCs.

This journal is © The Royal Society of Chemistry 20xx

to study the decomposition of the SBS precursors and their
carbon yield (Figure 4). The TGA results indicate carbon yields
of 42 wt% and 40 wt% for the samples which were sulfonated
at 100 °C for 60 min and 150 °C for 20 min respectively. This
result suggests that both sulfonation temperatures can lead to
similar carbon yield, while less reaction time is required for the
higher reaction temperature. Specifically, Figure 5 shows
carbon yield of SBS precursors as a function of crosslinking time
at both reaction temperatures, in which a steady increase can
be observed until reaching a plateau value. This plateau begins
at 60 min for the 100 °C reaction and 20 min for the 150 °C
reaction, corresponding well with times required to reach a fully
crosslinked state as shown in Figure 1. Additionally, the
necessary crosslinking reaction time leading to ordered
nanostructures, determined through nitrogen physisorption
experiments after carbonization, is illustrated in Figure 5.
Specifically, nitrogen physisorption isotherms and their
corresponding pore size distributions calculated through
nonlocal density functional theory (NLDFT) for carbonized
samples that were crosslinked at each time point are presented
in Figure S2 for 100 °C and Figure S3 for the 150 °C reaction
condition. Despite exhibiting significant carbon vyield with
shorter reaction times at 100 °C, physisorption isotherms
(Figure S2(A,C,E) of the carbonized samples indicate very low
Brunauer Emmett Teller (BET) surface areas (<40 m?/g)
indicating a lack of retention of any pore structure. This is
further evidenced by their profile of pore size distributions
(Figure S2(B,D,F) which only indicate a broad distribution of
disordered pores. However, after sufficient crosslinking times
have been achieved (>60 min), ordered mesostructures in final
carbon products can be achieved, which will be discussed
further in the following section. The samples reacted at 150 °C
exhibit a similar trend, although order is established in the
nanostructure much more rapidly. After 8 min (Figure S3(A,B),
the carbonized sample exhibits a BET surface area of 29 m?/g
with a broad pore size distribution, indicating the collapse of the
pore structure during carbonization due to insufficient
crosslinking. After 12 min of reaction (Figure S3(C,D)), the BET
surface area increases to 148 m?/g, although the pore size
distribution of carbon indicates the morphology is still largely
disordered. The onset of ordered nanostructures is first
exhibited by the carbonized sample that was crosslinked for 16
minutes at 150 °C which exhibits a uniform population of pores
with an average width of 9.1 nm and a surface area of 176 m?/g.
While this reaction time was sufficient to produce ordered pore
sizes, the surface area is reduced in comparison to samples
reacted for longer times, possibly due to local fluctuations in the
reaction progress resulting in degradation of portions of the
sample that were under-crosslinked; in Figure 5 it also shows
that this sample (crosslinked at 150 °C for 16 min) has a low
carbon yield (~ 30wt%). Samples crosslinked for longer times

J. Name., 2013, 00, 1-3 | 5

Page 6 of 10



cularSystems De

gn:& Engine

ARTICLE Journal Name
(A) B) 5 (€) (D)
o~ 2001
g 5
=5 ~
g . 3 0 B
o q £ 2
> 26.7 nm 9 100+ 2
£ g 2
5 > 50 =
= =
= c
0.1 02 0.3 04 05 0.6 02 04 06 08 1.0 5 10 15 20 25 30
q (nm'1) Relative Pressure (p/p°) Pore Width (nm)
(E) Fl
«= 4001
> q g
3
: Vs = 4 o
2 30.9 nm B 304 2
ol 2 2
2z @ 2004 5
@ >
5 2 100- =
c =
- C
T T T T 8 ] T § 0- T  ; T T T T T T T T T
0.1 0.2 0.3 04 0.5 0.6 0.2 04 06 08 1.0 5 10 15 20 25 30

g(m’)

Relative Pressure (p/p°)

Pore Width (nm)

Figure 6. (A) SAXS pattern, (B) nitrogen physisorption isotherm, (C) NLDFT calculated pore size distribution, and (D) SEM image of the SBS100. (E) SAXS pattern, (F)
nitrogen physisorption isotherm, (G) NLDFT calculated pore size distribution and (H) SEM image of the SBS150.

will be discussed in the following section. Overall, it was found
that 60 min and 20 min are optimal conditions for sulfonation
reaction at 100 °C and 150 °C, respectively. These reaction times
enable the production of OMCs with maximum carbon yields
and ordered structures, while longer reaction times only
produce materials with similar carbon vyield and pore
characteristics (100 °C: Figure S2(E,F); 150 °C: Figure S3(E,F).
These conditions were employed for further study, and samples
will be referred to as SBS100 and SBS150 throughout the
remainder of the discussion, which 100 and 150 represented
their crosslinking temperature.

The structure of the SBS-derived OMCs after carbonization
were studied through a suite of characterization
measurements, including SAXS, physisorption, and SEM, which
are all shown in Figure 6. Figure 6(A,E) depict SAXS patterns of
the carbonized samples which were crosslinked at 100 °C and
150 °C, respectively. OMC100 has limited degree of ordering in
its nanostructure, evidenced by a broad, primary scattering
peak, with a domain spacing of 26.7 nm. In comparison, the 150
°C crosslinking temperature resulted in materials that were
more ordered with larger domain spacings (30.9 nm). These
domain spacings represent a shrinkage from the crosslinked to
carbonized state of 20% (100 °C sulfonation) and 7% (150 °C
sulfonation). Furthermore, SBS150 sample exhibits long-range
ordering which is evidenced by the presence of a secondary
peak that is a convolution of two peaks at g*:v/3 and gq*:v4
which may suggest a cylindrical morphology, although it is not
well-defined. Note that the sharper primary ordering peaks
developed in carbonized samples, compared to sulfonated
counterparts, is most likely associated with improved X-ray
scattering contrast between carbon and air (i.e. pores) in OMCs.
After crosslinking, the ordering of nanostructures should not be
further developed. The increased shrinkage and disorder in the
lower reaction temperature is potentially caused by a slightly

6 | J. Name., 2012, 00, 1-3

reduced degree of crosslinking, which is further evidenced
through characterizing the pore textures of these materials.
Specifically, nitrogen physisorption experiments were
employed to investigate the surface area, porosity, and pore
size distributions (PSDs) of the SBS-derived OMCs synthesized
with reaction temperatures of 100°C and 150 °C, respectively.
Both samples exhibit a typical Type IV isotherm representative
of mesoporous materials (Figure 6(B,F), which were further
analyzed to understand the pore characteristics of the
materials. The BET surface areas of SBS100 and SBS150 were
176 m?/g and 373 m?/g, respectively. The reduced surface area
of the SBS100 sample is potentially due to a higher degree of
loss in ordering upon carbonization. Notably, SBS150 has a
comparable surface area to SEBS-derived OMCs demonstrated
previously and is also close to some PAN-derived mesoporous
carbon systems. For instance, Liu et al. used poly(methyl
methacrylate-block-polyacrylonitrile  block copolymers to
fabricate mesoporous carbon fibers through the decomposition
of minority poly(methyl methacrylate) phases. The resulting
surface area was as high as 503 m?/g with pore size distributions
averaged around 9.3 nm.!® NLDFT models were used to
determine the PSD of the SBS derived-OMCs (Figure 5(C,G)).
Both materials exhibited a very similar averaged pore size of 9.1
nm and 9.5 nm for SBS100 and SBS150, respectively. Despite the
difference in the SAXS patterns of the carbonized materials
from employing different crosslinking conditions, their pore size
distribution profiles are similar. This suggests that the lower
degree of crosslinking in SBS100 results in contraction of the
majority phases during carbonization, eventually leading to
thinner pore walls than the SBS150 sample. It is also worth
noting that SBS100 demonstrates a shoulder at smaller pore
sizes indicating a loss of ordering, which could very likely occur
during the carbonization process. Moreover, the SBS150 sample

demonstrates a much narrower pore size distribution,
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consistent with their SAXS pattern in Figure 6(E), indicating the
enhanced degree of ordering, which may be due to the
improved structural integrity during the carbonization step.
Notably, these samples were carbonized with a ramp rate of 1
°C/min, which resulted in the preservation of the nanostructure
of the porous material. Figure S4 depicts the effects of increased
carbonization ramp rates (3 °C/min and 10 °C/min) on the pore
texture of the carbons. The physisorption measurements
indicate a nearly complete collapse of the porous structures
evidenced by very low surface areas (8 m?/g and 19 m?/g,
respectively) which could be a result of the more rapid
conversion from polymer to carbons, significantly disrupting the
nanostructure and suggesting mechanical integrity of
crosslinked polyolefin framework is limited. Furthermore, broad
pore size distributions suggest remaining mesopores are largely
disordered. SBS-derived carbons fabricated through optimized
conditions exhibit pores that are much larger than conventional
soft-templated OMCs using common Pluronic surfactants,
which are typically 3-6 nm in pore width.1337:38 Expanded pore
size in OMC materials can be advantageous for applications
large-size guest molecules transport and
sorption.'*223% Furthermore, scanning electron microscopy
(SEM) images (Figure 6 (D,H)) confirm the presence of
mesopores in both SBS100 and SBS150 generated from the
decomposition of the PS minority phase. Image analysis was

which involve

performed using ImageJ software to provide further support of
the pore sizes fabricated through this process. From the SEM
image of SBS100, the average pore size was 10.4 £ 2.5 nm, while
SBS150 exhibited an average pore size of 10.0 £+ 1.9 nm. The
average pore sizes, as well as the long-range ordering in SBS150
sample from SEM imaging are in good agreement with results
from nitrogen physisorption and SAXS experiments.

Moreover, an important feature of the sulfonation-induced
crosslinking reaction for enabling the SBS-to-OMC conversion is
the incorporation of sulfur heteroatoms into the carbon
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Figure 7. (A,B) XPS survey scans for SBS100 and SBS 150, respectively. (C,D)
Corresponding high resolution S2p scans of SBS100 and SBS150, respectively.
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framework. The presence of heteroatoms including nitrogen,
phosphorus, boron, and sulfur have been demonstrated to
greatly enhance the properties of carbon materials®4%4!, In
turn, OMC doping amplifies their performance and utility in a
number of applications including materials for energy
storage,*?*® catalysis,*** and CO, capture.*®*” For example,
sulfur-doping can enhance the OMC performance for oxygen
reduction reactions through the addition of positively charged
sites into the carbon matrix which can favorably interact with
0, molecules.*®*? X-ray photoelectron spectroscopy (XPS)
results confirms the successful incorporation of sulfur
heteroatoms into the carbon framework of the SBS-derived
OMCs. Specifically, XPS survey scans in Figure 7(A,B) depict
sulfur contents of 0.6 at% and 1.4 at% for SBS100 and SBS150
samples, respectively, which are in a similar range compared to
SEBS-derived OMCs,?® as well as other functional carbon
materials derived from semi-crystalline polyolefin precursors,
including polypropylene and polyethylene.*%>! The level of
sulfur content at 1.4 at% is close to other reports of synthesizing
sulfur-doped OMCs through the use of dopants, such as benzyl
disulfide,>? thiophenol,>3 sulfur powders.5*> Gratifyingly, our
systems does not require an additional step of dopant
impregnation for incorporation of sulfur heteroatoms in OMC
framework. Furthermore, high resolution S2p scans in Figure
7(b) the presence of two different bonding
environments of sulfur heteroatoms in carbon frameworks, and

indicate

interestingly, their relative content can be varied by controlling
the crosslinking temperature of SBS. Specifically, SBS150
contains a larger ratio of the C-S-O bonds (77 at%) than SBS100
(38 at%). This demonstrates that the reaction condition of
sulfonation-induced crosslinking provides additional handles
for tuning the material properties for desired applications. For
instance, many works have demonstrated that the sulfur doping
in the carbon materials can enhance their CO, adsorption
capacity, and the bonding environment of the heteroatom in
the carbon matrix plays a critical role.>®=>8 Specifically, C-S-O
bonds in sulfur doped carbons provide active sites for the
adsorption of CO; by tuning the electronic properties of the
carbon surface to target the partially positive carbon atom in
the CO, molecule. The larger populations of the C-S-O bonding
environments can result in enhanced CO, adsorption capacities.
Collectively, SBS 150 exhibits some important advantages over
SBS 100, including improved degree of ordering, more rapid
reaction kinetics, and higher sulfur heteroatom content with a
dominating C-S-O bond type. This work demonstrates that SBS
is a low-cost and efficient OMC precursor for preparing large-
pore, sulfur-doped due to its fast sulfonation-crosslinking
kinetics in concentrated sulfuric acid, while the reaction
condition can play a role in determining both the degree of
ordering as well as heteroatom content and type in final OMC
products.

Conclusions

Sulfonation-induced crosslinking of polyolefins has been
developed for the fabrication of functional carbon materials,
which previous efforts were largely focused on carbon fiber
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production and waste recycling. In this work, an efficient system
for synthesizing OMCs is developed using SBS as the precursor,
combined with a two-step process including sulfonation-
induced crosslinking and directly pyrolysis. The introduction of
unsaturated bonds in precursor backbones enables significantly
accelerated crosslinking kinetics, which can be accomplished
within 20 min at 150 °C using concentrated sulfuric acid for
maximum carbon yield (~ 40 wt%) and relatively high degree of
ordering. Resulting OMC materials exhibit ordered mesopores
with an averaged pore width of 9-10 nm, which is confirmed by
SEM and SAXS measurements. Compared to previous systems,
the precursor design in this work enables efficient synthesis of
OMCs, which employ low-cost and widely available chemicals,
and greatly reduces the processing time and potential energy
consumption without sacrificing carbon vyield or material
properties, such as ordered porous structures. Additionally,
changing the fabrication process can selectively alter the doping
degree and bonding environments of sulfur heteroatoms within
the carbon products, allowing their further tunable
functionality toward addressing different targeted applications.
Overall, this work presents an efficient and scalable synthesis of
OMCs with controllable material properties through precursor
and process design.
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