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Harnessing the power of thermoplastic elastomer-derived
ordered mesoporous carbons through functionalization

Mark Robertson’, Andrew Barbour?, Anthony Griffin', Jeffrey Aguinaga’, Derek Patton?, Yizhi Xiang?,
Zhe Qiang™*

Ordered mesoporous carbons (OMCs) have shown great promise in a variety of applications, including adsorption, energy
storage, and catalysis. To elevate their performance further, it is important to introduce additional functionalities into their
composition and surface chemistry, as well as to enhance their pore surface area. Recently, a simple method for OMC
synthesis is established through leveraging commodity thermoplastic elastomers (TPEs) as precursors. In this system, a
sulfonation-induced crosslinking reaction is employed to selectively crosslink the olefinic majority phase of TPEs, enabling
its conversion to carbon upon pyrolysis, while decomposing the styrenic minority phase to develop mesopores. Building on
this platform approach, this works demonstrates multiple functionalization pathways to modulate pore texture and chemical
composition of TPE-derived OMCs, which can allow their further and enhanced use in a variety of applications. This work
first shows that chemical activation can significantly enhance the surface area of TPE-derived OMCs, increasing from 485
m?/g to approximately 1250 m?2/g. Furthermore, the introduction of dopants into crosslinked TPEs facilitates the
incorporation of heteroatoms, such as boron, nitrogen, sulfur, and phosphorus into the carbon framework during
carbonization. The hydrophilic nature of the crosslinked polymer also enables the incorporation of water-soluble metal
nitrates, which can then form metal nanoparticles within the carbon framework upon carbonization. Collectively, this work
demonstrates simple and scalable methods to improve the capabilities of TPE-derived OMCs via functionalization, including

chemical activation to increase surface area, heteroatom doping, and introducing nanoparticles into the carbon framework.

Introduction

Nanoporous carbons are ubiquitous for various applications,
such as water remediation,’? catalysis,> biomedicine,®” and energy
storage.®=19 Their porous nature can allow the sorption, storage, and
transport of guest molecules, while the carbon framework provides
advantages of chemical inertness and performance stability. While
activated carbons have been broadly used in large-scale, commercial
applications due to their high surface area, their small and
disordered pores (pore size < 2 nm) may limit the ability to address
relatively large-sized guest molecules, such as proteins and per-
/polyfluoroalkyl substances (PFAS).1%12 Alternatively, ordered
mesoporous carbons (OMCs), containing uniform pores with sizes
ranging from 2 to 50 nm, can promote mass transport and diffusion
of various species into the carbon matrix, while maintaining
relatively high surface areas,’3-'° leading to enhanced performance
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in many applications compared to their microporous counterparts.
Conventionally, OMCs can be prepared by a soft-templating
method or direct pyrolysis of block copolymer precursors; both
approaches involve a self-assembly process, followed by crosslinking
and carbonization steps.816-1° To further enhance the utility and
performance of OMCs, many research efforts have been focused on
developing functionalization methods, which can alter the physical
or chemical characteristics of OMCs, such as pore texture, surface
functionality, as well as material composition.2°-22 For instance, a
common method for increasing surface area of OMCs is through
chemical activation, which can partially etch out the carbon matrix
to form micropores. Chemical agents that have been used for carbon
activation include potassium hydroxide (KOH), steam, CO,, and
inorganic salts.23 Lv et al. demonstrated that activation of soft-
templated OMCs can greatly enhance their performance in
supercapacitors by elevating the OMC surface area from 660 m?/g to
1410 m?/g.?* Additionally, heteroatoms (including nitrogen, sulfur,
boron, and phosphorus) can be incorporated into the carbon
framework of OMCs through various methods, including using
heteroatom-containing carbon precursors, co-assembly of dopants
with carbon precursors, and in-situ incorporation of heteroatoms
during the formation of the carbonaceous species.?>?¢ The
introduction of heteroatoms leads to altered functionality of pore
surface, potentially allowing more favored interactions between the
carbon matrix and specific molecules of interest to increase OMC
utility.?728 As an example, Liu et al. synthesized boron-doped OMCs
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through a hard-templating method by mixing boric acid with
sucrose.?® After carbonization, approximately 1 at% of boron was
incorporated into the carbon material, resulting in a ~40% increase
in maximum adsorption capacity of Pb(lIl) ions of the OMCs.
Moreover, the incorporation of metal nanoparticles into OMCs
can also lead to enhanced performance for water remediation and
energy storage.3%32 This can be accomplished through various
methods, including but not limited to, anchoring nanoparticles into
carbon framework, as well as the cooperative self-assembly of
polymeric templates, carbon precursors, and metal nanoparticle
precursors.3334 Kou et al. synthesized nitrogen-doped, hierarchically
porous carbons using silica colloidal crystals as a macroporous
scaffold and poly(ethylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide) (PEO-b-PPO-b-PEO) as a template for
developing mesopores, with the inclusion of dicyandiamide and
nickel nitrate hexahydrate as nitrogen dopants and metal
nanoparticle precursors, respectively.3> From the incorporation of
nickel nanoparticles through this method, the Faradaic efficiency of
the OMCs increases by up to 70% in electrocatalytic reduction of CO,
in comparison to the analogous with the absence of metal species.
precedents, it is apparent that
functionalization processes can enable the improved performance of

From these literature
OMCs to address various application needs. However, the synthesis
of functionalized OMCs can often be intricate, involving multiple
steps, and/or expensive chemical agents. There is a need to develop
simple and scalable approaches for unlocking the transformative
potential of OMCs, particularly for practical applications that require
large-scale production.

Recent works have demonstrated a cost-effective strategy for
fabricating OMCs using styrenic thermoplastic elastomers (TPE) as
precursors, in conjunction with sulfonation-induced crosslinking
chemistry.36-38 Specifically, the sulfonation-induced crosslinking
reaction selectively crosslinks the polyolefin majority phase of
triblock copolymer TPEs, enabling them to become efficient carbon
precursors. Upon pyrolysis, the minority PS phase that does not
undergo crosslinking is thermally decomposed while the crosslinked
olefinic majority phase is converted to carbon, resulting in the
formation of OMC. While these works demonstrate the fundamental
processes of OMC synthesis with key advantages of low cost and
simple process, they primarily focused on precursor design and
process optimization; expanding the material and system design
space to enhance their functionalities has not been explored.
Addressing this technology gap in TPE-derived OMCs can provide an
efficient pathway for further broadening their applications with
improved performance across energy storage, water remediation,
heterogenous catalysis, among many others.

Here, this work demonstrates a versatile platform for
functionalizing TPE-derived OMCs, enabling their enhanced surface
areas, the incorporation nanoparticles
heteroatoms into the carbon frameworks. Specifically, after the

and of metal and

sulfonation-induced crosslinking step, the precursor becomes
hydrophilic due to the installation of sulfonic acid functional groups
on the polymer backbone. This hydrophilicity nature is leveraged to
into the crosslinked

introduce water-soluble metal nitrates
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polymers, which allows the formation of nanoparticles during the
pyrolysis step. Additionally, the crosslinked material can be blended
with various dopants for doping OMC framework. During the
pyrolysis step, heteroatoms can be incorporated into the carbon
framework in situ. Moreover, TPE-derived OMCs can be chemically
activated through exposure to KOH at 700 °C, leading to elevated
surface areas.

Experimental

Materials

Polystyrene-block-poly(ethylene-ran-butylene)-block-
polystyrene (SEBS) (M, - 66,000 g/mol, ® = 1.08, @ps - 0.18),
calcium nitrate tetrahydrate (>99.0%), boric anhydride
(99.98%), melamine (99%), and ammonium dihydrogen
phosphate (99.999%) were purchased from Sigma Aldrich.
Copper nitrate hemipentahydrate (98%) and sodium hydroxide
(97%) were purchased from Fisher Scientific, dibenzyl disulfide
was obtained from TCl Chemicals, and both nickel nitrate
hexahydrate (98%) and potassium hydroxide (97.0%) were
purchased from Alfa Aesar. All compounds were used as
received without further purification. Deionized (DI) water was
obtained by passing tap water through a Millipore Mill-Q Type
1 filtration system.

Sulfonation-induced crosslinking SEBS and carbonization

In a typical crosslinking reaction, 300 mg of SEBS and 3 g of
sulfuric acid were introduced into a 100 mL round bottom flask
with a stir bar. The flask was placed into a bath of thermal beads
that was preheated to 150 °C and the flask was heated for 4 h.
After reaction, the polymer was removed from the acid by
passing the mixture through a glass fritted funnel. To remove
residual acid, the polymer was washed with 200 mL of DI water
at least 3 times, and then dried under vacuum at 40 °C for 12 h
before further use. The dried, crosslinked SEBS material was
pyrolyzed at 800 °C in a tube furnace (MTI Corporation, OTF-
1200x) under nitrogen atmosphere using the following heating
schedule: The sample was heated from room temperature to
600 °C at a ramp rate of 1 °C/min and then to 800 °C at a ramp
rate of 5 °C/min.

Activation of OMCs

Chemical activation was carried out by first physically
blending OMCs with potassium hydroxide (KOH) at various KOH
: OMC mass ratios, including 1:1, 1:2, 1:3, and 1:4. This process
was carried out by simply grinding the two materials using a
mortar and pestle until a homogeneous mixture was formed.
The mixture was then placed into a tube furnace and heated to
700 °C at a ramp rate of 10 °C/min and held at 700 °C for 3 h for
the activation to take place. After cooling, the mixture was
washed 3 times with DI water to remove any residual
byproducts from the reaction and separated from the aqueous
solution through centrifugation. The resulting material was

This journal is © The Royal Society of Chemistry 20xx
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dried under vacuum at 40°C for 12 h prior to characterization
and further use.

Synthesis of heteroatom-doped OMCs

To dope heteroatoms into the OMC s, the sulfonated SEBS
precursor was physically blended with boric anhydride (boron
dopant), melamine (nitrogen dopant), ammonium dihydrogen
phosphate (phosphorus dopant), or dibenzyl disulfide (sulfur
dopant) at 1:1 mass ratio, respectively. The blending step was
also carried out through grinding the mixtures with a mortar
and pestle until a homogeneous mixture was formed. The
mixture was then carbonized using the same procedure for
converting crosslinked SEBS into doped-OMCs. After
carbonization, the mixture was washed with 6 M NaOH solution
for 72 h, where the solution was refreshed every 24 h, to
remove any residual byproducts from the doping reactions. The
doped OMCs were then washed with DI water to remove
residual NaOH and separated from the liquid phase through
centrifugation. Finally, the samples were dried under vacuum at
40 °Cfor 12 h.

Incorporation of metal nanoparticles into SEBS-derived OMCs

Metal nitrate solutions were prepared by dissolving
different metal nitrates (including calcium nitrate tetrahydrate,
copper nitrate hemipentahydrate, and nickel nitrate
hexahydrate) in DI water, at concentrations ranging from 0.1
wt.% to 1 wt.%. Metal nitrates were then introduced into the
crosslinked SEBS precursor by soaking 100 mg of SEBS in 10 mL
of metal nitrate solution for 24 h. The precursor was then
removed from the solution and dried under vacuum. After
drying, the metal nitrate containing SEBS precursor was heated
to 800 °C in a tube furnace under a nitrogen atmosphere. The
carbonization procedure used is described as follows: the
samples were heated from room temperature to 600 °C by
increasing temperature at a rate of 1 °C/min, followed by
increasing the temperature to 800 °C at a rate of 5 °C/min. After
reaching 800 °C, the samples were held at this temperature for
3 h before allowing them to ambiently cool down to room
temperature.

Characterization

Fourier transform infrared (FTIR) spectroscopy was
performed using 32 scans at a resolution of 1 cm with a Nicolet
6700 spectrometer from Thermo Fisher. Water contact angle
measurements were taken using a goniometer from Ramé-hart
Instrument Co. 10 plL droplets were used and the resulting
images were analyzed with DROPimage software. A Zeiss Ultra
60 field-emission scanning electron microscope (SEM) was used
to record high resolution images of the OMC pore texture by
employing an accelerating voltage of 17 kV. Nitrogen
physisorption experiments were carried out using a Tristar Il
from Micromeritics. The Brunauer-Emmett-Teller (BET) method
was used to calculate the surface area, and the pore size
distribution was determined from the adsorption branch of the
physisorption isotherms using non-local density functional

This journal is © The Royal Society of Chemistry 20xx
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theory (NLDFT). Small angle x-ray scattering (SAXS) experiments
were performed at the National Synchrotron Light Source Il
within Brookhaven National Laboratory. The experiments were
performed at beamline 11-BM with a sample-to-detector
distance of 5.05 m and an X-ray energy of 12 keV. The 2-
dimensional scattering patterns were reduced into 1-
dimensional results using packages developed in-house at the
beamline of 11-BM. All domain spacings were calculated using
the equation of d = 2r/q. An ESCALAB Xi+ spectrometer from
Thermo Fisher was used to perform X-ray photoelectron
spectroscopy experiments. The spectrometer was equipped
with a monochromatic Al Ka X-ray source (1486.6 eV, 400 pm
spot size). Spectra were obtained using the standard magnetic
lens mode and charge compensation at a base pressure of
3 x 1077 mbar with a take of angle of 90°. Additionally, all high-
resolution XPS scans were fitted using Avantage software from
Thermo Fisher. Transmission electron microscopy (TEM) images
were captured using a 2100TEM from JEOL operating at 200 kV.
X-ray diffraction (XRD) experiments were performed using a
Rigaku Ultim Il XRD system with Cu Ka radiation at a 26 range
of 10° — 80° with a wavelength of 1.54 A.

Results and Discussion

Converting  thermoplastic  elastomers (TPEs) to
functionalized OMCs begins with the first step of sulfonation-
induced crosslinking. Initially, a polystyrene-block-
poly(ethylene-ran-butylene)-block-polystyrene (SEBS)
precursor is reacted in concentrated sulfuric acid at 150 °C for 4
h in the solid state. As shown in Figure 1(A), this reaction
selectively crosslinks the polyolefin majority phase, while
polystyrene (PS) in the minority phase undergoes sulfonation
without any evidence of crosslinking. Specifically, sulfonic acid
groups are first introduced to the olefinic poly(ethylene-ran-
butylene) (PEB) backbone, which can then dissociate to form
double bonds.3-*! Through further reactions, the double bonds
can undergo radical initiation and form intermolecular
crosslinks with other polymer chains. The sulfonation of PS at
early stages of the reaction, followed by the sulfonation of the
olefinic majority phase, result in a significantly swelled
nanostructure. As crosslinking in the majority phase becomes
more significant, the matrix begins to densify, and the polymer
domains decrease slightly in size, as described in Scheme S$1.38
We note that upon crosslinking, the degree of ordering of SEBS
may be reduced, while the domain spacing expands from 21.0
to 40.2 nm. This is confirmed by the broadening of the primary
scattering peak and a shift in peak position toward lower g
values, as depicted by small angle X-ray scattering (SAXS)
patterns in Figure S1. Fourier transform infrared (FTIR)
spectroscopy results shown in Figure 1(B) confirm the progress
of the SEBS sulfonation reaction. First, intensity of bands
between 2920 cm™ and 2850 cm™ were significantly reduced
after crosslinking, indicating the consumption of alkyl
hydrogens along the PEB backbone. Additionally, the
appearance of alkene stretching vibrations at 1601 cm indicate
the formation of double bonds, and bands at 1030 cm™ and
1010 cm™ represent the addition of the sulfonic acid groups

J. Name., 2013, 00, 1-3 | 3
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Figure 1. (A) Mechanisms of two distinct reactions that occur in the PEB majority phase
and PS minority phase of the SEBS precursor during the sulfonation-induced crosslinking.
(B) FTIR spectroscopy results before and after sulfonation, indicating the consumption of
the alkyl stretching vibrations between 2920 cm™ — 2850 cm, as well as the addition of
double bonds (1601 cm) and sulfonic acids (1030 cm™, 1010 cm-). (C) Water contact
angle measurements of the SEBS precursor before and after sulfonation-induced
crosslinking.

along the PEB backbone and PS repeat unit, respectively. With
the addition of these sulfonic acid groups, the crosslinked SEBS
precursor becomes very hydrophilic, as indicated by water
contact angle measurements (Figure 1(C)). A water contact
angle of 91 £ 2° is observed in the neat SEBS polymer, while the
sulfonated SEBS can be completely wetted by the water droplet
due to the significantly increased hydrophilicity, which is
common in sulfonated polymer systems.*?

A generalized scheme for preparing functionalized OMCs
from the crosslinked SEBS precursors is presented in Figure 2,

Journal Name

including three distinct pathways for micropore activation,
heteroatom doping, and the incorporation of metal
nanoparticles, respectively. After crosslinking, the SEBS
precursor can be pyrolyzed at 800 °C in an inert atmosphere,
leading to the formation of OMC. The resulting OMCs can be
chemically activated using potassium hydroxide (KOH) at 700 °C
under nitrogen, which reacts and partially etches the carbon
framework to form micropores, resulting in an enhanced
surface area; this method is similar to previous reports of post-
activation of OMCs prepared from a soft-templating
method.?*43 Additionally, the crosslinked SEBS precursor can be
employed to impart additional chemical functionality into the
final carbon products. Specifically, the crosslinked precursor
can be physically blended with various heteroatom dopants
prior to carbonization, resulting in the integration of
heteroatoms (such as boron, nitrogen, phosphorus, and sulfur)
into the carbon framework. The presence of these heteroatoms
in the carbonized product provides an opportunity to alter the
affinity between guest molecules and pore surfaces, thus
potentially enhancing their performance in many applications
such as CO, capture and energy storage.***¢ Additionally, the
hydrophilic nature of the crosslinked SEBS can be leveraged to
introduce water-soluble metal nitrates into the nanostructured
OMC precursor, leading to the formation of nanoparticle-
containing OMCs directly from pyrolysis of crosslinked
sulfonated SEBS.

Activation

Many applications of nanoporous carbons require a high
surface area to maximize interactions between guest molecules
and the carbon matrix.#’” For example, Gadipelli et al.
demonstrated the synthesis of high surface area microporous
carbon using pinecones as biomass precursors, which leads to
tunable surface areas upon varying the processing conditions.*8
These carbon materials exhibited improved sorption
performance of CO,, H,, and water molecules with higher
surface areas due to the increased availability of active

Carbonization
—_—h

Activation

Carbonization

Heteroatom dopant
9D =B,NPRS

e ——

Figure 2. Schematic illustration of TPEs acting as a platform precursor for the versatile functionalization of OMCs. High surface area, heteroatom-doped, or metal nanoparticle

loaded OMCs can be synthesized through employing various techniques.
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Figure 3. (A) Effect of increased amount of KOH during activation on the BET surface area and NLDFT pore size distribution of the activated OMCs. (B) SAXS results of the activated
OMCs before and after activation with varying KOH : carbon mass ratios. SEM images of TPE-derived OMCs after activation with KOH : carbon mass ratios of (C) 1:1, (D) 2:1, (E) 3:1,

and (F) 4:1.

adsorption sites. In general, activation of carbon requires
etching the framework to encourage the formation of
micropores, which, in turn, can lead to increased surface area
of the material and promote sorption. In our work, activation
was accomplished through physically blending the SEBS-derived
OMCs with KOH at varied ratios, followed by a high temperature
calcination treatment at 700 °C in a nitrogen atmosphere.*®
Nitrogen physisorption measurements were performed to
quantify the change in pore characteristics before and after the
activation process. Specifically, the changes in Brunauer-
Emmett-Teller (BET) surface area and average pore size
determined through non-local density functional theory
(NLDFT) from the adsorption isotherms are presented in Figure
3(A). The sorption isotherm, pore size distribution, and scanning
electron microscopy (SEM) image of the OMC prior to activation
can be found in Figure S2, while the physisorption isotherms
and pore size distributions after different activation treatment
are included in Figure S3 and Figure S4, respectively. The initial
OMC prior to activation has a surface area of 485 m?/g and an
averaged pore size of 12.9 nm. After activation reaction with
KOH at mass ratios of 1:1, 2:1, 3:1, and 4:1 (KOH : carbon), the
pore characteristics of the derived OMC change significantly. At
a 1:1 ratio, the surface area increases to 645 m2/g and the pore
size slightly decreases to 11.4 nm, which is likely a result of pore
shrinkage from the extended exposure to high temperatures
leading to reduced pore size. Increasing the amount of KOH for
activation reaction results in increased surface areas, where at
a mass ratio of 4:1 the activated sample exhibits a surface area
of 1260 m?/g, which is more than double the surface area of the
control system. Additionally, increasing the KOH : carbon ratio
from 1:1 to 2:1, 3:1, and 4:1 results in pore sizes which are
similar to the control This
observation can be rationalized by considering the effects of the

sample prior to activation.

etching process on the pore structure itself. While the high

This journal is © The Royal Society of Chemistry 20xx

temperatures required by the activation process can result in
decreased pore size due to shrinkage of the carbon framework
(as demonstrated by the sample activated at a 1:1 mass ratio),
the increased amount of framework etching through activation
effectively increases the pore size through etching away
portions of the pore wall. Similar results have been previously
observed in soft-templated OMC systems with an initial surface
area of 660 m?%/g, which was increased to 1410 m?/g after KOH
activation. The change in pore sizes upon KOH activation were
dictated by competition between the shrinkage of the carbon
framework and etching the walls of the mesopores.2*

Figure 3(B) depicts SAXS patterns of the materials before
and after KOH activation. The presence of the primary
scattering peak indicates that ordered porous structures is
retained upon the activation process. A similar trend to the
variations in pore size is observed for the domain spacing with
altered KOH to OMC ratio. Initially, the domain spacing
decreases to 25.5 nm after activation at a 1:1 KOH to carbon
mass ratio, compared to 28.4 nm in the pristine OMC sample.
With higher amounts of KOH present during activation, the
domain spacings increase to ~ 27.8 nm, which is similar to the
non-activated, control OMC samples. The increase in pore size
with reduced domain spacing in these activated samples
indicates that the activation step can expand mesopores while
shrinking the thickness of carbon walls. Additionally, the
etching reaction of the carbon matrix leads to increased full
width at half maxima (FWHM) of the primary scattering peak
with higher KOH content during activation. Specifically, the
FWHM increases from 0.09 nm in the control sample prior to
activation to 0.11 nmin the sample that was activated with a
4:1 ratio of KOH : carbon. This result indicates that the
activation process can lead to a slight loss in the degree of
ordering of the OMCs. Additionally, we note that the enhanced
surface area in OMCs from an activation process can be useful

J. Name., 2013, 00, 1-3 | 5
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for many different applications, such as energy storage and
water remediation. Moreover, as shown in Figure 3(C-F), SEM
images confirm that the ordered nanostructures of the porous
materials can be retained after activation, further supporting
results from nitrogen physisorption isotherms and SAXS
measurements. The averaged pore size determined from these
SEM images were 10.8 £ 2.3 nm, 12.4+ 2.5 nm, 11.7 £ 2.0 nm,
and 13.1 + 1.7 nm for samples activated at KOH to OMC ratios
of 1:1, 2:1, 3:1, and 4:1, respectively.

Additionally, the activation process can also alter the
surface functionality of the carbon materials through the
addition of various oxygen containing functionalities. XPS
spectroscopy was employed to investigate the effect of
activation on the chemical composition of the SEBS-derived
OMCs. The survey scan of the OMC prior to functionalization
and the results for the samples activated with KOH at various
carbon to KOH mass ratios are found in Figure S5 and Figure S6,
respectively. The sulfonation-induced crosslinking process
inherently dopes the SEBS-derived OMCs with ~2.9 at% oxygen
and ~0.3 at% sulfur prior to functionalization. After activating
the samples with a mass ratio of 1:1 KOH to carbon, the oxygen
content increases significantly to 11.6 at% while maintaining a
sulfur content of 0.2 at%. The oxygen content increases with
increasing KOH to carbon mass ratio, which reached an oxygen
content of 19.3 at% after a 4:1 mass ratio of KOH : OMC. It is
also noted that the activation process results in small amounts
(< 2 at%) of potassium which could be a result of adsorbed ions
or various potassium containing surface functionalities. The
increase in oxygen containing functionalities with large mass
ratios of KOH to carbon has been observed in many different
carbon systems and has been demonstrated to improve their
utility for applications like supercapacitors.>0:>1

Heteroatom Doping

The incorporation of heteroatoms into OMCs has been
improve their
performance in different applications, such as energy storage or

demonstrated as an effective method to

molecular separations, through tuning interactions between
the carbon matrix and guest molecules. This can be
accomplished through pyrolysis of heteroatom-containing OMC
precursors, or the inclusion of heteroatom dopants during the
carbonization process.>253 A previous work reported a universal
strategy to dope a soft-templated OMC-silica composite system
through a melt-diffusion approach, involving physical blending
of dopants and porous polymer precursors and a subsequent
step of carbonization.>® In our process of preparing SEBS-
derived OMCs, crosslinking
chemistry leads to incorporation of sulfur heteroatom into the

use of sulfonation-induced
precursors, which can be retained upon pyrolysis and lead to
the formation of sulfur-doped OMCs.>>°¢ Here, to further
enhance the utility of these OMCs while expanding accessible
framework chemistry to include different heteroatoms, we
show that doping SEBS-derived OMCs can be accomplished by
pyrolysis of crosslinked SEBS blended with the presence of
heteroatom dopants of varying chemical identity. This method
can lead to tailored chemical functionality of the carbon matrix,
while it is distinct from the previous report which infiltrated
doping agents into a porous polymer framework.>* Here we
note that we first attempted infiltrating dopants into the porous
SEBS, which was prepared through thermal degradation of PS
minority domains at 400 °C and subsequent infiltration of the
dopants through physical blending and calcination. However,
this resulted in very minimal doping levels and a complete loss
of ordered structures indicated by the absence of hysteresis in
the nitrogen physisorption isotherm (Figure S7).

Boric anhydride, melamine, ammonium dihydrogen
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Figure 4. XPS survey scans for (A) boron, (B) nitrogen, (C) phosphorus, and (D) sulfur doped OMCs. High resolutions scans depicting the bonding environments of (E) boron, (F)

nitrogen, (G) phosphorus, and (H) sulfur heteroatoms.
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phosphate, and dibenzyl disulfide were employed as the
dopants for boron, nitrogen, phosphorus, and sulfur
heteroatoms, respectively. The blends, including crosslinked
SEBS and dopant at a mass ratio of 1 : 1, were then carbonized
at 800 °C to form heteroatom-doped OMC products. XPS survey
scans (Figure 4(A-D) depict the efficacy of this doping method,
as well as the bonding environments of the individual
heteroatoms. Physically blending crosslinked SEBS with the
heteroatom dopants at a 1:1 mass ratio results in the
incorporation of 0.7 at%, 3.3 at%, 7.0 at% and 3.5 at% for boron,
nitrogen, phosphorus, and sulfur, respectively. As previously
discussed, the sulfonation-induced crosslinking process
inherently dopes the carbon framework and therefore up to 1
at% sulfur is present in all samples, except for the OMC doped
with dibenzyl disulfide which contains a higher sulfur doping
content. In a previous work,°* a porous polymer/silica
composite was infiltrated with the dopants at elevated
temperatures and, at a 1:1 mass ratio of dopant to mesoporous
precursor, XPS results indicated doping contents of 3.4 at%,
18.8 at%, 0.8 at%, and 0.7 at% for boron, nitrogen, phosphorus,
and sulfur, respectively. As shown in Figure 4, the incorporation
of phosphorus and sulfur is much more efficient in SEBS-derived
OMCs, while the doping levels of boron and nitrogen are greatly
reduced. Generally, boron doping levels in carbon materials can
be low due to reduced reactivity of boron-containing dopants.>?
Additionally, for the nitrogen-doped material, the lower doping
content could be due to the reduced miscibility between
relatively hydrophobic melamine and the hydrophilic
crosslinked SEBS, which may limit the efficient diffusion of
melamine dopant (which has a melting temperature of
approximately 340 °C) during the carbonization process. To that
point, it is found that the hydrophilic dopant, such as
dihydrogen ammonium phosphate resulted in very efficient co-
doping of phosphorus and nitrogen heteroatoms in our
method. This efficiency may stem from favorable ionic
interactions between the sulfonic acid groups within the
crosslinked SEBS and the positively charged ammonium species
within the ammonium dihydrogen phosphate dopant,
ultimately increasing miscibility and overall incorporation of the
heteroatom into the carbon framework.

We note that the efficacy of our doping method is
comparable with other established approaches for preparing
doped-OMCs. For example, Yu et al. synthesized OMCs through
a soft-templating approach, employing urea as a nitrogen
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Figure 5. (A) SAXS patterns and (B) NLDFT pore size distributions of the doped OMCs
containing different heteroatoms.
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dopant to cooperatively self-assemble with carbon precursors
during OMC synthesis.>® This method resulted in similar
nitrogen contents to the approach reported in our work with ~3
at% nitrogen in the carbon materials. Similarly, Liu et al. used
nitrogen-containing carbon precursors to synthesize nitrogen-
doped OMCs through a cooperative-assembly, involving the use
of 3-aminophenol as the nitrogen dopant.>? It was reported that
a maximum of 3.6 at% nitrogen was obtained in the OMC
products. Additionally, it is worth noting that there is a potential
opportunity to increase doping levels in these materials through
employing higher ratios of dopant to precursors. However,
increasing the doping content may lead to compromised degree
of ordering within the carbon nanostructure. It is also worth
noting that the phosphorus content in this work is significantly
higher than other instances in the literature which employ
exogenous phosphorus containing dopants.60-62

In addition to characterizing doping contents, the bonding
environments of the heteroatoms were investigated through
performing high-resolution XPS scans, which are presented in
Figure 4(E-H). The B1s scan (Figure 4(E)) of the boron-doped
carbon exhibits 4 peaks that describe the resulting boron
bonding environment. These peaks are located at 191.9 eV,
190.1 eV, 188.7 eV, and 186.3 eV which correspond to B-CO,, B-
C,0, B-C;, and B-C,; respectively.®36* These assignments
indicate that doping boron into the carbon framework results in
the formation of both oxygen containing species, as well as
incorporation directly into the carbon framework, where the
oxygen containing species are major components. The
enhanced doping level of B-C-O species may prove useful; for
example, it has been previously demonstrated that the
increased presence of B-C-O species can provide active sites
which result in enhanced surface adsorption of Na* ions and
rapid Na* ion diffusion, thus providing elevated performance in
sodium ion battery.5> The nitrogen-doped sample contains
multiple bonding environments for N including pyridinic
nitrogen (398.1 eV, ~45 at%), pyrrolic nitrogen (400.5 eV, ~35
at%), as well as a population of pyridinic oxides (404.4 eV, ~19
at%),%667 while, interestingly, graphitic N heteroatoms were not
observed in this sample. The preferential formation of pyridinic
and pyrrolic functionalities in nitrogen-doped carbons is
consistent with previous studies.>*®8 Notably, the incorporation
of nitrogen heteroatoms into carbon materials represents a
common approach to enhance their performance in various
applications, including but not limited to, CO, capture and
heterogeneous catalysis.® In the phosphorus-doped material, a
single peak is present at 132.7 eV in the P2p high-resolution
scan corresponding to a P-C bonding environment,’® which may
lead to improved performance for metal-free electrocatalysts
for oxygen reduction reaction (ORR). Specifically, incorporating
phosphorus atoms into the carbon frameworks results in the
formation of P-C bonds which are longer in length than C-C
bonds. Consequently, a defect site is formed which can act as a
site for adsorbing O, to promote ORR.®° The S2p scan of the
sample doped with dibenzyl disulfide indicates the presence of
two different bonding environments that result from the doping
process. The majority of the sulfur (~93 at%) exists as C-S-C
bonds that have been directly incorporated into the carbon
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Figure 6. SEM images of (A) boron-, (B) nitrogen-, (C) phosphorus-, (D) and sulfur-doped OMCs.

framework, while there is a broad peak present that indicates
the presence of various SO, containing functionalities (~7 at%),
which could be a result of the oxidation of sulfur containing
functionalities during the carbonization process.” The SEBS-
derived OMC, before undergoing functionalization, already
contains ~0.3 at% of sulfur (Figure S5), introduced during the
sulfonation-induced crosslinking step. This sulfonation
crosslinking-enabled inherent sulfur doping primarily results in
the formation of C-S-C bonds, with the absence of SO,
functional groups, as evidenced by the high resolution scant in
Figure S8.

It has been previously determined that doping ordered
mesoporous carbons (OMCs) with heteroatoms significantly
affects their pore nanostructure, notably influencing the degree
of ordering and domain spacing. The impact of heteroatom
doping on the OMC nanostructure was quantitatively studied
through SAXS and nitrogen physisorption measurements
depicted in Figure 5. All the SAXS patterns contain a primary
scattering peak, indicating that the ordered nanostructures
were retained after simultaneous doping and carbonization
reactions. The domain spacings of the samples doped with
boron, nitrogen, sulfur, and phosphorus are 30.3 nm, 28.7 nm,
32.2 nm, and 26.7 nm, respectively. All the doped carbons, with
the exception of the phosphorus doped sample, exhibit
increased domain spacings compared to the neat, undoped
samples which is a result of the larger heteroatoms
incorporated into the carbon matrix swelling the pore walls.
Additionally, the primary scattering peak becomes broader
from doping reactions, indicating that the incorporation of
heteroatoms can disrupt the degree of ordering within the
nanostructure, especially in the case of the sulfur and nitrogen
containing OMCs. Additionally, the sample doped with
phosphorus exhibits the slight presence of a secondary
scattering peak with a peak position at a ratio of V7 with
respect to the primary scattering peak. This result is consistent
with the anticipated presence of the ordered cylindrical
nanostructure of OMC. Nitrogen physisorption isotherms of the
doped materials are found in Figure S9, and their corresponding
pore size distributions are shown in Figure 5(B). Despite the
decrease in the degree of nanostructure ordering as indicated
by the SAXS patterns of the doped materials, NLDFT pore size
distributions indicate nearly identical average pore sizes in the
samples with fluctuations of less than 1 nm between all
samples. These results indicate the incorporation of
heteroatoms through this reported approach primarily alter the
thickness of pore walls and has a relatively limited impact on

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

the pore size, which is different from the method of cooperative
assembly between carbon precursors and heteroatom
dopants.’273 Additionally, the surface areas of these doped
OMC samples generally decrease after the incorporation of
heteroatoms. The surface areas for the boron, nitrogen,
phosphorus, and sulfur doped samples are 437 m?/g, 232 m?/g,
100 m?/g, and 82 m?/g, respectively. Decreases in surface area
from the incorporation of heteroatoms have been
demonstrated previously in the literature and are likely a result
of disruption of microstructures from doping reactions.

Furthermore, SEM images in Figure 6 provide a direct
visualization of the pore nanostructures of doped samples.
Across the boron-, nitrogen-, phosphorus-, and sulfur-doped
samples, the SEM images indicate presence of the ordered
mesopores within the OMCs. From image analysis, the doped
samples have pore sizes of 14.6 +2.9nm, 13.0+£1.9nm, 13.2 +
2.4 nm, and 13.7 + 2.5 nm, for the OMCs doped with boron,
nitrogen, phosphorus, and sulfur heteroatoms, respectively;
these results are in good agreement with the pore sizes
determined through physisorption measurements.

Metal nanoparticle-containing OMCs

The incorporation of metal nanoparticles into OMCs can
greatly enhance their utility in applications such as catalysis and
energy storage. For example, embedding metal nanoparticles
into OMCs for use in heterogeneous catalysis takes advantage
of the mesopore channels within the OMC structure to enhance
the diffusion of larger molecules throughout the carbon
matrix.”* This process allows reactant molecules to interact with
the active metal species, which serve as catalytic sites, thereby
facilitating chemical reactions.”* Metal nanoparticles can be
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Figure 7. (A) Metal loadings as a function of metal nitrate solutions concentration for
calcium, copper, and nickel precursors determined through TGA. (B) Representative XRD
patterns for calcium, copper, and nickel incorporated OMCs which had loadings of 35
wt%, 27 wt%, and 26 wt%, respectively.
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Figure 8. SEM images of (A) calcium, (B) copper, and (C) nickel nanoparticle incorporated
OMCs after loading from 0.1 wt% metal nitrate solutions. Corresponding TEM images
illustrating the presence of (D) calcium, (E) copper, and (F) nickel nanoparticles within
the OMCs.

incorporated into OMCs through various methods.”>7¢ In this
work, the functional groups imparted into the crosslinked SEBS
precursor enable the infiltration of metal precursors through
favored interactions between metal ions and charged groups
within the crosslinked SEBS. Specifically, metal nitrates
dissolved in water can be easily introduced through a simple
immersion step. Subsequently, the composites can be heated at
800 °C for 3 h to simultaneously carbonize the SEBS precursor
and convert the metal nitrates into metal nanoparticles, which
can be directly incorporated in the OMC framework. We
demonstrate the generalizability of this approach using three
model metal nitrates, including calcium nitrate tetrahydrate,

copper nitrate hemipentahydrate, and nickel nitrate
hexahydrate as metal nanoparticle precursors.
Thermogravimetric analysis (TGA) experiments were

performed on the carbonized material in the air up to 800 °C to
determine the amount of metal loaded into the OMCs as a
function of metal nitrate solution concentration (Figure 7(A)).
Additionally, the corresponding TGA thermograms (performed
under air) can be found in Figure S10, S11, and S12 for calcium-

als'Chemistry)A
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, copper-, and nickel-containing samples, respectively. We note
that upon calcination under air, carbon can be completely
decomposed due to their oxidation reaction, while the residue
mass from TGA measurements can be employed to determine
the metal loading content. In our system, when the metal
nitrate solution concentrations are as low as 0.1 wt%, the OMCs
are loaded with 29 wt%, 22 wt%, and 13 wt% of calcium, copper,
and nickel, respectively. These values approach maxima at
solution concentrations of 1 wt%, reaching values of 35 wt%, 27
wt%, and 26 wt%, respectively. The crystalline structure of the
metal species within the OMCs have been determined through
X-ray diffraction (XRD), and representative patterns are found
in Figure 7(B). In both the nickel and copper samples, only Cu
and Ni metallic species are suggested, without peaks that
represent the presence of metal oxides. More specifically, peaks
at 44.5° and 51.8° represent the (111) and (200) reflections for
the metallic nickel species.”” The sample loaded with copper
particles exhibits a peak at 43.3°, representing the (111) crystal
plane, and another peak at 50.4°, which represents the (200)
plane.”® While the carbonization process could be expected to
form calcium oxides through the decomposition of calcium
nitrate, these oxide species are highly sensitive to both CO, and
atmospheric moisture.”® As a result, the peaks present in the
XRD results for the calcium loaded sample at 43.0° and 62.3°
represent reflections of calcite polymorph of calcium
carbonate.8° However, with high temperature treatment under
nitrogen, these can be converted back into the oxide form for
further use. It is worth noting that the peaks in the diffraction
pattern for the copper loaded sample are much more distinct
than the other metal counterparts. When comparing this to the
nickel-loaded carbon, the increase in intensity of these peaks is
likely a result of the lower melting temperature of copper
compared to that of nickel. This lower temperature may allow
copper to recrystallize more readily, thus resulting in a more
intense diffraction pattern. Alternatively, the variation in the
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crystallinity of metal samples can also be attributed to the
different formation mechanism and kinetics of nanoparticles
from nitrate salts, although this aspect is not within the scope
of this work. The calcium loaded sample has less distinct, broad
diffraction peaks due to the numerous potential polymorphs of
calcium carbonate that can exist. This results in broadened
peaks with reduced scattering. The XRD results are also
confirmed through XPS survey scans presented in Figure S13.
First of all, we note that XPS survey scan is a surface and local
measurement method, with a probing depth of ~5 nm.
Therefore, the metal amount in OMC samples determined from
XPS does not agree | with TGA measurements, with the latter
being significantly more accurate. The survey scan for the
calcium loaded sample indicates a single Ca2p peak which
corresponds to calcium carbonate species. Similarly, the survey
scans of the copper and nickel samples exhibit peaks which
correspond to the metallic species without the presence of
oxides. Two peaks at 933 eV and 953 eV represent the Cu2ps/,
and Cu2p;/, peaks of metallic copper species and a single peak
at 853 eV corresponds to the 2p;,, peak of metallic nickel
species. Additionally, incorporating the metal nanoparticles
into the carbon products results in increased heteroatom
contents. The calcium loaded sample exhibits significantly
increased oxygen and sulfur contents, in addition to the
presence of nitrogen, which is likely the result of portions of the
metal nitrate precursor being incorporated into the carbon
framework during the pyrolysis process. The copper and nickel-
loaded materials only exhibit slightly increased sulfur and
oxygen contents, without the incorporation of nitrogen
heteroatoms.

SEM images of the metal incorporated OMCs in Figure 8
depict the retention of the ordered porous nanostructure of the
SEBS-derived OMCs with the incorporation of metal
nanoparticles. As a note, the images in Figure 8 are from
samples all after incorporation from metal nitrate solution
concentrations of 0.1 wt%. From image analysis, the calcium,
copper, and nickel nanoparticle incorporated exhibit average
pore sizes of 12.0 £ 2.0 nm, 12.0 £ 2.3 nm, and 13.3 £ 2.7 nm,
respectively. These results indicate only slight changes in pore
sizes even after loading significant weight fractions of metal
nanoparticles into the carbon framework. Importantly, the TEM
images in Figure 8(D-F) directly visualize the presence of
nanoparticles within the OMCs. Despite very high loadings of
the metal species, the nanoparticles remain relatively small
(17.2 £ 4.1 nm in diameter for calcium-based nanoparticles,
11.3 + 2.7 nm in diameter for copper-based nanoparticles, and
5.0 £ 0.8 nm in diameter for nickel-based nanoparticles), which
can be useful for applications as they reduce pore blockage and
optimize the amount of area available for interactions with
molecules of interest.!

The effect of the metal nanoparticle loading on the pore
texture and nanostructure of the OMCs is characterized through
physisorption measurements and SAXS in Figure 9. For OMC
containing calcium nanoparticles, it is observed that the pore
size remains relatively constant despite the amount of metals
loaded within the pores of the material (Figure S14), and the
surface area remains relatively constant until decreasing from
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485 m?/g to 330 m?/g from using 1 wt% concentration of metal
nitrate solution, leading to a loading level of ~35 wit%.
Interestingly, the surface area of the copper nanoparticle
loaded OMCs (Figure 9(B)) is lower than the control OMC, but
can increase with higher loading content of the metal
nanoparticles. This could potentially be a result of chemical
activation process from the decomposing metal precursor
etching micropores into the carbon matrix. However, in copper
nanoparticle loaded samples, the average pore size fluctuates
between 9-13 nm and decreases with increasing solution
concentration. This could be a result of the formation of the
large nanoparticles, as depicted in Figure 8(E) resulting in more
pore blocking and decreasing the pore size through
physisorption measurements. Interestingly, the pore size
distributions for the copper and nickel loaded OMCs (Figure S15
and Figure S16) exhibit a secondary peak after loading with the
inorganic nanoparticles. The second peak at smaller pore sizes
could be arise from pores that have become blocked by the
inorganic nanoparticles, thus artificially decreasing the
detected pore size through physisorption measurements. In
addition to understanding the impact of incorporating
nanoparticles on the pore texture, SAXS patterns depict how
the global nanostructure of the resulting OMC changes, which
can be found in Figure 9(D-F). The corresponding domain
spacings extracted from the primary scattering peak are found
in Table S1. All of the domain spacings are relatively similar
regardless of the metal loading content, which vary between
27.8 nm to 31.6 nm. Additionally, the domain spacings of these
metal nanoparticle containing samples are generally close to
that of the OMC prior to functionalization, which indicates that
the metal loading process does not result in significant swelling
of the porous carbon nanostructure upon carbonization. It is
also worth noting that there seems to be a slight secondary
scattering peak in most of the samples in the scattering pattern.
However, these secondary peaks are all very broad, making it
challenging to use them for characterizing the nanostructure of
the samples.

Conclusions

Development of simple and scalable processing methods for
enhancing the utility of TPE-derived OMCs is important for
enabling their widespread adoption across many applications.
The synthetic method for fabricating TPE-derived OMCs
provides an excellent potential for scaled OMC synthesis
compared to conventional strategies. In this work, we
demonstrate several simple functionalization methods which
can be employed to tune the characteristics of the carbon
products. Specifically, it is observed that chemical activation of
OMC with KOH can increase the surface area of the materials by
twice that of the original material (1260 m2/g compared to 485
m?/g). Additionally, blending the crosslinked SEBS with various
dopants can lead to the in-situ incorporation of heteroatoms
into the carbon framework upon pyrolysis, which can enable
improved performance and functionalities for adsorption and
energy storage applications. Boron, nitrogen, sulfur, and
phosphorus are all effectively incorporated into the carbon
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materials, while the ordered pore structures can be retained.
Moreover, the hydrophilic nature of the crosslinked SEBS
precursor is leveraged to incorporate water soluble metal
nitrates into the polymer network which are converted to metal
nanoparticles upon carbonization. Nanosized calcium, nickel,
and copper particles can be formed and dispersed into the
carbon frameworks which could greatly impact their
performance for applications in heterogeneous catalysis.
Overall, this work demonstrates straightforward strategies for
tailoring the chemical functionality and pore texture of the TPE-
derived OMCs, which can be leveraged to enhance their utility
for various applications.
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