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ABSTRACT: Carbon aerogels are well-known materials for their high porosity and
high surface areas. They are typically made from pyrolysis of carbonizable polymeric
aerogels. Here, we report an alternative route to monolithic carbon aerogels starting
from xerogel powders. Use of powders speeds up solvent exchanges along sol—gel
processing, and xerogelling bypasses the supercritical fluid drying step that is needed
for making polymeric aerogels. Overall, this alternative route results in time, energy,
and materials efficiency in the fabrication of carbon aerogels. Specifically, polymer-
cross-linked silica xerogel powders were prepared via free-radical surface-initiated
polymerization of acrylonitrile (AN) on a suspension of silica particles derived from
tetramethylorthosilicate (TMOS) surface modified with 3-aminopropyltriethoxysilane
(APTES)-d.erived initi.ator. Alternatively, cross-%inked silica xerogel powders were 00 02 04 06 08 10
prepared with a carbonizable polyurea (PUA) derived from the reaction of an aromatic Pressure (bar)
triisocyanate (tris(4-isocyanatophenyl)methane) with —OH, —NH,, and adsorbed

water on the surface of a TMOS/APTES-derived silica suspension. Wet-gel powders by either method were dried under vacuum at
50 °C to xerogel powders, which were compressed into discs. In turn, these discs were carbonized and then they were treated with
HF to remove silica and with CO, to create microporosity. The resulting monolithic carbon aerogels had porosities up to 83% v/v,
Brunauer—Emmett—Teller (BET) surface areas up to 1934 m” ¢!, and could uptake up to 9.15 mmol g~' of CO, at 273 K, with
high selectivity over H,, N,, and CH,.

10} C-PUA-4.5x@silica-HF-CO, -

CO, uptake (mmol g-')
H

1. INTRODUCTION such as KOH, NaOH, ZnCl,, FeCl,"*™'" or at high
temperatures, typically in tandem with the carbonization
process, using steam, air, or COZ.18

Both the synthesis of polymeric aerogel precursors of carbon
aerogels and the direct 3D assembly of carbonaceous materials

Carbon aerogels are electrically conducting low-density
materials with high internal surface area. They typically consist
of over 90% w/w of carbon. They are made with pyrolysis of
carbonizable polymeric aerogels, which in turn are prepared

with typical sol—gel chemistry. Applications of carbon aerogels into aerogel-like structures involve drying of wet gels first by
include gas adsorption,’ gas separation,2 water puriﬁcation,3 extracting the pore-filling solvent with liquid CO, and
use as catalyst supports,” and electrodes for fuel cells.’ subsequently by converting liquid CO, to a supercritical fluid
Polymeric precursors of carbon aerogels include aromatic (SCF) that is vented off as a gas. This time-tested method
polyureas, polyacrylonitrile, polyamides, polyimides, and most eliminates the surface tension forces of an evaporating solvent
commonly phenolic resins (e-g-, those from resorcinol— through the delicate skeletal framework of the wet gel and thus
formaldehyde) including polybenzoxazines.””” The high preserves its volume and structure in the final dry object (the
porosity and surface area of carbon aerogels come from both aerogel). On the downside, use of supercritical fluids is a high-
the innate porosity of the parent polymeric aerogels and to a pressure, energy-intensive process. When it comes to the

lesser extent from the chemical transformations (decom-
position) of the skeletal framework during pyrolysis.
Aerogel-like porous carbon materials have also been based
on three-dimensional (3D) assemblies of carbon nano-
tubes,'”"" carbon nanofibers,"” templated porous carbons,
and graphene-based materials."’ In the end, the porosity and
surface area of all aerogel and aerogel-like porous carbons can
be enhanced using one or more of the so-called activation
(etching) processes either at low temperatures with reagents

preparation of monolithic carbon aerogels with a predeter-
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Scheme 1. Monomers and Surface Modifiers for Latching Carbonizable Polymers to Silica

crosslinking method
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mined form factor, molding and handling of potentially fragile
polymeric wet-gel and aerogel precursors more often than not
lower the yield of the monoliths with the intended shape.
Furthermore, the size of the monoliths is limited by the size of
the pressure vessel. Conversely, if the pore-filling solvent of a
wet gel is allowed to evaporate under ambient pressure,
surface-tension-induced shrinkage is extensive and results in
higher-density, low-porosity solids referred to as xerogels."”
Xerogels can be obtained in the form of powders by drying
suspensions of wet-gel microparticles, which in turn are
obtained by applying vigorous stirring of the sol during
gelation that disrupts long-range gel formation. Wet-gel
microparticles are easy to handle and can be dried quickly
due to their high surface-to-volume ratios.”’

Along these lines, a new hybrid approach to aerogels-via-
xerogels was demonstrated recently with the &)reparation of
ceramic (silicon carbide and silicon nitride)* and metallic
(cobalt)*" aerogels via pyrolysis of compressed xerogel-powder
compacts. The xerogel powders consisted of a typical sol—gel-
derived nanostructured oxide network coated conformally
(cross-linked) with an about stoichiometrically balanced
carbonizable polymer. Carbothermal reduction of the oxide
network produced the ceramic or metallic network and created
porosity by consuming all carbon in the composite. The sol—
gel-derived oxide network in use was silica in the cases of SiC
and Si;N, aerogels and cobaltia in the case of Co(0) aerogels.
In the case of the ceramic aerogels, the pyrolysis temperature
was about 1500 °C and much lower (800 °C) in the case of
cobalt aerogels. A small amount of unreacted carbon remaining
at the end was removed oxidatively, creating more porosity.
The method does not involve SCFs and is capable of
furnishing monoliths in various shapes and sizes.

In this paper, we demonstrate the complimentary use of the
aerogel-via-xerogel method in the synthesis of carbon aerogels.
For this, the oxide partner in the cross-linked xerogel was silica;
the mol ratio of the carbonizable polymer/silica was tilted
heavily toward the polymeric component; the pyrolysis
temperature stayed low (800 °C) to avoid the formation of
SiC or Si3N,; and silica was removed at the end with
hydrofluoric acid (HF). Overall, the porosity of the carbon
aerogels by the aerogel-via-xerogel method was created by (a)
the decomposition of the carbonizable polymer to carbon. and
(b) the reactive removal of the silica network. Additional
porosity was created using reactive etching (with CO, at 1000
°C/Ar) of the resulting carbon aerogels. The general material
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properties were similar to those of other carbon aerogels
obtained via the traditional method, namely, via direct
pyrolysis of polymeric aerogels from the SCF drying route.
Typical porosities were over 80% v/v, and Brunauer—
Emmett—Teller (BET) surface areas reached 1930 m* g~'.
In terms of applications, these new types of carbon aerogels
were tested for their adsorption capacity toward CO,, and the
values obtained and reported here were above the average of

other CO, adsorbers.

2. RESULTS AND DISCUSSION

2.1. Materials Synthesis. The synthesis of carbon aerogels
by the aerogel-via-xerogel method was carried out with two
different carbonizable polymers: an aromatic polyurea (PUA)
and polyacrylonitrile (PAN) (Scheme 1). Acting as a template
for the growth of the carbonizable polymer, the silica network
was obtained by gelation of tetramethylorthosilicate (TMOS)
followed by modification with either 3-aminopropyltriethox-
ysilane (APTES) or with a free-radical initiator, which again
was a derivative of APTES (Scheme 1). The specific polyurea
as well as PAN was selected to test the applicability of the two
major aerogel-cross-linking chemistries from the literature,
namely, with isocyanates or with surface-initiated free-radical
polymerization,”” to the aerogels-via-xerogels concept.

As shown in Scheme 2A, both routes to carbons from
polymer-cross-linked silica xerogel powders started with the
preparation of sol—gel silica particle suspensions by mixing
solution A (TMOS in methanol) with solution B (NH,OH +
water in methanol),”’ followed by adding the combined
mixture in hexane under vigorous mechanical stirring.’’ As
hydrolysis and condensation of TMOS progressed, the
suspended silica particles turned the continuous phase
(hexane) into milky white (~20 min).

2.1.1. Modification of Silica with Polyurea: PUA@silica
Xerogel Powders. Referring to Scheme 2B, APTES was added
to the suspension of the silica particles in a 4:1 TMOS/APTES
mol/mol ratio. As shown previously, all postgelation added
APTES is attached to the surface of silica down to the primary
particle level; in fact, the resulting composition, referred to as
APTES@silica, is identical to what is obtained when APTES is
premixed with TMOS®” and that has been considered as proof
that hydrolysis and condensation of TMOS is faster than that
of APTES.***® The APTES@silica hexane suspension was
aged at room temperature under vigorous stirring for 24 h.
Conformal coating of the APTES@silica particles with

https://doi.org/10.1021/acs.chemmater.1c04170
Chem. Mater. 2022, 34, 4828—4847
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Scheme 2. Synthesis of Silica Microparticle Suspensions, Cross-Linking with Carbonizable Polymers, Xerogel Powders, and

Xerogel-Powder Compacts
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C. Preparation of PAN@silica compacts
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polyurea entails the reaction of a multifunctional isocyanate
with both the —NH, groups from the APTES moiety and
gelation water remaining adsorbed on the surface of
silica.”>***” To prepare a reproducible surface for this purpose,
excess solvents were removed from the APTES@silica
suspension using centrifugation, and the resulting rather
thick paste was washed first with ethyl acetate and then with
water-saturated ethyl acetate. For characterization purposes, a
small part of the paste from the last centrifugation was
separated and dried under vacuum at 50 °C. The remaining
paste was cross-linked with three different concentrations of
Desmodur RE, a commercially available ethyl acetate solution
of TIPM—see Scheme 1, using 1.5X, 3X, or 4.5X mol/mol
excess of TIPM relative to the total amount of silicon in
APTES@silica. The resulting polyurea cross-linked wet-silica
suspension was washed with ethyl acetate and was dried under
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vacuum at 50 °C to a free-flowing fine xerogel powder that is
referred to as PUA-1.5X@silica(4:1), PUA-3X@silica(4:1), or
PUA-4.5X@silica(4:1). The first numeral in the sample names
designates the TIPM/silica mol/mol ratio in the cross-linking
bath; the ratio in parentheses designates the TMOS/APTES
mol/mol ratio in silica. Since that ratio does not change among
samples, the sample names of the three different formulations
with TIPM-derived polyurea are abbreviated as PUA-1.5X@
silica, PUA-3X@silica, and PUA-4.5X@silica, and for sim-
plicity, all three samples are referred to together as PUA@silica
(Scheme 2B).

Using thermogravimetric analysis under O, (TGA, see
Figure S.1A of Appendix I in the Supporting Information), at
the high-temperature plateau (>600 °C), the APTES@silica
powder had lost 18.8% of its mass, which was attributed to its
organic component coming from APTES. The balance (81.2%

https://doi.org/10.1021/acs.chemmater.1c04170
Chem. Mater. 2022, 34, 4828—4847
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Table 1. Composition of PUA@silica and of Carbonized C-PUA@silica Xerogel Compacts Prepared with Different TIPM/

Silicon mol Ratios (1.5X, 3%, 4.5X)

1.5% 3X 4.5%
sample PUA or C [% w/w]  SiO, [% w/w]  PUA or C [% w/w]  SiO, [% w/w] PUA or C [% w/w]  SiO, [% w/w]
PUA@silica 74.1 21.0 77.7 18.1 84.1 129
C-PUA@silica (expected)” 66.4 33.6 70.6 29.4 78.5 21.5
C-PUA@silica (found) 64.0 36.0 70.1 29.9 75.5 24.5

“Calculated based on the composition of PUA@silica and the carbonization yield of TIPM-derived polyurea (56%).”"

€ a

A

o NC b
)‘\/XN\ MOH
HO SNY
cN c 9
ABCVA
+
13
HZN/\{ “Si(OCH,CHs);
APTES
in THF
0°C
dark
Si(OEt);
o NC
KL(«\ ° N eOH a
NH38 F SN 3
CN o

Si(OEt);

ABCVA-based free-radical initiator

B.

ABCVA-based
free-radical initiator
P

ABCVA

APTES

50

100

6 (ppm)

200 150

Figure 1. (A) Preparation of the bidentate free-radical initiator used in this study via an acid—base reaction of 4,4’-azobis-4-cyanovaleric acid
(ABCVA) and APTES. (B) Liquid *C NMR spectra in THF-d; of APTES, ABCVA, and 3-triethoxysilylpropan-1-aminium 4,4’-azobis(4-
cyanovalerate) (ABCVA-based free-radical initiator). (Solvent peaks are marked with asterisks).

w/w) was attributed to SiO,. Under the same conditions,
PUA-1.5x@silica, PUA-3X@silica, and PUA-4.5X@silica lost
79.0, 81.9, and 87.1% of their masses, respectively, attributed
to the sum of the organic component coming from both
APTES and the TIPM-derived polyurea. It was then calculated
that PUA-2X@silica consisted of 21.0% w/w SiO, and 74.1%
w/w of TIPM-derived polyurea, and so on as summarized in
Table 1. Overall, the amount of polyurea increased from 74.1
to 84.1% as the TIPM/silicon mol/mol ratio increased from
1.5 to 4.5.

2.1.2. Modification of Silica with Polyacrylonitrile: PAN@
silica Xerogel Powders. As outlined in Scheme 2C,
polyacrylonitrile was coated conformally on the surface of
sol—gel-derived silica particles via surface-initiated free-radical
polymerization of acrylonitrile (AN). As shown in Figure 14,
the surface-confined initiator was the product of the room-
temperature, acid—base reaction in anhydrous THF of 4,4'-
azobis(4-cyanovaleric acid) (ABCVA), a —COOH group
modified derivative of azobisisobutyronitrile (AIBN), and
APTES, in an APTES/ABCVA mol/mol ratio of 2:1. In turn,
Figure 1B compares the liquid *C NMR of the APTES/
ABCVA reaction mixture with the spectra of the two
components. Complete neutralization was confirmed by the
conversion of the —COOH group to the carboxylate reflected
in the downfield shift of the carboxylic carbon of ABCVA (f:
171 ppm) to 176 ppm (f’: carboxylate). As a bidentate species,
the ABCVA-APTES salt is expected to attach itself to silica
from both of its ends; therefore, the polymer produced by
homolysis of the central —N=N-— group would remain
surface-bound. This concept is not new; > however, its
implementation is the following: attachment of ABCVA on the
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surface of silica as a ABCVA-APTES salt comprises a
significant simplification over the previous initiator design
that involved linking covalently the —COOH functionality of
ABCVA and the —NH, functionality of APTES as an
amide.””*" It was reasoned that the simple —NH,* “OOC—
salt will remain surface bound (a) because APTES is surface-
bound covalently and (b) as long as the ionic strength of the
solution filling the pores of the wet gel is zero.

The as-prepared initiator solution was added to a silica
suspension, which in turn had been prepared as shown in
Scheme 2A. The amount of the initiator solution was adjusted
so that the final TMOS/APTES ratio would be equal to either
9:1 or 7:3 mol/mol. Those ratios were chosen to bracket in the
middle the TMOS/APTES ratio (4:1) that was used in the
preparation of PUA@silica and thus use the PAN series of
materials to probe not only the effect of the cross-linking
polymer but also the effect, if any, of the polymer anchoring
chemistry and the aptitude of the surface to uptake polymer on
the material properties of the final carbons. Thus, the resulting
suspension was aged for 24 h under vigorous stirring, while the
apparatus was covered with Al foil. The resulting wet-silica
suspension was referred to as initiator@silica. The gelation
solvents were removed with centrifugation, and the resulting
wet initiator@silica paste was washed with methanol (1X) and
then with toluene (3x). For characterization purposes, some of
the initiator@silica paste was collected right before the first
toluene wash and was dried under vacuum at 23 °C in the
dark. Toluene-washed initiator@silica paste was cross-linked
with PAN in an acrylonitrile (AN)—toluene solution at 55 °C
for 24 h using two different inhibitor-free AN-to-silicon ratios
(AN/silicon = 2 and 6 mol/mol). The resulting PAN-cross-

https://doi.org/10.1021/acs.chemmater.1c04170
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Table 2. Composition of PAN@Silica and of Carbonized C-PAN@Silica Xerogel Compacts Prepared with Different

Acrylonitrile/SiO, (nx) and TMOS/APTES (x:y) mol Ratios

6%, (9:1) 2x, (9:1) 6x, (7:3) 2X, (7:3)
PAN or C SiO, PAN or C SiO, PAN or C SiO, PAN or C SiO,
sample [9% w/w] [% w/w] [% w/w) [% w/w] [% w/w] [% w/w] [% w/w] [9% w/w]
PAN@silica 80.8 14.9 53.7 36.0 67.9 16.0 39.7 30.1
C-PAN@silica 79.1 20.9 S51.1 48.9 73.8 26.2 48.0 52.0
(expected)”
C-PAN@silica (found) 75.6 244 46.5 53.5 784 216 49.3 50.7

“Calculated based on the composition of PAN@silica and the carbonization yield of PAN (70%).>">

linked wet-silica suspensions were washed with toluene and
then with acetone and were dried under vacuum at 50 °C to
free-flowing fine xerogel powders that are referred to as PAN-
nx@silica(x:y), where “nXx” stands for the molar excess of AN
over total silicon in the cross-linking bath and, as just
described, nX takes the values of 2X and 6X; x:y stands for
the TMOS/APTES mol/mol ratio in the formulation of the
silica backbone, and as it was described above, it takes the
values of 9:1 and 7:3.

Using thermogravimetric analysis under O, (TGA, see
Figure S.1B of Appendix I in the Supporting Information), at
the high-temperature plateau (>600 °C), the initiator@silica
powder had lost 22.3% of its mass, attributed to its organic
component coming from the initiator. The balance (77.7% w/
w) was attributed to SiO,. Under the same conditions, PAN-
6xX@silica(9:1), PAN-2x@silica(9:1), PAN-6x@silica(7:3),
and PAN-2x@silica(7:3) lost 85.1, 64.0, 84.0, and 69.9% of
their masses, respectively, attributed to the sum of the organic
component coming from both the initiator and PAN. It was
then calculated that, for example, PAN-6X@silica(9:1)
consisted of 14.9% w/w SiO, and 80.8% w/w of polyacryloni-
trile, and so on as summarized in Table 2. Overall, for a given
silica:initiator ratio (reminder: expressed as 9:1 or 7:3 in the
sample names), the amount of PAN in PAN@silica increased
as the monomer amount in the cross-linking bath increased.
Interestingly, higher amounts of PAN had been uptaken in the
PAN@silica composites with lower amounts of initiator, i.e.,
the percent amounts of PAN in the composites were higher
when x:y = 9:1 than when x:y = 7:3.

2.1.3. Processing of PUA@Silica and PAN@Silica Com-
pacts into Carbon Aerogels. Dry PUA@silica and PAN@
silica powders were placed in suitable stainless-steel dies and
were compressed with a hydraulic press at 10,000 psi for 2 min
(Scheme 2B,C). Conversion of PUA@silica compacts to their
carbonized products, referred to, in general, as C-PUA@silica,
was carried out by direct heating at 800 °C under flowing ultra-
high-purity Ar (Scheme 3A). Either under TGA in O, or after
heating in a tube furnace at 1000 °C under flowing O,, C-
PUA-1.5xX@silica, C-PUA-3X@silica, and C-PUA-4.5X@silica
lost 64.0, 70.1, and 75.5% of their mass, respectively,
corresponding to the amount of carbon in the composites;
the balance was SiO,. Data are summarized in Table 1. The
data agree well with the compositions expected from the
parent PUA@silica compacts given the carbonization yield of
the TIPM-derived PUA (56% w/w).*® Following the trend
established by PUA in PUA@silica, the percent amount of
carbon increased from 64 to 75.5% w/w with increasing the
TIPM-to-silicon ratio in the cross-linking bath.

On the other hand, direct heating of PAN@silica compacts
at 800 °C under Ar results in almost complete loss of the
organic matter.’” Conversion of PAN@silica compacts to their
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Scheme 3. Further Processing of PUA@silica and PAN@
silica Compacts (See Scheme 1) toward Carbon Aerogels

A. Processing of PUA@silica compacts to carbon aerogels

| PUA@silica compact |
lpyrolysis, 800 °C, 5 h, Ar
[ cPuagsiica |
|
CO, etching| 1000 °C, 3 h

[ c-pua@siica-co, |
HF etchingl
| c-PuA@silica-CO,-HF |

HF etchingl
[ c-Pua@silica-HF |
CO, etching[ 1000 °C, 3 h
| c-PuA@silica-HF-CO, |

B. Processing of PAN@silica compacts to carbon aerogels

| PAN@silica compact |
|aromatization, 300 °c, 24 h, 0,
[ aPan@siica |
lpyrolysis, 800 °C, 5 h, Ar
[ crangsiica |
|
CO, etching 1000 °C, 3 h
C-PAN@silica-CO, |
HF etchingl
| c-PAN@silica-CO,HF |

HF etchingl
[ cran@siicaHF | |
CO, etehing| 1000 °C, 3 h
| c-PAN@silica-HF-CO, |

carbonized products requires prior oxidative ring-fusion
aromatization of PAN (Scheme 3B).>

Modulated differential scanning calorimetry (MDSC) of
PAN@silica compacts under O, (Figure 2) showed a strong
exotherm in the 200—300 °C range with a maximum at 265
°C. Guided by the MDSC data, solid-state CPMAS *C NMR
spectra of PAN@silica samples treated under various oxidative
conditions showed that complete suppression of the aliphatic

SXO  under 0, 265 °C

__4F =—=under N, 1

o

S st ]

2

o

o 2t -

®

T -
0 —

endo L

50 100 150 200 250 300
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Figure 2. Typical modulated differential scanning calorimetry
(MDSC) of PAN@silica samples demonstrated with PAN-6X@
silica(9:1) under O, or N,, as indicated (heating rate: 5 °C min™").
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Table 3. Mass Loss after Double Etching of Carbonized C-PUA@silica and C-PAN@silica Compacts®

Part A: The PUA@silica system

mass loss relative to the PUA@silica xerogel compacts [% w/w]

sample 1.5x 3X 4.5%
C-PUA-nX@silica—HF—CO, 88 +1 86+ 1 87 £1
C-PUA-nx@silica—CO,—HF 76 £ 2 79+ 1 80 +2

Part B: The PAN@silica system
mass loss relative to the PAN@silica xerogel compacts [% w/w]
sample 6X%, (9:1) 2X, (9:1) 6X%, (7:3) 2X%, (7:3)
C-PAN-nX@silica(x:y)—HF—CO, 73 £3 90 + 1 76 + 2 90 + 1
C-PAN-nx@silica(x:y)—CO,—HF 64+ 3 80 + 2 74 + 1 79+2

“Averages of three samples from three different batches at every composition.

A.

PUA@silica

APTES@silica

B.

TIPM-derived PUA

APTES@silica

100 50 0

8 (ppm)

50 -100 -150 -200 200

50

100
8 (ppm)

150

Figure 3. Solid-state CPMAS NMR spectra of representative PUA@silica samples (from the PUA4.SX@silica system) and of relevant controls: (A)
»Si and (B) "*C. For peak assignments, refer to Scheme 4. (The spectra of all three different compositions of the PUA@silica system are given in

Figures S.4 and S.5 of Appendix III in the Supporting Information).

protons of PAN, at around 30 ppm, and thereby quantitative
ring fusion aromatization, occurred only under prolonged
treatment (24 h) at 300 °C in flowing O, (see Figure S.2 of
Appendix II in the Supporting Information). Such aromatized
PAN@silica compacts are referred to as A-PAN@silica
(Scheme 3B). (The solid-state *C NMR spectra of the fully
aromatized samples from all four compositions of the PAN@
silica system are shown in Figure S.3 of Appendix II in the
Supporting Information.)

Subsequently, A-PAN@silica samples were pyrolyzed at 800
°C for 5 h under flowing ultra-high-purity Ar and were
converted to carbonized PAN@silica compacts, which are
referred to, in general, as C-PAN@silica (Scheme 3B). Either
under TGA in O, or after heating in a tube furnace at 1000 °C
under flowing O,, samples C-PAN-6X@silica(9:1), C-PAN-
2X@silica(9:1), C-PAN-6x@silica(7:3), and C-PAN-2X@
silica(7:3) lost 75.6, 46.5, 78.4, and 49.3% of their masses,
respectively, corresponding to the amounts of carbon in the
composites; the balance was SiO,. Data are summarized in
Table 2. The data agree well with the compositions expected
from the parent PAN@silica compacts given the carbonization
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yield of PAN (70% w/w).*"** The expected compositions of
the C-PAN@silica samples are included in Table 2. Following
the trend established by PAN in PAN@silica, the percent
amount of carbon increased with increasing the monomer ratio
in the cross-linking bath (see Table 2).

2.1.4. Postcarbonization Processing of C-PUA@Silica and
C-PAN@Silica Aerogels. Both carbonized products, C-PUA@
silica and C-PAN@silica, were further treated with an aqueous
HF solution at room temperature and with CO, gas at 1000
°C, in either order, i.., either first with HF followed by high-
temperature etching with CO, or first with flowing CO, gas at
1000 °C, followed by cooling back to room temperature and
treatment with aqueous HF. The two treatments, and their
sequence, are shown as extensions to the carbon aerogel
names, for example, C-PAN-6xX@silica(9:1)—CO,—HF desig-
nates a carbon aerogel resulting from a first treatment of the
specific C-PAN@silica aerogel with CO, at 1000 °C, followed
by treatment with an aqueous HF solution; the carbon
framework itself came from PAN-cross-linked silica prepared
with a AN:total silicon ratio equal to 6:1 mol/mol, while silica
had been formulated with a TMOS/APTES mol/mol ratio
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equal to 9:1. The HF treatment removed silica from the
carbonized compacts, while etching with CO, increased the
surface area and created microporosity by removing carbon.
Curiously, the two treatments, first with HF or first with CO,,
were not equivalent in terms of their final effect. Although the
processing conditions were identical, and both effective in
terms of removing all silica (see Section 2.2.3), the materials
treated first with HF displayed consistently a much higher
overall mass loss than the samples treated first with CO,
(Table 3). Given that the amount of silicon was the same in
every pair of samples, the higher mass loss is attributed to a
more efficient removal of carbon when silica was removed first.

2.2. Chemical Transformations along Processing.
2.2.1. PUA@Silica System. The latching of APTES on
TMOS-derived silica particles was confirmed with solid-state
CPMAS *Si NMR (Figure 3A). The spectrum of APTES@
silica shows a peak at —67 ppm with a shoulder at —59 ppm,
which are assigned to the T; and T, silicon atoms from
APTES, respectively, and two peaks at —110 ppm and at —101
ppm with a shoulder at —91 ppm, which are assigned to the
Q,, Qj, and Q; silicon atoms of the TMOS-derived silica (see
Scheme 4). The presence of the Q; and T} silicon atoms points

Scheme 4. Two Ways of Latching of TIPM-Derived
Polyurea on the Surface of Silica (through the —NH,
Groups and through the —OH Groups)
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to dangling Si—OH groups; thereby, APTES@silica offers two
kinds of possible sites for the reaction with the isocyanate
groups of TIPM: —OH and —NH,.

The CPMAS *C NMR spectrum of the APTES@silica
powder (Figure 3B) shows the three CH, resonances from
APTES of about equal intensity at 43, 24, and 9.5 ppm. The
spectrum of the PUA@silica powder was pretty similar to the
spectrum of pure TIPM-derived polyurea (also included in
Figure 3B for comparison).”* For the peak assignment, refer to
Scheme 4. Due to massive polymer uptake in PUA@silica, the
relative intensity of the CH, groups from APTES is
suppressed. Going back to the solid-state CPMAS **Si NMR
spectra of Figure 3A, it is noted that the Q;:Q, peak intensity
ratio in PUA@silica is enhanced relative to its value in the
spectrum of APTES@silica, indicating that triisocyanate
(TIPM) was attached to the surface of the silica particles
not only via the dangling —NH, groups of APTES but also via
the innate —OH groups of silica resulting in urethane group
formation, as summarized in Scheme 4.2°

4834

2.2.2. PAN@silica System. In addition to the Q,, Q;, and Q,
peaks from silica, the CPMAS *’Si NMR spectrum of
initiator@silica (Figure 4A-bottom) shows peaks from the T,
and T, silicon atoms of the APTES part of the initiator. Since
the samples shown in Figure 4 were prepared with a TMOS/
APTES mol ratio equal to 9:1, the relative intensity of the T-
manifold in initiator@silica was lower than its intensity in
APTES@silica, where the TMOS/APTES ratio was 4:1
(Figure 3A).

The solid-state CPMAS '*C NMR spectrum of the
initiator@silica powder (Figure 4B) includes the resonances
from both APTES and ABCVA. Due to the massive polymer
uptake, the solid-state '*C NMR spectrum of the PAN@silica
powder showed only the resonances assigned to PAN.

Going back to the solid-state CPMAS *’Si NMR spectrum of
PAN@silica (Figure 4A), it is noted that the T; peak is
enhanced relative to its intensity in the spectrum of initiator@
silica. This is attributed to the fact that the surface-bound
radicals produced by homolytic cleavage of the initiator are still
bound at the APTES sites, thereby PAN extends only from
those points outward, as designed; the resulting close vicinity
of the T; Si atoms to the protons of the developing polymer
enhances cross-polarization (CP), and therefore the intensity
of these silicon atoms increases due to more eflicient
excitation.

Oxidative aromatization of PAN@silica (see Section 2.2.2)
was expected to leave the topographic relationship between the
polymer and its anchoring sites more-or-less unperturbed, and
indeed the **Si NMR spectra of A-PAN@silica and PAN@
silica were practically identical (compare the middle and top
spectra of Figure 4A). The solid-state "*C NMR spectra of the
PAN@silica samples treated at 300 °C for 24 h under O, (see
Figure S.2 of Appendix II in the Supporting Information) were
dominated by the resonances that correspond to the expected
structure of fully aromatized PAN (refer to carbons 1’, 2/, and
3’ in Scheme §); some lower-intensity resonances at around
170 ppm were assigned to pyridonic carbonyls (4’ and 4");
and lower-intensity resonances at around 102 ppm were
assigned to sp2 carbons on terminal rings (carbons ', 5, 6" in
Scheme $).

2.2.3. PUA@Silica- and PAN@Silica-Derived Carbons and
Etched Carbons. Pyrolytic carbonization at 800 °C left both
silica and carbon amorphous (by XRD); chemical analysis
focused on the bulk elemental composition of the carbons
before and after silica removal and reactive etching (using
EDS), and most importantly for the intended application in
CO, adsorption, on the functional groups present on the
surfaces of the carbons (via XPS).

According to EDS (see Figure S.8 and Table S.I of
Appendix IV in the Supporting Information), in addition to C
and N, carbonized C-PUA@silica and C-PAN@silica con-
tained significant amounts of silicon and oxygen, for example,
C-PUA-3X@silica and C-PAN-6X@silica(9:1) contained 13%
(Si)/15% (O) w/w and 17% (Si)/16% (O) w/w, respectively.
After treatment with HF, the amount of oxygen in C-PUA-
3X@silica—HF and in C-PAN-6X@silica(9:1)—HF was
reduced drastically to 2.3 and 2.7% w/w, respectively, and
neither sample contained any silicon. Thereby, treatment with
HF removed silica quantitatively. Both etched samples
consisted of C, N, and O (no analysis was conducted for H).

High-resolution XPS for C, N, and O was conducted with
carbonized samples to elucidate the functional groups; those
elements are expressed with on the internal surfaces of the
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Figure 4. Solid-state CPMAS NMR spectra of representative PAN@silica samples (from the PAN-6X@silica(9:1) system) and of relevant controls:
(A) ¥Si and (B) "*C. For peak assignments, refer to Figure 1 and Scheme 5. (The spectra of all four compositions of the PAN@silica system are
given in Figures S.6 and S.7 of Appendix III in the Supporting Information).

Scheme §. Oxidative Conversion of PAN@silica Compacts
to Aromatized PAN@silica Compacts (A-PAN@Silica)”
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“The atom numbering is arbitrary and is used to facilitate discussion.

samples. Figures 5 and 6 show the O 1s and N 1s spectra of as-
prepared C-PUA@silica and C-PAN@silica, respectively, and
include the spectra of the corresponding double-etched C-
PUA_or PAN@silica—HF—CO,. The XPS spectra of both as-
prepared C-PUA@silica and of C-PAN@silica included a peak
at 533.5 eV (see Figures SA and 6A) and a peak at 103.6 eV
(see Si 2p spectra in Figure S.9 of Appendix V in the
Supporting Information). Both of those features are assigned
to Si0,.*>*® Consistently with the EDS data, the Si 2p peak
and the O 1s peak of silica were absent from the spectra of all

Intensity (a.u.)

Intensity (a.u.)
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as prepared as prepared
’ : OH
23:'%% ' 400.7 e@@ff 398.4 eV
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Figure S. High-resolution O 1s (left) and N 1s (right) XPS spectra of: (A,C) C-PUA-4.5X@silica and (B,D) C-PUA-4.5x@silica—HF—CO,. (For
the Si 2p and C Is spectra and those of the corresponding —CO,—HF samples, see Figures S.9—S.12 of Appendix V in the Supporting

Information).
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Figure 6. High-resolution O 1s (left) and N Is (right) XPS spectra of: (A,C) C-PAN-6x@silica(9:1) and (B,D) C-PAN-6xX@silica(9:1)—HF—
CO,. (For the Si 2p and C 1s spectra, and those of the corresponding —CO,—HF samples, see Figures S.9—S.12 of Appendix V in the Supporting

Information).
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Figure 7. Photographs of PUA-3X@silica and PAN-6X@silica (9:1) compacts, abbreviated as PUA@silica and PAN@silica, respectively, along

carbonization and etching.

samples, double etched in either sequence (see Figures 5B, 6B,
and S.10 of Appendix V in the Supporting Information).
Also, the O 1s spectra of as-prepared C-PUA@silica and of
C-PAN@silica (Figures SA and 6A) contained a strong peak at
533.0 eV that falls in the middle of the range of and can be
assigned to either OH (e.g., from pyridone) or ether/ester C—
O, and lower-intensity peaks at 531.6 and 531.9 eV,
respectively, which can be assigned to C=O, but they can
also be attributed to —O7~.>""* We opted for the latter
assignment because of the presence of nitroxide in the N 1s
spectra. Indeed, the N 1s spectra of C-PUA@silica and C-
PAN@silica (see Figures SC and 6C) showed N mainly in
pyridinic (398.3—398.4 eV) and pyridonic positions (400.6—
400.7 eV; more pyridonic in C-PUA@silica than in C-PAN@
silica) and small amounts of nitroxide at 402.8 eV (case of C-
PUA@silica) or at 403.3 eV (case of C-PAN@silica).””~**
The O 1s spectra of double-etched carbon samples
contained the same OH/C—O, and —O~ peaks, but the
intensity of the —O7 peak at ~532 eV increased significantly
relative to before etching—from S to 25.5% (case of C-PUA@
silica—HF—CO,) and from 8.5 to 25.1% (case of C-PAN@
silica—HF—CO,). Simultaneously, the intensity of the N 1s
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peaks attributed to pyridonic and nitroxide (—N*—0O7) also
increased; the first marginally, the second significantly. For
example, the intensity of the N 1s assigned to nitroxide went
from 7.7 to 9.5% (case of C-PUA@silica—HF—CO,—compare
Figure SCS and SD) and from 8.9 to 16.1% (case of C-PAN@
silica—HF—CO,—compare Figure 6C and 6D).

Similar evolutions in the O 1s and N 1s spectra were
observed in double-etched C-PUA_or PAN@silica—CO,—
HF samples (see Figures S.10 and S.11 of Appendix V in the
Supporting Information). The C 1s spectra (see Figure S.12 of
Appendix V in the Supporting Information) were consistent
with the functional groups identified from the O 1s and N 1s
spectra, showing peaks at 284.5 eV (aromatic C), 285.3 eV
(C=N), and at 287—288 eV (very broad) for carbon in both
straight C=0 groups and in C=O0 groups participating in a
keto/enol equilibrium (e.g, as in pyridonic groups).”~*

2.3. Evolution of Materials Properties along Process-
ing. 2.3.1. Bulk Material Properties of PUA@Silica, PAN@
Silica, and Their Carbons. Figure 7 shows typical PUA@silica
and PAN@silica compacts along processing. The compacts
were prepared with the same die and had the same dimensions.
The photographs show that the compacts developed no
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defects, and the two series of samples were practically
indistinguishable at the same stages of processing. Relevant
property characterization data for all materials and all
formulations considered in this study are summarized in
Tables S.3 and S.4 of Appendix VI in the Supporting
Information.

The bulk density (p,) of PUA@silica xerogel compacts was
in the range of 0.894—1.007 g cm™>; the skeletal density (p,)
was in the range of 1.332—1.369 g cm™. Both p, and p,
decreased as the amount of PUA in the composite increased
(Table S.3).

The bulk density (p;,) of PAN@silica xerogel compacts was
in the range of 1.282—1.441 g cm™>, while the skeletal density
(p,) was in the range of 1.182—1.373 g cm . The trends in p;,
and p; as a function of the amount of PAN were similar to
those in PUA@silica.

The operation of squeezing the void space out of PAN@
silica compacts was more effective than in PUA@silica. The
percent open porosity, I1, calculated from bulk and skeletal
density data via IT = 100 X (p; — p,) p,, was in the range of
26—33% v/v for PUA@silica xerogel compacts and only 5—7%
v/v for PAN@silica xerogel compacts. The carbonization
process of PUA@silica xerogel compacts brought about a
linear shrinkage of about 28% for all samples; yet, because of
the mass loss, the porosity increased into the 38—51% v/v
range. For PAN@silica xerogel compacts, the aromatization
process brought about a linear shrinkage of 9 + 3% and a
slight-to-moderate increase in porosity into the range of 8—
24% v/v. The subsequent carbonization of A-PAN@silica
compacts resulted in a total linear shrinkage of up to 22%, and
an increase in porosity into the 22—32% v/v range. Overall,
although the loss of mass due to the carbonization process did
create some void space, the porosity never exceeded 51% v/v
(case of C-PUA@silica), while in C-PAN@silica, the porosity
remained significantly lower and never exceeded the 32% v/v
mark under our conditions.

In contrast, the subsequent etching processes with HF and
CO,, and especially their sequence, had a profound effect on
the porosity, surface areas, and pore size distribution.

After the first etching of C-PUA@silica compacts with HF,
py and p; decreased as expected from the fact that silica was
removed. Samples did not shrink further, and the porosities of
C-PUA@silica—HF were higher (in the 54—63% v/v range)
relative to those of C-PUA@silica (38—51% v/v). On the
other hand, when C-PUA@silica samples were etched with
CO, first, linear shrinkage increased somewhat, which
apparently compensated for the mass loss, and p, remained
about the same; p,, however, increased consistent with
removing carbon while silica stayed behind. The porosities of
C-PUA@silica—CO, were slightly higher (39—56% v/v) than
those of C-PUA@silica (38—51% v/v) and slightly lower than
those of C-PUA@silica—HF (54—63% v/v).

What was remarkable at this point though was that further
etching of C-PUA@silica—HF with CO, propelled the porosity
of the resulting C-PUA—silica—HF—CO, into the 82—83% v//
v range (from 54 to 63% v/v). On the contrary, the porosity of
the C-PUA—CO,—HF samples remained significantly lower, in
the 62—74% v/v range. Meanwhile, the shrinkages of all
double-etched samples converged to the level noted for the
samples etched first with CO, (i.e., of C-PUA@silica—CO,).
(For all specific values, refer to Tables S.3 and S.4 in the
Supporting Information.)
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After HF-etching, C-PAN@silica compacts shrank by about
an additional 5% in linear dimensions; nevertheless, both p,
and p, decreased due to the removal of silica (refer to Table
S.4). The porosities of C-PAN@silica—HF were higher (in the
35—64% v/v range) relative to those of C-PAN@silica (22—
32% v/v). Consistent with what was found out by etching of
C-PUA@silica, if C-PAN@silica is first etched with CO,, the
shrinkage is higher (by about an additional 25%) and the
porosity is lower (in the 29—51% v/v range) than the porosity
of the carbon samples etched first with HF (in the 35—64% v/v
range). A second etching step with CO,, or HF, respectively,
equalized the shrinkages and consistent with what was found
with double etching of the C-PUA@silica samples; the
porosities of the samples etched with HF first, ie., of C-
PAN@silica—HF—CO,, were significantly higher (in the range
of 61—82% v/v) than the porosities of the C-PAN@silica—
CO,—HF (in the 57—74% v/v range).

The differences in the porosities of the terminal carbons as a
function of the sequence of treatment with HF versus CO,
were also accompanied by differences in the pore structure and
surface areas.

2.3.2. Nanostructure of Carbon Aerogels from PUA@silica
and PAN@silica Compacts and a Model for the Etching
Processes. Microscopically (SEM), cleaved surfaces of all
PUA@silica and PAN@silica compacts were featureless. Some
unevenness appeared after carbonization. Voids and other
formations at the submicron level were generated after etching
with HF and CO,; the newly exposed surfaces were smooth,
but bumps, e.g,, from fused spherical nanoparticles about 100
nm in diameter or less, were clearly visible. Those changes are
illustrated in Figure 8 using C-PAN-6X@silica(9:1) and its

‘C-PAN@silica
2> r» o

XK

Figure 8. Typical SEM images along processing represented by
carbonized C-PAN-6X@silica(9:1) and its double-etched derivatives
at two different magnifications, as indicated. (The etching process that
is applied first is highlighted yellow in the material’s name).

double-etched derivatives as an example. After CO, removal
and etching, the samples resembled other carbon aerogels,
most notably polybenzoxazines.” The definite conclusion from
SEM imaging though was that the etching processes generated
macroporosity; however, owing to the apparent smoothness of
the macroporous surfaces, it was decided to rely on N,
sorption as a higher-resolution probe of the pore structure in
the meso- and micropore size regimes.
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The evolution of the N,-sorption isotherms of C-PUA@
silica and C-PAN@silica upon further treatment with HF and
then CO, or with CO, and then HF is shown in Figures 9 and
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Figure 9. N,-sorption isotherms at 77 K of carbonized C-PUA-4.5X@
silica compacts after each processing step. (Inset: BJH pore size
distributions for the lower three isotherms according to their color

coding).
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10, respectively. Both systems follow the same pattern. To
begin with, the adsorption of N, by either C-PUA@silica or C-

PAN@silica was negligibly small, suggesting that the porosities
reported above (38—51 and 22-32% v/v, respectively)
corresponded to macropores with >300 nm in diameter.
Things changed when the first etching process was conducted
with HF rather than CO,. In both cases, the N, uptake
increased, but only the isotherms of C-PUA@silica—HF and
C-PAN@silica—HF showed the characteristic hysteresis loops
of mesoporosity; on the contrary, in both types of materials, a
first treatment with CO, yielded only a sharp rise of the
isotherms at low pressures, characterizing microporosity, and
no hysteresis loops from mesoporosity (cases of C-PUA@
silica—CO, and C-PAN@silica—CO,). Indeed, BJH analysis of
the desorption branches of the isotherms of all four singly
etched carbons (i.e., of C-PUA@silica—HF or —CO, and C-
PAN@silica—HF or —CO,) yielded meaningful pore size
distributions in the mesopore range only for C-PUA@silica—
HF and C-PAN@silica—HF (see insets in Figures 9 and 10).
Subsequent treatment with the second etching agent resulted
in materials with N,-sorption isotherms, indicating the
presence of both mesopores and micropores, irrespective of
their origin. The BJH plots of all four terminal doubly etched
materials show similar pore size distributions centered at
similar pore diameters, a little less than 10 nm; the distribution
maxima were at slightly higher values in materials etched first
with HF (blue lines—see Figure 11). A final note on the
isotherms is that the shape of the desorption branches of all C-
PAN@silica—HF, —HF—-CO,, and —CO,—HF indicates ink-
bottle types of mesopores. That kind of shape was not as well
defined in the corresponding cases of the PUA-derived
samples.

Consistently, the total volume of N, uptaken by samples
etched first with HF, that is C-PUA@silica—HF—CO, and C-
PAN@silica—HF—CO,, was significantly higher than that of
C-PUA@silica—CO,—HF and C-PAN@silica—CO,—HF. That
behavior matched the trends in the porosity as described in the
previous section and is also reflected in the corresponding
surface areas (refer to Tables S.3 and S.4 in the Supporting
information). Specifically, the BET surface areas of C-PUA@
silica and C-PAN@silica were very low (1.3—11.0 and 0.47—
7.9 m* g_l, respectively). Upon treatment with HF, the BET
surface area of C-PUA@silica—HF jumped in the 285—394 m*
¢! range (20% assigned to micropores), while the BET surface
area of C-PAN@silica—HF jumped in the 193—618 m” g™
range (5—20% was assigned to micropores). On the other
hand, first etching with CO, increased the surface areas of the
corresponding samples roughly up to the same range as the HF
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Figure 11. Pore-size distributions using the BJH desorption method of carbonized and double-etched compacts: C-PUA-4.5x@silica (left) and C-
PAN-6X@silica(9:1) (right). The etching sequence is color coded as shown in the legends inside the frames: HF—CO, in blue versus CO,—HF in

red.
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treatment; however, in the case of C-PUA@silica—CO,, over
70% of the new surface area was assigned to micropores and
50—80% in the case of C-PAN@silica—CO,.

Treatment with the second etching agent propelled BET
surface areas up to 1930 m* g™' (case of C-PUA-4.5X@silica—
HF—CO,), 37% of which was assigned to micropores, and up
to 1433 m* ¢! (22% assigned to micropores—case of C-PAN-
2x@silica(9:1)—HF—CO,). For reference and further analysis
by the interested reader, complete data for all samples are
presented in Tables S.3 and S.4 in the Supporting Information.

The pore structure of the double-etched samples was also
probed with low-pressure N,-sorption using a low-pressure
transducer. The derived micropore volumes, Vi opores are
included in Tables S.3 and S.4 of Appendix VI in the
Supporting Information. In all cases, Vi7_300 nm * Vimicropore
<Vriow (Vrow was calculated from bulk and skeletal density
data via Vo = (1/py) — (1/p,)), meaning that, in agreement
with conclusions drawn from SEM, all samples included a
certain amount of macropores with sizes >300 nm. A second
observation is that, in general, V,, were lower in samples
etched first with CO,.

Overall, percent mass loss, porosity values (IT), specific pore
volumes Vrygy and Viopors and BET surface areas were
higher in double-etched samples that were treated first with
HE. Since the etching action of CO, is a comproportionation
reaction with C to yield 2 CO, it is reasonable to suggest that
silica protects the carbon it is in contact with. As illustrated in
Scheme 6, if silica is removed first, more surface area of carbon
becomes accessible to the etching effect of CO,.

icropore

Scheme 6. Etching Model of Carbonized C-PUA@silica and
C-PAN@silica with HF and CO, in Either Sequence”

silica

C-poly@silica
HF | co,

carbon still protected
lcoz

o @

C-poly@silica-HF-CO, C-poly@silica-CO,-HF
higher: [Tand V,c.opore  lower: [Tand V,

micropore

carbon unprotected

“poly = PUA or PAN; micropores are shown as white wiggly lines
penetrating into the bulk of carbon.

2.4, Probing Microporosity with CO, and Application
of Doubly Etched PUA@silica- and PAN@silica-Derived
Carbon Aerogels to Highly Selective CO, Capture.
Conventional carbon aerogels with micropores lined with O
and N have shown a high capacity for CO, adsorption."® Since
this property has a clearly defined application in CO,
sequestration, it was considered as a basis for comparison
with conventional carbon aerogels, namely, carbon aerogels
obtained via pyrolysis of polymeric aerogels. CO, adsorption
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isotherms at two different temperatures (273 and 298 K) and
up to 1 bar (corresponding to partial pressure P/P, = 0.03) of
all double-etched, in either sequence, carbon samples of this
study are shown in Figure 12. All isotherms were reversible
with no hysteresis. By cross-referencing the data of Figure 12
with other material properties from Tables S.3 and S.4,
maximum CO, uptake was observed with the lower-density,
higher-porosity, higher micropore volume, and lower micro-
pore surface area samples, namely, with C-PUA-4.5X@silica—
HF—CO, (9.15 mmol g™') and C-PUA-4.5x@silica—CO,—
HF (6.13 mmol g™'), as well as with C-PAN-2x@silica(7:3)—
HF-CO, (6.56 mmol g™') and C-PAN-2x@silica(7:3)—
CO,—HF (5.30 mmol g '). PAN-derived carbon aerogels
adsorbed lower amounts of CO, than their PUA-derived
analogues. Also, a lower CO, uptake was observed with
samples obtained through the CO,/HF etching sequence
relative to their counterparts obtained through the HF/CO,
sequence. Figure 13 compares the maximum CO, uptake by
the best samples in the four groups of this study (PUA versus
PAN and —HF-CO, versus —CO,—HF) with other CO,
adsorbers from the literature. Overall, most samples displayed
levels of CO, uptake that were among what has been observed
before with other carbon aerogels (around 5—6 mmol g_l).1
By the same token, however, the best performer of this study,
C-PUA-4.5x@silica—HF—CO, (9.15 mmol g™'), was above
the best performers in the literature (e.g., phenolic resin-based
activated carbon microspheres®® or carbon nanotube super-
structures),”’ yet lower than certain CO,-etched carbon
aerogels from pyrolysis of low-density resorcinol-formaldehyde
(RF) aerogels, which have shown CO, uptake up to 14.8 + 3.9
mmol g~'." Unfortunately, the excellent performance of those
RF-derived carbon aerogels was compromised by their low
gravimetric density and the low yield of the etching process. C-
PUA-4.5xX@silica—HF—CO, does not have this problem and
in addition its preparation bypasses all of the expensive steps of
aerogel synthesis.

The involvement of the micropores in the CO, uptake was
investigated by comparing the experimental CO, uptake with
values calculated by assuming three different scenarios: (a)
monolayer coverage of the entire BET surface area with CO,
(using the value of 0.17 nm? per molecule);** (b) monolayer
coverage of only the micropore surface area; and (c)
micropore volume filling with CO, in a state that resembles
liquid CO, (density of that state = 1.023 g cm™3).*%0
Micropore volumes were calculated using either the Dubinin—
Radushkevich (DR) method on low-pressure N,-sorption data
at 77 K and on CO, adsorption data at 0 °C or the density
functional theory (DFT) method on the CO, adsorption data
at 0 °C. All relevant data are summarized in Table 4. It is
noted, however, that since the DR(CO,) volumes and the
reported amount of CO, uptaken are not values independent
of one another, the DR(CO,) volumes were not considered in
calculating the pore filling with CO,; instead, they were used
for comparing the pore volumes calculated via the DR(N,)
method. Oftentimes, these two micropore volumes agree with
one another, which are taken to mean that in these cases CO,
fills the “micropores.” Subsequently, both the DR(N,) and the
DR(CO,) values were used for calculating average “micropore”
sizes. (“Micropore” here is used broadly and refers to pores
falling in the range between large micropores and small
mesopores as probed by CO, or low-pressure N, sorption and
identified by the DR method.)
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Figure 12. CO, adsorption isotherms of all etched carbon aerogels of this study at two different temperatures as shown. (For clarity, only the
adsorption branches are shown, but all isotherms were reversible without hysteresis).
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As it can be seen in Table 4, the amounts of CO, uptaken at
the highest points of the isotherms of Figure 12 are bracketed
from above by the calculated amount of CO, required to
provide monolayer coverage of the entire BET surface areas
and from below by the amount of CO, required to fill the
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volumes calculated by the DFT method of pores with sub-
nanometer pore sizes. Specifically for the latter, independently
of the polymer system or the etching sequence, all double-
etched materials showed similar micropore size distributions
by the DFT method applied on the CO, adsorption isotherms
(see Figure S.13 of Appendix VIII in the Supporting
Information) and similar specific micropore volumes (all
around 0.08—0.12 cm® g~')—see Table 4; filling those DFT-
derived micropore volumes with CO, typically requires only
2—3 mmol g~' of CO,, exception being the case of C-PUA-
4.5X@silica—HF—CO, that requires 4.2 mmol g~'; yet in all
cases, the amount of CO, required to fill those DFT-derived
micropore volumes was much below the experimentally
observed values of CO, uptake (Table 4). Necessarily then,
CO, adsorption should be correlated with structural features
falling between the two extremes (the BET surface area and
the DFT micropore volume).

Indeed, as summarized in Figure 14, it is observed that
whenever the average micropore diameter from the DR(N,)
and DR(CO,) methods was approximately 3—4 nm, the
amount of CO, uptaken was near the amount required for
monolayer coverage of the micropores. When the average
micropore diameter was <3 nm, the amount of CO, uptaken
was less, to significantly lesser than what was required for
monolayer coverage of the micropores; when the average
micropore diameter was >4 nm, the CO, uptaken was more, to
significantly more than the amount required for monolayer
coverage of the micropores, yet it always remained less than
the amount of CO, required to fill the “micropore” volumes
that were calculated with the DR(N,) method. In other words,
CO, seems to fill all sub-nanometer micropores (accounted for
by the DFT(CO,) method) and continues to cover the
surfaces of small pores falling in the region between what is still
defined formally as micropores and the small end of
mesopores. In that region, there appears to be a pore-size
threshold (in the 3—4 nm range), below which micropores are
not coated with CO, completely, and above which CO, keeps
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Table 4. Micropore Analysis and CO, Uptake at 0 °C by All Carbonized and Double-Etched Xerogel Compacts

micropore diameter [nm] via

CO, uptake [mmol g~'] at 273 K, 1 bar

calculated from

monolayer coverage filling micropore

specific micropore volume [cm? g_l] 4 X V/(micropore area) of surface areas volumes
V from V from measured
sample  DR(N,)® DR(CO,)” DFT(CO,)°  DR(N,) DR(CO,)  average®  experimentally ~ BET/ Micropore DR(N,)” DFT(CO,)"
C-PUA@silica—HF—CO,
1.5x 0.74 043 +£ 001  0.11 + 0.01 4.71 2.74 + 0.07 3.73 575 + 0.17 12.5 6.1 172 2.6 £ 0.1
3% 0.75 0.64 + 003  0.12 + 0.01 424 3.64 + 0.15 3.93 7.98 + 0.15 16.8 6.9 17.4 2.7 £ 0.1
4.5% 0.86 0.69 + 001  0.18 + 0.01 4.86 3.91 + 0.05 4.38 9.15 + 0.10 18.9 6.9 20.0 42 + 0.1
C-PUA@silica—CO,—HF
1.5% 0.21 023 +£ 001  0.08 + 0.01 126 1.49 + 0.04 1.32 3.34 + 0.10 112 6.5 49 1.8 0.1
3% 0.42 0.38 £ 001  0.12 + 0.01 2.67 227 + 0.03 2.54 5.13 + 0.09 119 62 9.8 2.7 £ 0.1
4.5% 0.62 0.48 + 0.02  0.08 + 0.03 4.06 2.74 + 0.17 3.60 6.13 + 0.07 13.0 6.0 14.4 2.0 + 04
C-PAN@silica—HF—CO,
6x, (9:1) 0.37 0.30 = 0.01 0.11 + 0.01 3.01 246 + 0.07 2.73 434 +0.11 82 4.8 8.6 2.6 0.1
2%, (9:1) 0.60 0.52 +£0.02  0.10 + 0.01 7.43 6.39 + 0.05 6.93 6.68 + 0.29 14.0 32 14.0 23+ 0.1
6%, (7:3) 0.42 035+ 001  0.11 + 0.01 3.14 2.58 + 0.04 2.88 478 + 0.14 10.0 52 9.8 2.5+ 0.1
2%, (7:3) 0.56 0.50 +£ 002 0.10 + 0.01 6.07 543 + 022 575 6.82 + 0.12 139 3.6 13.0 2.4 + 0.1
C-PAN@silica—CO,—HF
6x, (9:1) 0.29 0.30 +£ 001  0.08 + 0.01 5.42 5.65 + 0.16 5.51 3.05 + 0.09 4.1 2.1 6.7 1.9 + 0.1
2%, (9:1) 0.42 0.38 +£ 002  0.08 + 0.01 6.36 5.78 + 035 6.06 5.11 + 027 114 2.6 9.8 1.9 + 0.1
6x, (7:3) 0.44 033 + 001  0.10 + 0.01 3.90 2.95 + 0.06 341 4.60 + 0.08 9.7 4.4 102 23+ 0.1
2%, (7:3) 0.43 0.39 £ 001  0.09 + 0.01 6.54 5.86 + 0.020 6.24 5.30 + 0.12 112 2.6 10.0 2.1 +0.1

“Via the Dublmn Radushkevich (DR) method from N,-sorption data obtained at 77 K using a low-pressure transducer (P/P, < 0.01). Single
experiment. “Via the DR method from CO, adsorption data at 273 K up to relatlve pressure of 0.015. “Using the same data as in footnote (b) and

applying the DFT method. Pore volumes correspond to pores <1 nm in size.

9Calculated as indicated using the micropore surface areas obtained

from N,-sorption data via the t-plot method. “Calculated via 4 X V/ (mlcropore area), where V = [Vprna) + Vpreco)l/2- fCalculated by dividing
the BET surface area over the CO, cross-sectional area (0.17 nm?),** over the Avogadro’s number. ¢Calculated by dividing the mlcropore surface
area obtained from N,-sorption data via the t-plot method over the CO, cross-sectional area (0.17 nm?), over Avogadro’s number. hCalculated by
assuming that micropore volumes (via the DR(N,) and the DFT(CO,) methods—see footnotes a and c, respectively) are filled with liquid CO,
(the density of liquid CO, at 273 K was taken equal to the density of adsorbed CO, (1.023 g cm™>)).*** Errors were calculated by applying rules

of propagation of error.
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Figure 14. Differential (A: experimental minus expected) CO, uptake
versus average micropore diameter for all carbonized and double-
etched, by either sequence, PUA@silica, and PAN@silica xerogel
compacts. The experimental CO, uptake was taken from the
maximum of the isotherms in Figure 12. The expected CO, uptake
was calculated from micropore monolayer coverage (see footnote “g”
in Table 4). Average micropore diameters were calculated as
described in footnote “e” of Table 4. The dotted line is a third-

order polynomial fit.

on accumulating on already adsorbed CO, but never fills those
small mesopores completely. It is speculated that in both cases
the ultimate amount of CO, uptaken is controlled by the fact
that the entropic penalty of new CO2 molecules entering the
small pores can no longer be ignored.”!

4841

Further insight into the interaction of CO, with the surface
of the carbon aerogels was obtained by calculating the isosteric
heats of adsorption of CO, (Q,) by the four doubly etched
carbon aerogels with the highest CO, uptake capacities among
their peers: C-PUA-4.5X@silica—HF—CO, and —CO,—HEF;
C-PAN-2x@silica(7:3)~HF—CO, and —CO,—HF. Q, i
defined as the negative of the differential change in the total
enthalpy of a closed system, and values were calculated as a
function of the CO, uptake using simultaneous Virial fitting on
the CO, adsorption isotherms at two different temperatures
(273 and 298 K—see Section 4 and Table S.5 in Appendix IX
of the Supporting Information). The plots of the Q, values of
the four materials versus the CO, uptake are shown in Figure
15. The intercept of any Q,, plot at zero CO, uptake is referred
to as Qp and is the energy of interaction of CO, with the
surface of the adsorber. In general, Q, values >40 kJ mol™" are
generated by chemisorption, while lower values by phys-
isorption.

The Qg values of the four double-etched samples, C-PUA-
4.5X@silica—HF—CO, and —CO,—HF; C-PAN-2xX@sili-
ca(7:3)—~HF—CO, and —CO,—HF, were in the range of
27-32 kJ mol™' (see Table S.6 of Appendix IX in the
Supporting Information). Those values can be attributed to
either weak chemisorption or strong physisorption, and their
numerical proximity reflects the fact that irrespective of the
polymeric origin of the carbons implemented in this study, or
their etching sequence, the surfaces of all four systems are lined
with the same functional groups (refer to the XPS data in
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-8— PUA-4.5x@silica-CO,-HF
-8 PAN-2x@silica~(7:3)-HF-CO,
-8~ PAN-2x@silica-(7:3)-CO,-HF
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CO, uptake (mmol

0 8
g)
Figure 15. Isosteric heats of CO, adsorption of the four samples of

this study with the highest CO, uptakes as a function of the latter.
(For clarity, only one of every four points is shown).

Section 2.2.3 above, and in Appendix V of the Supporting
Information). Physisorption may involve quadrupolar inter-
actions between quadrupolar CO, and quadrupolar nitrogen-
rich sites.”” Those interactions are favored in smaller
micropores (yielding higher Q, values),” where quadrupolar
fields come closer to one another and may interact better with
the adsorbate.”™> On the other hand, a special kind of weak
chemisorption of CO, on the surface of carbon may involve
nucleophilic attack of surface —O~ (for example, from
nitroxides) and —N: (for example, from pyridinic and
pyridonic sites) onto CO, yielding surface-bound carbonate
or carbamate, respectively. The reaction of CO, with surface
—O7 is nearly isoenthalpic, while its reaction with —N is
slightly endothermic."*

_ o, _ co,
surface — O—CO—-0O — surface — O—CO-0-CO-0 — etc.

Since the micropore volume of PUA-4.5X@silica—HF—CO,
according to the DR(N,) method is larger (0.86 cm® g™') than
the micropore volume of C-PAN-2X@silica(7:3)—CO,—HF
(0.43 cm® g™'), filling of the former requires more CO, than
filling of the latter, thus resulting in 9.15 mmol g~' versus 5.30
mmol g~ of CO, uptake, respectively.

On the other hand, in the case of double-etched carbon
aerogels with N-rich surfaces, i.e,, C-PUA-4.5X@silica—CO,—
HF and C-PAN-2X@silica(7:3)—-HF—CO,, the micropore
volume of the latter is less (0.37 cm® g™') than that of the
former (0.62 cm® g7'); therefore, it gets filled faster, the
favorable quadrupole interactions increase as the free space
decreases, and consequently the Q, curve moves upward; in
fact, the CO, uptake by C-PAN-2X@silica(7:3)—HF—CO,
(6.82 mmol g™') is well above what is needed for monolayer
coverage of its micropores (3.6 mmol g') and close to what is
needed for filling them completely (8.6 mmol g™*).

Overall, the lining of the pores is important for increased
CO, uptake, and consistently with our previous studies, O—
lining is as important as N-lining or even more so. Coverage
starts with filling smaller (<1 nm) micropores and continues
with monolayer coverage of small mesopores. Depending on
the pore size, multilayer coverage continues until smaller
mesopores (those probed with CO, adsorption and low-
pressure N, sorption) are partially filled.

For practical applications, a highly CO,-absorbing material
should also be selective toward other gasses. For example, for
precombustion separation, a CO,-absorbing material should be

Beyond initial interaction with the surface walls, it is noted
from Figure 15 that in the cases of C-PUA-4.5X@silica—HF—
CO, and C-PAN-2X@silica(7:3)—CO,—HF, the isosteric
heats, Q, remained about flat until about a monolayer
coverage (~6 mmol g7'), and afterward they curved
downwards—meaning that pore filling starts becoming less
favorable. Incidentally, those are also the samples with the
highest CO, uptake among all of the PUA- and PAN-derived
carbons, respectively (Table 4). On the other hand, at first, the
Q, values of the other two samples, C-PUA-4.5X@silica—
CO,—HF and C-PAN-2x@silica(7:3)—HF—CO,, trended
upwards as the CO, uptake increased, but again they both
turned downwards as pore filling progressed. Interestingly, the
former two samples, whose Q,, plots remained substantially
flat, happened to have O-rich surfaces, while the latter two
samples, whose Q, plots curved initially upwards, were N-rich:
by XPS, the O:N atomic ratios of the HF—CO, etched C-PUA
and C-PAN were 1.85 and 0.43, respectively, while the O:N
ratio of CO,—HF etched C-PUA and C-PAN were 0.69 and
1.02, respectively (see Table S22 in Appendix V of the
Supporting Information).

A CO, uptake model consistent with all data suggests that in
the case of double-etched aerogels with O-rich surfaces, i.e., C-
PUA-4.5xX@silica—HF—CO, and C-PAN-2x@silica(7:3)—
CO,—HF, CO, is mostly adsorbed via an energy-neutral
reaction with surface —O~ according to eq 1 and continues

beyond monolayer coverage according
-0 + CO, — surface — O—CO-0O" (1)

to also energy-neutral eq 2.

()

selective against H, and CH, while for postcombustion
purposes, selectivity toward N, is desired. The adsorption
isotherms of CH, and H, at 273 K, 1 bar for both double-
etched C-PUA-4.5X@silica and C-PAN-2X@silica(7:3) are
shown in Figure S.14 of Appendix X in the Supporting
Information. The maximum gas-uptake values are summarized
in Table S.7 of Appendix X in the Supporting Information. The
isotherms were fitted with a Virial-type equation that allowed
calculation of the Henry’s constants, Ky, for each gas and
material (see Section 4). Then, selectivities were calculated as
the ratios of the Ky values (see Table S.8 of Appendix X in the
Supporting Information) and are compared in bar graph form
in Figure 16.

The uptake of H, and N, was quite low as compared to CO,
adsorption for carbon aerogels derived from PUA and PAN.
The selectivity of C-PUA-4.5X@silica aerogels toward CO,
versus H, was 624 + 238 and 288 + 86 for the HF—CO, and
the CO,—HF varieties of the material, respectively; the
corresponding selectivity toward CO, versus N, was in the
range of 70—80 for both varieties of the material. The
significant difference in the CO,/H, selectivities of C-PUA-
4.5X@silica carbon aerogels from the two etching processes is
attributed to the fact that the CO, adsorption of the HF—CO,
variety was 50% higher than that of the CO,—HF material (9
vs 6 mmol g, respectively), while the H, adsorption was
similarly low (0.06—0.08 mmol g™') for all of the double-
etched PUA-derived carbon aerogels. The selectivities of the
C-PAN-2x@silica-(7:3) samples toward CO, versus H, were
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Figure 16. Relative selectivities at 273 K for the gases shown of
double-etched carbon aerogels derived from PUA@silica (top) and
from PAN@silica (bottom). (Selectivities were calculated as the ratios
of the corresponding Henry’s constants obtained by Virial fitting of
the isotherms at 273 K of Figure S.14 of Appendix X in the
Supporting Information).

in the range of 780—863, while CO,/N, selectivities were in
the range of 73—92 for materials from both etching processes.
On the other hand, the adsorption of CH, was high compared
to N, and H, (up to 2.6 mmol g~'—see Table S.7 of Appendix
X in the Supporting Information), which has been attributed to
the high polarizability of CH,.>*” As a result, selectivities of
CO, toward methane for both PUA- and PAN-derived carbon
aerogels, by both etching processes, were low, typically less
than 285.

Overall, all PUA- and PAN-derived carbon aerogels by the
method described here showed high selectivities toward CO,
over H,, which is favorable for precombustion CO, capture.
Relevant to postcombustion applications (CO,—N, separa-
tion), selectivities in the range of 71—97 were at par with those
from amide networks,58 organic cages,59 certain conjugated
organic polymers,”” and other microporous carbon aerogels
derived from phenolic aerogels.'

3. CONCLUSIONS

Viewing sol—gel-derived silica suspensions as removable
templates for the accumulation of carbonizable polymers, we
have demonstrated an alternative synthetic route to highly
porous carbon aerogel monoliths from compressed polymer-
cross-linked xerogel powders. The new process is energy
efficient due to bypassing supercritical fluid drying or freeze-
drying, time efficient due to faster solvent exchanges within the
grains of wet-gel particles, and material efficient due to the
reduced number of solvent exchanges required for xerogelling
versus aerogelling. Post carbonization etching processes
control BET /micropore surface areas as well as micro- and
mesoporosities in the final carbon aerogels. The microporosity

4843

of those carbons can be utilized for high and selective CO,
adsorption at par with the best CO, adsorbers considered in
the literature. The method of preparing monolithic carbon
aerogels from xerogel powders is generalizable and can be
applied to other metal-oxide aerogels besides silica. For
example, if silica is replaced with sol—gel-derived iron or
cobalt oxide networks, a similar process to the one described
herewith may yield graphitic aerogels at temperatures that are
considered low for graphitization (e.g,, <1500 °C).%°

4. EXPERIMENTAL SECTION

4.1. Materials. All reagents and solvents were used as received
unless noted otherwise. Ammonium hydroxide (NH,OH, ACS
reagent), 3-aminopropyltriethoxysilane (APTES), sodium hydroxide
pellets (NaOH), anhydrous sodium sulfate (Na,SO,, ACS certified),
and hydrofluoric acid (HF, 48-51% solution in water, ACS reagent)
were purchased from Fisher Scientific. Tetramethylorthosilicate
(TMOS), 4,4’-azobis(4-cyanopentanoic acid) (ABCVA, >98%
-trans), anhydrous tetrahydrofuran (THF), and acrylonitrile (>99%,
containing 35—4S ppm monomethyl ether hydroquinone (MEHQ) as
inhibitor) were purchased from the Sigma—Aldrich Chemical
Company. Acrylonitrile was extracted three times with 3.0 M aqueous
sodium hydroxide solution to remove the inhibitor and dried using
sodium sulfate. The inhibitor-free acrylonitrile was stored in a
refrigerator at 0 °C and used within a month. HPLC grade solvents
including hexane, methanol (CH;OH), ethyl acetate (EtOAc), and
toluene were purchased from Fisher Scientific. Technical grade
acetone was purchased from Univar (St. Louis, MO). Tris(4-
isocyanatophenyl)methane (TIPM) was generously donated by
Covestro LLC (Pittsburg, PA) as a 27% w/w solution in dry
EtOAc under the trade name Desmodur RE (early stages of the
project) and later was purchased from Shanghai Ruizheng Chemical
Technology Co. (Shanghai, China) as a 27% w/w solution in dry
EtOAc.® Ultra-high-purity Ar (grade S), N, (grade 4.8), O, (grade),
and Ar (99.99999%) gases were purchased from AirGas (Rolla, MO).

4.1.1. Preparation of APTES@Silica Powder (Refer to Scheme
2A,B). In a typical process, hexane (43 mL, 3X the volume of the
intended sol) was added under flowing dry (with a drying tube) Ar
(99.99999%) to a three-neck round-bottom flask equipped with a
mechanical stirrer and a drying tube. To that flask, solution A
consisting of 4.5 mL of CH;OH and 3.85 mL (0.026 mol) of TMOS
and solution B consisting of 4.5 mL of CH;0H, 1.5 mL (0.083 mol)
of water and 40 uL of NH,OH were added successively at room
temperature under vigorous stirring (770—950 rpm). As soon as the
mixture developed fine particles and turned white (approximately 20
min), 1.28 mL (0.0065 mol) of APTES (approximately 1/3X the
volume of TMOS) was added to the flask, and the reaction mixture
was stirred at the same rate for 24 h at room temperature. The
resulting APTES@silica suspension was transferred to centrifuge
tubes (S0 mL, Fisher Scientific), and the solvent was exchanged twice
with ethyl acetate and once with water-saturated ethyl acetate
(EtOAc/H,0). After standing for 15 h in EtOAc/H,0O, the APTES@
silica suspension was either processed to PUA@silica powder (see the
next section) or dried under vacuum at SO °C for further
characterization. All washes and solvent exchanges were carried out
with centrifugation for 15—20 min at 2450 rpm. Each time, the
supernatant solvent was removed and the volume of the new solvent
that was brought in was 2X the volume of the compacted slurry
(paste) at the bottom of the centrifuge tubes. Before every new
centrifugation step, the compacted slurry was resuspended with
vigorous agitation with Vortex-Genie (Model no. K-550-G, Scientific
Industries) and a glass rod.

4.1.2. Preparation of PUA@silica Powder (Refer to Scheme 2B).
In a typical procedure, the TIPM solution as received (4X the volume
of the centrifuged paste) was added to the centrifuge tubes (50 mL,
Fisher Scientific, Cat. no. 06-443-18) containing the APTES@silica
slurry from the last EtOAc/H,O wash; the tubes were sealed tightly
with their caps, and the suspension was heated in an oven at 65 °C for
72 h. For different formulations of PUA@silica powders, different
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amounts of TIPM solution 4.5X, 3%, and 1.5X mol (6X, 4X, and 2X
v/v relative to 1X v/v of APTES@silica paste) were used for cross-
linking relative to 1X mol of APTES@silica. The mixture was swirled
slowly every 10—12 h to redistribute the settled powder and increase
the diffusion rate. At the end of the 3 day period, the tubes were
allowed to cool to room temperature, and they were centrifuged for
15—20 min followed successively by three ethyl acetate washes. The
wash solvent was always removed by centrifugation. Again, for all
washes, the volume of the solvent added was twice the volume of the
paste at the bottom of the tubes. After removing the solvent from the
last ethyl acetate wash, the contents of the tubes were transferred with
the aid of small portions of ethyl acetate and were combined in a
round-bottom flask. Ethyl acetate was removed, and the product was
dried under reduced pressure (water aspirator connected via a drying
tube) at S0 °C into a dry, freely flowing PUA@silica powder.

4.1.3. Preparation of Initiator@Silica Powder (Refer to Scheme
2C). Hexane (43 mL, 3X the volume of the intended sol) was added
under flowing dry (with a drying tube) Ar (99.99999%) to a three-
neck round-bottom flask equipped with a mechanical stirrer and a
drying tube. To that flask, solution A consisting of 4.5 mL of CH;OH
and 3.85 mL (0.0260 mol) of TMOS and solution B consisting of 4.5
mL of CH;OH, 1.5 mL (0.0830 mol) of water, and 40 uL of NH,OH
were added successively at room temperature under vigorous stirring
(770—950 rpm). As soon as the mixture developed fine particles and
turned white (approximately 20 min), a third solution consisting of
0.67 mL (0.0028 mol) of APTES (TMOS/APTES = 9:1 mol/mol)
and 0.4049 g (0.0014 mol) of ABCVA (APTES/ABCVA = 2:1 mol/
mol) dissolved in 8.70 mL of anhydrous THF at 0 °C in an amber-
glass Erlenmeyer flask was added to the flask. The reaction mixture
was stirred at the same rate for 24 h at room temperature. The
resulting initiator@silica suspension was transferred to centrifuge
tubes, and the solvent was exchanged once with methanol and thrice
with toluene. After this solvent exchange, the initiator@silica
suspension was either processed to yield PAN@silica powder (see
the next section) or was washed three times with acetone and dried
under vacuum at 50 °C for further characterization. All washes and
solvent exchanges were carried out with centrifugation for 15—20 min
at 2450 rpm. Each time, the supernatant solvent was removed, and the
volume of the new solvent that was brought in was 2X the volume of
the compacted slurry (paste) at the bottom of the centrifuge tubes.
Before every new centrifugation step, the compacted slurry was
resuspended with vigorous agitation using Vortex-Genie (Model no.
K-550-G, Scientific Industries) and a glass rod.

4.1.4. Preparation of PAN@Silica Powder (Refer to Scheme 2C).
In a typical procedure, 13.5 mL of inhibitor-free acrylonitrile in 5 mL
of toluene (acrylonitrile/toluene = 2.7:1 by v/v) was added in a
round-bottom flask containing the above-obtained initiator@silica
slurry from the toluene wash. The mixture was heated at 55 °C and
stirred using a magnetic stirrer at 400 rpm. At the end of the 24 h
period, the mixture was allowed to cool to room temperature and then
the slurry was centrifuged for 15—20 min followed successively by
three toluene washes and three acetone washes. Always, the wash
solvent was removed by centrifugation. Again, for all washes, the
volume of the solvent added was twice the volume of the paste at the
bottom of the tubes. After removing the solvent from the last acetone
wash, the contents of the tubes were transferred with the aid of small
portions of acetone and were combined in a round-bottom flask.
Acetone was removed and the product was dried under reduced
pressure (water aspirator connected via a drying tube) at S0 °C into a
dry, freely flowing PAN@silica powder.

4.1.5. Preparation, Carbonization, and Postcarbonization
Etching of PUA@silica and PAN@silica Compacts (Refer to
Schemes 2 and 3). Dry PUA@silica and PAN@silica powders were
compressed into various cylindrical monolithic objects using a
stainless-steel die and a hydraulic press operated at 10,000 psi. The
placement of the powders in the die was carried out in small portions
under continuous tapping.

Compressed PUA@silica compacts were converted to carbonized
C-PUA@silica compacts pyrolytically at 800 °C for S h under flowing
ultra-high-purity Ar using a programmable MTI GSL1600X-80 tube
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furnace (outer and inner tubes both of 99.8% pure alumina; outer
tube: 1022 mm X 82 mm X 70 mm; inner tube: 610 mm X 61.45 mm
X 5§3.55 mm; heating zone at set temperature: 457 mm). The gas flow
was always set at 325 mL min™".

Compressed PAN@silica compacts were first aromatized to A-
PAN@silica compacts pyrolytically at 300 °C for 24 h under flowing
O,, and then these A-PAN@silica compacts were converted to C-
PAN@silica compacts pyrolytically at 800 °C for S h under flowing
ultra-high-purity Ar.

Carbonized C-PUA@silica and C-PAN@silica compacts were
subjected further to two etching processes. Hydrofluoric acid (HF,
48-51% w/w in water) treatment of carbonized C-PUA@silica and C-
PAN@silica compacts was carried out in high-density polyethylene
(HDPE) vials (20 mL, Cat. no. 03-337-23, Fisher Scientific) capped
with rubber septa (Cat. no. CG-3024-03, ChemGlass Life Sciences)
under reduced pressure (using a water aspirator) until no more
bubbles were observed coming out from the carbonized compacts.
Subsequently, these compacts were washed three times with distilled
water and three times with acetone in the same HDPE vials, under
reduced pressure, for 1S min each time. Finally, washed compacts
were dried in a vacuum oven at 80 °C for 24 h. CO, etching was
carried out in a tube furnace at 1000 °C for 3 h under flowing CO,,
before or after HF treatment.

4.2. Methods. 4.2.1. Physical Characterization. Bulk densities
(pp) were calculated from weight and physical dimensions of the
samples. Skeletal densities (p;) were measured using helium
pycnometry on a Micromeritics AccuPyc II 1340 instrument. Samples
for skeletal density measurements were outgassed for 24 h at 80 °C
under vacuum before analysis. Percent porosities (II) were
determined from the p, and p; values via IT = 100 X [(p, — pp)/ps)-

4.2.2. Chemical Characterization. Different methods were applied
at different stages of processing as follows.

Liquid *C NMR spectra were recorded with 400 MHz Varian
Unity Inova NMR instrument (100 MHz carbon frequency). The
cross-linked polymer was identified as polyacrylonitrile with solid-
state. CPMAS *C NMR on a Bruker Avance III 400 MHz
spectrometer with a carbon frequency 100 MHz, using 7 mm Bruker
MAS probe at a magic angle spinning rate of 5 kHz with broadband
proton suppression and CP total suppression of spinning side bands
(TOSS) pulse sequence. The TOSS pulse sequence was applied using
a series of four properly timed 180° pulses on the carbon channel at
different points of a cycle before the acquisition of the FID, after an
initial excitation with a 90° pulse on the proton channel. The 90°
excitation pulse on the proton and the 180° excitation pulse on
carbon were set to 4.2 and 10 yus, respectively. The cross-polarization
contact time and the relaxation delay were set at 3000 ps and S s,
respectively. The number of scans was set at 2048. Spectra were
referenced externally to glycine (carbonyl carbon at 176.03 ppm).
Chemical shifts were reported versus tetramethylsilane (TMS, 0
ppm). Solid-state >’Si NMR spectra were also obtained on the same
Bruker Avance III 400 MHz spectrometer with a 59.624 MHz silicon
frequency using again a 7 mm Bruker MAS probe and magic angle
spinning at 5 kHz, using cross-polarization pulse sequence. The cross-
polarization contact time and the relaxation delay were set at 3000 ys
and 5 s, respectively. The number of scans was set at 16384. »Si
NMR spectra were referenced externally to neat TMS (0 ppm).

X-ray photoelectron spectroscopic analysis (XPS) was carried out
with a Thermo Fischer Scientific Nexsa X-ray Photoelectron
Spectrometer System. Samples were mixed and ground together
with Au powder (5% w/w) as an internal reference. Deconvolution of
the spectra was performed with Gaussian function fitting using the
OriginPro 9.7 software package.

4.2.3. Thermal Characterization. Thermogravimetric analysis
(TGA) was conducted under air at 1000 °C with Fischer Scientific
Isotemp muffle furnace using a heating rate of 10 °C min™". TGA was
also conducted under O, with a TA instrument Model TGA QS50
analyzer, using a heating rate of 5 °C min™".

Modulated differential scanning calorimetry (MDSC) was con-
ducted under N, from -30 to 350 °C, with a heating rate of 5 °C
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min~' using a TA Instruments Differential Scanning Calorimeter
Model Q2000.

4.2.4. Structural Characterization. Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (SEM-EDX) were
conducted with Au/Pd (60/40)-coated samples on a Hitachi Model
S-4700 field-emission microscope. Samples were placed on the stub
using C-dot. Thin sticky copper strips were cut and placed on the
edges and top of the sample, leaving space for the analysis.

4.2.5. Pore Structure Analysis. The pore structure was probed with
N,-sorption porosimetry at 77 K using either a Micromeritics ASAP
2020 or a TriStar IT 3020 surface area and porosimetry analyzer.
Before porosimetry, samples were outgassed for 24 h under vacuum at
120 °C. Data were reduced to standard conditions of temperature and
pressure (STP). Total surface areas were determined via the
Brunauer—Emmett—Teller (BET) method from the N,-sorption
isotherms. Micropore analysis was conducted with low-pressure N,-
sorption at 77 K using a Micromeritics ASAP 2020 instrument
equipped with a low-pressure transducer or with CO, adsorption up
to 760 Torr (relative pressure P/P, = 0.03) at 273 K using the
Micromeritics TriStar IT 3020 system mentioned above. Micropore
surface areas were calculated via t-plot analysis of the isotherms using
the Harkins and Jura Model. Pore size distributions were determined
with the Barret—Joyne—Halenda (BJH) equation applied to the
desorption branch of the N,-sorption isotherms.

4.2.6. Isosteric Heats of CO, Adsorption (Qy). Q, values were
calculated using the Virial fitting method. For this, the CO,
adsorption isotherms at 273 and 298 K were fitted simultaneously
with a Virial-type eq 3 using the OriginPro 2020 9.7.0 software
package.

1 & ) " )
mP=IN+— ) aN+ ) bN'
T i=0 i=0 (3)

where P is pressure in Torr, N is the adsorbed amount in mmol g™, T
is the absolute temperature, a; and b; are the Virial coeflicients, and m
and n are the number of coefficients (or polynomial terms) needed to
fit the isotherms adequately. Using the least-squares method, the
values of m and n were gradually increased until the sum of the
squared deviations of the experimental points from the fitted isotherm
was minimized. All data were fitted well with m = 3 and n = 1 (see
Table S.5 in Appendix IX of the Supporting Information). The values
of a, to a, were introduced into eq 4, and the isosteric heats of
adsorption (Q,,) were calculated as a function of the surface coverage

= (4)

where R is the gas constant (8.314 J mol™ K™') and Q, is given in kJ
mol™". The common term in eq 4 for all N, Q,, corresponds to i = 0
and is given by eq S.

Qo = _Ra() (5)

Qq is the heat of adsorption as coverage goes to zero and is a sensitive
evaluator of the affinity of the adsorbate for the surface. Q, values are
summarized in Table S.6 of Appendix IX in the Supporting
Information.

4.2.7. Relative Adsorption Selectivities. Relative adsorption
studies for CO,, CH,, N,, and H, were done on a Micromeritics
TriStar II 3020 surface area and porosimetry analyzer at 273 Kup to 1
bar. Adsorption selectivities for one gas versus another were calculated
as the ratios of the respective Henry’s constants, Ky;. The latter were
calculated via another type of a Virial model, whereas the single-
component adsorption isotherms for each gas at 273 K were fitted
according to eq 6.

m
IWN=IP+K+KN+KN +...=hP+ Y KN

(6)
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Fitting was carried out using the least-squares method by varying the
number of terms, until a suitable number of terms, m, described the
isotherms adequately. Coefficients K, K,, .., K,, are characteristic
constants for a given gas—solid system and temperature. The Henry’s
constant for each gas, Ky, is the limiting value of N/P as P — 0 and is
given by eq 7.%

Ky = lim(ﬁ] =l
P—o\ P (7)

To calculate standard deviations, all isotherms obtained experimen-
tally for each component were fitted individually. The Ky values from
all isotherms were averaged, and the average values were used to
calculate selectivities by taking the ratios. Standard deviations for the
ratios were calculated using rules for propagation of error.
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