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ABSTRACT

We report novel methods for the synthesis of porous materials such as polymeric
aerogel foams, pure metallic aerogels, amorphous and graphitic carbon aerogels, and their
applications. I. Polyurethane based aerogel foams were synthesized with an aliphatic
triisocyanate and ethylene glycol through a pressurized (7 bar) sol-gel method. The foam-
like structure is prepared without any chemical foaming agents or templates, resulting in
less expensive, more efficient, readily adaptable, and environmentally friendly process.
Those materials exhibited lower thermal conductivity (by 25%) and higher oil adsorption
capacity (by 36% w/w) than their corresponding aerogels. Il. Monolithic, pure metallic
Co(0) aerogels were synthesized from polyurea-crosslinked cobaltia xerogel powder
compacts via carbothermal reduction, for application as thermites. I11. Carbon aerogels were
synthesized from compressed compacts of polyurea- and polyacrylonitrile-crosslinked
silica xerogel powders. The process of making aerogels-via-xerogels allows to speed-up the
solvent exchange process and bypasses supercritical fluid drying, resulting in time, energy,
and materials efficient methodology. At their best, these carbon aerogels have high BET
surface area (up to 1934 m? g%, porosities (up to 83% v/v) and good CO; uptake (up to 9.15
mmol gt) with high selectivity toward other gases (Hz, N2 and CHa). IV. Sturdy, monolithic
graphitic carbon aerogels with different nano-morphologies were synthesized at lower
temperatures (800-1500 °C) compared to conventional graphitization (2500-3300 °C) from
Fe- or Co-catalyzed free-radical surface-initiated polymerization of acrylonitrile monomer
to polyacrylonitrile-crosslinked metal oxide xerogel powder compacts. These graphitic

carbon aerogels were demonstrated as anodes for Li-ion batteries with good charge capacity.
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1. INTRODUCTION

1.1. AEROGELS

Aerogels are a class of porous materials characterized by their low bulk density
(about 1000 times less dense than glass), high open porosity (up to 99% v/v air),** high
pore volume (>2 cm® g?),° high specific surface area (>600 m? g?), low thermal
conductivity, and low sound velocity. Based on these properties aerogels are excellent
candidates as thermal insulators,®’ gas/oil adsorbents,®*3 catalyst supports,}*® energy
storage materials,™*°® thermites,?° ceramics,?*?® in aerospace applications,?42°

30-32 capacitors, 3334 etc.

electrodes in batteries,?’2° sensors,

According to IUPAC, aerogels are “gels comprised of microporous solids in which
the dispersed phase is a gas”.>® But this definition is not correct, because there are many
other microporous materials like zeolites and metal organic frameworks, which are not
aerogels. A better and concise definition of acrogels was proposed by Leventis as “an open
non-fluid colloidal network or polymer network that is expanded throughout its whole
volume by a gas and is formed by the removal of all swelling agents from a gel without
substantial volume reduction or network compaction.”?

Aerogels are typically synthesized through a sol-gel process®® giving a wet-gel
where the pore-filling solvent is replaced by a supercritical fluid (SCF), such as SCF COx,
which is vented off as a gas. The sol-gel process involves mixing of appropriate precursors
in a non-reactive solvent, usually with a catalyst or an initiator to form a ‘sol’. This sol,

further ‘gels’ by different polymerization techniques to give a ‘wet-gel’. The resulting wet-

gel is a porous nanostructured solid-network with solvent filled in the pores, which is aged
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and dried using appropriate drying methods. The process of SCF drying preserves the
porous skeletal framework of the wet-gel with a minimum volume shrinkage.

Polymer-crosslinked Aerogels - Traditionally, aerogels were considered as silica
aerogels, which were invented by S.S. Kistler.®” These silica aerogels are extremely light-
weight, highly porous, have high surface areas, low thermal conductivity, but are extremely
fragile.3"3® Generally, silica aerogels are transparent with a light blue tint because of
reflected light from primary particles due to Rayleigh scattering as shown in Figure 1.1.%°
Due to their fragility issue, silica aerogels, have limited use in certain types of catalyst
supports,41¢ space exploration, for example in capturing cosmic dust in outer space (refer
to NASA’s Stardust program),?*2 and thermal insulation.®” Fiber reinforced aerogel
composite thermal insulation blankets are commercially available from Aspen aerogels
which can be bent and rolled over.*

The mechanical properties of these fragile silica aerogels can be enhanced by
changing their nanostructure, which requires a detailed understanding of their skeletal and
porous structure, which in turn requires a detailed understanding of their formation via the
so-called sol-gel chemistry. Silica aerogels consist of a pearl-necklace-like skeletal
framework and the interparticle neck of such structures is the weakest point, leading to
their fragility.*! While ageing of silica wet-gels, Ostwald ripening takes place, which is a
dissolution and reprecipitation of silica at surfaces and the interparticle neck, which
enhances the mechanical strength of the fragile silica wet-gel.*? Longer ageing time would
lead to more mechanically sturdy silica aerogels but at the expense of increasing their

skeletal density.*®



3 aerogel
monoliths

Scattered light

Figure 1.1. Photograph of three small silica aerogel monoliths (pp=0.032 gcm™) on a
black surface with a white background demonstrating Rayleigh scattering by showing
transmitted yellow/orange light and reflected bluish light. Samples were illuminated with
a white light source from the front.

A new approach to solve the fragility issue was developed by coating the silica
skeleton with an organic polymer by crosslinking different surface functional groups with
an isocyanate.** This forms a polymer coating on the entire skeletal framework as shown
in Scheme 1.1 and gives better mechanical strength without affecting much of the density.
These polymer-crosslinked aerogels are referred to as X-aerogels. It was reported that the
mechanical strength of X-aerogels increased by 300 times with a small increase of 3 times
in density, as compared to normal silica aerogels.**** Many different chemistries can be
carried out to crosslink the skeletal framework with different organic polymers like
polystyrene,* polyacrylonitrile,?? polyurea,?* polyurethane,*¢4” polymethylmethacrylate,*
epoxy resins,*® etc. There is an added advantage of these polymer-crosslinked aerogels as

they can act as a source of carbon via carbothermal reduction leading initially to carbon
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aerogels following by carbonization, given that the polymers are aromatic and can be

carbonized in good yield.*°

7
| T3
M NH.om oH H,0 ¢ 9
H3CO—Si—OCH3;>HO_Si_OH _Z,—O—Si—O—Sli—O—Sli—O—
OCH3 OH |
. . —O0—Si— |
TMOS hydrolysis polycondensation (I)
|
polyurea APTES
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N\H2 NH,
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HN QA1
TIPM ’ ALY
—— H,N 9ol 0n
2
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PUA@silica APTES@silica

Scheme 1.1. Synthesis of polymer-crosslinked (polyurea) silica aerogels (PUA@silica).

1.2. THE ISOCYANATE CHEMISTRY

One of the most highly reactive functional groups in chemistry, is the isocyanate
group (-N=C=0) due to the electron withdrawing ability of oxygen and nitrogen atoms
attached to the central carbon atom, as shown in Scheme 1.2. This electron withdrawing
ability induces electron deficiency on the central carbon atom, making it more prone to

nucleophilic attack, as shown in Scheme 1.3.*°



Scheme 1.2. Resonance structures of the isocyanate group.

R-N=C=0 + Ny — R N=G7O"

& Nu

Scheme 1.3. Nucleophilic attack on the isocyanate group.

Thus, the isocyanate group can react with several functional groups like alcohols,
amines, water, etc. Based on the groups attached on the nitrogen, the reactivity of the
isocyanate group can be tuned. Generally, aromatic isocyanates are more reactive than
aliphatic isocyanates. Several organic aerogels can be made using isocyanates. In this
thesis, an aliphatic isocyanate (N3300A) has been used to synthesize polyurethane aerogel
foams (Paper-1),° an aromatic triisocyanate (TIPM) has been used to crosslink cobaltia gel
suspensions to form polyurea-crosslinked cobaltia xerogel powders, which were further
processed to pure metallic Co(0) aerogels (Paper-11).2° Finally, TIPM was used to crosslink
silica gel suspension to form polyurea-crosslinked silica xerogels, which were further
processed to amorphous carbon aerogels (Paper-111).

1.2.1. Reaction of Isocyanate with Amines. Formation of a urea linkage takes

place if the nucleophilic nitrogen of the amino group attacks the electrophilic carbonyl
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carbon of the isocyanate group, as shown in Scheme 1.4. This reaction is exothermic and

occurs extremely fast.

Scheme 1.4. Reaction of isocyanate with amine to form urea.

1.2.2. Reaction of Isocyanate with Water. Formation of a urea linkage can also
be carried out by reaction of isocyanate with water via formation of unstable carbamic acid,
which further decomposes to carbon dioxide and amine. This in-situ generated amine
(Scheme 1.5) further reacts with the unreacted isocyanate to form a urea. This reaction is

generally catalyzed by small quantities of amines like triethylamine.

OH

7
T
)
(@)
+
o
_O
N\
T
™
@)

N
—p ~
! RO
H o)
carbamic acid

H .
N._O7H . .. ..
R )]/U_ﬁ—> R—NH, + HO + OH + 0=C=0
He: H4O0  :0oH . .
Q ) o in-situ amine

Scheme 1.5. Reaction of isocyanate with water to form amine.
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1.2.3. Reaction of Isocyanate with Alcohol. Formation of a urethane linkage is
usually carried out by the reaction of isocyanate and alcohol in the presence of a catalyst
such as dibutyltin dilaurate (DBTDL) or metal salts like CuCl,, Cu.Cly, CoCly, FeCls, as

shown in Scheme 1.6.

. . catalyst H O.
R-N=C=Q + HO-R — R™ "y 'R
O
urethane

Scheme 1.6. Reaction of isocyanate with alcohol to form urethane.

1.3. AEROGELS-VIA-XEROGELS

As previously discussed, traditionally wet-gels are dried using SCF CO: to obtain
aerogels. The SCF drying step is time-, energy-, and materials-consuming, which has
hampered large scale commercialization of aerogels. However, if the wet-gels are dried by
simple evaporation of solvent at room or higher temperature, under ambient pressure, the
skeletal framework collapses by exerting pressure on the pore walls due to the surface
tension of the liquid. This leads to an extensive shrinkage as compared to the wet-gel
volume (up to 30% of initial volume) and maximum number of pores collapses, thus
resulting in Xerogels.*®>? According to TUPAC, a xerogel is “an open network formed by
the removal of all swelling agents from a gel”.>® Xerogels were first introduced by
Freundlich to designate shrinking or swelling of the gels.>* Figure 1.2 shows a general

schematic flow chart for preparation of a wet-gel via a sol-gel method, and further drying
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of the wet-gel by two different methods to give either an aerogel or a xerogel, specifying
the important properties of these two materials. The images within show a typical silica

aerogel and a xerogel.

phase
Catalyst separation
or :
Initiator , mix a few minutes
+ — " 3%
Monomers soL WET-GEL

* Volume of gel retained

supefcritical fluid AEROGEL ﬁ + High Porqsity \( S
drying (CO,) * Low density

z * More compact solids
XEROGEL a » Low porosity
» High density

ambient pressure
drying
More cost efficient!

WET-GEL

Figure 1.2. Preparation of wet-gel by sol-gel method and further drying to get aerogel and
xerogel.

Making aerogels-via-xerogels by bypassing the SCF CO. drying offers an excellent
solution, which has been demonstrated previously in the synthesis of porous ceramic
aerogels (SiC and SisN4)?! and in this dissertation, by making porous materials like:
polyurethane aerogel foams (Paper-1),°t monolithic pure metallic Co(0) aerogels (Paper-
11),2° amorphous carbon aerogels (Paper-111) and graphitic carbon aerogels (Paper-1V).

For the synthesis of polyurethane aerogel foams, the gelation solvent (acetonitrile-
acetone mixture) in the final aged wet-gel was replaced with low-boiling point non-solvent
pentane (b.p. = 36 °C), thus avoiding the use of SCF CO.. For the synthesis of metallic
Co(0) aerogels, polyurea-crosslinked cobaltia xerogel powders (X-CoOx) were made by
crosslinking the cobaltia (CoOx) sol-gel suspension with an aromatic triisocyanate (tris(4-
isocyanatophenyl)methane (TIPM). Since cobaltia sol resists gelation and takes very long

time (about 10 days)® to form a gel, long gelation times have also been observed for other
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metal oxides,®® this method of aerogels-via-xerogels is very advantageous to get
monolithic, sturdy, pure metallic Co(0) aerogels. For polyurea-crosslinked silica xerogel
powders, the gelation was disrupted by vigorous mechanical stirring, using hexane as a
non-solvent. The surface of silica was modified with an amine functionality by co-gelation
of tetramethoxyorthosilicate (TMOS) and 3-aminopropyltriethoxysilane (APTES) in
different ratios, resulting in surface dangling -NHz and -OH groups. More -OH groups were
introduced on the surface of silica suspension by washing with water saturated ethyl
acetate. These surface functionalized groups were reacted with TIPM, a triisocyanate, to
give polyurea-crosslinked silica xerogel powders (PUA@silica). For polyacrylonitrile-
crosslinked silica (PAN@silica) or metal oxide (PAN@FeOx or PAN@Co0OXx), the surface
dangling -NH> groups of silica suspension were modified with an azo-based free-radical
initiator to induce free-radical surface-initiated polymerization of inhibitor-free
acrylonitrile monomer to give polyacrylonitrile polymer. These polymer-crosslinked
inorganic oxide xerogel powders were compressed and molded to different sizes and
shapes to obtain the desired aerogels. Both polyurea and polyacrylonitrile are carbonizable
polymers, which were further used for carbothermal reduction.

In summary, the aerogels-via-xerogels method has many advantages:

(a) Time-efficient: xerogel powders have faster diffusion of solvent within the
grains, thus allowing faster solvent exchange.

(b) Energy-efficient: bypasses the supercritical fluid drying.

(c) Material-efficient: reduces usage of solvents for washings.

(d) Cost-efficient: reducing the time, energy, and material consumption.
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(e) Robust handling and processing: bypasses handling of fragile wet-gels, gives

care-free handling of xerogel powders to obtain any size and shape aerogels.
(F) Generalizable: gelation of any system can be diverted to powders by vigorous
mechanical agitation and modification of the surface functional groups for

desired polymerization.

This aerogels-via-xerogel method can be extended to any polymeric or inorganic
sol-gel system to obtain their respective aerogel foams. Different polymers can be
crosslinked on silica or metal oxides to get pure metallic, amorphous and graphitic carbon

aerogels.

1.4. POLYURETHANES

In 1947, Otto Bayer and his coworkers discovered polyurethane (PU) as a substitute
for rubber during the beginning of World War Il, by reaction of polyester diols with
diisocyanates.> > But soon after the commercialization of PU, polyester diols were
replaced by polyether polyols due to their better handling properties, low cost, and
improved hydrolytic stability. The properties of polyurethanes can be modified based on
the different types of alcohol and isocyanate combinations. Generally, lower molecular
weight polyols form rigid and hard polyurethanes, and higher molecular weight polyols
form soft elastic polyurethanes. Due to their easily modifiable mechanical and elastic
properties, polyurethanes have been used as replacements for rubbers,*® metals, and
plastics.®® Polyurethanes are used in shoes, coatings, construction, textiles, foams,
adhesives, bedding, fibers, electronic appliances, medical devices, etc.5®%4 Polyurethane

foams are useful in flexible thermal insulation.®®
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Based on their common applications, polyurethanes are divided into four groups:

(a) Elastomers:®® footwear, synthetic leather, seals, O-rings, vibration damping

(b) Rigid foams:®” thermal insulators, construction, refrigerators

(c) Flexible foams:*"® pedding, cushions, textile, carpet, automotive

(d) Waterborne PU:%° protective coatings, decorative coating, adhesives

S. S. Kistler made the first nitrocellulose-based aerogel.®” In 2013, our group has
explored different types of polyurethane aerogels for controlling flexibility,
nanomorphology, particle size and mechanical properties, by modifying the structure of
isocyanates (aliphatic and aromatic triisocyanate) and polyols (aromatic diols and triols).”®
Subsequently, in 2017, we explored mechanical energy storage as shape-memory panels
and biomimetic devices via poly(isocyanurate-urethane) aerogels.*’ In 2019, we showed
the combined effect of polyurethane aerogels with cyclodextrins for high water
adsorption.*® In this thesis Paper-I, we have studied the properties of poly(isocyanurate-
urethane) aerogel foams made using compressed air and dried under ambient conditions,

to give better thermal conductivity and oil retention.>

1.5. FREE-RADICAL SURFACE-INITIATED POLYMERIZATION

Free-radical initiators are molecules which can produce radical species under mild
conditions and promote radical reactions.”* These molecules generally have weak bonds
that have small bond dissociation energies. Free-radical initiators like organic or inorganic
peroxides, azo compounds, nitrogen-halogen bonds, etc. are used in free-radical
polymerization reactions.’? When these free-radical initiators are modified and bounded to

the surface of some suspensions, then those suspensions can participate in free-radical
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surface-initiator polymerization.?4+" Many literature explain the importance of free-
radical initiators bounded to surfaces by a wide range of interactions such as ionic bonding,
covalent bonding, etc. But the most practical examples concern asymmetric peroxides and
azobisisobutyronitrile (AIBN) derived free-radical initiators.*>’* The new generation of
polymer brushes by free-radical surface-initiated polymerization has become a powerful
approach to tailor the chemical and physical properties of interfaces and has given rise to
great advances in surface and interface engineering.” Polymer brushes are defined as thin
polymer films in which the individual polymer chains are tethered by one chain end to a
solid interface.

In 2008, our group reported a facile synthesis of a new surface-confined bidentate
free-radical initiator synthesized at 197 K using 4,4 -azobis(4-cyanovaleric acid)
(ABCVA), 3-aminopropyltriethoxysilane (APTES) and tetramethoxyorthosilicate
(TMOS), which was used to initiate free-radical surface-initiated polymerization to yield
polymethylmethacrylate, polystyrene, and polydivinylbenzene aerogels.** Furthermore, in
2010, the same free-radical initiator was used to initiate polymerization of acrylonitrile
monomer to obtain polyacrylonitrile-coated 3D silica aerogels, which after aromatization
at 300 °C and carbonization at 1200-1600 °C gave SiC aerogels.??

In Paper-11l, a similar bidentate azo-based free-radical silica initiator salt is
synthesized at room temperature using ABCVA and APTES in anhydrous tetrahydrofuran
(THF). While in Paper-1V, a different type of bidentate azo-based free-radical initiator was
synthesized, but without any silica counter-part, using ABCVA, ethyl chloroformate and

triethylamine in anhydrous THF.
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Polymerization of Acrylonitrile to Polyacrylonitrile - Polymerization of
acrylonitrile is usually carried out using a free-radical initiator in a non-interfering solvent

(like toluene), as shown in Scheme 1.7.

free-radical /\
ey ——iiator | __initiator f\/\ m
N N N CN
acrylonitrile growing polymer chain polyacrylonitrile

Scheme 1.7. Reaction of acrylonitrile with a free-radical initiator to form
polyacrylonitrile.

1.6. CARBON AEROGELS

Carbon aerogels are well known materials for their low density, high porosity, high
surface areas, and high electrical conductivity, thus becoming attractive candidates for
many applications.”® They are produced from pyrolysis of carbonizable polymeric
aerogels, which in turn are prepared with typical sol-gel chemistry.”” Carbonization is
heating organic materials at temperatures between 600-1000 °C in an inert environment
(pyrolysis).”® Pyrolysis of an organic polymeric aerogel gives rise to monolithic porous
carbon aerogels. The first carbon aerogels were reported by Pekala and were based on
pyrolysis of phenolic-type of organic aerogels from condensation of resorcinol and
formaldehyde.”

1.6.1. Amorphous Carbon Aerogels. Hard carbons, also known as non-
graphitizing carbons are carbon-based materials which cannot be graphitized at any
temperature.2>82 Rosalind Franklin first identified both soft and hard carbons in 1951.8%
Polymers that can be hard carbons are sucrose, polyvinylidene chloride (PVDC), coke, etc.

Applications of amorphous carbon aerogels include gas adsorption,® gas separation,® water
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purification,® hydrogen storage,®®®’ catalyst supports, electrodes for fuel cells,® battery
electrodes, %! and materials for supercapacitors.®® The high porosity and surface area of
carbon aerogels come from both the innate porosity of the parent polymeric aerogels, and
the chemical transformation (decomposition) of the skeletal framework during pyrolysis.*?

1.6.2. Graphitic Carbon Aerogels. Graphite, the most thermodynamically stable
allotrope of carbon has attracted attention due to its excellent physicochemical
properties.®*% Porous carbon materials with graphitic framework, easily accessible
nanopores, and tunable surface areas found applications as electrode materials,®®%’ in
energy storage,*® catalysis,**% super lubrication,?*1%? and water purification,'®® due to
their thermal and chemical stability.2%1% Graphite is obtained naturally from graphite
mines by a multistep separation process with extensive purification.’% The separation
process of natural graphite to produce battery-grade graphite is time-consuming and
environmentally unfriendly with high mass loss.*® Since natural graphite is a non-
renewable resource, different synthetic methodologies are used to produce high-quality
graphite for desired applications. Soft carbons, also known as graphitizing carbons, are
carbon-based materials which can be graphitized at high temperatures (2500-3300 °C).
Polymers that can be soft carbons are petroleum coke, polyvinylchloride (PVC),
polyacrylonitrile, aromatic polyurea, etc. In this regard, three main strategies are used for
obtaining porous graphitic carbons, which include: (a) high temperature chemical vapor
deposition (CVD)," (b) high temperature and/or high-pressure treatment of carbon
precursors,*%11% and (c) catalytic graphitization.!** However, it is very challenging to
retain porous structure of final graphitic carbons due to the extremely high graphitization

temperature.
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Resorcinol formaldehyde (RF) aerogels are most commonly transformed into
carbon aerogels, and subsequently into graphitic carbon aerogels at high temperatures.*?

Although the “gel” is no longer apparent in the carbon material, the resulting monolithic

materials are still considered gels.

1.7. GAS ADSORPTION AND CO2 CAPTURE

Greenhouse gases such as carbon dioxide (CO2), methane (CH4), nitrogen oxides
(NOy), carbon monoxide (CO), hydrocarbons, sulfur dioxide (SO.), etc., are constantly
being emitted every day from industries, factories, vehicles and have endangered human’s
survival, food sources, and nature by introducing them freely in the atmosphere, resulting
in a global climate change.***> Currently, fossil fuels supply more than 86% of energy
for industry, and their use has led to the increase in the concentration of greenhouse gases.
According to the EPA report on 2021, the total greenhouse gas emissions were 80% COo,
10% CHa4, 7% nitrous oxide, and 3% fluorinated gases.''® The atmospheric CO2
concentration has increased from the pre-industrial value of 280 ppm to nearly 410 ppm in
2021, and CHa has also doubled in value.**"'8 Thus, development of renewable and clean
energy sources has sky-rocketed across the world in 2021. Alternatively, CO, capture has
been considered as a great solution to this issue. Generally, there are three viable techniques
currently used at large-scale: %12

(@) pre-combustion capture: CO: is captured from CHs or Hz at 40 °C and high

pressure (40 bar).
(b) post-combustion capture: CO> is captured from flue gas with excess N> at 40-

80 °C and ambient pressure.



16
(c) oxyfuel combustion: fuel is burnt in the absence of N2 to give only CO. and

water.

1.8. MOTIVATION AND SCOPE OF THE PRESENT WORK

From many decades mankind has been trying to understand nature and develop
different materials for the betterment of civilization and personal growth. Now-a-days, a
wide variety of materials are being researched, developed, and applied in commercial
applications. Amongst them aerogels are extensively developed and being used
commercially in a variety of applications as thermal insulating blankets, battery materials,
supercapacitors, greenhouse gas absorbers, radiation detectors, purification systems,
specialty chemicals, etc. The unique properties of aerogels would broaden their
applications even more in the coming years and increase the market demand for more
developed and streamlined manufacturing processes. In this thesis, efficient syntheses of
aerogels have been accomplished and specific applications of these materials have been
demonstrated.

1.8.1. Polyurethane Aerogel Foams. Solid foams are an important class of porous
materials formed by pockets of gas trapped in a solid matrix, often again characterized by
low bulk densities and high macroporosity. Foaming is an important industrial process,
which typically provides lighter and more cost-effective materials than in their nonfoam
state.'?? Existing manufacturing techniques utilize chemical foaming agents and methods
involving aerogel synthesis within the macropores of prefabricated polymer templates,

resulting in procedures not suitable for industrial scale. These procedures can involve large
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amounts of sacrificial chemicals and therefore are expensive.'?>1% Thus, an efficient
method for polymeric aerogel foams synthesis was much needed as shown in Paper-I.

Our approach of an aerogel foaming process merges the “open” porosity of an
aerogel with the “closed” porosity of foams creating a novel multiscale, random, yet
hierarchical open-pore structure, in which larger voids (pores) are interconnected in all
directions (3D) by the innate aerogel pores. Our method for the synthesis of aerogel foams
without the use of chemical agents or templates, involves gelation under pressurized air (7
bar) injection into a specially designed mold. High pressure induces air dissolution into the
sol, which generates bubbles and creates a foam-like structure during depressurization. Our
procedure does not alter the chemical composition of the aerogel, so it could potentially be
used for a variety of different aerogel types and formulations. Therefore, without loss of
generality, the method is demonstrated here with a special type of a poly(isocyanurate-
urethane) aerogel (PIR-PUR). The newly synthesized aerogel foams were characterized
and gave better properties than their regular aerogel counterparts in terms of bulk density,
porosity, thermal conductivity, and oil absorption.

1.8.2. Pure Metallic Aerogels. Noble metal (Au, Pd, Pt) aerogels via a direct
solution-based reduction have been reported in 2018 by Burpo et. al.*?® Fast reduction of
these noble metal salts was carried out using dimethylamine borane (DMAB) and sodium
borohydride, resulting in a gel above a critical concentration. These gels were freeze-dried
to aerogels, have high surface area, conductivity and capacitance, and are useful for energy
storage, catalysis and sensors applications. In 2014, our group demonstrated the synthesis
of pure metallic iron aerogels via carbothermal reduction of polymer-crosslinked iron oxide

aerogels.!” Different types of polymers like resorcinol-formaldehyde and polybenzoxazine
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were used for crosslinking, and further pyrolysis under inert atmosphere gave porous iron
monoliths. These iron aerogels were further demonstrated as thermites.'® However, these
aerogels were dried using SCF CO; and are extremely fragile.

An efficient aerogels-via-xerogels method for pure metallic aerogels is shown in
Paper-Il. As mentioned in Section 1.1.2., our approach for the synthesis of pure metallic
cobalt aerogels was carried out via carbothermal reduction of polyurea-crosslinked cobaltia
xerogel powder compacts under inert atmosphere. The cobalt sol-gel system was
specifically chosen because it resists or takes very long time to form a gel and thus a route
via xerogel powders is beneficial for such a system. Final pure metallic Co(0) aerogels
were about 70% v/v porous. Further application of these Co(0) aerogels as thermites was
demonstrated by filling the aerogels’ pores with lithium perchlorate (LiCl1O4) and igniting
them with the help of a nichrome wire. Temperatures above 1500 °C were reached by the
thermite reaction.

1.8.3. Porous Amorphous Carbon Aerogels. As mentioned in Section 1.5.1.,
amorphous carbon aerogels are excellent materials for many applications. On the
downside, the use of SCF CO: drying during the synthesis of carbon aerogels is a high-
pressure, and energy-intensive process. When it comes to preparation of monolithic carbon
aerogels with a pre-determined form factor, molding and handling of potentially fragile
polymeric wet-gels and aerogel precursors might lower the yield. Furthermore, the size of
the monoliths is limited by the size of the pressure vessel. Thus, exploring an efficient
method for the synthesis of amorphous carbon aerogels was much needed, and it is shown

in Paper-I11.
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Our approach for the synthesis of amorphous carbon aerogels avoids supercritical
fluid drying and is capable of furnishing monoliths in various sizes and shapes from
compressing compacts of polymer-crosslinked silica xerogel powders. Furthermore,
pyrolytic carbonization of these polymeric xerogel compacts was carried out. Overall, the
porosity of these carbon aerogels was created by (a) decomposition of the carbonizable
polymer to carbon; and (b) reactive removal of the silica network using hydrofluoric acid
(HF). Using silica as a removable template, we proposed an etching model to achieve
desired BET surface area and control the micro- and meso-porosities in the final aerogels.
Additional porosity was created by using reactive etching (with CO) of the resulting
carbon aerogels.

1.8.4. Porous Graphitic Carbon Aerogels. As mentioned in Section 1.5.2.,
graphitic carbon aerogels are attractive candidates for various applications. However, there
are several synthetic challenges, as mentioned in Section 1.8.2.

In order to avoid high graphitization temperatures, the graphitization process is
carried out in the presence of various catalysts such as Fe, Co, Mn, and Ni. Although the
presence of a catalyst reduces graphitization temperatures, the desired porosity is difficult
to obtain in the final graphitic carbons without the use of hard or soft templates. On the
other hand, carbon aerogels are microporous carbons with excellent porosity and wide pore
size distribution. Thus, exploring an efficient method for the synthesis of graphitic carbon
aerogels was much needed.

In Paper-1V, we report aerogels-via-xerogels method for the synthesis of graphitic
carbon aerogels derived from metal oxide xerogels crosslinked with a carbonizable

polyacrylonitrile (PAN). Xerogels can be obtained in the form of powders which are easy
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to handle by diverting the gelation of polymeric precursor by vigorous mechanical stirring.
The drying and washing of xerogel powders is extremely quick due to easy transfer of
solvent along the grains of xerogel powders making the process time efficient. In turn, the
metal oxide (MOx) network was obtained by gelation of metal chloride hydrates
(FeCl3.6H20 and CoCl..6H20) and subsequent modification with a free-radical initiator.
These xerogel powders were compressed into compacts with a hydraulic press, aromatized
at 300 °C under O2 and were pyrolytically graphitized at different temperatures from 800
°C to 1500 °C under ultrahigh purity argon into graphitic compacts. These compacts were
further etched with aqua-regia at room temperature to produce porous graphitic carbon
aerogels. High quality graphitic carbon aerogels with porosities in the range of 63-78% and

99.8% wi/w graphitic carbon were obtained with this method.
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ABSTRACT

We report monolithic aerogel foams as solid materials with hierarchical porosity
created by a foam-like structure embedded in the skeletal framework of a regular aerogel.
The foam-like structure is prepared without chemical foaming agents or templates,
resulting in a less expensive, more efficient, and more readily adaptable process.
Specifically, pressurized air (7 bar) is injected into a suitable sol, which is allowed to gel
under pressure, followed by slow depressurization. VVoids are created from the air bubbles
formed during depressurization. The model material used for validation of the technique is
based on poly(isocyanurate-urethane) aerogels (PIR-PUR) and selected material properties
of the resulted aerogel foams are compared with those of their pristine aerogel

counterparts. With an eye on scalability, all wet-gels were dried under ambient conditions.
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Aerogel foams exhibit lower bulk densities by about 25%, and higher porosities by about
10% in comparison with their pristine PIR- PUR aerogel counterparts. Interestingly, the
thermal conductivities of aerogel foams were found reduced significantly (by 25%) from
0.104 to 0.077 Wm™K™ compared to the corresponding pristine aerogels. In addition,
aerogel foams absorb 36% w/w more oil and show better oil retention in comparison with
regular PIR- PUR aerogel samples made from the same sols. As this technique does not
alter the chemical composition of the aerogel, it is anticipated that it can be used for a
variety of different types of aerogels and formulations in order to lower their bulk density
and improve desired physical properties such as thermal conductivity.

Keywords: aerogels, foams, porous materials, pressurized sol-gel, polyurethane
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1. INTRODUCTION

Aerogels are a class of porous materials characterized by their low bulk density,
high open porosity and high specific surface area [1]. They are typically synthesized
through a sol-gel process at atmospheric pressure followed by drying of the resulting wet-
gels with a supercritical fluid (SCF), most commonly CO2 [1,2]. On the other hand, solid
foams are a different class of porous materials formed by pockets of gas trapped in a solid
matrix, often again characterized by low bulk densities and high macroporosity [3].
Foaming is an important industrial process, which typically provides lighter and more cost-
effective materials than in their nonfoam state [4]. The result of an aerogel foaming process,
which we refer to as an “aerogel foam,” merges the open porosity of an aerogel with the
“closed” porosity of foams creating a novel multiscale, random, yet hierarchical open-pore
structure, in which larger voids (pores) are interconnected in all directions (3D) by the
innate aerogel pores. Existing manufacturing techniques utilize chemical foaming agents
and methods involving aerogel synthesis within the macropores of prefabricated polymer
templates, resulting in extremely specific procedures not suitable for the industrial scale
[5-7]. These procedures can involve large amounts of sacrificial chemicals and therefore
are expensive [6,8].

Our approach for the synthesis of aerogel foams without the use of chemical agents
or templates involves gelation under high pressure through air injection into a specially
designed mold. High pressure in-duces air dissolution into the sol, which generates bubbles
and creates a foam-like structure during depressurization. Our procedure does not alter the

chemical composition of the aerogel, so it could potentially be used for a variety of different
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aerogel types and formulations. Therefore, without loss of generality, the method is
demonstrated here with a special type of a poly(isocyanurate-urethane) aerogel (PIR-PUR)
[9,10]. The newly synthesized aerogel foams were characterized in terms of bulk density,
porosity, thermal conductivity and oil absorption capabilities in comparison with their
regular aerogel counterparts prepared from the same sol under atmospheric pressure.

Our approach for the synthesis of aerogel foams without the use of chemical agents or
templates involves gelation under high pressure through air injection into a specially
designed mold. High pressure induces air dissolution into the sol, which generates bubbles
and creates a foam-like structure during depressurization. Our procedure does not alter the
chemical composition of the aerogel, so it could potentially be used for a variety of different
aerogel types and formulations. Therefore, without loss of generality, the method is
demonstrated here with a special type of a poly(isocyanurate-urethane) aerogel (PIR-PUR)
[9,10]. The newly synthesized aerogel foams were characterized in terms of bulk density,
porosity, thermal conductivity and oil absorption capabilities in comparison with their

regular aerogel counterparts prepared from the same sol under atmospheric pressure.

2. RESULTS AND DISCUSSION

2.1. PRESSURIZED SOL-GEL SYNTHESIS OF PIR-PUR AEROGEL FOAMS
The sol formulation (Figure 1a) was adopted from Donthula et al. [10]. An aliphatic

triisocyanate (Desmodur N3300A) and ethylene glycol (EG) were separately dissolved in

anhydrous acetone and acetonitrile (the exact ratios are listed in Table S1 of the Supporting

Information). A schematic of the pressure vessel and the synthetic protocol are shown in



25
Figure 1b and c, respectively. A photograph of the pressure mold is shown in Figure S2 of
the Supporting Information. The two solutions were combined and stirred for 5 min at room
temperature. Next, the correct amount of catalyst (dibutyltin dilaurate; DBTDL, see Table
S1in Supporting Information) was added, and the resulting sol was stirred for an additional
5 min. Subsequently, the sol was poured into the gelation vessel, which was then
pressurized with air to 7 bar, and it was allowed to gel and age for 2 h at room temperature.
A portion of the same sol (5 mL) was set aside in an unpressurized clear syringe for
comparison. Both kinds of gels were post-processed in the same way. After aging, the high-
pressure ball valve (see Figure 1b) was loosened and tightened repeatedly to allow the
vessel to gradually depressurize in stages. The sample was allowed to equilibrate for
several minutes during each depressurization step. The total depressurization process lasted
for approximately 45 min, and finally the gel was removed from the mold into an acetone-
acetonitrile mixture. The gelation solvent was exchanged one more time with acetone, then
with acetonitrile and finally with pentane for a period of 8 h in each bath. Those wet-gels
were dried directly from pentane at room temperature under ambient pressure. The drying

process was completed by placing the samples in a convection oven at 50 °C for 2 h.

2.2. GENERAL MATERIAL AND MICROSTRUCTURAL PROPERTIES

The general material properties such as skeletal densities, bulk densities and
porosities are listed in Table 1. The bulk densities were calculated from the sample
dimensions and masses. The regular PIR-PUR aerogel sample (gelled under atmospheric
pressure) had a bulk density of 0.345 g/cm?. At the same monomer concentration, foamed

samples had about 30% lower bulk densities, as low as 0.247 g/cm®.
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Figure 1. (a) Reaction pathway to PIR-PUR aerogels; (b) Schematic of the pressure
vessel used as a mold (for a photograph see Figure S2 in Supporting Information); (c)
Preparation procedure of the PIR-PUR aerogel foams.

As expected, the skeletal densities of the foamed samples were close to the skeletal
density of the regular aerogel sample. Linear shrinkage was calculated by comparing the
diameters of the samples with the inner diameter of the molds and it was found similar (at
about 20%) between the regular and foamed samples. No significant syneresis was
observed during gelation and aging. For all samples, the main shrinkage event took place
during the ambient-pressure drying process. Porosities were calculated using the bulk and
skeletal densities. Following the trend in bulk densities, the pressurized sol-gel approach

increased the porosity by approximately 10%.



27

It is noted that the materials we describe fall between aerogels and xerogels: they
have been prepared by ambient pressure drying, therefore they might not be considered as
aerogels, but they have not been dried from the gelation solvent either, and therefore they
may not be considered as xerogels. A more appropriate classification would have been as
“ambigels,” [11]. However, based on Leventis’ previous work using supercritical drying,
this particular formulation has a bulk density 0.32 g/cmq. As the bulk density and porosity
of the materials of this study are close to the values of their supercritically-dried counterpart
(only about 6% higher), we have opted to refer to them as “aerogels” and “aerogel foams.”
It should also be noted that our aerogel foams have even lower bulk densities than their
supercritical dried counterpart.

The morphology of the foamed samples was studied using scanning electron
microscopy (SEM, Figure 2 and Figure S1 in the Supporting Information). It is
immediately apparent that the skeletal particle size of the regular aerogel and the aerogel
foam were approximately equal, and therefore it was concluded that the mechanism of
particle formation (phase separation of liquid oligomers, followed by spherodization and
solidification [12,13]) was not affected by the sol pressurization. Quantitatively, several
random particles were selected from the SEM images and the particle diameters were used
in order to construct the particle size distribution curves of Figure 3. The particle size
distribution in the aerogel foam was slightly broadened compared to that of the regular
aerogel samples. However, the average particle diameter of both types of aerogels was

close to 8 um.



Table 1. General material properties of regular PIR-PUR and aerogel foams 2.

Name Bulk Density Skeletal Density Linear Shrinkage ° Porosity °
(pv, glcm?) (pv, glem?) (%) (%)
Regular Aerogel (PIR-PUR) 0.345 + 0.009 1.215 + 0.003 19 72
Aerogel Foam (PIR-PUR-P-1) 0.250 + 0.007 1.244 + 0.003 20 80
Aerogel Foam (PIR-PUR-P-2) 0.263+£0.014 1.240 + 0.003 21 79
Aerogel Foam (PIR-PUR-P-3) 0.247 £ 0.002 1.236 + 0.002 21 80

& Average of three measurements.

b Linear Shrinkage = 100 x [(Mold diameter — Sample diameter)/Mold diameter].

¢ Porosity = 100 x [(ps — pb)/ps].

8¢
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Figure 2. SEM images of an aerogel foam (PIR-PUR-P1 sample) in comparison with a
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The air dissolved in the sol during gelation formed bubbles during depressurization,
leading to the formation of macrovoids surrounded by the pore structure of the regular
aerogel. Based on Figure 2, the size of a typical macrovoid was around 25 pum. It is worth
mentioning that the processes of bubble nucleation (void formation) and growth (phase
separation) may both be affected by many factors including gas solubility, diffusivity, and
bubble surface tension, which are also functions of the foaming temperature and pressure.
However, the size of the voids depends on the pressure difference between the inside of
the bubble and the surrounding medium. Therefore, either by increasing the sol internal
pressure or lowering the external pressure during the depressurization stage, the size of the
macrovoids can be potentially controlled. Larger macrovoids either due to supercritical
drying or by increasing the pressure difference between the interior of the bubble and the
surrounding medium can lead to aerogel materials with higher porosities.

SEM analysis of a material's morphology is a qualitative characterization method
and in most cases the results are simply articulated verbally. A thorough quantitative
analysis would require numerical image processing which is outside the scope of this
report. In order to quantify the effect of the pressurized gelation on the pore morphology
of aerogel foams versus that of a regular aerogel, the SEM images in Figure 2 were
analyzed using the ImageJ software package (Radial Profile Plot) [14] as follows (see
Figure 4): First, the integrated intensity at a given distance from a randomly selected
reference point was defined by the sum of the pixel values around a circle with the reference
point as its center and the given distance as its radius (see Figure 4, Inset); Subsequently,
the integrated intensities were divided by the number of pixels in the circle to obtain the

normalized integrated intensities. Of course, for this analysis to be valid, the SEM images
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had to be captured at the same magnification, same brightness, same exposure time, etc.
The normalized integrated intensities were used as indicators of the radial particle
distribution as a function of the radial distance from the center point of the SEM images.
According to Figure 4, there is a distinct peak in the radial profile of the regular PIR-PUR
aerogels at 1020 um. With 8 um average particle diameter (see above), this peak shows
that aerogel particles, and therefore the porous space created in between, are distributed
evenly at the vicinity of the center point of the SEM image. Since the selection of the center
point was random, this assertion is valid for the entire material. This conclusion is
consistent with the SEM image of the regular aerogels (Figure 2). However, this picture is
no longer valid in the aerogel foams: as data of Figure 4 show, in that case we have three
macrovoids around the SEM center point. Interestingly, the radial profiles of both the
regular aerogel and the aerogel foam are converging as the sampling radius increases above
60 um. However, the converging intensity value of aerogel foams is 34% lower than the
corresponding value of a regular aerogel. That percent difference between the converged
intensities is in the same range as the percent difference of bulk densities between regular
PIR-PUR aerogel and aerogel foams. This observation suggests that the normalized
integrated intensities can be used to quantify morphology related differences in

nanostructured materials and we intend to explore it further.

2.3. THERMAL PROPERTIES
The thermal diffusivities, R, of a regular aerogel and aerogel foams were measured
using the laser flash method as a non-contact, non-destructive, and highly accurate method

[14,15]. The R values are listed in Table 2.
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Figure 4. Normalized integrated intensities of the regular aerogel and aerogel foam (PIR-
PUR-P1) as a function of the radial distance, r, from a randomly selected center point (O)
in the SEM — see Inset. (Data are used to quantify the void space distribution.)

Due to the increase in porosity and the presence of new voids in the aerogel foams
relative to the regular aerogel, the air thermal diffusivity is expected to be higher in aerogel
foams relative to regular aerogels. However, that increase in thermal diffusivities is
apparently moderated by a reduction of the amount of solid material in the skeletal
framework, and as a result the thermal diffusivities of the two materials remain within error
about equal to one another (Figure 5a). Thermal conductivities (k) were then calculated
from the corresponding thermal diffusivities (R) using the relationship k = R x ¢p x p,
where ¢, and pyp are the specific heat capacity and the bulk density, respectively. Here, the

specific heat capacity was considered equal for all materials (1.711 £ 0.074 J g—1 K-1)
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[12]. The thermal conductivities of the regular aerogel and aerogel foams are included in
Table 2. Signifying the solid network contribution, the thermal conductivities of the aerogel
foams were notably lower (by 25%) compared to the corresponding values of regular
aerogels prepared with the same monomer concentration (Figure 5b). This further
underlines the fact that heat transfer between pore-filling air and the PIR-PUR walls of the
aerogel foam is negligible [17]. Therefore, with a significant reduction in bulk density
(about 30%), the heat transfer contribution of the PIR-PUR phase is significantly reduced
and subsequently the total thermal conductivity in the aerogel foams is also reduced

proportionally compared to the regular aerogel.
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Figure 5. (a) Average thermal diffusivity and (b) average thermal conductivity of the
regular PIR-PUR aerogel and of the corresponding aerogel foams at room temperature.
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2.4. OIL ABSORPTION PROPERTIES
Figure 6 shows the percent mass gain of the regular aerogel and aerogel foam (PIR-
PUR-P1) as a function of time when corresponding samples were submerged in engine oil
(density of 0.8 g/cm®). The aerogel foam shows a peak mass gain of 219%, which was
reached in a little over 1 min. The peak mass gain for regular aerogel was 165%, which
was reached at roughly the same time. Both samples maintained this peak mass gain.
However, as it was expected, due to the higher porosity of aerogel foams, those samples
were 36% more absorbent (29% improvement in terms of volume uptake) than the regular
aerogel samples. In fact, that increase in oil absorption capacity far exceeds the increase in
porosity (10%), which might be attributed to greater swelling due to lower density. It is
interesting to note that aerogel foams released a minimal amount of oil during the
experiments, whereas the regular aerogel sample released a significantly larger volume of
oil. Thus, aerogel foams demonstrate better oil retention and absorption than regular

aerogels.

Table 2. Thermal diffusivity and thermal conductivity of a regular PIR-PUR aerogel and
aerogel foams at room temperature.

Thermal diffusivity Thermal conductivity
Name
(mm?s?) (WmtK?)
Regular Aerogel (PIR-PUR) 0.177 = 0.006 0.104 + 0.006
Aerogel Foam (PIR-PUR-P1) 0.192 £ 0.001 0.082 £ 0.010
Aerogel Foam (PIR-PUR-P2) 0.169 £ 0.011 0.076 £ 0.007
Aerogel Foam (PIR-PUR-P3) 0.175 = 0.008 0.074 £ 0.005
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Figure 6. Percent mass gain of the regular aerogel and aerogel foam (PIR-PUR-P1) upon
submerging in engine oil as a function of time.

3. CONCLUSIONS

In summary, polymeric aerogels with foam-like porosity surrounded by regular
structural characteristics of the corresponding aerogels were prepared using a pressurized
sol-gel approach. The procedure of injecting high-pressure air into the gelation vessel
containing a proper sol is indeed an environmentally friendly and low-cost method for
producing aerogel foams. Aerogel foams exhibited significantly lower bulk density, higher
porosity, and lower thermal conductivity compared to their regular aerogel counterparts.

Further research will be conducted to control the effects of gelation temperature and
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injected air pressure. With aerogels demonstrating applications such as oil-spill cleaning,
CO2 capturing, blood fractionating, air freshener release, mosquito repellant release, filter
for hemodialysis, and so on, it is speculated that aerogel foams will demonstrate further

quantitative improvements in all these applications.

4. EXPERIMENTAL

Materials: Acetone, acetonitrile, and ethylene glycol were obtained from Fisher
Scientific (Hampton, NH). Desmodur N330A was supplied by Covestro (Pittsburgh, PA).
Dibutyltin dilaurate, 95% (DBTDL) was obtained from Alfa Aesar (Haverhill, MA). Five-
millimeter plastic vials were used as molds. All purchased materials were used without
further processing.

Setup for gelation under pressure: A 6” threaded steel pipe was attached to a high-
pressure vessel via a ball valve and a flange. The other end was closed with a steel cap. An
air compressor was attached to the vessel through a pressure gauge. To reach higher
pressures, a more powerful air compressor was attached to the gauge. Figure S2 in the
Supporting Information shows the setup for the pressurized so-gel synthesis. The sol is
poured into the steel pipe when the ball valve is closed and then sealed with the steel cap.
The total volume of the gelation vessel is roughly 100 mL. A total of 90 mL sol was used
to allow space for the expansion of the pressurized sample.

Synthesis: Monomeric compounds Desmodur N3300A and ethylene glycol were
dissolved separately in acetone and acetonitrile (exact amounts are listed in Table S1 of the

Supporting Information). The two solutions were combined and stirred for 5 min at room
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temperature. Dibutyltin dilaurate catalyst was then added, and the solution was stirred for
an additional 5 min. The solution was poured into the gelation vessel, where it was
pressurized with an air compressor and allowed to gel and age for 2 h at room temperature.
For sample removal, the cap of the gelation vessel was loosened and tightened repeatedly
to allow gradual depressurization in stages. The sample was allowed to equilibrate for
several minutes during each depressurization step, totaling approximately 45 min. The
samples were then washed successively twice with acetone, acetonitrile, and finally
pentane for a period of 8 h in each bath. Pentane-filled wet-gels were allowed to dry at
room temperature and pressure for 24 h. The resulting aerogels were cured in a convection
oven at 50 °C for 2 h. A 5 mL aliquot of each sol was set aside in an unpressurized clear
syringe and was left for gelation. These control samples were processed in the same way
as the aerogel foams.

Basic material characterization: Bulk densities (p») were determined from the
weight and the physical dimensions of the samples. Skeletal densities (ps) were determined
with helium pycnometry using a Micromeritics AccuPyc Il 1340 instrument. Samples for
skeletal density measurements were outgassed for 24 h at room temperature under vacuum
before analysis. Porosities (IT) as a percent of empty space were determined from the pp
and ps values via I7 = 100 x [(ps — pb)/ps].

Scanning electron microscopy: SEM images were captured from Au/Pd (60/40)
coated samples on a Hitachi Model S-4700 field emission microscope.

Thermal conductivity: The total thermal conductivities of all samples were
calculated at 23 °C via k = R x Cp x pn, as has been described recently [16]. The thermal

diffusivity, R, of each sample was determined at room temperature and atmospheric
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pressure with a Netzsch NanoFlash Model LFA 447 flash diffusivity instrument using disk
samples (~1 cm in diameter, 2-3 mm thick) [9,18].

Oil absorption capability: Two small beakers filled with engine oil (Castrol Ltd.,
Liverpool, UK) were prepared. The samples were lowered into the beakers, then allowed
to soak for an allotted time period. The samples were then removed from the beaker and
placed in Petri dishes, where they sat to dry for 1 min. After this drying interval, the samples

were squeezed, and then were placed back into the oil.
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SUPPORTING INFORMATION

Table S.1. Exact amounts used for the sol preparation of regular aerogel and aerogel
foams (total vol. 90 mL).

Material Volume (mL) Mass (9)
Desmodur N3300A 10.91 12.77
Ethylene Glycol 212 2.48
Acetonitrile 57.72 45.36
Acetone 19.12 15.12
Dibutylin Dilaurate 0.13 0.13

Regular
Aerogel

(PIR-PUR)

Aerogel Foam

(PIR-PUR-P1)

Aerogel Foam

(PIR-PUR-P2)

Aerogel Foam

(PIR-PUR-P3)

Figure S.1. The SEM images of the regular aerogel and aerogel foams at different
magnifications.
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(1) High pressure steel cap

(2) Pressurevessel as a gelation mold
(3) High pressure ball valve

(4) High pressure flange

(5) High pressure air tank

(6) Pressure gauge

(7) Air compressorinlet

Figure S.2. Photograph of the pressurized mold for the synthesis of PIR-PUR aerogel
foam.
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ABSTRACT

A new route to metallic aerogels that bypasses use of supercritical fluids and
handling fragile wet-gel and aerogel precursors is exemplified by the carbothermal
synthesis of monolithic Co(0) aerogels from compressed cobaltia xerogel powders coated
conformally (crosslinked) at the primary particle level with a carbonizable polyurea.
Residual carbon is removed and carbon-free samples are obtained by high-temperature
treatment of as-prepared Co(0) aerogels under a flowing stream of H>.O/H> that prevents
oxidation of the Co(0) network. The durability of Co(0) aerogels is demonstrated under
harsh processing conditions in their application as thermites. For this, Co(0) aerogel discs
are infiltrated with LiClIO4 from a melt, and are ignited at about 1100 °C with an electric
resistor. As Co(0) “burns” to CoO, temperature exceeds 1500 °C, and the heat released
(55.2 + 2 kcal mol™?) is near to both the theoretical value (-58.47 kcal mol™) and that from
well-known pressed-pellet iron/perchlorate thermites (66.6 kcal mol™?). The advantage of
nanostructured thermites based on Co(0) aerogels is the efficiency (100%) by which the

metal is consumed during its reaction with LiClO4 filling the pores.
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1. INTRODUCTION

Aerogels are open solid colloidal or polymer networks that are obtained by
removing the swelling agents from a gel without substantial volume reduction or network
compaction.! That definition has been expanded to include materials whose precursors are
“regular” aerogels derived via the sol-gel route.>® The most well-known class of materials
in that category is carbon aerogels, but it also includes several porous metals and porous
ceramics (e.g., carbides, nitrides). Thus, although nanoporous metal foams can be prepared

from suitable metal complex precursors via, for example, combustion synthesis,* and while
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monolithic noble metal aerogels can be prepared via direct sol-gel destabilization of
colloids of noble metal nanoparticles,>®’ a large sub-set of monolithic metallic aerogels
can be prepared via carbothermal reduction of interpenetrating aerogel networks of a
nanostructured oxide and a carbonizable polymer.891%1112 Interestingly, carbothermal
reduction of interpenetrating xerogel networks takes place consistently at about 400 °C
below the temperature needed for the exact same reduction in the corresponding aerogels,
pointing to the importance of the proximity of the reactants at the nanoscopic level.*®
Thereby, the carbothermal route to metallic aerogels could be improved if the carbonizable
polymer coats conformally the oxide network. That type of composite aerogels are referred
to as polymer-crosslinked or X-aerogels, and are obtained by reaction of surface functional
groups on wet-gels with suitable monomers. 4151617

The X-aerogel route was first employed toward carbothermal synthesis of
isomorphic SiC aerogels from polyacrylonitrile-crosslinked silica aerogel monoliths.?
Unfortunately, however, any benefits from crosslinking are negated by the long diffusion
time needed in order for crosslinking reagents and solvents to infiltrate the interior of large
monolithic wet-gels, and thus reach, react and latch on the skeletal nanoparticles
throughput. That issue is further compounded by the drying process of wet-gel to aerogels
that typically involves converting the pore-filling solvent into a supercritical fluid (SCF)
that is vented off like a gas. Alternatively, we have demonstrated recently that large
monolithic SiC and SisN4 aerogels can be prepared by pyrolysis of compressed compacts
of X-silica xerogel powders obtained from suspensions of sol-gel particles, which in turn
were obtained by disrupting gelation of silica sols with vigorous stirring.*® That method

does not involve molding and handling fragile wet-gels and/or aerogels, and bypasses the



46
use of SCF for drying wet-gels into aerogels, or the need for long drying times for
converting wet-gels into xerogels. That is, the short time/distance that reagents and solvents
need to diffuse over in order to access the interior of the wet-gel grains of the suspension
cuts down the crosslinking process from days to minutes. High porosity was created when
the crosslinking polymer reacted away during carbothermal reduction of silica toward the
carbide or the nitride.

Here, that methodology is extended to large-size monolithic metallic Co(0)
aerogels, for which a route through monolithic aerogel precursors could not have even been
practical, as reportedly only a few selected cobaltia sols can gel, and they do so with great
difficulty (gelation time ~ 10 days).*® The durability of the newly prepared Co(0) aerogels
was probed under extreme processing conditions: the porous space of Co(0) aerogels was
filled almost completely with molten LiClOs, the resulting composites did not shrink,
remained monolithic and were demonstrated as thermites?® analogous to pressed
Fe(0)/KCIO4 pellets that are used in thermal batteries.?*?2 Thermal batteries include an
electrolytic salt that becomes an ionic conductor after melting through the heat provided
by a thermite. Alternatively, the electrolytic salt can form an ionic conductor by

dissolution, thereby the same concept has been extended to wet-condition indicators.?

2. RESULTS AND DISCUSSION

The overall process to Co(0) aerogels and their operation as thermites is
summarized in Scheme 1. Synthetic procedures are detailed in the Experimental section.

Comprehensive materials characterization data have been compiled in Table S.1 of
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Appendix | in Supporting Information. The sections below discuss the rationale, chemical

transformations, and characterization data of the various intermediates along processing.

Synthesis of Co(0) aerogels Co(0) aerogel thermites

| [Co(H,0)]Cl; in DVF | 05 <[ Co)aerogels |

1. epichlorohydrin -
v2. stirring, 23 °C JLicio, melt
sol P Co(0)/LiCIO,
) ' \ pellets
30 - 35 min, 80 °C 2
electric ignition
| CoOx suspension | (thermite)

124 hstirring, 23 °C @® < poouscoo |
|EtoAc (4x)
I CoOx paste |

1. TIPM/ EtOAc, 65 °C
2. wash (EtOAc, 4x)
3. dry (23 °C, vacuum)

l X-CoOx powder |

lcompress discs
5 ' <}:l| X-CoOx pellets |
800°C, 5 h, Ar

0 <}:1[ C/Co(0) aerogels |

H,/H,0, 900 °C, 36 h
(Ty <:J| Co(0) aerogels |

Scheme 1. Synthesis of Co(0) aerogels and their implementation as thermites.

2.1. PREPARATION OF COBALTIA (CoOx) POWDER

Cobaltia (CoOx) suspensions were produced from DMF sols via reaction of
[Co(H20)s]Cl. with a proton acceptor (epichlorohydrin).?#?>2%6  For characterization
purposes part of the suspension was centrifuged and the precipitate was washed and dried
under vacuum. Importantly, the [Co(H20)6]Cl: salt is pink, but its DMF solutions were
blue suggesting that octahedral [Co(H20)s]?* was in equilibrium with tetrahedral [CoCl4]*

(Scheme 2, Eq 1).%” The position of that equilibrium was evaluated by titrating a DMF
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solution of [Co(H20)6](NO3). (at the same concentration as in the sol: 0.43 M) with
aqueous HCI. Figure 1 shows that the spectrum of the [Co(H20)s]Cl> in DMF was
practically the same as the spectrum of the nitrate salt plus 4 mol equivalents of HCI,
suggesting that gelation of the hexahydtate salt with epichlorohydrin (Scheme 2, Eq 2) was
convoluted with Eq 1, the equilibrium of which lies to the left. Reasonably, Eq 1 is expected
to be also involved at the surface of the CoOx particles resulting from Eq 3. Indeed, prior
TEM work has shown that cobaltia nanoparticles do form in our sol.*® Furthermore, the
thermogravimetric (TGA) profile of CoOx (Figure 2a) shows two mass loss events in the
200-400 °C range (pointed at by blue arrows); reasoning by analogy to Co(OH). and
C02(OH)3Cl,*%28 the first mass loss, which is observed at around 220 °C, is assigned to
dehydroxylation of —OH capped cobaltia nanoparticles, while the second one, at around
300 °C, involves loss of chlorine from —CI capped particles. Presence of a significant
amount of surface —CI caps suggests a reduced aptitude for cobaltia nanoparticles to
develop interparticle Co-O-Co bridges, which are a prerequisite for gelation.
Notwithstanding the reasons that prevent large-scale gelation, as outlined in the
Introduction, this work bypasses the need to make monolithic cobaltia aerogels (or
xerogels) toward metallic Co(0) aerogels.

The multidisperse irregular grains of the precipitate from Equation 3 (Figure 3a-
left) had an internal nanostructure typical of an oxide sol-gel materials (xerogel or aerogel)
(Figure 3a-right). The skeletal density, ps, of the CoOx xerogel powder was 3.137 + 0.003
g cm2and the BET surface area, o, was 62.4 m? gX. The primary particle diameter was
about 31 nm [= 6/ (ps x 0)], and agreed with the minimum particle size in SEM (Figure

la-right) and previous TEM results.?® In TGA (Figure 2a), the CoOx xerogel powder lost
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Figure 1. Spectrophotometric titration of a [Co(H20)e](NO3)2 solution in DMF (0.43 M —
red line) with HCI (black dashed lines — fractions denote the HCI :
[Co(H20)6](NO3)2 mol/mol ratio. As the concentration of HCI increases, the intensity of
the absorption at 523 nm decreases (red arrow pointing down) and the intensity at 675 nm
increases. The blue line shows the spectrum of [Co(H20)s]Cl> in DMF at the same
concentration (0.43 M). (Concentrations of the cobalt complexes were equal to those
used in the sol. Spectra were taken from undiluted solutions using a sample holder with
an optical path of 0.09 mm.).

[CoCl~ ~—— 2= [Co(H,0)s?*

O

A/CI

[Co(H,0)el?* T» [Co(H,0)sOH]*
CI\/O\H,OH or Cl
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Scheme 2. Chemical processes during preparation of cobaltia (CoOXx).
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about 3% of its mass by 200 °C (attributed to solvent), and another 25% by 400 °C,
attributed to dehydroxylation and loss of Cl as discussed above. By 900 °C, TGA under O
(Figure 2a) yielded a 73.20% w/w residue that was identified with XRD as Co304 (Figure
2b); by 1000 °C the residue was reduced to 68.49% w/w and was identified as CoO (Figure

2b). Thereby, CoOx contained about 54% w/w Co.

2.2. CROSSLINKING OF CoOx WITH A CARBONIZABLE POLYUREA -
PREPARATION OF X-CoOx

Crosslinking was carried out by adding an aromatic triisocyanate (TIPM — see Eq
4) to CoOx suspensions and heating (Scheme 1). The size of the grains in the new material
(X-CoOx) remained unchanged; under high magnification, skeletal particles were still
visible, albeit a massive uptake of polymer. While both CoOx and X-CoOx powders were
attracted by laboratory magnets, treating X-CoOx powder with aqueous HCI (12 M)
yielded a residue that was not magnetic. TGA under O showed that CoOx had been
removed almost completely — the residue at 1000 °C was 3.3% w/w (Figure 2a).

Solid-state 3C NMR (Figure S.1 of Appendix Il in Supporting Information)
showed that the residue was chemically identical to polyurea (PUA) obtained via reaction

of TIPM with water (Eq 4).%

NCO NH2
suerO TIPM
S 0 SIEA ?
OCN NCO NH,

TIPM polyurea (PUA)
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Figure 2. a) TGA under O; at 5 °C min™* of: CoOx (blue line), X-CoOx (red line), and

HCl-treated X-CoOx (dashed black line). Blue arrows point at the two decomposition

steps of CoOx in the 200-400 °C range (see text). b) Referring to part (a) (blue line):
XRD of the residue from TGA under O collected at 800 °C and at 1000 °C, as indicated.
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Figure 3. SEM of: a) CoOx powder (left: grains; right: interior of the grains). b) X-CoOx
compressed disc at two magnifcations. ¢) As-prepared Co(0)/C (before carbon removal).
d) Co(0)-800: Co(0) after carbon removal with H.O/H; at 800 °C. e) Co(0)-900: Co(0)
after carbon removal with H,O/H; at 900 °C. f) Monolithic CoO after ignition of LiClOs-
loaded Co(0)-900 aerogels and washing with water.

The skeletal density of the X-CoOx powder dropped to ps = 1.734 + 0.003 g cm,
and the BET surface area also decreased to o= 36.2 m? g. Lower ps and o values
increased the apparent particle diameter to about 96 nm. Concurrently, the specific pore
volume in the 1.7-300 nm range, V1.7-300 nm (Table S.1), decreased to 0.11 cm? g (from
0.35cm?® gt in CoOx), consistent with PUA coating the primary CoOx particles, and filling
the space in between them. At 1000 °C under Oz, X-CoOx gave a TGA residue of 30.3%
w/w (CoO — see Figures 2a and 2b), therefore it was concluded that X-CoOx contained

23.8% w/w Co.
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Considering the skeletal density of X-CoOx as the weighted average of the ps

values of CoOx (3.137 + 0.003 g cm™) and of TIPM-derived polyurea (1.24 g cm®),?° the
PUA-t0-CoOx mass ratio in X-CoOx was calculated equal to 0.74:0.26. Given that: (a) at
800 °C under A, the char yield of TIPM-derived polyurea is 56% w/w,?® and (b) that char
consists of 81% w/w C (the balance being N/O in ~1:1 atomic ratio),?® the carbon yield of
X-CoOx at 800 °C was expected to be about 33.6% w/w. Since X-CoOx contains 23.8 w/w
Co (see last paragraph above), the expected C:Co mol/mol ratio from carbonization of X-
CoOx was equal to 7.0. Given that at 800 °C CoOx yields Coz04 (Figure 2b), the reduction
process at 800 °C requires 2 mol of C per mol of CosO4 for conversion to Co(0) and CO2.1°
Therefore, it was concluded that the expected C:Co ratio from X-CoOx was sufficient for

reduction of the latter to Co(0).

2.3. COMPACTION OF X-CoOx POWDER TO DISCS

Using different dies, X-CoOx powder was compressed under 10,000 psi into
different size discs (see Experimental Section). The compaction pressure has not been
optimized; the value of 10,000 psi was selected because it is within the typical range used
for compressing pellets for infrared spectroscopy, therefore it is easily accessible in most
laboratories, rendering reproduction of this work rather straightforward. Compaction did
not alter the oxidation state of cobalt. In XPS, the Co 2p spectra of CoOx powder,
compressed CoOx powder (at 10,000 psi) and compressed X-CoOx (at 10,000 psi) discs
were identical (Figure 4), consisting of two major peaks corresponding to the Co 2p1/2 and
Co 2ps2 energy levels (at around 797 and 781 eV, respectively), with a spin-energy

separation of about 15.8 eV, and two higher-energy satellite features at around 802 and 785
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eV, all characteristic of Co(I1) species.®>®! Just like the X-CoOx powders, compressed X-
CoOx discs were attracted by laboratory magnets.

Gram magnetic susceptibilities were measured and the values were reduced to
magnetic susceptibilities per gram of Co. Thus, the susceptibilities per gram of Co of the
CoOx powder and of the [Co(H20)es]Cl> complex were close to one another (193.35 and
179.94, respectively; theoretical value for the hexahydrated complex: 164.76 — all in cgs
units x107); similarly, the susceptibilities per gram of Co of the X-CoOx powder and of
the X-CoOx compressed discs were higher, yet close to one another (229.70 and 233.07,
respectively — again in cgs units x107®), suggesting a direct chemical interaction (bonding)
between Co(I1) and the polymer, as expected from crosslinking,** and that interaction was
not altered under 10,000 psi.

The skeletal density of the X-CoOx compacts (1.673 + 0.009 g cm®) was practically
unchanged from that of the loose X-CoOx powder (see Section 2.2). Based on the ps value
and the bulk density of the compact discs (1.340 + 0.007 g cm®), their porosity was
calculated at 19.9 % v/v. The values of V17300 nmand & (0.0561 cm® g%, and 19.5 m? g%,
respectively) were about half relative to those of the X-CoOx powders.

The majority of the specific pore volume (62%) was assigned to pores with >300
nm in diameter. Fussion of the X-CoOx aggregates as well as macroporosity, presumably
created when grains of X-CoOx were squeezed together, were both evident in SEM (Figure

3h).
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Figure 4. High resolution Co 2p XPS spectra of CoOx powder (top), a CoOx compressed
pellet (middle), and of a X-CoOx compressed disc (bottom).
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2.4. CARBOTHERMAL REDUCTION OF X-CoOx COMPACT DISCS AND
REMOVAL OF RESIDUAL CARBON

Reduction of X-CoOx compacts was carried out at 800 °C under flowing Ar
(Scheme 1). Discs came out black and remained monolithic. Their bulk density was 2.14
+0.02 g cm. XRD showed only one crystalline phase, a-Co (Figure 5), but the skeletal
density (3.80 = 0.09 g cm™) was much lower than the density of metallic Co (8.90 g cm™).
SEM showed bright metallic protrusions embedded in amorphous matter (Figure 3c). CHN
analysis yielded 41.55 + 0.2 % C w/w. Despite shrinkage (31.5¢ £ 0.19 % in linear
dimensions — see Table S.1), the porosity (44% v/v) was >2x than the porosity of the X-
CoOx compressed discs (19.9 % v/v). In TGA under O, the product lost 31.31% of its
mass up to 900 °C and an additional 4.49% by 1000 °C (Figure 6). The first mass loss was
attributed to unreacted carbon and conversion of Co(0) to Co304, while the second mass
loss was due to conversion of C0z04 to CoO (as discussed in conjunction with Figure 2).
By either value, the atomic ratio of unreacted C-to-Co(0) was 4.83, which is in reasonable
agreement with the after-pyrolysis expected atomic ratio of C:Co (7.0), and the 1:2 mol/mol
stoichiometry of the reduction of CosOs4 to Co(0) and CO; (see above).!°

A demanding application of Co(0) aerogels is as thermites for thermal batteries.?%2
Because of the confined space in the latter devices, combustion of residual carbon would
cause an explosion. A second cause of explosion is the rapid heating and expansion of the
pore filling air.'**? This type of explosion is facilitated by weakening of the metallic
network under oxidative carbon removal (e.g., with Oz at 600 °C).32 Thereby, our approach
here was first to remove carbon under conditions that would provide an overwhelmingly
reducing environment around Co(0), and second to fill the pores with the oxidant (LiClO4)

almost completely.
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Figure 5. Powder XRD spectra of samples as shown. Numerical extensions denote the
temperature of the last processing step (see text).

Carbon was removed with water vapor using H> as the carrier gas at two different
temperatures, 800 °C and 900 °C. (It is noted that if the carrier gas for the water vapor is
Ar, while all other conditions remain the same, Co(0) is oxidized completely to CoO — by
XRD, data not shown.) In SEM, the 800 °C samples had a more open structure than the
900 °C samples (compare Figures 3d and 3e). (For further comparison of the properties of
the two materials refer to Table S.1) For thermites, we opted to proceed with the 900 °C
samples, because smaller pores had the tendency to retain molten LiClO4 longer, thus
minimizing its spillage, which may reduce the amount of oxidizer available for combustion
of the Co(0) network. Post carbon-removal CHN analysis yielded C: 0.12 + 0.02% w/w;
H: -0.03£0.005% w/w; N: 0.02+0.005% w/w. XRD showed only one crystalline phase (a-
Co) over a flat baseline (Figure 5). TGA under N2 of carbon-free Co(0) aerogels showed

essentially a flat profile up to 1000 °C (Figure 6). TGA under Oz showed first a 135.9%
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mass increase up to 922.2 °C (expected for Co(0)-to-Co304: 136.20% wi/w), and a
subsequent decrease to 127.3% (expected for Co(0)-to-CoO: 127.15%). (The chemical

identity of the two residues at the two temperatures was confirmed with XRD — just as in

Figure 2b.)
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Figure 6. TGA (at 5 °C mint) of samples and conditions as follows. Black line: Under O

of an as-prepared Co(0)/C-800 disc; Blue line: Under O of a carbon-free Co(0)-900 disc;

Red line: Under N2 of a carbon-free C(0)-900 disc. Numerical extensions denote the
temperature of the last processing step (see text).

Macroscopically, Co(0) aerogels from the 900 °C treatment for carbon removal
(referred to as Co(0)-900 samples) were silvery-gray and extremely sturdy with a Young’s
modulus = 689 + 10 MPa and ultimate compressive strength = 1035 + 19 MPa at over 80%
strain (see Figure S.2 of Appendix Il in Supporting Information). By comparison, the
Young’s moduli of ceramic SiC and SizsN4 aerogels made by the same method described
here (i.e., from xerogel powders) were much lower (37 and 59 MPa, respectively),'8 and

iron aerogels made from interpenetrating networks had to be annealed at 1,200-1,300 °C to
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reach the same density as the Co(0)-900 aerogels, yet their Young’s modulus was less than
half (316 MPa).%? The distribution of open pores in the Co(0)-900 samples was centered at
11 um (by Hg-intrusion — see Figure S.3 of Appendix IV in Supporting Information). The
skeletal density of the same samples was 8.2 + 0.1 g cm™ (versus 8.90 g cm™ for pure
Co(0)) indicating 7.45% v/v of closed porosity along the metallic framework. Consistent
with SEM, the BET surface area was low (0.46 m? g). However, given that intimate
contact of solid-state reagents is as important, or even more so, than how finely divided are
the reagents (as pointed out in the Introduction, xerogels react more efficiently than
corresponding aerogels®®) the low surface area of Co(0)-900 was of low concern as long as
the porous space was large enough to accommodate the amount of oxidizer (LiClO4)
needed for complete consumption of Co(0). Indeed, from skeletal and bulk density data
(3.16 = 0.07 g cm™), open porosity was sufficiently high (62% v/v), and it should be able
to accommodate the amount of LiClO4 needed for complete combustion of the Co(0) in the

aerogel discs.

2.5. FILLING THE POROUS SPACE OF Co(0) AEROGELS WITH LiClO4 AND
INGNITION

Co(0) aerogels were filled with LiClO4 via capillary action from a melt in a
sublimation apparatus under vacuum at 270 °C. CAUTION: This is a highly energetic
system, and all safety rules must be obeyed at all times (see Experimental section).

The Co(0)-LiCIO4 pellets did not shrink relative to the Co(0) aerogels (Scheme 1
and Table S.1). a-Co remained the only Co(0) phase. Based on bulk and skeletal density
data (3.86 + 0.20 g cm™ and 4.12, + 0.056 g cm™, respectively) the porosity of the LiClO4-

loaded Co(0) pellets was reduced to 6.4 % v/v (from 62% v/v before infiltration with
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LiClO4). Based either on those skeletal density data, or the mass gain of the Co(0)-LiClO4
pellets, the amount of LiClO4 was 1.01 + 0.01 mol/mol relative to the amount required for

complete combustion via Eq 5.

4Co(0) + LiClOs — > 4Co0 + LiCl @)

For ignition, a Nichrome wire was wrapped around the Co(0)-LiClO4 discs (Figure
7). Ignition started at one of the contact points of the disc with the wire, when the
temperature of the latter was approximately 1100°C (calculated as described in the
Experimental section). Once ignition started, the electric power to the wire was
disconnected and further combustion was self-sustained. A very bright glow spread rapidly
throughout the disk. Quickly, that glow turned red and then ceased altogether. It took about
20 s from ignition to complete combustion (see Ignition Movies). Using an infrared
pyrometer, the disc temperature reached 1515 °C. Discs shrunk slightly during combustion
(Table S.1), but kept their shape. Post-combustion, discs were washed with water and were
dried. Yet, they remained monolithic (Scheme 1), and the only crystalline phase was CoO
(Figure 5). Fused CoO particles were <100 nm in size (Figure 3f). The ps value of the CoO
network was 5.06 + 0.03 g cm™ (density of CoO = 6.44 g cm™), pointing to 27% v/v of
closed porosity. The skeletal and the bulk density (2.68s + 0.023 g cm™) of the CoO discs
together gave an open porosity of 47% v/v. The sum of open and closed porosity (74% v/v)

was near the sum of those values in the Co(0)-900 aerogels (70% v/v).
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Figure 7. Ignition (t = 0) and combustion of a LiClOs-infiltrated Co(0)-900 aerogel disc
(21.8 diam. 3.7 mm thick). Arrow shows the point of ignition. The temperature at the
center of the disk at t = 4 s after ignition reached 1515 °C (see Movie S.M.2).

Ignition of Co(0)-LiClO4 in a bomb calorimeter under high-purity Ar (1 bar, 23 °C)
yielded again CoO as the only cobalt phase (identical XRD profile as the one shown in
Figure 5 - top). The heat released, -55.17 + 2.01 kcal per mol of Co(0) reacted, was close
to both the theoretical value (-58.47 kcal mol™ from Eq 5), and the heat released from the
analogous combustion of Fe(0) to FeO (-66.6 kcal mol™).*? Thereby, LiClOs-filled Co(0)
aerogels comprise a reasonable alternative to pressed-pellet iron/KCIO4 thermites. One
advantage of the nanostructured cobalt system over the pressed pellet technology is that

Co(0) is consumed completely.

3. CONCLUSION

Deconvolution of the synthesis of monolithic non-oxide aerogels from monolithic

aerogel precursors has been extended to smeltable metals. Other possible candidates
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include Fe, Ni, Sn and Cu. According to the new method, both metallic and ceramic
aerogels can be prepared from X-xerogel powders, relying for porosity on the carbonizable
crosslinking polymer reacting away. Using xerogel powders as precursors renders the
whole process economic, because it speeds up solvent exchanges and bypasses time-
consuming SCF- or freeze-drying. In the present case of Co(0) aerogels, further
streamlining was achieved by removing unreacted C with H.O/H>. Application of Co(0)
aerogels in thermites was a point of departure in order to demonstrate durability at high
temperatures, in melts, and in contact with strong oxidizers. It follows that less demanding
environments as in liquidized gasses, or electrolytic solutions will be tolerated easily.
Applications of Co(0) aerogels in catalysis, as porous electrodes and in magnetic

separations are under way.

4. EXPERIMENTAL

4.1. MATERIALS

All reagents and solvents were used as received. Epichlorohydrin (EPH) was
purchased from the Sigma Aldrich Chemical Co. Cobalt chloride hexahydrate
(CoCl,.6H20), and HPLC grade dimethylformamide (DMF) and ethylacetate (EtOAcC)
were purchased from Fisher Scientific International, Inc. Tris(4-isocyanatophenylmethane)
(TIPM) was donated by Covestro LLC (Pittsburg, PA) as a 27% w/w solution in dry EtOAc
under the trade name Desmodur RE. Ultra-high purity Ar (grade 5), and Hz (99.999%

purity) gases were purchased from Ozarc Gas (Rolla, MO).
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4.1.1. Preparation of CoOx Suspensions. CoCl2.6H20 (15.756 ¢, 0.06622 mol)
was dissolved in DMF (100 mL) under vigorous stirring. Epichlorohydrin (55 mL, 0.632
mol) was added and the blue solution was heated at 80 °C for 120 min. A suspension
(CoOx) started forming in about 15-20 min. After the heating period, the mixture was
allowed to cool down to room temperature and stirring continued for another 24 h. The
CoOx suspension was transferred to centrifuge tubes (50 mL, Fischer Scientific), and the
solvent was exchanged three times with ethylacetate. All washes and solvent exchanges
were carried out with centrifugation for 15-20 min at 2,450 rpm. For each solvent exchange
/ wash step 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 CoOx slurry was re-suspended with a glass rod. For characterization purposes,
a portion of the slurry from the last wash was dried under reduced pressure at 80 °C into a
dry, freely flowing CoOx powder.
4.1.2. Preparation of Crosslinked X-CoOx Powder. As-received Desmodur RE
(i.e., asolution of TIPM in ethylacetate), 1x the volume of the centrifuged paste, was added
to the centrifuge tubes containing the CoOx slurry from the last ethylacetate wash, the tubes
were sealed tightly with their caps, and the suspension was heated in an oven at 65 °C for
24 h. The mixture was swirled frequently to re-distribute the settled powder and increase
the diffusion rate. At the end of the 24 h period, the tubes were allowed to cool to room
temperature, they were centrifuged for 15 to 20 min and the suspension was washed 5x
with ethylacetate as above. Always, the wash solvent was removed using centrifugation.
Again, for all washes, the volume of solvent was 2x the volume of the paste at the bottom

of the centrifuge tubes. After removing the solvent from the last ethylacetate wash, the
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contents of the tubes were transferred with the aid of small portions of ethylacetate and
were combined in a round bottom flask. Ethylacetate was removed and the product was
dried under reduced pressure at 80 °C into a dry, freely flowing X-CoOx powder.

4.1.3. Preparation of Monolithic Co(0) Aerogels. Dry X-CoOx powder was
compressed into discs using aluminum dies and a hydraulic press operated at 10,000 psi.
Two different dies were used yielding two different size discs (diameter/thickness,
mm/mm): 41.9/7.6 and 13.0/3.9. Placement of the powder in the dies was carried out in
small portions under continuous tapping to ensure even distribution and settling of the X-
CoOx powder. Compressed discs were reduced at 800 °C for 5 h under flowing high-purity
Ar. At the end of the heating period, the furnace was allowed to cool down under flowing
Ar, pellets were removed and it was found that they contained unreacted carbon. Those
samples are referred to as Co(0)/C-800, whereas the numerical extension indicates that
temperature of their treatment. Unreacted carbon was removed with H>O-saturated H». For
this, the temperature of the tube furnace was raised to either 800 °C or 900 °C under flowing
Ar, the gas was switched to H2O-saturated H. and the temperature was held at that point
for 36 h. (Flowing H> was saturated with water vapor by bubbling through water before
directed to the furnace.) At the end of this period, the furnace was allowed to cool down
under continuous flow of H>. The resulting samples are refereed to as Co(0)-800 or as
Co(0)-900 where the numerical extension indicates the temperature used for their
preparation.

4.1.4. Preparation of LiClOs-loaded Co(0)-900 Aerogels. Co(0)-900 samples
were degassed at 80 °C overnight under vacuum prior to perchlorate infiltration. The

infiltration process was carried out in a sublimation apparatus under vacuum at 270 °C
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(melting point of LiClO4 = 236 °C). The sublimation apparatus containing solid LiClO4
and a hanging Co(0) aerogel pellet at the bottom of the top lid was sealed and heated under
vacuum to the intended temperature using a sand bath. The pellet was held in place with a
magnetic rod placed inside the “cold” finger of the sublimation apparatus. After LiClO4
melted completely, the magnetic rod was pulled out of the cold finger, and the Co(0)-900
aerogel pellet dropped in the pool of molten LiClOa. In the beginning, the Co(0)-900 pellet
floated on the liquid perchlorate, but eventually it sunk as it was filled with the liquid salt.
The process took 15 — 20 min. At the end of this period, the pellet was removed from the
molten salt, always under vacuum, with the help of a powerful Nd-Fe-B magnet from
outside. Subsequently, the apparatus was allowed to cool to room temperature, the vacuum
was broken and the perchlorate-infiltrated pellet was removed. The amount of perchlorate
was determined gravimetrically.
CUATIONARY NOTE: With the understanding that one deals with a highly energetic
system, all safety precautions must be obeyed during infiltration: (a) use of face and body
protection; (b) the infiltration vessel must be placed behind a Plexiglass™ shield inside a

fume hood; (c) a Class D*2 fire extinguisher must be kept next to the fume hood at all times.

4.2. METHODS
4.2.1. Pyrolytic Synthesis of Co(0). Pyrolytic conversion of X-CoOx compacts to
pure metallic cobalt aerogels was carried out in a programmable MTI1 GSL1600X-80 tube

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 53.55 mm; length of the heating zone at the
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set temperature: 457 mm). The rate of heating and cooling was always maintained at 2.5
°C min. All gas flow rates were set at 325 mL min™.

4.2.2. Ignition of LiClOs-loaded Co(0)-900 Aerogel Pellets. For ignition in the
open air, a Nichrome wire (0.65 mm in diameter) was wrapped around LiClO4-loaded
Co(0)-900 pellets, and power was supplied to the wire with a Variac. The voltage across
the wire (8.5 V) was measured with a multimeter and the electric current flowing through
the wire (13.0 A) was measured using a Fluke i400 inductive current probe. Using the
diameter of the wire, the current flowing through it, and by consulting tables,® the
temperature at the point of ignition was about 1,100 °C. That temperature was also
confirmed with an infrared thermometer. The whole set-up was placed in a fume hood
behind a Plexiglass™ shield. Video was recorded with a Sony Handycam Model DCR-
SR68, placed on a tripod. The temperature of the LiClO4-loaded Co(0)-900 pellets during
thermite operation was monitored with an Infrared Thermometer (Model 0S3708) from
Omega Engineering, Inc. focused at the center of the disc. The maximum temperature
recorded was 1515 °C (See Ignition Movie S.M.2).

4.2.3. Physical Characterization. Bulk densities (o) were calculated from the
weight and the physical dimensions of the samples. Skeletal densities (os) were determined
with helium pycnometry using a Micromeritics AccuPyc Il 1340 instrument. Samples for
skeletal density measurements were outgassed for 24 h at 80 °C under vacuum before

analysis. Percent porosities, /7, were determined from the o, and ps values via 7711= 100 x

(os—0) ps.
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4.2.4. Thermogravimetric Analysis (TGA). TGA was conducted under N2 or O
with a TA Instruments Model TGA Q50 thermogravimetric analyzer, using a heating rate
of 5°C min.

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

CHN elemental analysis was conducted with an Exeter Analytical Model CE440
elemental analyzer, calibrated with acetanilide. The combustion furnace was operated at
925 °C. The calibration standard and samples were run three times and results are given as
averages.

The crosslinking polymer was identified as TIPM-derived polyurea with solid-state
CPMAS *C NMR on a Bruker Avance |11 400 MHz spectrometer with a carbon frequency
of 100 MHz, using a 7 mm Bruker MAS probe at a magic angle spinning rate of 5 kHz
with broadband proton suppression, and CP TOSS pulse sequence. The Total Suppression
of Spinning Sidebands (TOSS) pulse sequence was applied by 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 us and 10 ps, respectively. The cross-polarization contact time and the relaxation delay
were set at 2000 us and 5 s, respectively. The number of scans was set at 2,048. Spectra
were referenced externally to glycine (carbonyl carbon at 176.03 ppm). Chemical shifts are
reported versus TMS (0 ppm). For this, dry X-CoOx powder was treated for 30 min with
aqueous HCI (12 M). At the end of the period, the suspension was washed several times

with water and several times with acetone. The final slurry was dried under vacuum at 80
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°C overnight. X-CoOx powders were attracted by magnets; after removal of the CoOx
component with HCI, they were not. The NMR spectrum of the residue was compared
with the spectrum of polyurea obtained from the reaction of TIPM with water.

Powder X-ray diffraction (XRD) analysis was performed with powders of the
corresponding materials using a PANalytical X’Pert Pro multipurpose diffractometer
(MPD) with Cu Ka radiation (4 = 1.54 A) and a proportional counter detector equipped
with a flat graphite monochromator.

X-ray photoelectron spectroscopic analysis (XPS) was carried out with a Kratos
Axis 165 Photoelectron Spectroscopy System. Samples were mixed and ground together
with Au powder (5% wi/w) as internal reference. Samples were analyzed as powders. Each
sample was placed on a piece of conductive carbon tape that was adhered to a stainless
steel sample holder. Samples were introduced into the analysis chamber one at a time and
the chamber was evacuated at 108 Torr or lower. No ion sputtering was performed on any
of the samples. An Al monochromatic source (150 W) was used for excitation. A charge
neutralizer was used to reduce the effects of differential or sample charging. The analysis
area was 700 x 300 microns. Elemental quantification calculations were based on broad
survey results from single sweeps at higher sensitivity (Pass energy = 80) and were carried
out with the Kratos Axis Vision processing software taking into consideration the
appropriate relative sensitivity factors for the particular XPS system. High-resolution
elemental scans where carried out at a lower sensitivity (Pass energy = 20), using multiple
sweeps to improve the signal-to-noise ratios. Deconvolution of Co 2p spectra was

performed with Gaussian function fitting using the OriginPro 8.5.1 software package.
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UV-Vis spectroscopy was carried out in DMF solutions of CoCl..6H20,
Co(NO3)2.6H,0, and Co(NO3)..6H20 with varying concentrations of HCI using a Cary
5000 UV-Vis Spectrophotometer Model # G9825A. Absorbance was recorded from 270
to 800 nm. Samples were referenced against DMF. The salt concentration in each solution
were 0.43 M, equal to the concentration of CoCl..6H20 in the DMF sol used for making
CoOx suspensions. Five different solutions of Co(NOz)2.6H20 in DMF were prepared by
varying the molar ratio of HCI : [Co(NOz3)2.6H20] as follows: 1:4, 1:2, 1:1, 2:1 and 4:1.

Magnetic susceptibilities were measured with powders of the corresponding
samples using a Johnson Matthey Model Mark | Magnetic Susceptibility Balance. A five-
point calibration curve was constructed with CoCl2.6H20, CuSO4.6H20, Ks[Fe(CN)s],
Co0O and H20. The mass magnetic susceptibility, yq (in cgs units), was calculated using the
following equation:*®
%9 = CL(R — Ro)/[1x10° (m)], where, C = balance calibration constant, L = sample height
in cm, R =reading from the digital display when the sample and the tube are in place in the
instrument, R, = reading from the display when the empty sample tube is placed in the
instrument, m = sample mass in grams.

4.2.6. Solid Framework Characterization. Scanning electron microscopy (SEM)
was conducted with Au-coated samples on a Hitachi Model S-4700 field-emission
microscope.

4.2.7. Pore Structure Analysis. N2-sorption porosimetry at 77 K was conducted
with a Micromeritics ASAP 2020 surface area and porosity analyzer. Samples for No-

sorption analysis were outgassed for 24 h at 80 °C under vacuum before analysis. The pore
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size distribution of Co pellet was also probed with Hg-intrusion porosimetry using a
Micromeritics AutoPore 1V 9500 instrument.

4.2.8. Mechanical Characterization of Co(0) Aerogels. Quasi-static compression
testing of Co(0)-900 aerogels at low strain rates (2.5 mm/mm) was conducted on an Instron
4469 Universal Testing Machine using a 50 kN load cell, following testing procedures and
specimen length/diameter ratios in the spirit of ASTM D1621-04a (Standard Test Method
for Compressive Properties of Rigid Cellular Plastics), as described before.'® The recorded
force as a function of displacement (machine-compliance corrected) was converted into
stress as a function of strain.

4.2.9. Calorimetry. The enthalpy of the reaction taking place in LiClOs-
impregnated Co(0) was measured in a 200 mL bomb calorimeter (Parr Instrument
Company, Model 1108 Oxygen Combustion Vessel and Model 1341 Plain Jacket
Calorimeter). The heat capacity of the calorimeter was measured using benzoic acid as
standard. The sample was ignited with a Nichrome fuse wire (0.65 mm in diameter, 10 cm
in length) connected to the terminal socket on the apparatus head, which in turn was
connected to the ignition unit (a Variac). The experiment was carried out by heating the
Nichrome wire with a supply of 13.0 A of current for 15 sec under an atmosphere of high-
purity Ar. The heat released by the fuse was measured independently with the calorimeter
and was taken into consideration in the calculations. After each experiment, the residue

was collected and analyzed with XRD.
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SUPPORTING INFORMATION
Appendix I.  Solid-state 3C NMR Data
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Figure S.1. a) Formation reaction of a TIPM-derived polyurea coating on the surface of

the cobaltia nanoparticles. b) Comparison of the solid-state *C CPTOSS NMR spectrum

of TIPM-derived polyurea via reaction of TIPM with water,5®! with the spectrum of the
residue after HCl-treatment of X-CoOx powder.



Appendix II.

Material Characterization Data

Table S.1. Materials characterization data along all stages of processing as well as before and after ignition

Sample I.D. linear bulk density, skeletal porosity, specific pore volume BET surface Average
AR Py (gem)® e 1T (% viv)© (em*g?) o (Eff?_;.l) i di§1(;:;er
(%) b< P (g em?)d Vous? Viram m® Vosoms? - @, (nm)}
Powders and Compacts
CoOx powder - - 3.137+0.003 - - 0.3500 - 62.40 -
X-CoOx powder - - 1.734 = 0.003 - - 0.1124 - 36.20 -
X-CoOx compact - 1.340=0.007 | 1.673=0.009 19.87 0.1485 0.0561 0.0924 19.53 3041
Monoliths from Compacts after Pyrolysis at 800 °C / Ar
C/Co-800 monolith 31.56=0.19 | 2.134+0.020 | 3.802=0.091 43.88 | 0.2345 | 0.0221 0.2124 62.69 14.87
Monoliths after Carbon Removal (H,0/H,) at the Temperatures Indicated as Extensions to the Sample I.D.s
Co(0)-800 monolith 2 42.14£0.32 1.685=0.063 8.127 = 0.043 79.25 0.4704 0.0014 0.4690 1.34 1404.18
Co(0)-900 monolith 2 | 45.78=0.73 3.155+0.073 | 8.237+0.113° 61.69 0.1979 0.0006 0.1973 0.46 [111732205'?774]
IOC;’(:S; i??h“fi’éollonila n"si‘rfff;:l’;:al 3.860=0201 | 4.122%0.056 6.35 - - - - -
LiClO,-loaded Discs after Ignition
CoO-900LICIO, | 4790, 061 | 376220124 | 538202265 30.11 - - - - -
after ignition
affg-(?g)ﬁt?gf;lg;h “‘;ﬁ;}ﬁﬁ:‘fl 2.686+0.023 | 5.060+0.029 46.91 - - - - -

aThe numerical extension of Co(0) indicates the last processing temperature. ® Average of 3 samples. ¢ Shrinkage = 100 x (mold diameter — sample diameter)/(mold
diameter). All shrinkges are reported with respect to the X-CoOx compact. ¢ Single sample, average of 50 measurements. € Porosity, 77= 100x(ps—pb)/ps. T Vo Was
calculated via Vroa = (1/pp)—(1/ps). 9 V1.7-300 nm from Nz- BJH desorption volume. " Vg0 nm Was calculated by subtracting Vi.7-300 nm from Vo, | BET surface area
from N sorption. I For the first number, V was calculated via 4V/o by setting Vo = (1/pn)—(1/ps); the number in [brackets] is the peak maximum from the pore
size distribution curve obtained using Hg-intrusion porosimetry (see Appendix V).
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Appendix III. Mechanical Characterization of a Co(0)-900 Aerogel Monolith
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Figure S.2. Quasi-static (2.5 mm min™') compression testing of a cylindrical Co(0)-900
aerogel monolith (6 mm in length, 3 mm in diameter). The experiment was repeated two
times with different monoliths. (The numerical extension in Co(0)-900 indicates the
processing temperature at which flowing HoO/H> was used in order to remove unreacted
carbon from Co(0)/C-800 aerogels.)

Appendix IV. Hg-intrusion Porosimetry of a Co(0)-900 Aerogel Disc
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Figure S.3. a) Hg-intrusion isotherm. b) Pore size distribution of a Co(0)-900 aerogel
disc. (The numerical extension in Co(0)-900 indicates the processing temperature at
which flowing H>O/H» was used in order to remove unreacted carbon from Co(0)/C-800
aerogels.)
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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, which
in turn are synthesized via sol-gel methods. Preparation of those polymeric aerogels
involves supercritical fluid drying of wet-gels by replacing the pore-filling solvent with
liquid CO2, which is subsequently vented off as a gas, thus allowing pores to retain their
shape and size. In contrast, this report demonstrates an alternative route to monolithic
carbon aerogels starting from xerogel powders. This method speeds-up solvent exchanges
along sol-gel processing, and bypasses the supercritical fluid drying step, resulting in time,
energy, and materials efficient fabrication of carbon aerogels. Specifically, polymer-
crosslinked 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)-derived initiator. Alternatively, cross-linked silica xerogel powders were
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prepared with a carbonizable polyurea (PUA) derived from the reaction of an aromatic
triisocyanate (tris(4-isocyanatophenyl)methane — referred to as TIPM) 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 pellets. In turn these pellets were carbonized, and 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, BET surface areas up to 1934 m? g, and could
uptake up to 9.15 mmol g* of CO; at 273 K, with high selectivity toward other gasses (Ha,
N2 and CHsa).

Keywords: carbon, aerogel, xerogel, drying, CO adsorption, isosteric heat, selectivity
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1. INTRODUCTION

Carbon aerogels are electrically conducting low-density materials with high
internal surface area consisting typically of over 90% w/w of carbon. They are produced
from pyrolysis of carbonizable polymeric aerogels, which in turn are prepared with typical
sol-gel chemistry. Applications of carbon aerogels include gas adsorption,! gas separation,?
water purification,® catalyst supports,* and electrodes for fuel cells.> Polymeric precursors
of carbon aerogels include aromatic polyureas, polyacrylonitriles, polyamides, polyimides,
and most commonly phenolic resins (e.g., those from resorcinol-formaldehyde) including
polybenzoxazines.5® The high porosity and surface area of carbon aerogels come from
both the innate porosity of the parent polymeric aerogels, and the chemical transformations
(decomposition) of the skeletal framework during pyrolysis.

Aerogel-like porous carbon materials have been also demonstrated based on three-
dimensional (3D) assemblies of carbon nanotubes,'®!! carbon nanofibers,? templated
porous carbons, and graphene-based materials.*® Finally, the porosity and surface area of
all aerogel and aerogel-like porous carbons can be enhanced using the so-called activation
(etching) either at low temperatures with reagents such as KOH, NaOH, ZnClz, FeClp,***
or at high temperatures, typically in tandem with the carbonization process, using steam,
air, or CO2.18

Both the synthesis of polymeric aerogel precursors of carbon aerogels, and the
direct 3D assembly of carbonaceous materials into aerogel-like structures involves drying
of wet-gels first by extracting the pore-filling solvent with liquid CO>, and subsequently

converting liquid CO3 to a supercritical fluid (SCF) that is vented off as a gas. This time-
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tested method eliminates the surface tension forces of an evaporating solvent through the
delicate skeletal framework of the wet gel, and thus preserves its volume and structure in
the final dry form (the aerogel). On the downside, use of supercritical fluids is a high-
pressure, energy-intensive process. When it comes to preparation of monolithic carbon
aerogels with a pre-determined form factor, molding and handling of potentially fragile
polymeric wet-gel and aerogel precursors might lower the yield. 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 disrupting long-range gelation of
the sol with vigorous stirring. Wet-gel microparticles are easy to handle, and can be dried
quickly due to their high surface-to-volume ratio.?

Along these lines, a new hybrid approach to aerogels via xerogels was demonstrated
recently with the preparation of ceramic (silicon carbide and silicon nitride)?° and metallic
(cobalt)® aerogels via pyrolysis of compressed xerogel powder compacts. The xerogel
powders consisted of a nanostructured sol-gel oxide network coated conformally
(crosslinked) 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. 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.
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In this two-paper sequence, we demonstrate the complementary use of the aerogel-
via-xerogel method in the synthesis of carbon aerogels (this report) and graphitic aerogels
(next paper). Obviously, in both cases the mol ratio of the carbonizable polymer / inorganic
oxide in the corresponding crosslinked xerogel powders had to be tilted heavily towards
the polymeric component. For producing regular carbon aerogels (this paper) the oxide
partner was silica that can be removed with hydrofluoric acid (HF). For graphitic aerogels,
the inorganic component was a sol-gel derived iron or cobalt oxide aerogel network that
consumes a small amount of the carbon in order to produce carbothermally in situ the
graphitization catalyst (Fe(0) or Co(0) nanoparticles), which was removed at the end with
aqua regia. Overall, the porosity of regular carbon aerogels was created by (a)
decomposition of the carbonizable polymer to carbon; and (b) reactive removal of the silica
network. Additional porosity was created by using reactive etching (with CO2) of the
resulting carbon aerogel. The general material properties were similar to those of other
carbon aerogels obtained via the traditional method, namely direct pyrolysis of polymeric
aerogels from the SCF drying route. In terms of applications, these new types of carbon
aerogels were tested for their adsorption capacity towards CO2 and the values came above
average for other CO; adsorbers.

More specifically, this paper reports the synthesis of porous carbon aerogels
derived from silica xerogels crosslinked with two different carbonizable polymers: an
aromatic polyurea (PUA) and polyacrylonitrile (PAN) (Scheme 1). In turn, the silica
network was obtained by gelation of tetramethylorthosilicate (TMOS) followed by
modification, respectively, with either 3-aminopropyltriethoxysilane (APTES), or with a

free radical initiator, which again was a derivative of APTES (Scheme 1). The specific
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polyurea and PAN were selected in order to test the applicability of the aerogels-via-
xerogels concept to the two major aerogel-crosslinking chemistries, namely with
isocyanates, or with surface-initiated free-radical polymerization.?? In general, PUA- and
PAN-crosslinked silica powders, referred to as PUA@silica and PAN@silica, respectively,
were compressed into compacts with a hydraulic press and were pyrolyzed at 800 °C under
argon into materials referred to as C-PUA@silica and C-PAN@silica, respectively. C-
PUA@silica & C-PAN@silica compacts were etched with HF solutions at room
temperature and with CO> at 1000 °C. The sequence of the two etching process on the
properties of the final carbon aerogels was studied. PUA-derived carbon aerogels were
over 80% porous after the HF/CO. etching sequence with surface areas in the range of
1275-1930 m? g*. Carbon aerogels obtained from PAN-crosslinked xerogel powders were

60-85% porous with surface areas in the 843-1433 m? g* range.

crosslinking polymer

! ‘
Polyurea (PUA) Polyacrylonitrile (PAN)
NCO

monomers: I (
0 -
OCN NCO

tris(4-isocyanatophenyl)methane acrylonitirile [AN]
TIPM

- [TIPM] O _ con

silica surface _ e GJ\H><
modifies:  (E10)sSI” " "NH; {(Etonsi 3NH;O™ T NT
2
3-aminopropyltriethoxysilane 3-(triethoxysilyl)propan-1-aminium
(APTES) 4,4’-azobis(4-cyanopentanoate)

Scheme 1. Monomers and silica surface modifiers for latching of the resulting polymers.
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2. RESULTS AND DISCUSSION

2.1. MATERIALS SYNTHESIS

Both carbonizable polymers used in this study, an aromatic polyurea (PUA) and
polyacrylonitrile (PAN), were attached on sol-gel derived silica by introducing amine
functionality on its surface in two different adaptations of the 3-aminopropyl
triethoxysilane (APTES) chemistry.

As shown in Scheme 2A, both routes to carbons from polymer-crosslinked silica
xerogel powders started with preparation of sol-gel silica particle suspensions by mixing
solution A (TMOS in methanol) with solution B (NHsOH + 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) milky-white (~20 min).

A. Preparation of suspensions of silica microparticles

Solution A Solution B

hexane under mechanical
| TMOS, CHOH || "ZERC U 50 rom) . [—L__CHaOH. H:0. NH,OH

l 20 min

| suspension of silica particles |

Scheme 2. Synthesis of silica microparticle suspensions, crosslinking with carbonizable
polymers, xerogel powders, and xerogel-powder compacts.
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B. Preparation of PUA@silica compacts

‘ suspension of silica particles ‘

1. APTES
2. aging under vigorous stirring, 24 h

wash, d
= APTES@silica suspension |

1. wash (CH;0H 1x; EtOAc 2x; EtOAc/H,0 1x)
2. TIPM, 65°C, 72 h
3. wash (EtOAc 3x)
4. dry (50 °C, vacuum)

PUA@silica powder |

1. place in a die =——————————>

2. compress, 10000 psi, 2 min

PUA@silica compact |

C. Preparation of PAN@silica compacts

| suspension of silica particles |

1. initiator solution in THF
2. aging under vigorous stirring, 24 h

initiator@silica suspension ‘
1. wash (CH;OH 1x; toluene 3x)
2. acrylonitrile, 55 °C, 24 h

3. wash (toluene 3x; acetone 3x)
l4. dry (50 °C, vacuum)

+———  PAN@silica powder |

wash, dry |

© powder 1. place in a die ——>
T e 2. compress, 10000 psi, 2 min

5 “i_‘ PAN@silica compact |

Scheme 2. Synthesis of silica microparticle suspensions, crosslinking with carbonizable
polymers, xerogel powders, and xerogel-powder compacts (cont.).

2.1.1. Modification of Silica with Polyurea: PUA@silica Xerogel Powders. As

outlined in Scheme 2B, at that point, APTES was added to the suspension of the silica
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particles in a 5:1 TMOS:APTES mol/mol ratio. As shown previously, all post-gelation
added APTES is attached to the surface of silica down to the primary particle level; in fact,
the resulting composition, APTES@silica, is identical to the one obtained when APTES is
premixed with TMOS,?° and that has been considered a 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 polyurea entails reaction of a multifunctional
isocyanate with both the —NH> groups from the APTES moiety and gelation water
remaining adsorbed on the surface of silica.?2%2" In order 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. A small part of the paste from the last
centrifugation was separated and dried under vacuum at 50 °C for characterization
purposes. The remaining paste was crosslinked with three different concentrations of
Desmodur RE, a commercially-available solution of TIPM (see Scheme 1) in dry ethyl
acetate using 1.5x, 3x, or 4.5x mol:mol excess of TIPM relative to the total amount of
silicon atoms in APTES@silica. The resulting polyurea cross-linked wet-silica suspension
was washed with ethyl acetate and dried under vacuum at 50 °C to a free-flowing fine
xerogel powder that is referred to as PUA-1.5x@silica, PUA-3x@silica or PUA-
4.5x@silica, depending on the amount of TIPM used for crosslinking. The first numeral
designates the TIPM:silica mol:mol ratio in the crosslinking bath, and the second number
the TMOS:APTES mol:mol ratio in silica. For brevity, the samples of the three different

formulations are abbreviated as PUA-1.5x@silica, PUA-3x@silica and PUA-4.5x@silica,
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and for simplicity, all three samples collectively are referred to as PUA@silica (Scheme
2B).

Using thermogravimetric analysis under Oz (TGA, see Figure S.1 of Appendix | in
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. The
balance (81.2% 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 SiO2 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 1A, 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 3C 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).
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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
13C NMR spectra in THF-ds of APTES, ABCVA, and 3-triethoxysilylpropan-1-aminium

4,4 -azobis(4-cyanovalerate) (ABCVA-based free-radical initiator). (Solvent peaks are

marked with asterisks.)

As a bidentate species, the ABCVA-APTES salt is expected to attach itself on silica
from both ends, so that the polymer produced by homolysis of the central -N=N- group
would remain surface-bound. This concept is not new,?>*° however, formation and use of
the ABCVA-APTES salt comprises a significant simplification over the previous initiator
design, by realizing that linking the —COOH functionality of ABCVA and the —NH>
functionality of APTES as an amide is not necessary, because the simple -NHz" “OOC-
salt will remain surface-bound as long as APTES remains surface bound and the ionic

strength of the solution is zero.
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The as-prepared initiator solution was added to a silica suspension 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
in order to bracket the TMOS:APTES ratio used in the preparation of PUA@silica (5:1),
and thus use this series of materials to probe not only the effect of the polymer, but also
the effect of the polymer anchoring sites on the material properties of the final carbons.
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-crosslinked wet-silica suspension was washed with
toluene, and then with acetone and was dried under vacuum at 50 °C to a free-flowing fine
xerogel powder that is referred to as PAN-nx@silica(x:y); where “nx” stands for the molar
excess of AN over total silicon in the crosslinking 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 Oz (TGA, see Figure S.2 of Appendix I in
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. The balance (77.7%
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w/w) was attributed to SiO2. Under the same conditions PAN-6x@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% wi/w of polyacrylonitrile, and so
on as summarized in Table 2. Overall, for a given silica:initiator ratio (expressed as 9:1 or
7:3) the amount of PAN in PAN@silica increased as the monomer amount in the
crosslinking 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 Compacts 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 (Schemes
2B and 2C). 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
ultrahigh purity Ar (Scheme 3A). Either under TGA in Oz, or after heating in a tube furnace
at 1000 °C under flowing Oz, C-PUA-1.5x@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% wi/w with increasing the TIPM-to-silicon ratio in the crosslinking bath.



TIPM:silicon mol ratios (1.5x%, 3x, 4.5x%).

Table 1. Composition of PUA@silica and of carbonized C-PUA@silica xerogel compacts prepared with different

1.5x 3x 4.5x
sample PUAorC Si0, PUAor C Si0; PUA or C SiO;
[% wiw] [% wiw] [% wiw] [% wiw] [% wiw] [% wiw]

PUA@silica 74.1 21.0 7.7 18.1 84.1 12.9
C-PUA@silica

(expected)? 66.4 33.6 70.6 29.4 78.5 215
C-PUA@silica

(found) 64.0 36.0 70.1 29.9 755 245

aCalculated based on the composition of PUA@silica and the carbonization yield of TIPM-derived polyurea (56%).28

06



Table 2. Composition of PAN@silica and of carbonized C-PAN@silica xerogel compacts prepared with different
acrylonitrile:SiO2 (nx) and TMOS:APTES (x:y) mol ratios.

6x, (9:1) 2x, (9:1) 6x, (7:3) 2x, (7:3)
sample
PAN or C SiO; PAN or C SiO; PAN or C SiO; PAN or C SiO;
[% wiw] [% wiw] [% wiw] [% wiw] [% wiw] [% wiw] [% wiw] [% wiw]
PAN@silica 80.8 14.9 53.7 36.0 67.9 16.0 39.7 30.1
C-PAN@silica | 4 20.9 51.1 48.9 73.8 26.2 48.0 52.0
(expected)
C-PAN@silica 75.6 24.4 46.5 53.5 78.4 21.6 49.3 50.7
(found)

3Calculated based on the composition of PAN@silica and the carbonization yield of PAN (70%).3%:%2

16
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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 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 *3C NMR spectra of PAN@silica
samples treated under various oxidative conditions showed that complete suppression of
the aliphatic protons of PAN, appearing at around 30 ppm, and thereby quantitative ring
fusion aromatization, occurred only under prolonged treatment (24 h) at 300 °C in flowing
O> (Figure 3). Such aromatized PAN@silica compacts are referred to as A-PAN@silica
(Scheme 3B).

Subsequently, A-PAN@silica samples were pyrolyzed at 800 °C for 5 h under
flowing ultrahigh 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 Oy,
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 SiOa.

Data are summarized in Table 2. The data agree well with the compositions
expected from the parent PAN@silica compacts given the carbonization yield of PAN

(70% wiw).31:32 The expected compositions of the C-PAN@silica samples are included in
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Table 2. Following the trend established by PAN in PAN@silica, the percent amount of

carbon increased with increasing the monomer ratio in the crosslinking bath (see Table 2).

A. Processing of PUA@silica compacts to carbon aerogels

PUA@silica compact
pyrolysis, 800 °C, 5 h, Ar

A

C-PUA@silica
|
HF etching CO, etching, 1000 °C, 3 h
C-PUA@silica-HF C-PUA@silica-CO,
CO, etching, 1000 °C, 3 h HF etching

C-PUA@silica-HF-CO,

C-PUA@silica-CO,-HF

B. Processing of PAN@silica compacts to carbon aerogels

PAN@silica compact
aromatization, 300 °C, 24 h, O,

Y

A-PAN@silica
"pyrolysis, 800 °C, 5 h, Ar
C-PAN@silica
HF etching" l "002 etching, 1000 °C, 3 h
C-PAN@silica-HF C-PAN@silica-CO,
CO; etching, 1000 °C, 3 h| HF etching

C-PAN@silica-HF-CO,

C-PAN@silica-CO,-HF

Scheme 3. Further processing of PUA@silica and PAN@silica compacts (see Scheme 1)

toward carbon aerogels.
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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 Ng, as indicated (heating
rate: 5 °C min?).

2.1.4. Post-carbonization 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.e., either first with HF followed by high-temperature etching with COz, or
first with flowing CO2 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-6x@silica(9:1)-CO2-HF
designates a carbon aerogel resulting from a first treatment of C-PAN@silica with CO; at

1000 °C, followed by treatment with an aqueous HF solution;



300 °C, O,
225 °C, O,
300 °C, air
225 °C, air
2,3
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Figure 3. Solid-state CPMAS *3C NMR spectra of the PAN-6x@silica(9:1) system
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subjected to different oxidation conditions. All pyrolyses were carried out for 24 h. For
peak assignments refer to Scheme 5 in Section 2.2b. (The spectra of the fully aromatized
samples from all four compositions of the PAN@silica system are shown in Figure S.3 of

Appendix Il in Supporting Information.).

The carbon framework itself came from PAN-crosslinked 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 equal to 9:1. The HF treatment removed silica from the
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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 CO2, were not equivalent in terms of their final effect. Although they were identical
in terms of processing conditions, and both effective in terms of removing silica (see
Section 2.2.3), the materials treated first with HF displayed 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. The PUA@silica System. Latching of APTES on TMOS-derived silica
particles was confirmed with solid-state CPMAS 2°Si NMR (Figure 4A). The spectrum of
APTES@silica shows a peak at —67 ppm with a shoulder at =59 ppm, which are assigned
to the T3 and T2 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 Qs, Q3, and Q2 silicon
atoms of the TMOS-derived silica (see Scheme 4).The presence of the Qs and T2 silicon
atoms points to dangling Si—OH groups, thereby APTES@silica offers two kinds of
possible sites for 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
CHo> 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).3*
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For the peak assignment refer to Scheme 4. Due to massive polymer uptake in
PUA@silica, the relative intensity of the CH2 groups from APTES are suppressed. Going
back to the solid-state CPMAS 2°Si NMR spectra of Figure 3A, it is noted that the Q3:Qa
peak intensity ratio in PUA@silica is enhanced relative to its value in the spectrum of
APTES@silica, which is interpreted as that the triisocyanate (TIPM) being attached to the
surface of the silica particles not only via the dangling —-NH2 groups of APTES, but also
via the innate —OH groups of silica resulting in urethane group formation as shown in
Scheme 4.2

2.2.2. The PAN@silica System. In addition to the Qz, Qs, and Q4 peaks from silica,
the CPMAS °Si NMR spectrum of initiator@silica (Figure 5A-bottom) shows peaks from
the T3 and T2 silicon atoms of the APTES part of the initiator. Since the samples shown in
Figure 5 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 (Figure
4A).

The solid-state CPMAS *C NMR spectrum of the initiator@silica powder (Figure
5B) 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 2°Si NMR spectrum of
PAN@silica (Figure 5A), it is noted that the T3 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, as

designed, thereby the polymer extends from those points outward.



Table 3. Mass loss after double etching of carbonized C-PUA@silica and C-PAN@silica compacts (averages of three

Part A. The PUA@silica system

samples at every composition).

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

sample
1.5% 3x 4.5x
C-PUA-nx@silica-HF-CO2 88+ 1 86+ 1 87+ 1
C-PUA-nx@silica-CO2-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
6%, (9:1) 6x, (9:1) 6x, (9:1) 6x, (9:1)
C-PAN-nx@silica(x:y)-HF-CO- 73+3 73+3 73+3 73+3
C-PAN-nx@silica(x:y)-CO2-HF 64+3 64 +3 64 +3 64 +3

86
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TIPM-derived PUA

PUA@silica J

APTES@silica J

APTES@silica

P T T T T T T T T T T T T T T T T T T T T

100 50 0 -50 -100 -150 -200 200 150 100 50 O
§ (ppm) 6 (ppm)

Figure 4. Solid-state CPMAS NMR spectra of representative PUA@silica samples (from
the PUA4.5x@silica system) and of relevant controls: (A) 2°Si; (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 11l in Supporting
Information.)
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\

Scheme 4. Latching of TIPM-derived polyurea on the surface of silica.
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Figure 5. Solid-state CPMAS NMR spectra of representative PAN@silica samples (from
the PAN-6x@silica(9:1) system) and of relevant controls: (A) 2°Si; (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 11l in Supporting
Information.)

The resulting close vicinity of the Tz 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 efficient excitation. Oxidative aromatization of PAN@silica

(see Section 2.1.3.) was expected to leave the topographic relationship between the

polymer and its anchoring sites more-or-less unperturbed, and indeed the 2°Si NMR spectra

of A-PAN@silica and PAN@silica were practically identical (compare the middle and top
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spectra of Figure 5A). The solid-state 3C NMR spectra of the PAN@silica samples (Figure
3) treated at 300 °C for 24 h under O are dominated by the resonances that correspond to
the idealized structure of fully aromatized PAN (Scheme 5); some lower-intensity
resonances that showed up were assigned to pyridonic carbonyls (4” and 4” at around 170

ppm) and to sp? carbons on terminal rings (at around 102 ppm - Scheme 5).

OH
3 45!
CN?NCN“ N1N SN SN

PAN@silica A-PAN@silica

Scheme 5. Conversion of PAN@silica compacts to aromatized-PAN@silica compacts
(A-PAN@silica) [The atom numbering is arbitrary and is used to facilitate assignment of
the *C NMR resonances in Figure 3-top.]

2.2.3. PUA@silica— and PAN@silica—derived Carbons and Etched Carbons.
According to EDS (see Figure S.8 and Table S.1 of Appendix IV in Supporting
Information), in addition to C and N, carbonized C-PUA@silica and C-PAN@silica
contained 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) wi/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% wi/w, respectively,
and neither sample contained any silicon. Thereby, treatment with HF removes silica
completely. Both etched samples consisted of C, N and O (no analysis was conducted for

H).
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High resolution XPS for C, N and O was conducted with carbonized samples in
order to elucidate the functional groups those elements are expressed with on the internal
surfaces of the samples. Figures 6 and 7 show the O 1s and N 1s spectra of C-PUA@silica
and C-PAN@silica, respectively, and include the spectra of the corresponding double-
etched C-PUA_or_ PAN@silica-HF-COa.

The XPS spectra of C-PUA@silica and of C-PAN@silica included peaks at 533.5
eV of O 1s (see Figures 6A and 7A), and at 103.6 eV of Si 2p from SiO2 (see Figure S.9
of Appendix V in Supporting Information).3>2¢ Consistently with the EDS data, the Si 2p
peak and the O 1s peak of silica were absent from the spectra of double-etched C-
PUA _or PAN@silica-HF-CO- (Figures 6B, 7B) and of C-PUA_or_PAN@silica-CO2-HF
(see Figure S.10 of Appendix V in Supporting Information).

The O 1s spectra of C-PUA@silica and of C-PAN@silica (Figures 6A and 7A)
contained also a strong peak at 533.0 eV assigned to ether O, and weak peaks at 531.6 eV
and 531.9 eV, respectively, assigned to —O~.*"° The N 1s spectra of C-PUA@silica and
C-PAN@silica (see Figure 6C and 7C) 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 403.8 eV (case of C-PUA@silica), or at

403.3 eV (case of C-PAN@silica).>*4?
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C-PUA@silica O1s C-PUA@silica N 1s

T

A. as prepared || C. as prepared

29.1%

—
3 533.0 eV 398.4 eV
E ether C-0
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> 531.6 eV
B 533.5 eV -0-
5 Si0; > 5.0%
-
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B. Etched || D. ; Etched
o THF N 1HF
532.9 eV 2% CO, || 4008eV 2" CO,
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) ¥ ‘ .
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Intensity (a.u.)
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Binding energy (eV) Binding energy (eV)
Figure 6. High resolution O 1s (left) and N 1s (right) XPS spectra of: (A,C) C-PUA-
4.5x@silica; (B,D) C-PUA-4.5x@silica-HF-CO.. (For the Si 2p and C 1s spectra, and

those of the corresponding —CO2-HF samples, see Figures S.9-S.12 of Appendix V in
Supporting Information.)

The O 1s spectra of double-etched carbon samples contained the same ether O, and
—O™ peaks, but the intensity of the —-O~ peak at ~532 eV was increased significantly relative
to before the etching processes — from 5% to 25.5% (case of C-PUA@silica-HF-COy), and
from 8.5% to 25.1% (case of C-PAN@silica-HF-CO,). Simultaneously, the intensity of the

N 1s peaks attributed to pyridonic and nitroxide (-N*—O") also increased.
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C-PAN@silica O 1s C-PAN@silica N 1s
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Figure 7. High resolution O 1s (left) and N 1s (right) XPS spectra of: (A,C) C-PAN-
6x@silica(9:1); (B,D) C-PAN-6x@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 Supporting Information.)

For example, the intensity of the latter went from 7.7% to 9.5% (case of C-
PUA@silica-HF-CO2 — compare Figures 6C and 6D), and from 8.9% to 16.1% (case of C-
PAN@silica-HF-CO, — compare Figures 7C and 7D).

Similar evolutions in the O 1s and N 1s spectra were observed in double-etched C-
PUA_or_PAN@silica-CO2-HF samples (see Figures S.10 and S.11 of Appendix V in

Supporting Information). The C 1s spectra (see Figure S.12 of Appendix V in Supporting



106
Information) support 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 for C-O

(ether). %

2.3. MATERIALS CHARACTERIZATION

2.3.1. Bulk Material Properties of PUA@silica, PAN@silica and Carbons
thereof. Figure 8 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 defects, and the two series were
practically indistinguishable at the various stages. Relevant property characterization data
for all materials and all formulations considered in this study are summarized in Tables 4
and 5.

The bulk density (pn) of PUA@silica xerogel compacts was in the range of 0.894-
1.007 g cm3; the skeletal density (ps) was in the range of 1.332—1.369 g cm. Both p, and
ps decreased as the amount of PUA in the composite increased (Table 4). The bulk density
(pv) of PAN@silica xerogel compacts was in the range of 1.282-1.441 g cm™ while the
skeletal density (ps) was in the range of 1.182-1.373 g cm™. The trends in p» and ps 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, 77, calculated from bulk and skeletal density data
via 1T = 100 x (ps— pv) / ps, was in the range of 26-33% v/v for PUA@silica xerogel

compacts, and 5-7% v/v for PAN@silica xerogel compacts.
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C-PUA@silica C-....-CO,-HF
i R e S
~ PUAG@silica C-PUA@silica-HF C-PUA@silica-CO,

A-PAN@silica @silica-H C-PAN@silica-CO,
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Figure 8. Photographs of PUA-3x@silica and PAN-6x@silica(9:1) compacts,
abbreviated as PUA@silica and PAN@silica, respectively, along carbonization and
etching.

The carbonization process of the 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 the 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 the 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.



Table 4. Materials characterization data along processing of PUA-nx@silica xerogel compacts with nx =1.5x, 3x, 4.5x.

linear bulk skeletal TOSItY. i 7 3 gl BET average
saﬁ:fle shrinkage densit_\': density_, P g o specific pore volume [en 7] SL:_I;TC di:::;er
[2e]2® ps [gem™]? p: [gem™] € [%6wiv] ¢ Vesat® | Vizaoowm® | Veirorore® | Vosp0mm® o [m? g’ﬂ] i [nm] i
PUA-@silica
1.5% - 1.007 = 0.002 1.369 = 0.001 26 k k k k k x
3x - 0.967 = 0.022 1.363 =0.002 29 x k k E x £
4.5% - 0.894 = 0.010 1.332=0.001 33 x k k £ x £
C-PUA@silica
1.5x 28.37£0.10 | 1.201=0.015 1.934£0.012 38 0.32 0.01 0.0} 0.31 1.3(1.1) 954
3x 28.02£041 1.082+0.021 1.953 £0.021 45 0.41 0.03 0.0! 0.38 11(3.4) 151
4.5% 28452034 0.937+£0.014 1.901 =0.011 51 0.54 0.03 00! 051 6.7(0.6) 324
C-PUA@silica-HF
1.5% 28.58=0.13 0.828 £ 0.016 1.781 = 0.016 54 0.65 0.32 k = 394 (82) 6.6
3x 28.46=0.85 0.730=0.013 1.755 = 0.009 58 0.30 0.13 k = 353 (70) 9.1
4.5% 28.74 =0.55 0.654=0.018 1.788 £ 0.003 63 0.97 0.33 k = 285(47) 14
C-PUA@stlica-HF-CO,
1.5% 3285+083 0.411+0.022 2.353+0.078 83 2.01 0.72 0.74 0.55 1275 (628) 6.3
3x 34.08=0.67 0.334+£0.026 1.943 =0.031 83 248 0.65 0.75 1.08 1724 (708) 6.2
4.5% 3476 =047 0.380 = 0.024 2133 £0.048 82 216 1.09 0.86 0.21 1930 (708) 45
C-PUA@s1lica-CO;
1.5% 29.79=0.20 1.197 = 0.003 1.959 = 0.005 39 0.33 0.02 k = 170 (149) 7.9
3= 3009087 | 107920092 | 2.154=0.007 50 0.46 0.11 k = 404 (345) 4.7
4.5% 3230046 | 0.876=0.023 1.985 £0.002 56 0.64 0.10 0.25 0.29 845 (598) 31
C-PUA@silica-CO,-HF
1.5% 2993+0.16 0.749 = 0.027 1.953 £0.017 62 0.82 0.51 0.21 0.10 1149 (669) 2.9
3x 31.15+£0.61 0.558 £ 0.035 1.846 = 0.029 70 1.25 0.76 0.42 0.07 1220 (630) 4.1
4.5% 33.62=0.39 0.510 = 0.033 1.982 =0.013 74 1.46 0.68 0.62 0.16 1331 (611) 4.8

aAverage of three samples. "Shrinkage relative to the PUA@silica xerogel compact. ¢Single sample, average of 50 measurements. “Porosity, 77
=100 X (ps — pu)/ ps. ®V 1ot Was calculated via Vot = (1/pn) — (1/ps). V17300 nm Was calculated via the BJH desorption cumulative pore volume.
%V micropore Was calculated with N2-sorption data at P/P, < 0.1 using a low-pressure N2 dosing routine at 77 K and the Dubinin—Radushkevich (DR)
method for data analysis. "V>300 nm = Vrotal — (Vmicropore + V1.7-300_nm). 'Numbers in (parentheses): Micropore surface areas calculated via t-plot
method. JAverage pore diameters were calculated via the 4 x V/omethod by setting V = Vrow = (1/pb) — (1/ps). “Too small — could not be measured.
'Presumed. ™Was not calculated because of " and k.
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(9:1) and (7:3).

Table 5. Materials characterization data along processing of PAN-nx@silica(x:y) xerogel compacts with nx = 2x and 6x, and (X:y) =

sample linear bulk skeletal porosity, specific pore volume [cm® g™] Si?;e a\;eor;ge
nx, (x:y) sh[l;z]ks bge densn;g a densﬂ)g ¢ o a d area, | diameter
polgom™] ps[g em] [%viV] Vot ® | Vizaoomm' | Vimicropore® | Vszoonm" | o [M2g7Y° [nm]!
PAN@silica
6%, (9:1) - 1.143+0.012 | 1.223+0.003 7 k k K K K K
2%, (9:1) - 1.122+0.004 | 1.182 +0.002 5 k k K K K K
6%, (7:3) - 1.202 +0.029 | 1.288 +0.002 7 k k K K K K
2%, (7:3) - 1.282+0.003 | 1.373 +0.002 7 k k K K K K
A-PAN@silica
6%, (9:1) 9.87+£0.51 1.314+0.016 | 1.504 +0.002 13 k k k k k k
2%, (9:1) 6.14 +0.25 1.426 +0.016 | 1.554 +0.005 8 k k k k k k
6x, (7:3) 9.60 £0.12 1.294+0.018 | 1.548 +0.003 17 k k k k k k
2x, (7:3) 12.00+0.16 | 1.351+0.005 | 1.773+0.001 24 k k k k k k
C-PAN@silica
6%, (9:1) 20.67£0.74 | 1.339+£0.011 | 1.918 +0.007 30 0.23 0.00 0.0' 0.23 0.47 (0.42) 1938
2%, (9:1) 1456 £0.15 | 1.443+0.025 | 1.851+0.019 22 0.15 0.01 0.0' 0.14 7.9 (4.8) 76.6
6%, (7:3) 20.87£0.34 | 1.289+0.013 | 1.905+0.010 32 0.25 0.01 0.0' 0.24 6.3 (2.3) 159
2%, (7:3) 22.25+056 | 1.463+0.025 | 1.997 £ 0.004 27 0.18 0.00 0.0' 0.18 3.0(1.9) 368
C-PAN@silica-HF
6%, (9:1) 21.01+£0.37 | 1.139+0.027 | 1.761 +0.009 35 0.31 0.18 K m 193 (41) 6.5
2%, (9:1) 1554 +0.24 | 0.679+0.013 | 1.781 +0.006 62 0.91 0.57 K m 474 (69) 7.7
6%, (7:3) 21.79+£0.28 | 0.778+0.018 | 1.783 +0.004 56 0.73 0.60 K m 442 (39) 5.6
2%, (7:3) 23.35+£0.62 | 0.639+0.013 | 1.753 +0.008 64 1.00 0.56 K m 618 (119) 6.5
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Table 5. Materials characterization data along processing of PAN-nx@silica(x:y) xerogel compacts with nx = 2x and 6x, and (X:y) =
(9:1) and (7:3) (cont.).

C-PAN@silica-HF-CO,
6x, (9:1) 25.57+0.70 | 0.725+0.025 | 1.878+0.018 61 0.85 0.34 0.37 0.14 843 (491) 4.0
2x,(9:1) 26.45+0.44 | 0.339+0.029 | 1.814+0.040 81 2.40 1.49 0.60 0.91 1433 (323) 6.7
6x, (7:3) 27.15+1.47 | 0.630+0.024 | 2.180+0.022 71 1.13 0.44 0.42 0.27 1024 (535) 4.4
2%, (7:3) 34.34+0.14 | 0413+0.030 | 2.340+0.017 82 2.00 1.39 0.56 0.05 1419 (369) 5.6
C-PAN@silica-CO,
6%, (9:1) 23.92+0.68 | 1.258+0.025 | 2.132+0.013 41 0.33 0.01 K m 226 (187) 5.8
2%, (9:1) 19.62+0.70 | 1.305+0.026 | 2.193 +0.007 40 0.31 0.02 K m 267 (124) 4.7
6x, (7:3) 28.45+0.84 | 1.030+0.012 | 2.099 +0.025 51 0.50 0.01 K m 169 (98) 11.9
2%, (7:3) 26.67+1.16 | 1.452+0.016 | 2.036 = 0.004 29 0.20 0.02 K m 465 (361) 1.7
C-PAN@silica-CO,-HF
6x, (9:1) 24.02+0.64 | 0.778+0.055 | 1.799 +0.001 57 0.73 0.24 0.29 0.20 416 (214) 7.0
2x, (9:1) 20.19+0.45 | 0.506 +0.019 | 1.968 +0.014 74 1.47 0.77 0.42 0.28 1167 (264) 5.0
6x, (7:3) 26.60+0.89 | 0.621+0.010 | 1.919+0.013 68 1.09 0.46 0.44 0.19 994 (451) 4.4
2x, (7:3) 28.01+1.20 | 0.576 +0.014 | 1.846 +0.005 69 1.19 0.72 0.43 0.04 1142 (263) 4.2

3Average of three samples. °Shrinkage relative to the PAN@silica xerogel compact. °Single sample, average of 50 measurements.
9Porosity, I7= 100 x (ps— pb)/ ps. 8V Tota Was calculated via Vot = (1/pb) — (1/ps). 'V1.7-300_nm Was calculated via the BJH desorption
cumulative pore volume. %Vmicropore Was calculated with N2-sorption data at P/P, < 0.1 using a low-pressure N2 dosing routine at 77
K and the Dubinin—Radushkevich (DR) method for data analysis. "V>300 nm = V7ol — (Vmicropore + V1.7-300 nm). 'Numbers in
(parentheses): Micropore surface areas calculated via t-plot method.
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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 was significantly lower, never exceeded 32% v/v. 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 etching C-PUA@silica compacts with HF, p» and ps 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 COx first, linear shrinkage increased somewhat, which apparently compensated
for the mass loss, and p» remained about the same; ps, 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% Vv/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. On the contrary, the porosity of the C-PUA-CO2-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 CO2

(i.e., of C-PUA@silica-CO»).
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Figure 9. 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 applied first is highlighted yellow in the material
name.)

Similarly, after HF-etching C-PAN@silica compacts shrank by about an additional

5% in linear dimensions, and both pp and ps decreased due to the mass ensuing loss (Table
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5). 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 with etching
of C-PUA@silica, if C-PAN@silica is etched with CO; first, the shrinkage is higher (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
with CO2, 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, i.e., 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% viv 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. The Nanostructure of Carbon Aerogels Derived from PUA@silica and
PAN@silica Compacts, and a Model for the Etching Processes. Microscopically
(SEM), internal cleaved surfaces of all PUA@silica and PAN@silica compacts were
smooth. Some roughness appeared after carbonization, yet the materials remained
compact. Void space and some structure at the sub-micron level were generated after
etching with HF and CO», but the new surfaces still appeared smooth. Those changes are
illustrated in Figure 9 using C-PAN-6x@silica(9:1) and its double-etched derivatives as an
example. One definite conclusion from SEM imaging is that the etching processes

generated some macroporosity, but owing to the apparent smoothness of the macroporous
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surfaces it was decided to rely on N2 sorption as a higher resolution probe of the pore
structure in the meso- and micropore size regimes.

The evolution of the No-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
10 and 11, respectively. Both systems follow the same pattern. To begin with, the
adsorption of N2 by either C-PUA@silica or C-PAN@silica was negligibly small,
suggesting that the porosities reported above (38%-51% v/v, and 22%-32% vl/v,
respectively) corresponded to macropores with >300 nm in diameter. Things got different
by a first treatment with HF versus 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; in both
types of materials a first treatment with CO; yielded a sharp rise of the isotherms at low
pressures, characterizing microporosity (cases of C-PUA@silica-CO and C-PAN@silica-
CO:»). Indeed, BJH analysis of the desorption branches of the isotherms of all four carbons
(i.e., of C-PUA@silica-HF or —CO; and C-PAN@silica-HF or —COy) yielded meaningful
pore size distributions in the mesopore range only for C-PUA@silica-HF and C-
PAN@silica-HF (see Insets in Figures 10 and 11). Subsequent treatment with the second
etching agent resulted in materials with N2-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 slightly larger in materials etched first with HF (blue lines — see Figure 12).

A final note on the isotherms is that the shape of the desorption branches of all C-
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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.
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Figure 10. N2-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 the color coding.)

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-CO2-HF and C-PAN@silica-CO2-HF.
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Figure 11. No-sorption isotherms at 77 K of carbonized C-PAN-6x@silica-(9:1)

compacts after each processing step. (Inset: BJH pore size distributions for the lower
three isotherms according to the color coding.)
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Figure 12. 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»2-HF in red.
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That behavior matched the trends in the porosity as described in the previous
section, and is also reflected on the corresponding surface areas (Tables 4 and 5).
Specifically, the BET surface areas of C-PUA@silica and C-PAN@silica were very low
(1.3-11.0 m? g%, and 0.47-7.9 m? g%, respectively). Upon treatment with HF the BET
surface area of C-PUA@silica-HF jumped in the 285-394 m? g* range (20% assigned to
micropores) while the BET surface area of C-PAN@silica-HF jumped in the 193-618 m?
g! range (only 5% to 20% was assigned to micropores). On the other hand, a first etch with
CO:- increased the surface areas of the corresponding samples roughly up to the same
ranges as the HF treatment did, however, in the case of C-PUA@silica-CO2 over 70% of
the new surface area was assigned to micropores, and 50%-80% in the case of C-
PAN@silica-COa.

Treatment with the second etching agent propelled BET surface areas up to 1930
m? g* (case of C-PUA-4.5x@silica-HF-CO3), 37% of which was assigned to micropores,
and up to 1433 m? g (22% assigned to micropores — case of C-PAN-2x@silica(9:1)-HF-
CO»). Complete data for all samples are presented in Tables 4 and 5 for reference and
further analysis by the interested reader.

The pore structure of the double-etched samples was also probed with low-pressure
N2-sorption using a low-pressure transducer. The derived micropore volumes, Vmicropore, are
included in Tables 4 and 5, and in all cases V17300 nm + Vmicropore < VTotar (the latter
calculated from bulk and skeletal density data via Vtota = (1/pn) — (1/ps)), meaning that, in
agreement with conclusions arrived from SEM, all samples included a certain amount of
macropores with sizes > 300 nm. A second observation is that in general, Vmicropore Were

lower in samples etched first with CO-.
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Overall, percent mass loss, porosity values (17), specific pore volumes Vota and
Vmicropore, and BET surface areas were higher in double-etched samples that were treated
first with HF. Since the mechanism of action of CO: is via a comproportionation reaction
with C to CO, it is reasonable to suggest that silica protects the carbon 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..

24. PROBING MICROPOROSITY WITH CO2, AND APPLICATION OF
DOUBLY-ETCHED PUA@SILICA- AND PAN@SILICA-DERIVED
CARBON AEROGELS TO HIGHLY SELECTIVE CO2 CAPTURE
Conventional carbon aerogels with microporosity lined with O and N heteroatoms
have shown high capacity for CO, adsorption.® Since this property has a clearly defined
application in CO. sequestration, it was deemed suitable as a basis for comparison with
other conventional carbon aerogels obtained via direct pyrolysis of polymeric aerogels.
Fully reversible, with no hysteresis, CO> adsorption isotherms at two different temperatures
(273 K and 298 K) and up to 1 bar (corresponding to partial pressure P/P, = 0.03) of all
carbon samples of this study double-etched in either sequence are shown in Figure 13.
Cross-referencing with Tables 4 and 5, maximum CO- uptake (from Figure 13) in both the
PUA- and PAN-derived, and double-etched (in either sequence) carbon aerogel systems
was observed with the lower-density, higher-porosity, higher micropore volume and lower
micropore surface area samples, namely with C-PUA-4.5x@silica-HF-CO> (9.15 mmol g

1)y ‘and C-PUA-4.5x@silica-CO2-HF (6.13 mmol g?), as well as with C-PAN-

2x@silica(7:3)-HF-CO; (6.56 mmol g*1) and C-PAN-2x@silica(7:3)-CO,-HF
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Scheme 6. Etching model of carbonized C-PUA@silica and C-PAN@silica with HF and
CO:z in either sequence. (poly = PUA or PAN; micropores are shown as white wiggly
lines penetrating into the bulk of carbon.)

(5.30 mmol g1). PAN—derived carbon aerogels adsorbed lower amounts of CO2 than their
PUA-derived analogues. Consistently, a lower CO, uptake was observed with samples

obtained through the CO./HF etching sequence compared with their counterparts obtained
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through the HF/CO2 sequence. Overall, most samples displayed levels of CO, uptake that
were amongst what has been observed before with other carbon aerogels (around 5-6 mmol
g1).! By the same token, however, the best performer, 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 superstructures),*’ yet lower than
certain CO.-etched carbon aerogels from pyrolysis of low-density resorcinol-formaldehyde

aerogels, which have shown CO- uptake up to 14.8 + 3.9 mmol g*.!
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Figure 13. 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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The involvement of the micropores in the CO. uptake was investigated by
comparing the experimental CO> uptake with values calculated by assuming: (a) monolayer
coverage of the BET surface area with CO, (0.17 nm? per molecule);*® monolayer coverage
of only the micropore surface area; and (c) micropore volume filling with CO2 in a state
that resembles liquid CO- (density of the state = 1.023 g cm).4®>® Micropore volumes
were calculated using the Dubinin-Radushkevich (DR) method on low-pressure No-
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 6. It is noted, however, that since the
DR(COy) data are not independent of the CO> uptake, they were not considered in pore
filling with COg; instead, they were used for cross checking the consistency of the pore
volumes calculated via the DR(N2) method, and it is noted that in general the two micropore
volumes agree with one another. Subsequently, both DR(N2) and DR(CO3) were used for
calculating average micropore sizes.

The amounts of CO> uptaken at the highest points of the isotherms of Figure 13
were lower than the amounts of CO> that would provide monolayer coverage of the
corresponding BET surface areas. On the other hand, 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 VI in Supporting Information), and similar specific micropore volumes (all
around 0.08-0.12 cm® g?); 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-CO2 (requires 4.2 mmol g1), yet in all cases the amount of CO2 required
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to fill those micropore volumes was much below the experimentally observed values of
CO. uptake (Table 6). Then, as summarized in Figure 14, in general, we observe that
whenever the average micropore diameter from the DR(N2) and the DR(CO2) methods was
approximately 3-4 nm, the amount of CO> uptaken was found 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 CO2 required to fill the “micropore” volumes
that were calculated with the DR(N2) 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 CO2 completely, and above which CO2 keeps on
accumulating on already adsorbed CO3, 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.>!
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Figure 14. Differential (A4) experimental from expected CO> uptake versus average
micropore diameter for all carbonized and double-etched PUA@silica and PAN@silica
xerogel compacts. The expected CO> uptake was calculated from micropore monolayer

[Pl

coverage (see footnote “g” in Table 6). Average micropore diameters were calculated as
described in footnote “e” of Table 6. Dotted line is a third-order polynomial fit.

Further insight in the interaction of CO2 with the surface of the carbon aerogels was
obtained by calculating the isosteric heat of adsorption of CO2 (Qst) by the four doubly
etched-carbon aerogels with the highest CO> uptake capacities amongst their peers: C-
PUA-4.5x@silica-HF-CO2 & -CO»-HF, and C-PAN-2x@silica(7:3)-HF-CO2 & -CO»-HF.
Qst is 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 Virial fitting on
the CO2 adsorption isotherms at two different temperatures (273 K and 298 K — see

Experimental Section and Appendix VII in Supporting Information).



Table 6. Micropore analysis and CO> uptake at 0 °C by all carbonized and double-etched xerogel compacts.

: i . CO; uptake [mmol g] at 273 K, 1 bar
. ) 3y Micropore diameter [nm] via
Specific micropore volume [cm® '] - f
4 * /(micropore area)
calculated from
sample - -
] ) measured surface areas specxf_lclml-:r_opore
DRN:¢ | DR(CO¢ | DFT(coyr | [ fom ¥ from averages | CPeTmentzlly volumes
RO : | DrRaw) | DRiCOY =
BET! | Micropore? | DR(Nz)® | DFT(COz)t

C-PUA@silica-HF-CO:

1.5% 0.74 043=001 0.11=0.01 471 274=007 373 5.75=0.17 125 6.1 172 26=01

3x 0.75 064=003 [ 012=001 424 364015 393 798=0.15 16.8 6.9 174 27=x01

4.5x 0.86 0.69=001 | 0.18=001 4.86 3.91£005 438 9.15£0.10 18.9 6.9 200 42201
C-PUA@silica-CO-HF

1.5% 021 023001 0.08 £ 0.01 126 149+ 0.04 132 334010 112 6.5 49 18+01

3x 0.42 0.38=0.01 0.12=0.01 2.67 227003 254 5.13x0.09 11.9 6.2 08 2.7x0.1

4.5x 0.62 048=0.02 | 0.08=003 4.06 2.74£017 3.60 6.13=007 13.0 6.0 14.4 20=04
C-PAN@silica-HF-COz

6%, (9:1) 0.37 0.30=0.01 0.11=0.01 3.01 246=007 273 4342011 82 4.8 86 2601

2%, (@:1) 0.60 0.52=002 | 0.10=001 743 6.39=0.05 6.93 6,68 =020 14.0 32 14.0 2301

6%, (7-3) 042 035=001 0.11=001 314 258004 288 478=014 100 52 08 25=01

2x,(73) 0.56 050=002 [ 010001 6.07 543+£022 575 6.82+0.12 139 3.6 13.0 24=01
C-PAN@silica-CO»-HF

6%, (9:1) 029 030=001 0.08 = 0.01 542 5.65=016 551 3.05£009 41 21 6.7 19201

2%, (9:1) 042 038=002 [ 0.08=001 6.36 5.78=035 6.06 511027 114 26 98 19201

6, (7:3) 0.44 033=001 | 0.10=001 390 2.95=0.06 341 4.60 =008 9.7 4.4 102 23=01

2% (7:3) 043 039=001 0.09 = 0.01 6.54 35860020 6.24 330=0.12 112 26 100 21=01

a/ja the Dubinin-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 relative 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; YCalculated as indicated using the micropore surfaces areas obtained from N-sorption data via the t-plot method;
®Calculated via 4 x V/(micropore area), where V = [Vprpnz) + Vor(coz)]/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 micropore 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; "Calculated 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 cm3).4250
Errors were calculated by applying rules of propagation of error.

174’
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The plots of the Qs values of the four materials versus the CO; uptake are shown
in Figure 15. The intercept of any Qs plot at zero CO uptake is referred to as Qo, and is
the energy of interaction of CO. with the surface of the adsorber. In general, Qo values >40
kJ mol™ are generated by chemisorption while lower values by physisorption.

The Qo values of the four double-etched samples, C-PUA-4.5x@silica-HF-CO; &
-CO,-HF and C-PAN-2x@silica(7:3)-HF-CO2 & -CO,-HF, were in the range of 27-32 kJ
mol™? (see Table S.4 of Appendix VII in Supporting Information). Those values can be
attributed to ether 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 systems are lined
with the same functional groups (refer to the XPS data in Section 2.2.3 above, and in
Appendix V of the Supporting Information). Physisorption may involve quadrupolar
interactions between quadrupolar CO; and quadrupolar nitrogen-rich sites.>? Those
interactions are favored in smaller micropores (yielding higher Qo 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
nitroxide) and —N: (for example from pyridinic and pyridonic sites) onto CO, toward
surface-bound carbonate or carbamate, respectively. The reaction of CO, with surface -O~

is nearly isoenthalpic, while its reaction with —N: is slightly endothermic.!®
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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 every four points is
shown.)

Beyond initial interaction with the surface walls, it is noted from Figure 14 that in
the cases of C-PUA-4.5x@silica-HF-CO2 and C-PAN-2x@silica(7:3)-CO2-HF the
isosteric heats, Qst, remain about flat until about monolayer coverage (~6 mmol g*) and
afterwards curve downwards — meaning that pore filling starts becoming less favorable.
Incidentally, those are also the samples with the highest CO2 uptake amongst all the PUA-
and PAN-derived carbons, respectively (Table 6). On the other hand, at first the Qst values
of the other two samples, C-PUA-4.5x@silica-CO2-HF and C-PAN-2x@silica(7:3)-HF-
CO., take upward trends as the CO> uptake increases, but again they both turn downwards

as pore filling progresses. Interestingly, the former two samples, whose Qst plots remain
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substantially flat, happen to have surfaces O-rich, while the latter two samples, whose Qst
plots curve upwards, are N-rich: by XPS, the O:N ratios of the HF-CO; etched C-PUA and
C-PAN are 1.85 versus 0.43, respectively, while the O:N ratio of CO2-HF etched C-PUA
and C-PAN are 0.69 versus 1.02, respectively (see Table S.2 in Appendix V of the
Supporting Information).

A CO2 uptake model consistent with all data suggests that in the case of O-rich C-
PUA-4.5x@silica-HF-CO; and C-PAN-2x@silica(7:3)-CO2-HF, CO; is mostly adsorbed
via energy-neutral Eq. 1 with surface —O~, and continues for sometime

-0+ CO, — surface-O-CO-0O- (1)
beyond monolayer coverage according to also energy neutral Eq. 2.

CO,
—O- + CO, — > surface-O-CO-O- ———— surface-O-CO-O-CO-0O- (2)

Since the micropore volume of PUA-4.5x@silica-HF-CO2 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 ), eventually filling of the former proceeds beyond filling of the latter,
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, C-PUA-4.5x@silica-CO2-HF and C-PAN-2x@silica(7:3)-HF-CO2, the
micropore volume of the latter material is less (0.37 cm? g1) than that of the former (0.62
cm?® gl), therefore it gets filled faster, the favorable quadrupole interactions increase as the
free space decreases, and consequently the Qst 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
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monolayer coverage of its micropores (3.6 mmol g*) and close to what is needed for filling
them completely (8.6 mmol g2).

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, 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 N2 sorption)
are partially filled.

For practical applications a highly CO»-absorbing material should also be selective
toward other gasses. For example, for pre-combustion separation, a CO.-absorbing
material should be selective against H, and CH4, while for post-combustion purposes,
selectivity towards N3 is desired. The adsorption isotherms of CHz 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 16. The maximum gas uptake values are summarized in Table S.5 of Appendix VIII
in Supporting Information. The isotherms were fitted with a Virial-type equation that
allowed calculation of the Henry’s constants, Kn, for each gas and material (see
Experimental Section). Then, selectivities were calculated as the ratios of the Ky values
(see Table S.6), and are compared in bar-graph forms in Figure 17.

The uptake of Hz and N2 was quite low as compared to CO2 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 CO2-HF
varieties of the material, respectively; the corresponding selectivity toward CO; versus N2

was in the range of 70-80 for both varieties of the material. The significant difference in
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the CO/H: selectivities of C-PUA-4.5x@silica carbon aerogels from the two etching
processes is attributed to the fact that the CO2 adsorption of the HF-CO. variety was 50%
higher than that of the CO2-HF material (9 vs 6 mmol g?, respectively), while the H.
adsorption was similar (0.06-0.08 mmol g) for all the double-etched PUA-derived carbon
aerogels.

The selectivities of the C-PAN-2x@silica-(7:3) samples toward CO; versus H:
were in the range of 780-863, while the CO2/N> selectivities were in the range of 73-92 for
materials from both etching processes. On the other hand, the adsorption of CH4 was high
compared to N2and Ha (up to 2.6 mmol g* — see Table S.5 of Appendix V111 in Supporting
Information), which has been attributed to the high polarizability of CH4.%%5" 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 25.

Overall, all PUA- and PAN-derived carbon aerogels by the method described here,
showed high selectivities towards Ha, which is favorable for pre-combustion CO> capture.
Relevant to post-combustion applications (CO2-Nz2 separation), selectivities in the range of
71-97 were at par with those from amide networks,® organic cages,> certain conjugated

organic polymers,®? and other microporous carbon derived from phenolic aerogels.*
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Figure 16. Representative CHa (left) and Hz (right) adsorption isotherms at 273 K for C-

PUA-4.5x@silica-HF-CO:2 (blue circles), C-PUA-4.5x@silica-CO»-HF (red circles), C-

PAN-2x@silica(7:3)-HF-CO (blue squares), and C-PAN-2x@silica(7:3)-CO2-HF (red

squares). (For clarity only adsorption is shown, but all isotherms are reversible without
any hysteresis. One every two points is shown in the H; adsorption isotherms.)

3. CONCLUSION

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-crosslinked
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 meso-porosities in the final carbon-
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Figure 17. 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 16.)
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-aerogels. The microporosity 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, in the next paper of this
issue, silica has been replaced with iron and cobalt oxide networks yielding graphitic

aerogels at temperatures considered low for graphitization (e.g., <1,500 °C).

4. EXPERIMENTAL

4.1. MATERIALS

All reagents and solvents were used as received unless noted otherwise.
Ammonium hydroxide (NHsOH, ACS reagent), 3-aminopropyltriethoxysilane (APTES),
sodium hydroxide pellets (NaOH), anhydrous sodium sulfate (Na2SO4, ACS certified), and
hydrofluoric acid (HF, 48-51% solution in water, ACS reagent) were purchased from
Fisher Scientific. Tetramethylorthosilicate (TMQOS), 4,4’-azobis(4-cyanopentanoic acid)
(ABCVA, >98% -trans), anhydrous tetrahydrofuran (THF), and acrylonitrile (>99%,
contains 35-45 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 (CHsOH),
ethyl acetate (EtOAc) and toluene were purchased from Fisher Scientific. Technical grade

acetone was purchased from Univar (St. Louis, MO). Tris(4-isocyanatophenyl)methane
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(TIPM) was donated by Covestro LLC (Pittsburg, PA) as a 27% wi/w solution in dry EtOACc
under the trade name Desmodur RE. Ultra-high purity Ar (grade 5), N2 (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 Schemes 2A and 2B).
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 CH3OH and 3.85 mL (0.026 mol) of TMOS, and solution B consisting of 4.5
mL of CH3OH, 1.5 mL (0.083 mol) of water and 40 uL NH4+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 (50 mL, Fisher Scientific)
and the solvent was exchanged twice with ethyl acetate and once with water-saturated ethyl
acetate (EtOAc/H20). After standing for 15 h in EtOAc/H20, the APTES@silica
suspension was either processed to PUA@silica powder (see next section) or 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 re-suspended with vigorous agitation

with Vortex-Genie (Model no. K-550-G, Scientific Industries) and a glass rod.
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4.1.2. Preparation of PUA@silica Powder (Refer to Scheme 2B). In a typical
procedure, 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/H20 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 amounts of TIPM solution 4.5x, 3x, 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 to 12 h to re-distribute 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 to 20 min followed successively by three ethyl acetate washes. The wash
solvent was always removed by centrifugation. Again, for all washes, the volume of 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 50 °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 CH3zOH and 3.85
mL (0.0260 mol) of TMOS, and solution B consisting of 4.5 mL of CH3OH, 1.5 mL

(0.0830 mol) of water and 40 uL. NH4OH were added successively at room temperature
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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 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 PAN@silica powder (see next section) or was washed with acetone three
times and dried under vacuum at 50 °C for further characterization. All washes and solvent
exchanges were carried out with centrifugation for 15 to 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 re-suspended 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 inhibitor-free acrylonitrile in 5 mL 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 to 20 min followed

successively by three toluene washes and three acetone washes. Always, the wash solvent
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was removed by centrifugation. Again, for all washes, the volume of 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 50 °C in to a dry, freely flowing PAN@silica powder.

4.1.5. Preparation, Carbonization and Post-carbonization 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. 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 5 h under flowing ultrahigh purity Ar using a
programmable MTI GSL1600X-80 tube 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 53.55
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 5 h under
flowing ultrahigh 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
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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 15
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 CO3, before

or after HF treatment.

4.2. METHODS

4.2.1. Physical Characterization. Bulk densities (pb) were calculated from weight
and physical dimensions of the samples. Skeletal densities (ps) were measured using helium
pycnometry on a Micromeritics AccuPyc 11 1340 instrument. Samples for skeletal density
measurements were outgassed for 24 h at 80 °C under vacuum before analysis. Percent
porosities (I7) were determined from the py and ps values via 77 = 100 x [(ps — pb)/ ps].

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

Liquid 3C 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 I11 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
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of spinning side bands (TOSS) pulse sequence. The TOSS pulse sequence was applied by
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 s, respectively. The cross-polarization contact time and the
relaxation delay were set at 3000 us and 5 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 2°Si
NMR spectra were also obtained on the same Bruker Avance |1l 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 s and 5 s, respectively. The number
of scans was set at 16384. 2°Si NMR spectra were referenced externally to neat TMS (0
ppm).

X-ray photoelectron spectroscopic analysis (XPS) was carried out with a
ThermoFischer 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't. TGA was also conducted under O, with a TA instrument Model

TGA Q50 analyzer, using heating rate of 5 °C min.
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Modulated Differential Scanning Calorimetry (MDSC) was conducted under N2
from -30 °C to 350 °C, with a heating rate of 5°C 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) was 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 N2-sorption
porosimetry at 77 K using either a Micromeritics ASAP 2020 or a TriStar 11 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 N2-sorption isotherms. Micropore analysis was conducted with low-pressure No-
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/Po=0.03)
at 273 K using the Micromeritics TriStar Il 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 CO2 Adsorption (Qst). Qst values were calculated using

the Virial fitting method. For this, the CO> adsorption isotherms at 273 K and 298 K were
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fitted simultaneously with a Virial-type Equation (3) using the OriginPro 2020 9.7.0

software package.

m n

Z a I‘.P\'ﬂ + Z bl‘.j\'ﬂ
=0 i=0

InP=InN +l
T

©)

[P is pressure in Torr, N is the adsorbed amount in mmol g%, T is the absolute
temperature, a;j and b; are the Virial coefficients, and m and n are the number of coefficients
needed in order 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=3and n =1 (see Table S.3 in Appendix VII of the Supporting Information). The values
of a, to am were introduced into Equation (4), and the isosteric heats of adsorption (Qst)

were calculated as a function of the surface coverage (N).

m

O.=-RY aN'
=0 (4)

[R is the gas constant (8.314 J mol* K1) and Qs is given in kJ mol™]. The common term

in Equation (4) for all N, Qo, corresponds to i = 0 and is given by Equation (5).
O, =—Ra, )

Qo is the heat of adsorption as coverage goes to zero and is a sensitive evaluator of
the affinity of the adsorbate for the surface. Qo values are summarized in Table S.4 of

Appendix VII in Supporting Information.
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4.2.7. Relative Adsorption Selectivities. Relative adsorption studies for CO2, CHa,

N2, and H2 were done on Micromeritics TriStar 11 3020 surface area and porosimetry
analyzer at 273 K up to 1 bar. Adsorption selectivities for one gas versus another were
calculated as the ratios of the respective Henry’s constants, Kn. 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 Equation (6).

m

InN=InP+K +KN+KN*+..=InP +ZK‘_N-"—1
©

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
K1, Kz, ... Km are characteristic constants for a given gas-solid system and temperature. The
Henry’s constant for each gas, K, is the limiting value of N/P as P—0 and is given by
Equation (7).%°

. [ N_ &
Ky= llm(E] =€

P—0

()

To calculate standard deviations, all isotherms obtained experimentally 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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Appendix I. Thermogravimetric analysis (TGA) data
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Figure S.1. TGA under Oz at 5 °C min™ of APTES@silica (blue line, 81.2% residue)
and of PUA-3x@silica (black line, 18.1% residue).


https://www.sciencedirect.com/science/article/pii/S0032386120307503#gs3
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Figure S.2. TGA under O; at 5 °C min of initiator@silica (blue line, 77.7% residue)
and of PAN-6x@silica-(9:1) (black line, 14.9% residue).



144

Appendix 1. CPMAS C NMR spectra of all fully aromatized A-PAN-nx@silica(x:y)
compacts

A-PAN-6X@silica-(7:3)

A-PAN-2X@silica-(7:3)

A-PAN-6X@silica-(9:1)

A-PAN-2X@silica-(9:1)

200 150 100 50 0
d (ppm)

Figure S.3. Solid-state CPMAS 3C NMR spectra of all fully aromatized A-PAN@silica
compacts as shown. (Full aromatization: 300 °C / O./ 24 h)
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Appendix I11. Solid-state 2°Si and **C CPMAS NMR spectra of all as-prepared
PUA@silica and PAN@silica compacts

PUA-4.5x@silica

PUA-3x@silica

PUA-1.5x@silica

100 50 0 -50 -100 -150 -200
6 (Ppm)

Figure S.4. Solid-state CPMAS 2°Si NMR spectra of the three as-prepared PUA@silica
compacts, as shown.
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Figure S.5. Solid-state CPMAS *3C NMR spectra of the three as-prepared PUA@silica
compacts, as shown.
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PAN-6x@silica-(7:3)

PAN-2x@silica-(7:3)

PAN-6x@silica-(9:1)

Ts
PAN-2x@silica-(9:1) 1 2/\Q2

100 50 0 -50 -100 -150 -200
d (ppm)

Figure S.6. Solid-state CPMAS 2°Si NMR spectra of the four as-prepared PAN@silica
compacts, as shown.
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PAN-6x@silica-(7:3)
N
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Figure S.7. Solid-state CPMAS 3C NMR spectra of the four as-prepared PAN@silica
compacts, as shown.
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Appendix IV. EDS data of carbonized PUA@silica and PAN@silica samples, before and
after HF treatment.

{Counts [Ce
o C-PUA-3x@silica | | C-PUA-3x@silica-HF
i L0k
L CKa CKa
By 0.pk
i 0.fk
i
11O Ka g
o ) SiKa | OKa
g N Ka
Ka Au Ma L Au Ma
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 keV 2.00 4.00 6.00 8.00 10.00 12.00 keV
. C-PAN-6x@silica-(9:1) | | C-PAN-6x@silica-(9:1)-HF
|CKa Fu| C Ka
340
| oka
AN Ka Au Ma

Figure S.8. EDS data of C-PUA-3x@silica, C-PUA-3x@silica-HF, C-PAN-
6x@silica(9:1), and C-PAN-6x@silica(9:1)-HF samples. Weight and atomic percent of
individual elements are given in Table S.1.



Table S.1. Percent elemental composition via EDS of C-PUA-3x@silica, C-PUA-
3x@silica-HF, C-PAN-6x@silica(9:1), and C-PAN-6x@silica(9:1)-HF samples.

sample weight %
C N O Si Au Total
C-PUA-3x@silica 5995 | 795 | 14.69 | 12.36 | 5.05 | 100.00
C-PUA-3x@silica-HF 87.95 | 7.05 2.27 0.00 2.73 | 100.00
C-PAN-6x@silica(9:1) 55.32 | 8.15 | 1559 | 16.50 | 4.44 | 100.00
C-PAN-6x@silica(9:1)-HF | 89.36 | 4.62 | 2.62 0.00 | 3.40 | 100.00
atomic %
C N ) Si Au Total
C-PUA-3x@silica 71.60 | 814 | 13.17 | 6.31 | 0.78 | 100.00
C-PUA-3x@silica-HF 94.71 | 3.09 | 1.90 0.00 | 0.29 | 100.00
C-PAN-6x@silica(9:1) 68.01 | 8.60 | 14.39 | 8.67 | 0.33 | 100.00
C-PAN-6x@silica(9:1)-HF | 9551 | 2.01 | 2.12 0.00 | 0.36 | 100.00
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Appendix V. XPS data of carbonized samples before and after etching with HF and CO>

with either sequence.

Table S.2. Elemental quantification data with XPS.

atomic %
sample O/N
C (0] N Au
C-PUA-4.5x@silica-HF-CO; 89.61 6.44 3.48 0.47 1.85
C-PUA-4.5x@silica-CO,-HF 91.57 3.11 4,50 0.82 0.69
C-PAN-2x@silica(7:3)-HF-CO; 89.95 2.95 6.86 0.24 0.43
C-PAN-2x@silica(7:3)-CO,-HF 86.44 6.22 6.09 1.25 1.02
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Figure S.9. High resolution Si 2p spectra of: (A) C-PUA-4.5x@silica; and (B) C-PAN-

6x@silica(9:1).
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C-PAN-6x@silica-(9:1)

~ ;

-1 533.0 eV

W ether C-O
0,

> 65.9%

0 51.53.5 eV

c SiO,~~.__

9 201%

£

as prepared

531.6 eV
-0~
W, 5.0%

D.

as prepared

533.0 eV
ether C-O_

5329 eV
ether C-0

Intensity (a.u.)

Etching
1st: HF
2r: CO,
531.7 eV
-0~

Etching

15t HF
532.6 eV 2nd: CO,
ether C_Q 531 .3 eV
74.9% =0~

\.25.1%

C Etching F Etching
— <0 1st: CO, 1st: CO,
g \ 2nd: HF 532.9 eV 2nd: HF
~ 532.7 eV 531.2 eV ether C-0 531.7 eV
> ether C-O ~.__ 48.1% \ -0~
%) 60.7% \-51.9%
c _
()]
-—
£

541 538 535

532 529 526

Binding energy (eV)

541

538 535 532 529 526
Binding energy (eV)

Figure S.10. Comparative high-resolution O 1s XPS spectra of: (A) C-PUA@silica; (B)
C-PUA@silica-HF-COg; (C) C-PUA@silica-CO»2-HF; (D) C-PAN@silica; (E) C-
PAN@silica-HF-COg; and (F) C-PAN@silica-CO»-HF. The specific sample formulations
were PUA-4.5x@silica and PUA-6x@silica(9:1), respectively.
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Figure S.11. Comparative high-resolution N 1s XPS spectra of: (A) C-PUA@silica; (B)
C-PUA@silica-HF-COg; (C) C-PUA@silica-CO2-HF; (D) C-PAN@silica; (E) C-
PAN@silica-HF-CO»; and (F) C-PAN@silica-CO.-HF. The specific sample formulations
were PUA-4.5x@silica and PUA-6x@silica(9:1), respectively.
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Figure S.12. Comparative high-resolution C 1s XPS spectra of: (A) C-PUA@silica; (B)
C-PUA@silica-HF-COg; (C) C-PUA@silica-CO»-HF; (D) C-PAN@silica; (E) C-
PAN@silica-HF-CO»; and (F) C-PAN@silica-CO.-HF. The specific sample formulations
were PUA-4.5x@silica and PUA-6x@silica(9:1), respectively.
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Appendix VI. Micropore size distribution by the CO2/DFT method.
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Figure S.13. Micropore size distribution obtained with the DFT method applied to CO>
adsorption data at 273 K up to 1 bar for (A) C-PUA-4.5x@silica-HF-CO; (B) C-PUA-
4.5x@silica-CO,-HF; (C) C-PAN-2x@silica(7:3)-HF-CO2; and (D) C-PAN-
2x@silica(7:3)- CO2-HF compacts.



Appendix VII. Virial fitting of CO. isotherms at 273 K and 298 K.
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Table S.3. CO> adsorption data at two different temperatures (blue: 273 K; red: 298 K).
The two isotherms were fitted simultaneously using a Virial equation for calculating the
Isosteric heats of adsorption, Qs, as a function of CO> uptake. Corresponding Virial
fitting parameters for calculating Qst and Qo are shown in the data tables. (m, n: No. of
terms used for Virial fitting.)

5.0F
45¢

Ln(PIN)

3.0f
25}

6.0
5.5
< 50

40}
3.5}

C-PUA-4.5x@silica-HF-CO, (m=3,n=1)
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Table S.3. CO> adsorption data at two different temperatures (blue: 273 K; red: 298 K).
The two isotherms were fitted simultaneously using a Virial equation for calculating the
isosteric heats of adsorption, Qst, as a function of CO> uptake. Corresponding Virial
fitting parameters for calculating Qst and Qo are shown in the data tables. (m, n: No. of

terms used for Virial fitting.) (cont.)

CO, uptake (mmol g)

8

| ' ' 1 ' ' ' C-PAN-2x@silica(7:3)-HF-CO, (m=3,n=1)
Parameters Value Standard Error
- Ay -3281.16924 56.30262
a, -471.29074 37.73858
i i a -128.42041 8.22055
as 20.00839 1.78324
[ | by 15.51151 0.20312
b, 2.81486 0.14048
[ 11 red x2 9.50 x 10
i ] R2 0.99849
) . . ) ) ) . . Qo 27
o 1 2 3 4 5 6 7

0 1 2 3 4 5

CO, uptake (mmol g')

6

C-PAN-2x@silica(7:3)-CO,-HF (m =3, n = 1)

Parameters Value Standard Error
ap -3710.00363 152.41408
ay 295.39309 100.50895
a, -203.29792 28.90699
as 33.92967 7.25744
by 16.73648 0.55291
b, 0.64408 0.39113

red X2 6.80 x 102

R? 0.99132
Qy 31




Table S.4.
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Maximum CO> adsorption at 1 bar at two different temperatures (273 K and
298 K) and summary of the Qo values from Table S.3.

CO; uptake [mmol g] Qo®
sample
at273 K at 298 K
C-PUA-4.5x@silica-HF-CO; 9.15+£0.10 4.13+0.01 30
C-PUA-4.5x@silica-CO,-HF 6.13 £0.07 1.91+0.01 32
C-PAN-2x@silica(7:3)-HF-CO, | 6.82+£0.12 2.17£0.04 27
C-PAN-2x@silica(7:3)-CO,-HF | 5.30+£0.12 1.95+0.01 31

aAverage of at least three measurements. Plsosteric heats of adsorption at zero coverage,
Qo (kJ mol™), using Virial fitting from CO, adsorption data at 273 K and 298 K (see Table
S.3 above, and Experimental Section in the main article).

Appendix VIII. Adsorption selectivities of various gasses at 273 K.

Table S.5. Maximum gas adsorption data for CO2, Hz, N2 and CH4 at 273 K/ 1 bar.?

CO,
sample [mmol g1 [mm|_o|i g [mn?g:Ag'l] [mmNoT g
C-PUA-4.5x@silica-HF-CO; 9.15+0.10 | 0.08+0.01 | 257+0.04 | 0.28+0.05
C-PUA-4.5x@silica-CO,-HF 6.13+0.07 | 0.11+0.07 | 1.14+0.01 | 0.20+£0.01
C-PAN-2x@silica(7:3)-HF-CO, | 6.82+0.12 | 0.11+0.03 | 1.34+0.01 | 0.19+0.03
C-PAN-2x@silica(7:3)-CO-HF | 530+0.12 | 0.09+0.01 | 1.03+0.05 | 0.16+£0.01

8Average of at least three measurements.



Table S.6. Henry’s constants and relative selectivity data for CO2, H2, N2 and CHa4 at 273 K/ 1 bar.

Henry’s constants [mmol g™* mbar*] &P Relative selectivities ¢
sample
Kh_co2 KH_h2 Kh_n2 Kh_cHa COa/H; COs/N; | COu/CHs | CHa/H,
C-PUA-4.5x@silica-HF-CO; 42.2+1.4 | 0.068 +0.026 0.53+0.08 5.1+£0.17 624 + 238 80+ 13 82+04 76 £ 29
C-PUA-4.5x@silica-CO,-HF 246+ 1.7 | 0.085+0.025 0.34 £ 0.05 19+0.12 288 + 86 72+12 13+£1.2 22+6.5
C-PAN-2x@silica(7:3)-HF-CO;, | 30.3+1.2 | 0.039+0.011 0.41 +0.07 2.7+0.18 780 £ 212 73+£19 11+£0.8 68 £ 19
C-PAN-2x@silica(7:3)-CO,-HF | 22.3+4.4 | 0.026 + 0.005 024+0.02 | 0.12+£0.02 | 863+£167 | 92+1.7 25+ 17 4611

aAverage of at least three measurements. "Henry’s constants (K) were obtained by applying Virial-type fitting to the isotherms
at 273 K (see Experimental Section in the main article). “Adsorption selectivities were calculated by taking the ratios of the
corresponding Ky values. Errors in selectivities were calculated by applying propagation of error rules to the ratios of the Kn
values.
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ABSTRACT

We demonstrate the Fe- or Co-catalyzed preparation of graphitic carbon aerogels
that bypasses the typical use of supercritical fluid drying, and takes place at much lower
temperatures (800 to 1500 °C) than conventional graphitization (2500-3300 °C). The
process starts with preparation of polyacrylonitrile (PAN)-crosslinked iron and cobalt
oxide xerogel powders via surface-initiated free-radical polymerization of acrylonitrile on
the solid, porous networks of sol-gel-derived suspensions of the oxides. The resulting wet-
gel powders were dried under vacuum at 50°Cto xerogel powders, which were
compressed into desirable form factors, e.g., discs or cylinders. These compacts were then
aromatized (300°C, 02), and subsequently carbonized in the range of 800 °C to
1500 °C under Ar. Carbothermal reduction of the oxide networks by the newly produced
carbon yielded catalytic-toward-graphitization Fe(0) or Co(0) nanoparticles embedded

within the carbons. Post-pyrolysis, those metallic nanoparticles were removed with aqua
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regia leaving behind pure graphitic carbon aerogels. Chemical characterization of materials
up to aromatization was carried out with solid-state 3C NMR; characterization of the
terminal graphite aerogels was based on powder-XRD, Raman, TEM, SEM, XPS and N»-
sorption. Porosities in the range of 63% to 78% v/v were created during aromatization, and
mainly during pyrolytic carbonization. The micromorphology varied with the catalyst; with
iron, it also varied with the temperature. In the latter case, structures included nanorods,
nanofibers, and stacked platelets; in the case of cobalt invariably all materials looked like
figs. The best quality graphite aerogels were obtained with iron at 1500 °C. These materials
consisted of 99.8% wi/w graphitic carbon, the crystallite domain size along the (002) plane
reached 170 A, and the crystallite width along the a-axis was 70 nm. Those materials were
introduced into coin cells with a Li foil as a counter electrode, and were evaluated as
lithium intercalation electrodes. Their redox potential was stable upon cycling at the
expected value of +0.3 V vs. Li*/Li. The charge capacity was also stable, but significantly
lower (~100 mAh g?) than the theoretically expected value (~372 mA h g*). That was
attributed to the formation of a solid-electrolyte interface over the entire surface area of the
graphite electrode that deactivated a significant part of its “bulk.”

Keywords: graphitic carbon, aerogel, xerogel, catalytic graphitization, anodes, lithium-ion

batteries
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1. INTRODUCTION

Graphite is a chemically inert, thermodynamically stable allotrope of carbon with
high electrical and thermal conductivity.* Porous graphitic carbon, with its open porosity
and tunable surface area, can be an attractive electrode material for use in electrochemical

energy generation and storage (supercapacitors, batteries and fuel cells),*’ as catalyst
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support,®® in superlubrication,!®! water purification,?

and for thermal management
applications, e.g., efficient heat removal in nanoelectronic devices based on the high
thermal conductivity of graphite.*®'* Graphite is mostly mined, however, separation and
purification of natural graphite to technology-relevant grade graphite is an elaborate, low-
yield and environmentally unfriendly process.! Since, natural graphite is a non-renewable
resource, and in addition porous graphite is not even a natural product, various methods for
the synthesis of high-quality graphite have been developed. For porous graphitic carbons
in particular, typical methods include: (a) high temperature chemical vapor deposition
(CVD);® (b) high temperature or/and pressure treatment of amorphous carbons and
amorphous carbon precursors;*%-28 and (c) catalytic graphitization of amorphous carbon.*®
The challenge of the high-temperature methods is to retain porosity; thereby, akin to those
methods is the use of so-called hard?®2 and soft templates.?#?> On the other hand,
graphitization catalysts reduce the graphitization temperature, but the challenge now is
placed with the molecular/nano-level mixing of the carbon to be graphitized, or the carbon
precursor, and the catalyst. Graphitization catalysts include metals like Fe, Co, Ni, and
Mn.19*24'26'27

A special class of porous carbons, which has comprised the point of departure for
graphitic aerogels, is referred to as carbon aerogels.?® Carbon aerogels are obtained by
pyrolysis of polymeric aerogels, which in turn are synthesized using sol-gel chemistry.?®-
31 Graphitization of carbon aerogels has been carried out by both, high temperature
treatment (2300 °C),%? and catalytically with metallic iron nanoparticles created in situ and

remaining embedded throughout the carbon; an example of the latter method includes
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decomposition of ferrocene-derived monomers used in the synthesis of carbonizable
polyamide aerogels.®

The route from polymer aerogels to carbon aerogels to graphite aerogels provides
many advantages in terms of well-defined porosity, particle morphology, continuous 3D
hierarchical structures, and the ability to obtain monolithic gels or powders tailored to
specific applications. However, this method, starting from polymeric aerogels to ultimately
obtain graphitic carbon aerogels involves handling of extremely fragile wet gels, and
supercritical CO2 drying, which is a lengthy, energy and materials intensive process.
Conversely, recently (2018, 2019) we demonstrated the synthesis of ceramic (carbide,
nitride),3 and metallic aerogels* from pyrolysis of compressed xerogel powders of a
suitable sol-gel-derived oxide network coated conformally with a carbonizable polymer.
In order to favor formation of the metallic or ceramic network, the stoichiometric balance
of the carbonizable polymer to the oxide was carefully adjusted. Then, as described in the
previous article of this issue,® if the oxide network is silica and the carbonizable polymer
is introduced in a large stoichiometric excess, the aerogel-via-xerogel method can be
extended to the preparation of amorphous carbon aerogels. In fact this aerogel-via-xerogel
route to amorphous carbon aerogels is more efficient in terms of time, energy and materials
consumption relative to the classic method to carbon aerogels from pyrolysis of polymeric
aerogels.

At this point, reasoning that, unlike silica, if the sacrificial inorganic support of the
carbonizable polymer is also a graphitization catalyst precursor, then the aerogel-via-
xerogel methodology can be expanded into the synthesis of graphitic aerogels. For this,

two relevant metal oxide (MOX) networks were obtained by gelation of the corresponding
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metal chloride hydrates (FeCls.6H.O and CoCl».6H.0), and were modified with a bidentate
free-radical initiator derived from 4,4’-azobis(4-cyanovaleric acid) (ABCVA). Surface-
initiated polymerization of acrylonitrile over those skeletal networks yielded iron or cobalt
oxide powders coated conformally with polyacrylonitrile (PAN) at the nanoscopic level.
These powders are referred to as PAN@FeOx and PAN@CoOx, respectively, and were
compressed into shaped compacts; the latter were first aromatized at 300 °C under O, and
then they were pyrolytically graphitized at different temperatures (Temp) from 800 °C to
1500 °C under ultrahigh purity argon. The resulting materials are referred to as G-
PANTemp@Fe and G-PANTemp@Co, respectively. “G” refers to the graphitization process
occurring during pyrolysis, and “@Metal” refers to the fact that several sol-gel derived
metal oxide networks (including FeOx and CoOx), brought in intimate contact with
carbonizable polymers undergo carbothermal reduction®®3’ to the corresponding pure
metals.3*3-4! Post pyrolysis, all inorganic components were removed with aqua-regia, and
the resulting pure graphitic aerogels, referred to as G-PANtemp_from _Fe and G-
PANTemp_from_Co, respectively, consisted of up to 99.8% w/w of graphitic carbon and

were 63-78% v/v porous materials.

2. RESULTS AND DISCUSSION

2.1. SYNTHESIS OF GRAPHITIC CARBON AEROGELS FROM COMPRESSED,
POLYACRYLONITRILE-CROSSLINKED, IRON AND COBALT OXIDE
XEROGEL POWDERS

As described in the following sections, the aerogel-via-xerogel process to graphite

aerogels starts with preparation of metal oxide (MOXx) wet-gel particle suspensions,
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continues with cross-linking with polyacrylonitrile (PAN), followed by aromatization of
PAN, then pyrolytic graphitization and finally by removal of residual inorganic
components (matals and metal carbides).

2.1.1. Preparation of Iron Oxide (FeOx) and Cobalt Oxide (CoOx) Wet-Gel
Particle Suspensions. Suspensions of wet-gel iron oxide and cobalt oxide particles were
prepared in dimethylformamide (DMF) as shown in Schemes 1A and 1B, that is via
reaction of the corresponding hydrated metal ions, [Fe(H20)s]Cls and [Co(H20)s]Cl2, with
epichlorohydrin that acts as a proton acceptor according to Equations 1 and 2 leading to
Fe-O-Fe and Co-O-Co bridge formation, and eventually to the oxides.®>***%? The
epichlorohydrin-to-hydrated metal chloride ratio was fixed to 10:1 mol/mol according to
previously published procedures.®*%

For the given composition of the FeOx sol, gelation was diverted from monoliths
to wet-gel suspensions using vigorous stirring of the sol in a non-solvent (hexane). On the
other hand, hydrated Co(Il) chlorides do not generally gel into monoliths, but they rather
form suspensions of wet CoOx gel particles;*% therefore stirring with a non-solvent for
getting to the latter was not needed. The MOX suspensions (M: Fe or Co) were washed

with DMF and toluene.

0

A/CI
[M(H,0)e]™ —~c [M(H,0)s(OH)]("-D* I
OH
ch_A_cl
M(H,0)s(OH)]™-1)*
[M(H,0)s(OH)™* R0 (1) [(H,0)sM-0-M(H,0)5J2"1)* —— MOx gel suspension ~ (2)

-H2O
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A. Synthesis of wet-gel suspensions of iron oxide particles (FeOx)

FeCl;.6H,0 in DMF

1. add in hexane
2. epichlorohydrin
3. reflux under vigorous stirring, 24 h

\ 4

FeOx gel suspensionin hexane

wash, dry

B. Synthesis of wet-gel suspensions of cobalt oxide particles (CoOx)

CoCl,.6H,0 in DMF

1. epichlorohydrin
2. vigorous stirring, 80 °C, 2 h
3.stir,23°C, 24 h

\4

CoOx gel suspensionin DMF

wash, dry

Scheme 1. Synthesis of polyacrylonitrile-crosslinked metal oxide xerogel powders and
compacts.
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C. Synthesis of polyacrylonitrile-crosslinked metal oxide xerogel powders and

PAN@MOXx compacts

MOx suspension

v

1. wash (DMF 1X, toluene 3X)
2. reflux in toluene, Dean-Stark, 24 h

H,O-free MOx suspensionin toluene

l 4. centrifuge

1.coolat 0 °C
2. add initiator solutionin THF, 0 °C F

’ eOx CoOx
3.stir@ 0°C, 24h . )

4 wash, dry
initiator@MOx paste

"4. dry (50 °C, vacuum)

1. inhibitor-free acrylonitrile, 55 °C
2. stir, 55°C, 10 h
3. wash (toluene 3%, acetone 3X)

PAN@MOx powders

1. placein adie
2. compress, 10000 psi, 2 min

A

y

PAN@MOx compacts

Scheme 1. Synthesis

of polyacrylonitrile-crosslinked metal oxide xerogel powders and
compacts (cont.).

2.1.2 Crosslinking of FeOx and CoOx Wet-Gel Particles with Acrylonitrile;

Preparation of Po

lyacrylonitrile-Crosslinked Metal-Oxide Xerogel Powders

(PAN@MOXx). Toluene-exchanged wet-gel suspensions of MOx particles were further

exchanged with reflux

remove residual water.

ing toluene in an apparatus equipped with a Dean-Stark in order to

This is because, although the initiator we employed here was based

on 4,4’-azobis(4-cyanopentanoic acid) (ABCVA - see Figure 1A) as in previous
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studies,®>*3-%° the chemistry of its latching into the MOXx surface had not only to be different
from before, but as it turned out it was also incompatible with water. Specifically, it is
noted that both the amide route,*** and the salt route® of attaching ABCVA to silica used
3-aminopropyltriethoxysilane (APTES) as a bridging moiety. APTES contains silicon.
Here, in order to avoid contamination of the final graphite aerogels with silica or silicon
carbide, ABCVA was activated for surface attachment differently: it was first converted
into an anhydride that was expected to react with OH groups on the oxide surface, and thus
get linked to the oxide network from both of its ends as a bidentate di-ester, in analogy to
previous work where ABCVA was linked as a bidentate di-amide.***° As a result of using
a bidentate free-radical initiator, the polymer produced by thermal cleavage of the central
azo group (-N=N-) of ABCVA would remain surface-bound. Thus, referring to Figure 1,
ABCVA was put to react with ethyl chloroformate in a EtOCOCI:ABCVA = 2:1 mol/mol
ratio in anhydrous THF at 0 °C in an amber-colored Erlenmeyer flask. Triethylamine (EtzN,
in a EtOCOCI:EtzN = 1:1 mol/mol) was included in the reaction mixture to neutralize HCI.
The progress of the reaction was followed visually via the formation of a precipitate
(triethylammonium chloride salt (EtsNH* CI")) that was completed within 20-25 min.

This solution was centrifuged, and the supernatant liquid contained the activated
ABCVA-based free-radical initiator, the identity of which was confirmed with liquid *3C
NMR (see Figure 1B and discussion in Section 2.3). Had not all residual water been
removed from the MOx suspension before introducing the free radical initiator it might had
caused hydrolysis of the terminal anhydride groups, resulting in PAN formation in the
interparticle space within the MOXx particles. That might be desirable under certain

circumstances, but this route was not considered here.
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0 °C, dark
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ABCVA-based free-radical initiator ) (ppm)

Figure 1. (A) Preparation of the bidentate free-radical initiator used in this study via
reaction of 4,4'-azobis-4-cyanovaleric acid (ABCVA) and ethyl chloroformate
(EtOCOCI). (B) Liquid **C NMR spectra in THF-ds of ABCVA, EtOCOCI and 4,4 -
azobis(4-cyano(ethylcarbonic)pentanoic anhydride) (ABCVA-based free-radical
initiator). (Solvent peaks are marked with asterisks.)

The THF solution of the ABCVA-based free-radical initiator was added to the
water-free MOX suspension in toluene at 0 °C and the mixture was stirred for 24 h. The
initiator uptake by MOx was monitored periodically with *C liquid NMR of the
supernatant liquid, and the uptake was considered complete when the initiator resonances
disappeared (typically by 24 h). The resulting initiator@MOX suspensions were
centrifuged, and the resulting paste-like residues were re-suspended in pure inhibitor-free

acrylonitrile. The new suspensions were heated at 55 °C for 10 h to induce surface-initiated
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polymerization of the monomer (Equation 3). The continuous phase (inhibitor-free
acrylonitrile) remained liquid, and the off-white polyacrylonitrile-crosslinked metal oxide
suspensions were washed with toluene and acetone and were dried at 50 °C under vacuum
to free-flowing fine xerogel powders referred to as PAN@MOx (Scheme 1C).
Subsequently, these powders were placed in suitable stainless-steel dies and were
compressed with a hydraulic press at 10,000 psi for 2 min to shaped PAN@MOXx compacts

(Scheme 1C).

3
2
% 55 °C _ W
CN initiator@MOx CN 'CN CN /j 3)
acrylonitrile PAN@MOx

Using thermogravimetric analysis (TGA — see Figure S.1 of Appendix | in
Supporting Information) up to 800 °C under O, initiator@FeOx and initiator@CoOx
exhibited mass losses of 33.56% and 26.12%, respectively. Similarly, PAN@FeOx and
PAN@CoOx lost 92.42% and 88.24% of their masses, respectively. The residues were
analyzed with powder XRD and consisted of Fe,O3 and Co3O4, respectively.®**! Based on
these mass losses and the fact that the initiator, being bound on the surface of MOX, stays
together with the polymer in the PAN@MOXx compacts, it was calculated that PAN@FeOx
and PAN@CoOx contained PAN at 87.09% w/w and 84.08% w/w, respectively.
(PAN:MOx:initiator mass ratios: for PAN@FeOx, 87.09:8.58:4.33; for PAN@CoOx,
84.08:11.76:4.16)

2.1.3. Processing of PAN@MOx Compacts to Graphitic Carbon Aerogels.

Carbonization of the PAN@MOXx compacts requires prior aromatization.*® Otherwise, if
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PAN@MOXx compacts are heated directly to, say, 800 °C, they undergo complete loss of

the organic matter.*

| v | v 1 v ]

— PAN@FeOx 264 °C
| — PAN@CoOx

Q)
x
o
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w
]
1

Heat Flow (W/g)
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d 1 . 1 . 1 o o 1 o
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Temperature (°C)

Figure 2. Modulated differential scanning calorimetry (MDSC) of samples as
shown under O (solid lines) and under N2 (dashed lines). (Common
heating rate: 5 °C min).

Heating PAN@FeOx and PAN@CoOx powders under oxygen shows sharp
exotherms at 264 °C and 268 °C, respectively (Figure 2). According to the previous article
of this issue,® complete oxidative aromatization of PAN in PAN@silica samples took
place only with pyrolysis after the exotherm. Based on these data, compressed PAN@FeOx
and PAN@CoOx compacts were aromatized at 300 °C h under flowing O, for 24 h

(Equation 4). The resulting materials are referred to as
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A-PAN@FeOx and A-PAN@CoOx compacts, respectively (Scheme 2). Aromatized
compacts were graphitized pyrolytically at different temperatures from 800 °C to 1500 °C
for 5 h under flowing ultrahigh purity argon. The resulting materials are referred to as G-
PANTemp@Fe and G-PANtemp@Co, respectively. Subsequently, these compacts were
treated with aqua regia to remove all inorganic components (oxides and carbides), then
they were washed with water and acetone, and finally were dried at 80 °C under vacuum
(Scheme 2), to the respective pure metal-free graphitized samples referred to as G-
PANTemp_from_Fe and G-PANTemp_from_Co. All pyrolyzed compacts, before and after
aqua regia treatment, were sturdy and kept their monolithic shapes (see Figures 3 & 4). The
evolution of the material and chemical properties along processing are discussed in
Sections 2.2 and 2.3. Based on the data presented in these two sections, it was concluded
that the best quality graphite was contained within G-PAN1s00_from_Fe. Electrochemical

characterization of that material is presented in Section 2.4.

2.2. EVOLUTION OF THE MACRO AND MICROSCOPIC PROPERTIES
ALONG PROCESSING

General material properties of PAN@MOx and their derivatives along
aromatization, graphitization and treatment with aqua regia are presented in Tables S.1 and

S.2 of Appendix Il in Supporting Information. In brief, the bulk densities (pb) of
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PAN@MOx compacts

aromatization:
300 °C, O,, 24 h

A-PAN@MOx compacts

graphitization:
800-1500 °C, Ar, 5 h

G-PANe,,@M

1. aqua-regia
2. wash (water 3x; acetone 3X)
"3. dry (80 °C, vacuum)

G-PAN+em,_from_M

Scheme 2. Further processing of PAN@MOXx compacts to graphitic carbon aerogels.

A-PAN@FeOx Before aqua-regia treatment: G-PANr.,,@Fe
@@ o000 |
PAN@FeOx 800°C 1000°C 1100°C 1200°C 1400°C 1500 °C

After aqua-regia treatment G-PAN,_from_Fe

800 °C 1000°C 1100°C 1200°C  1400°C 1500 °C

15 cm

Figure 3. Photographs of the PAN@FeOx system along processing at different
temperatures toward graphite aerogels.
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A-PAN@CoOx Before aqua-regia treatment: G-PAN.,,,,@Co
I T X X))
PAN@CoOx 800°C 1000°C 1100°C 1200°C 1400°C 1500 °C

After aqua-regia treatment G- PANTemp_from Co

00000

800 °C 1000°C 1100°C 1200°C  1400°C 1500 °C

15 cm

Figure 4. Photographs of the PAN@CoOx system along processing at different
temperatures toward graphite aerogels.

PAN@FeOx and PAN@CoOx xerogel compacts were very close to one another (1.228 g
cm and 1.239 g cm, respectively) reflecting the similar formulation and processing of
the two types of compacts. The corresponding skeletal densities (ps) were different due the
different metal oxides (1.304 g cm™ and 1.412 g cm, respectively). The open porosity, 17,
calculated as percent of empty space via 77 = 100 x (ps— pb)/ ps, was found very low, at 6%
viv and 12% v/v for PAN@FeOx and PAN@CoOx xerogel compacts, respectively.
Considering these property values as the point of departure, aromatization of the
PAN@FeOx and PAN@CoOx xerogel compacts (see Equation 4) brought about similar
mass losses in the two materials (32% w/w and 28% wi/w, respectively) that were matched
by similar linear shrinkages (16% and 14%, respectively — refer to Figures 3 and 4), and
the densities of A-PAN@FeOx and A-PAN@CoOx were somewhat reduced (1.11 g cm™
and 1.23 g cm, respectively) relative to those of the starting PAN@FeOx and

PAN@CoOx compacts. At the same time skeletal densities were increased (to 1.858 g cm-



182
3 and 1.773 g cm?, respectively), and the porosities of the aromatized samples were
increased to 40% w/w and 31% w/w.

Further pyrolysis of A-PAN@MOXx at temperatures ranging from 800 °C to 1500
°C resulted in further mass losses, all falling roughly in the range of 50-75% w/w, including
both as-prepared and samples treated with aqua regia (Figure 5). It is noted that relative to
as-prepared samples, treatment with aqua regia caused an additional 5-10% of mass loss,
owing to removal of the inorganic components. However, similarities not-withstanding,
the mass-loss profiles were different in the two series of materials (from Fe and from Co —
see Figure 5): The mass losses by G-PANtemp@Fe, and consequently by G-
PANTemp_from_Fe, leveled off at Temp = 1100 °C, while G-PANTemp@Co kept on loosing
more mass all the way to the maximum pyrolysis temperature employed in this study (1500
°C). The origin of this discrepancy might be related to the formation of iron carbide at
<1100 °C, as well as to the different activity of the two metals as graphitization catalysts
(refer to Section 2.3 below).

Now, focusing on the final metal-free carbon aerogels (G-PANtemp_from_M),
Figure 6 summarizes several of their general material properties. For the original data, as
well as the corresponding properties before treatment with aqua regia, refer to Tables S.1
and S.2 of Appendix Il in Supporting Information.

The mass yield of G-PANTemp_from_M (Figure 6A) follows a reverse trend from
the mass loss data of Figure 5: the yield of G-PANTemp_from_Fe initially decreases with
the pyrolysis temperature, but it levels off at around 24-27% w/w at >1100 °C; the yield of
G-PANTemp_from_Co decreases continuously with the pyrolysis temperature from 46% at

800 °C to 24% at 1500 °C.
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Figure 5. Mass loss of all carbon aerogels before (dark-color bars) and after treatment
with aqua regia (light-color bars). Red bars: Fe; Blue bars: Co.

Consistently with the perception created by the photographs of Figures 3 and 4,
Figure 6B confirms that along aromatization and beyond all G-PANTemp_from_Fe and G-
PANTemp_from_Co samples shrank uniformly in a similar fashion: in the 20-31% range up
to 1400 °C, with a final boost up to 36% by G-PAN1s00_from_Fe, and in the 23-26% range
up to 1400 °C, with a final boost up to 39% by G-PAN1500_from_Co.

The effect of increasing mass loss (Figure 5) and decreasing mass yield with
increasing pyrolysis temperature (Figure 6A) was stronger than the effect of shrinkage, and
the bulk density of both systems, p», decreased with increasing pyrolysis temperature

(Figure 6C). Within that framework, above 1100 °C, the bulk densities of G-
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PANrTemp_from_Fe were by 0.12-0.18 g cm™ lower than the densities of the corresponding
G-PANTemp_from_Co.

The skeletal densities, ps, of all G-PANTtemp_from_M carbons (M: Fe or Co — all
skeletal densities in the range 1.94-2.15 g cm™ — see Tables S.1 and S.2 in Supporting
Information) were lower than those of pure graphite (2.26 g cm™3),%’ but significantly higher
than the density of glassy carbon (1.5 g cm).#84° Within that overall range of ps values,
there was a higher variation in the ps values of G-PANtemp_from_Fe (2.021 +0.009 g cm"
3 at 1500 °C versus 2.143 + 0.009 g cm™ at 1000 °C) than in the ps values of G-
PANTemp_from_Co (2.009 + 0.005 to 2.073 + 0.006 g cm™ at the corresponding
temperatures). The subtle, yet unilateral decline in the ps values of both systems as the
pyrolysis temperature increased is the opposite from what is expected from the temperature
dependence of graphitization of amorphous carbon.®25%5

A plausible reason is creation of closed porosity. At any rate, the combination of
the decline in both the py and ps values as the pyrolysis temperature increased, yielded a
shallow climb in the porosities of both systems from 63% to 78% v/v in the G-
PANTemp_from_Fe series of samples, and from 59% to 71% v/iv in the G-
PANTemp_from_Co series (Figure 6D).

Interestingly, the porosities of the corresponding samples before removal of the
inorganic components were in the same ranges: 62-72% v/v in the case of G-PANTtemp@Fe,
and 57-66% v/v in the case of G-PANTemp@Co, in agreement with the small amounts of

FeOx and CoOx in PAN@FeOx and PAN@CoOXx.
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Figure 6. Selected material properties of all final carbon aerogels after aqua regia
treatment. Red bars: G-PANTemp_from_Fe; Blue bars: G-PANTemp_from_Co. (A,B) Mass
yield and Linear shrinkage with respect to the initial PAN@MOx compacts, (M: Fe, Co);

(C) po: Bulk density; (D) Porosity, 1, as percent of empty space; (E) Full bar lengths:
BET surface areas; lighter lower parts: fraction of the BET surface areas allocated to
micropores; (F) Specific pore volume ratio as a gauge of macroporosity (see text).
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As we have seen so far, macroscopically, G-PANtemp_from_Fe and G-
PANTemp_from_Co evolved similarly as the pyrolysis temperature increased, and appeared
similar in all aspects. Microscopically, however, the picture was different (Figure 7 and
Appendix 1l in Supporting Information). The morphology of post-aqua regia G-
PANTemp_from_Fe was different at different pyrolysis temperatures: it varied from an
almost featureless landscape up to Temp = 1000 °C sprinkled, here and there, with some
up-to-5 micron long rods (pointed at by arrows), to a structure consisting partially of rods
with beads, partially of strings-of-beads and partially of stacks of thin sheets at 1100 °C, to
a random distribution of platelets at 1400 °C, and to a hard-to-describe mixture of the above
features at 1500 °C.

On the other hand, post aqua regia G-PANTemp_from_Co consisted uniformly of
similar structures that albeit their different length scales, all were reminiscent of the interior
of a fig (Figure 7 — right column). Occasionally, at intermediate temperatures one may
distinguish flat features like the one pointed at with an arrow in the image of the G-
PAN1100_from_Co sample. Another interesting feature is that practically all samples were
clearly macroporous, with the majority of pores at sizes > 300 nm. Finally, intrigued by the
macroscopic similarity of the Fe- and Co-derived samples (Figures 3 and 4) and motivated
by their microscopic differentiation, it was decided to formally test their mechanical
strength under quasi-static compression (see Appendix IV in Supporting Information).
Although, as mentioned above, all samples appeared sturdy, under formal conditions Fe-
derived samples were clearly stronger and stiffer. For example, the ultimate compressive
strength/Y oung’s modulus of G-PAN1s00@Fe (pp = 0.748 g cm™) were found equal to 53

MPa / 95 MPa, while those of G-PAN1500@Co0 (pb = 0.740 g cm®) were found equal to 22
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MPa/ 41 MPa. After treatment with aqua regia, the ultimate compressive strength/Y oung’s
modulus of G-PAN1se0_from_Fe (pp = 0.439 g cm3) were found equal to 38 MPa/ 71 MPa,
and of G-PANis00_from_Co (p» = 0.575 g cm™®) were found equal to 13 MPa/ 21 MPa.

A more detailed view of the skeletal framework and the porous structure of all
aromatized and further-pyrolyzed products was obtained with N2-sorption porosimetry at
77 K. PAN@FeOx and PAN@CoOx xerogel compacts were not analyzed for No-sorption
due to their negligible porosity. The evolution of isotherms with processing temperature of
just and post-aromatized samples, before and after treatment with aqua regia, is shown in
Figure 8. Surface area and pore volume comparisons of all post-aqua regia samples
obtained by pyrolysis of fully aromatized samples in the 800-1500 °C range are presented
in Figures 6E and 6F, respectively. (All individual isotherms and pore size distributions
for all samples before and after treatment with aqua regia are presented in Appendix V of
the Supporting Information. Data extracted from those isotherms are summarized in Tables
S.1and S.2 of Appendix Il in Supporting Information.)

A-PAN@FeOx and A-PAN@CoOx compacts showed very low levels of N2-
sorption, and the BET surface areas (), were 13 m? g and 1 m? g2, respectively. Upon
pyrolysis at 800 °C the maximum quantity of N2 adsorbed by both G-PANgw@Fe and G-
PANsoo@Co jumped into the vicinity of 170 cm® g, and the 140-250 m? g range,
respectively, as P/P, = 1. The isotherms were Type IV, with Type B hysteresis loops
characterized by a sharp decrease in the desorption branch at around P/P, ~0.45, and
indicating multiple pore types with broad distributions of diameters typically associated

with slit-like pores formed by parallel plates.>?
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Figure 7. Representative SEMs of samples as shown. All scale bars at 5 microns. The
split image of G-PAN1100_from_Fe shows two different areas of the same sample (see
text). (For SEM images at two magnifications of all samples before and after treatment
with aqua regia refer to Appendix 111 in Supporting Information.)
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Figure 8. N2-sorption isotherms at 77 K of PAN@FeOx compacts (top row) and of
PAN@CoOx compacts (bottom row) graphitized at different temperatures, as indicated.
Left Column: before treatment with aqua-regia. Right Column: after treatment with aqua-
regia. The dashed oval marks the region of N> uptake by micropores.

Upon pyrolysis at 1000 °C and higher, the maximum amount of N2 adsorbed kept
on decreasing with increasing temperature; that decrease was quite drastic in the case of
G-PANgoo@Fe and was accompanied by a change in the shape of the hysteresis loop into
Type C indicating open wedge-like pores, while in the case of G-PANgoo@Co the isotherms
retained their Type B shape, and the reduction in the total volume of N> adsorbed was
rather associated with decreasing microporosity (indicated by a dashed oval in the frame

describing G-PANTemp@Co0). Incidentally, decreasing microporosity with increasing
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pyrolysis temperature might be the source of the close porosity that was implied by skeletal
density considerations, as discussed above.

After treatment with aqua regia (right-hand side frames of Figure 8), the total
volume of N2 adsorbed was increased uniformly throughout all samples, but the shapes of
the isotherms remained unchanged. As expected from the classification of the isotherm
desorption loops as Type B, the pore size distributions calculated via the BJH method were
broad (extending typically up to 100 nm); in the case of all Co-derived samples the pore
size distribution was also bimodal. (The pore size distributions of all pyrolyzed samples
before and after treatment with aqua regia are shown in Appendix V in Supporting
Information.) Finally, except the two G-PANseo_from_M (M: either Fe or Co) the BET
surface areas of all the rest of the samples (i.e., those at Temp > 1000 °C) were consistently
higher than the surface areas of their immediate precursors (i.e., of G-PANtemp@M, M: Fe
or Co). However, similarities of the two systems seem to end there: as shown in Figure 6E,
the BET surface areas of G-PANTemp_from_Fe did not include any substantial portion that
could be assigned to micropores, while in the case of G-PANtemp_from Co, for Temp <
1200 °C, up to 1/3 of the BET surface area was in fact assigned to micropores.
Qualitatively, although the surface areas of the Co-system declined, the portion that seemed
to go away first was the fraction allocated to micropores, so that at the end, the surface
areas of G-PANiso0_from_Co was 2.3x higher than the BET surface area of G-
PANi1s00_from_Fe (98 m? g* versus 42 m? g%, respectively — see Tables S.1 and S.2 of
Appendix ).

Closing the discussion of the N2-sorption data, it should be noted that despite that

the Type IV shape of all isotherms of samples obtained by pyrolysis at >800 °C suggests
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mesoporous materials, referring back to Figure 6F, the total pore volume of pores with
diameters >300 nm was always a multiple of times higher than the volume of pores sampled
by N2 (i.e., with pore sizes in the 1.7-to-300 nm range); that indicates that all G-
PANTemp_from_M (and for this matter G-PANTemp@M as well — refer to Tables S.1 and
S.2) were mostly macroporous materials, in agreement with SEM (Figure 7).

Overall, if we are to reach just a single conclusion about the Fe- versus the Co-
catalyzed systems from their bulk material properties (Figure 6) and their microscopy
(Figure 7), that conclusion would be that there is less variation in the density, porosity,
external surface area, pore volume and microscopic appearance of the G-
PANTemp_from_Co samples than in the corresponding properties of the G-
PANTemp_from Fe, (for 800 °C < Temp < 1500 °C). That can be put differently by stating
that the properties of G-PANTemp_from_Co depart less from the properties of the lowest-
temperature sample in the series, G-PANsoo_from_Co, than the properties of the
corresponding samples in the G-PANTemp_from_Fe system. In turn, that can be attributed
to Co being a less effective graphitization catalyst than Fe in the PAN@MOX systems. That
conjecture finds support in the next section that describes the chemical evolution of the

samples during processing along with characterization of the resulting graphites.

2.3. CHEMICAL CHARACTERIZATION ALONG PROCESSING

The liquid 3C NMR spectrum of the bidentate, ABCVA-based, free-radical
initiator supports quantitative reaction from both of its ends (Figure 1B): Upon reaction
with EtOCOCI, the carbonyl (C=0) resonance of ABCVA moved upfield, from 171 ppm

(f) to 165 ppm (f'); the carbonyl resonance of EtOCOCI moved also upfield, from 149.5
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ppm (3) to 147.9 (3"); and, finally the methylene carbon of EtOCOCI, CH3CH>-, moved
also upfield, from 68.1 ppm (2) to 65.0 (2").

As mentioned above, the acrylonitrile suspensions of initiator@MOx remained
liquid during the course of the free-radical polymerization process, pointing to the fact that
no free radicals were formed in solution, thereby both radical fragments formed across —
N=N- of the initiator remained surface-bound, as designed. The resulting PAN@MOX
powders had uptaken large amounts of polymer. The identity of the polymer uptaken by
the initiator@MOX suspensions was investigated with solid-state CPMAS *C NMR. Due
to the paramagnetic properties of the metal-oxide frameworks of this study (FeOx and
CoOx), and the intimate proximity of PAN and MOx at the nanoscopic level (the process
was designed so that PAN would coat conformally the MOXx nanoparticles), PAN@MOXx
and A-PAN@MOX, gave only very broad resonances in 13C NMR.

However, treatment with dilute HCI removed the oxides, and the solid-state $3C
NMR spectra of the residues from PAN@FeOx and PAN@CoOX were identical to the
spectrum of PAN@silica (included in Figure 9 for reference).®® Similar treatment of A-
PAN@FeOx and A-PAN@CoOx rendered solid-state **C NMR of those materials possible
(included in Figure 9), and showed that the treatment at 300 °C / O, oxidized aliphatic
carbons completely, moving them in the aromatic region.

As in the case of PAN@silica, we noted the presence of additional oxidation
products: pyridonic carbonyls (at around 170 ppm: 4',4”, & 6', see Equation 4), and sp?

carbons on the terminal rings (at around 100 ppm: 5’ & 5”, see Equation 4).
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Figure 9. Solid-state CPMAS 3C NMR spectra of PAN@silica (refer to the previous
paper of this issue),*® and of the residues after PAN@FeOx, PAN@CoOx, A-
PAN@FeOx and A-PAN@CoOx were treated with dilute HCI. (For the assignments
refer to Equations 3 and 4.)

By the same token, however, it is also pointed out that generally the C resonances

in both A-PAN@FeOx and A-PAN@CoOx were broader than they were in the case of A-
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PAN@silica, and therefore the signature-peaks of the oxidized end-groups in A-
PAN@FeOx and A-PAN@CoOx were less pronounced.

Data confirming catalytic graphitization, and an evaluation of the quality of the
resulting graphites were obtained with powder XRD, TEM, and Raman. Information about
the chemical composition of the various carbons and the chemical identity of the residual
functional groups was obtained with XPS.

CHN elemental analysis of the materials received at the highest pyrolysis
temperature of this study (Temp = 1500 °C), and subsequently treated with aqua regia,
showed that G-PAN1s00_from_Fe consisted of more than 98% w/w of carbon, and G-
PAN1s00_from_Co of more than 97% w/w (Table 1). X-ray photoelectron spectroscopy
(XPS) confirmed that after aqua-regia treatment, samples contained no metals or metallic
compounds. By the same token, however, XPS painted a different elemental picture for the
surface of the corresponding samples: the percent weight of carbon dropped to about 95%
w/w in G-PAN1s00_from_Fe and to about 88% w/w in G-PAN1s00_from_Co. In that regard,
XPS also showed that in addition to C, the surfaces of all pyrolytic samples included N and
O. Tables S.3 and S.4 of Appendix VI in Supporting Information present the evolution of
the surface elemental composition by providing data from XPS surveys for samples
pyrolyzed at a low (800 °C), a medium (1100 °C), and a high temperature (1500 °C), before
and after treatment with aqua regia. The amount of carbon generally increased with
increasing pyrolysis temperature; the variation was occasionally non-monotonic, but at the
end, the amount of carbon was always less than the amount found by CHN elemental
analysis (Table 1). By the same token, the amounts of both O and N decreased with

increasing pyrolysis temperature, but the reduction in N was more drastic.
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Table 1. CHNO elemental analysis data for G-PAN1s00_from_Fe and G-
PAN1500_from_Co.

sample C [% wiw] |H [% wiw] | N [% w/w] | O [% w/w] | O/N
G-PAN1s00_from_Fe 98.64 0.69 0.30 0.37 0.81
G-PAN1500_from_Co 97.04 0.66 0.59 1.71 2.89

& The amount of oxygen was calculated as the difference from 100%.

Appendix VI in Supporting Information also includes a comparison of high-
resolution XPS spectra of all samples obtained at all three temperatures above, both before
and after aqua-regia treatment. A highlight of those data is presented in Figure 10 showing
the high-resolution C 1s, N 1s and O 1s spectra of aqua-regia treated G-PANTemp_from_Fe
obtained by pyrolysis at Temp =800 °C, and 1500 °C (i.e., at the two extreme temperatures
of this study). High-resolution XPS spectra elucidate the allocation of surface atoms into
various types of bonding situations and functional groups (see Tables S.5 and S.6 in
Appendix V1).535 Thus, before treatment with aqua regia, G-PANso@Fe showed a strong
Fe 2p signal and carbon bonded to Fe (see Figures S.32 and S.33 in Appendix V1), in
agreement with XRD that shows formation of FesC at Temp < 1100 °C (Figure 11). The
absence of carbon bonded to metal in Figure 10 suggests that the carbide was removed by
aqua regia quantitatively.

The high-resolution N 1s XPS spectra (Figures 10, S.34, S.38 and Tables S.5 and
S.6) show that nitrogen on the surface of all samples exists as part of pyridinic, pyridonic
and nitroxide groups. Similarly, from the O 1s XPS spectra (Figures 10, S.35, S.39, and

Tables S.5 and S.6) oxygen on the surface of the samples exists as part of ester C-O, and
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as part of carbonyl overlapping with phenoxide.>® Before treatment with aqua regia, some
metal-coordinated oxygen could be also detected (see Figures S.35, S.39 and Tables S.5
and S.6). Upon treatment with aqua regia, we noted a quantitative decrease in pyridinic
nitrogen and a combined increase in pyridonic and pyridine oxide nitrogen, which could
be attributed to surface-group oxidation by aqua regia.>* The pyrolysis temperature also
had a similar effect on the N 1s XPS spectra of some samples (see Figure 10, for example).
Similarly, the distribution of oxygen between ester C—-O and carbonyl/phenoxide groups
was also a function of both the pyrolysis temperature and treatment with aqua regia, albeit
the relationship appeared to be more complicated.

Powder XRD of the pyrolysis products before treatment with aqua regia, i.e., of G-
PANTemp@M (Figure 11), showed the presence of Fe(0) from pyrolysis of A-PAN@FeOx
(note the (110) diffraction at 26 = 44.8° at all pyrolysis temperatures), and of Co(0) from
pyrolysis of A-PAN@CoOx (note the (111) and (200) diffractions at 26 = 44.2° and 51.5°

also at all temperatures).

Fe(0) and Co(0) were formed carbothermally from the reduction of their
corresponding metal oxides (MOx) by carbonized PAN, just as has been described

previously with carbonizable phenolic and polyurea networks,333438-41
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Figure 10. Representative high-resolution C 1s, N 1s, and O1s XPS spectra of aqua-regia

treated samples obtained at two different pyrolysis temperatures, as shown: G-

PANgoo_from_Fe (top row) and G-PAN1s00_from_Fe (bottom row). (The broad peak at
~286 eV in the C 1s spectra is assigned to both a straight carbonyl and C in keto/enol
equilibrium,> consistent with the pyridonic groups in the N 1s spectra. Similarly, the

peak at ~531.7 eV in the O 1s spectra is attributed to both a carbonyl and —O~,* the latter
consistent with the nitroxide group in the N1s spectra.)

In the case of A-PAN@FeOx, we also noted formation of small amounts of FesC

from pyrolyses at <1100 °C; FesC was absent at higher temperatures (>1200 °C), in

agreement with previous findings.%4041
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Figure 11. Powder XRD of pyrolytically derived graphitic carbon aerogel at different
temperatures (denoted by subscripts “Temp” in the sample names). Top Row: As

prepared (i.e., before treatment with aqua-regia) G-PANTtemp@Co (left) and G-
PANTemp@Fe (right); Bottom Row: pure, metal-free carbon samples after aqua-regia
treatment (i.e., G-PANTemp_from_Co (left) and G-PANTemp_from_Fe (right)).
(Commercial graphite controls, and standard line spectra are included at the bottom of
each frame for reference. “G” stands for graphite.)
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The in situ-formed Fe and Co metallic phases became clearly visible in TEM
(Figure 12). Individual and clusters of the metal nanoparticles from about 30 nm to up to
100 nm in size were randomly distributed in a carbon matrix. Those nano Fe(0) and Co(0)
domains were expected to be good low-temperature graphitization catalysts.>>>’ Indeed,
concurrently with the metallic phases in XRD (Figure 11) we also noted peaks at 26 equal
to 26° 42.5° and 54° that correspond to the (002), (101), and (004) diffractions,
respectively, of hexagonal 2H graphite. After removal of Fe(0), FesC and Co(0) with aqua
regia, those graphite diffractions were the only remaining diffractions in the XRD data
(Figure 11). The 26 angles of the (002) reflections of all pure graphite G-PANTemp_from_Fe
and G-PANTemp_from_Co samples are cited in Table S.7 of Appendix VII in Supporting
Information. Those values were used to calculate the interlayer spacings, dooz (viad = A/(2
sinf)), which are also included in Table S.7. The interlayer spacings of the G-
PANTemp_from_Fe samples decreased with increasing pyrolysis temperature, eventually
converging at Temp = 1500 °C to the graphite spacing (3.35 A).* The dooz2 spacing of the
G-PANTemp_from_Co samples was rather insensitive to the pyrolysis temperature, hovering
around 3.38 A even after pyrolysis at 1500 °C.

Quantitative evaluation of the ratio of the graphitic versus amorphous carbon in the
final, post-aqua-regia-treated samples was carried out by calculating the Degree of
Crystallinity of all G-PANTemp_from_Fe or _from_Co aerogels from powder XRD data
using Equation 5.%°%° This method was validated with three controls prepared by mixing
commercial graphite (graphitic carbon) and carbon black (amorphous carbon) at three
predetermined ratios and analyzing the XRD data according to Equation 5 (see Figure S.40

and Table S.8 of Appendix VIII in Supporting Information).
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Figure 12. TEM image and EDX mapping of (A and Top Row) As-prepared G-
PAN1s00@Fe i.e., of FeOx-derived samples pyrolyzed at 1500 °C, before aqua-regia
treatment. (B and Bottom Row) As-prepared G-PAN1500@Co: i.e., CoOx-derived
samples, pyrolyzed at 1500 °C, before treatment with aqua-regia. Carbon shown in red,
Fe in orange, and Co in green.

The weight percent values of graphitic carbon for all G-PANtemp_from_Fe and all G-
PANTemp_from_Co are cited in Table S.7 and are plotted versus the pyrolysis temperature
in Figure 13. The content in graphitic carbon increased continuously with the pyrolysis
temperature. A maximum in the graphitic carbon content was observed in G-
PAN1500_from_Fe (99.8% w/w), which is within error from the graphitic content of
commercial graphite (from Sigma-Aldrich, 99.2% w/w). The graphite content of G-

PAN1500_from_Co was 94.1% w/w.
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Figure 13. Percent of graphitic carbon as a function of the graphitization temperature for
samples after treatment with aqua regia, as shown. (The percent of graphitic carbon was
calculated from XRD data as demonstrated in Appendix XIII of the Supporting
Information. Original data in Supporting Information: Table S.7). The dashed horizontal
line marks the value for commercial graphite.

The crystallite dimensions within the graphitic carbons were evaluated from XRD

and Raman data. The topology and growth of graphitic C was evaluated from TEM data.
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From XRD, the mean crystallite domain size, L (along the c-axis) was calculated
from the line broadening, using the Scherrer’s equation (Equation 6) along the (002)
diffraction peak, where K is a dimensionless shape factor (0.9 in our case),®?%! A is the
wavelength of our X-ray source (1.54056 A for Cu Ka), § is the line broadening at half-
maximum intensity after subtracting the instrumental line broadening (in radians), and 6 is
the Bragg’s angle (in radians). L values increased continuously with increasing pyrolysis
temperature, (see Figure 14). The maximum crystallite domain size of 168 A was observed
in  G-PANis00_from_Fe, while the maximum crystalline domain in the G-
PAN1s00_from_Co samples reached only 77.9 A. For comparison, the crystallite domain
size in the c-direction of commercial graphite was found equal to 187 A.

The Raman spectra of all pyrolyzed samples after aqua-regia treatment (i.e., of G-
PANTemp_from_Fe and G-PANTemp_from_Co) are shown in Figure 15. All samples show
the three bands referred to as G, D and G, associated with the honeycomb-like structure of
fused aromatic sp? carbons:®! the G band at around 1580 cm™ is due to cross-plane
vibrations that involve symmetric C—C bond stretching of Eog symmetry — necessarily the
G band is present in graphite, but absent from graphene; the D peak around 1350 cm™ is
due to a propagating breathing mode of Aig symmetry of individual graphene sheets and is
not Raman active in infinite sheets of perfect sp? carbons — however, in the presence of
disorders (e.g., finite edges) that reflect back propagating breathing impulses, the
oscillation effectively obtains a zero momentum and becomes Raman active; finally the

overtone G’ (also referred to as 2D1) at around 2700 cm™ is a second-order two-phonon
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Figure 14. Crystallite domain size data, L, calculated via the Scherrer equation (Equation
6) from powder XRD data (Figure 11) as a function of the pyrolysis temperature for
samples after treatment with aqua regia, as shown. The dashed horizontal line marks the
value for commercial graphite.

process whereas one phonon goes to the right, the other one moves to the left, the total
momentum is always zero, it is always Raman-allowed and no disorder is even needed for
this band, which becomes the main band of graphene.®? Interestingly, in our samples this
band becomes a prominent one at intermediate pyrolysis temperatures (notice samples G-
PAN1100_from_Fe and G-PAN1100-t0-1400_from_Co), and then, say at 1500 °C, its intensity
decreases again, suggesting formation of metastable graphene sheets at intermediate

temperatures.
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As the pyrolytic graphitization temperature increases, the D-band intensity
decreases, while the G-band becomes narrower and its intensity increases. The shoulder of
the G band at around 1620 cm™ is labeled as D', and is assigned to a lattice vibration, like
the one responsible for the G band, but it involves the top and bottom graphene sheets in a
stack; therefore, the D’ band is present in all graphites, and is absent from single graphene
sheets. The D’ shoulder is present in all our samples, and curiously its intensity reaches a
minimum (relative to G) when the intensity of G’ reaches its maximum; then the intensity
of the D’ shoulder increases again, becoming comparable to the intensity of G in G-
PAN1s00_from_Co, while in the case of G-PANtemp_from Fe the intensity of D’ first
increases from its minimum, and then decreases again: D' reaches a new minimum in G-
PAN1s00_from_Fe (always relative to G), comparable in size to that from commercial
graphite (see Figure 15). If the variation of the intensity of D’ is considered together with
the variation of G, it corroborates toward accumulation of graphene in the intermediate
temperature range (1100-1400 °C, the details depending on the specific catalyst).
Reasonably, the major disorder in our graphitic carbons should be attributed to
grain boundaries. Therefore, the ratio of the integrated intensities of the Raman D- and G-
band (Io/lg), which is related to the degree of disorder, is related to the grain (crystallite)
size. As the pyrolysis temperature increased, the Io/lg ratio decreased, reaching the values
of 0.55 (in C-PAN1s00_from_Fe) and 0.74 (in C-PAN1s00_from_Co — see Table S.7 in

Supporting Information). For comparison, the Ip/lg ratio of commercial graphite was 0.46.
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Figure 15. Raman spectra after aqua-regia treatment of graphitic carbon aerogel derived
from different pyrolysis temperatures (“Temp”) as shown: G-PANTemp_from_Fe (left
column); and G-PANTemp_from_Co (right column).

Usually, the crystallite length, La (crystallite domain size along the a-axis), is
calculated from the (100) diffraction peak in the XRD spectra via the Scherrer equation.
Since the (100) diffraction peak is not prominent in the powder-XRD spectra of our
samples, La was calculated from the Raman spectra using Knight’s empirical formula

(Equation 7), where A is the laser wavelength in nm (632.8 nm for the He-Ne laser).
Lo=(2.4x107%) 2,* (I/lg)" (7)

Irrespective of catalyst, La increased continuously with increasing pyrolysis
temperature (Figure 16). A maximum crystallite length of 70 nm was reached in G-

PAN1500_from_Fe. In G-PAN1s00_from_Co, the length of the crystallites reached only 52
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nm. By comparison, the La value in commercial graphite was 84 nm, and only 14 nm in
carbon black (Table S.7 of Appendix VII in Supporting Information).

Overall, XRD and Raman data together suggest that longer (larger La), and thicker
(larger L¢), crystallites were formed by pyrolysis at 1500 °C with either catalyst. However,
only the properties of G-PAN1s00_from_Fe in terms of graphite content (via the degree of
crystallinity), crystallite size (via La and L¢) and the overall quality of graphite (via the Ip/lg

ratio) approached those of commercial graphite.
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Figure 16. Crystallite width, La (nm), calculated from Raman data (Figure 15) using
Knight’s empirical formula (Equation 7) as a function of the pyrolysis temperature for
terminal samples obtained after treatment with aqua regia, as shown. The dashed
horizontal line marks the value for commercial graphite.
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An insight into the evolution of the graphitization process as a function of the
temperature and catalyst was obtained from TEM images before and after treatment with
aqua regia (see Figures S.41 and S.42 of Appendix IX in Supporting Information). A
representative image of samples derived at Temp = 800 °C is illustrated in Figure 17, using
G-PANgoo_from_Co as an example. Representative images of all samples obtained at Temp
= 1500 °C, i.e., G-PAN1s00@M and G-PAN1s00_from_M (M: Fe and Co) are shown in
Figure 18. The common theme in all TEM is that the metallic particles are surounded by
stacks of layers in a core-shell fashion. The shell thinckness around the Fe and Co particles
of G-PAN1s00@Fe and G-PAN1s00@Co was estimated from low-magnification TEM

images at about 157 nm and 122 nm, respectively.

Figure 17. Typical high-resolution TEM of samples produced at Temp = 800 °C,
demonstrated with G-PANggo_from_Co (see also Figures S.41 and S.42 of Appendix IX
in Supporting Information).
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As shown in Figure 17, layered structures around the Fe and Co nanoparticles were
already present at Temp = 800 °C. However, it is also noted that despite the general
orientation and stucking at that temperature, the individual layers within the stacks were
interruped randomly and frequently. As the pyrolysis temperature was increased, the
interruptions became less frequent (see Figures S.41 and S.42), the layered segments
became longer, and by 1500 °C those layers were practically continuous with few or no

defects (Figures 18A and 18C).

Figure 18. Representative high-resolution TEM images with graphite interlayer spacing
data, of: (A) G-PAN1s00@Fe; (B) G-PAN1s00_from_Fe; (C) G-PAN1500@Co; (D) G-
PANz1s00_from_Co. Insets: Electron diffraction patterns (see also Figure S.44 of Appendix
IX in Supporting Information).
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The fact that treatment with aqua regia removed the metallic components
completely from all samples was also confirmed with TEM-EDX (see Figure S.43 of
Appendix IX in Supporting Information). The electron diffraction patterns of post-aqua
regia G-PANz1s00_from_Fe and G-PAN1s00_from_Co showed only the (002), (100), (101),
and (110) diffractions from graphite (see Insets in Figures 18B and 18D, and Figure S.44
of Appendix I1X in Supporting Information). Post aqua regia treated samples consisted only
of intertwined graphitic ribbons with pockets reminiscent of the metallic particles.

The interlayer spacing within the graphitic ribbons, doo2, decreased with increasing
pyrolysis temperature, just as it was noted in XRD. For example, the doo2 Spacing in pure
G-PANsoo_from_Fe was found equal to 3.40 A and 3.50 A with XRD and TEM,
respectively; the same spacing in pure G-PANzs00_from_Fe was found equal to 3.35 and
3.38 A from XRD and TEM, respectively. The corresponding values for the Co system
were 3.38 A/ 3.51 A at Temp = 800 °C, and 3.38 A /3.51 A at Temp = 1500 °C (Table
S.7 of Appendix VII in Supporting Information). It seems that consistently TEM tended to
slightly overestimate the interayer spacing, but the trends were the same as in XRD. Based
on the corresponding doo2 spacing values, and the thickness of the graphitic shells around
the metallic particles, those graphitic carbon shells consisted of approximately 465 and 358
graphene layers, respectively.

Based on all the XRD, Raman and TEM data considered together, graphitization
within our samples seems to proceed in stages.53-% The first stage, which actually sets the
tone for the subsequent events, occurs at around 800 °C to 1000 °C, and comprises
formation of small fused aromatic units that accumulate on the metallic particles and

subsequently on themselves. Although those basic units are short and the resulting layers
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on the metallic particles have many and frequent interruptions, it is still remarkable to note
the orienting role of the metallic particles: as those layers became thicker, they remained
conformal to the metal surface. The second stage of graphitization occurs at intermediate
temperatures, say around 1000 °C to 1200 °C, and comprises reduction of defects and
distortions within the stacks on top of the particles. The individual layers within the stacks
become more continuous, but the thickness of the stacks does not necessarily increase. At
pyrolysis Temp = 1400 °C and higher is the stage of annealing with quantitative removal
of defects and distortions, stacks become thicker and layers within stacks become
continuous and more compact with practically no defects. Based on the high degree of
graphitization above Temp = 1200 °C (refer to Figure 14), we are forced to assume that the
microscopic features observed in SEM (see for example Figure 7) all consist of entangled
graphitic ribbons like those we notice left behind all over the observable area when the
metal was removed (Figures 18B and 18D, as well as Figure S.41 and Figure S.42 in

Supporting Information).

24. EVALUATION OF THE GRAPHITIC CARBON AEROGELS AS
ELECTRODES VIA THEIR LITHIUM-INTERCALATION PROPERTIES

One of the most successful electrochemical applications of graphite is as an
electrode material in lithium-ion batteries.®’®® Upon reduction of Li*, Li atoms get
intercalated between the graphene sheets of graphite. That process is reversible and results
in storage of about 372 mAh of charge per g of graphite. The advantage of intercalation of
Li* into graphite over straight Li* reduction and plating of lithium metal is that it halts
dendritic growth of Li that may be detrimental to the performance of the electrochemical

cell as a battery, e.g., by eventually shorting the two electrodes. Thus, the best-quality
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graphitic aerogels of this study, G-PANisoo_from_Fe, were evaluated as lithium-
intercalation materials by using them as anodes in coin-cell batteries assembled with foils
of lithium metal as common reference and counter electrodes (see Experimental section).
The voltage across those coin cells was cycled 3 times between 1.8 V and 0.05 V versus
Li*/Li at a slow sweep rate (0.05 mV s*) — see Figure 19A.

It is observed that the first reduction sweep included a sizable cathodic wave at
around 0.5 V versus Li*/Li, which was attributed to irreversible formation of a solid-
electrolyte interface (SEI). SEI is formed by reduction of the electrolyte; SEI is ionically
conducting allowing Li* to diffuse/migrate through, but is also electronically insulating and
therefore its growth stops at a thickness where electrons can no longer tunnel through.”
The open-pore framework of graphitic carbon aerogels provides access by the electrolyte
to plenty of internal surface area (42 m? g) for SEI formation, hence the sizable reduction
wave at around 0.5 V versus Li*/Li. The lithiation and de-lithiation waves of graphitic
carbon occur at around 0.05-0.15 V and 0.15-0.30 V, respectively.

The oxidation wave is resolved in two maxima (pointed at with arrows) which are
attributed to LiCx-type phase transformations during step-wise oxidative delithiation of G-
PAN1s00_from_Fe.”>"® The immediate result of consuming charge to form the SEIl is a
dramatically low coulombic efficiency of the first cycle (47%), which, however, kept on
improving once the SEI was formed, i.e., in the subsequent charge/discharge cycles,
reaching eventually 95-100%.

The durability of G-PAN1s00_from_Fe as an anode material was tested over 16
cycles at various discharge rates (C/20, C/10, and C/5); “C” was calculated based on the

amount of G-PAN1soo_from_Fe and the theoretical capacity of graphite (372 mAh g1).
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Figure 19B shows the voltage/capacity curves over the first 5 cycles. All charging
processes were voltage-limited at 50 mV above the thermodynamic potential of Li*
reduction on Li metal (0 V vs. Li*/Li). Apart from the first charging cycle, the subsequent
charging cycles coincided.

Similarly, after the first discharge process, the limiting discharge capacity increased
slightly and all discharge curves of cycle No. 2 and beyond practically coincided. That
behavior probably suggests settling of the SEI layer with increasing ionic conductivity.
As a consequence of the stability of the charge/discharge curves after the first cycle, their
crossing remained stable at 0.3 V versus Li*/Li throughout cycling, which is the
electrochemical potential of graphite.” The charge capacity did decrease with increasing
discharge rate, as expected (Figure 19C)."”

However, the highest charge capacity at the slowest rate attempted here (about 100
mAh g1) was significantly lower than the theoretical capacity of lithium intercalation in
graphite. It is quite possible that the extended internal surface area that is wetted by the

electrolyte, and is coated with SEI, deactivates a significant portion of the graphite and

takes it out of commission as far as lithium intercalation is concerned.



213

2.0
— 1stcycle
16- 2n cycle
— 3 cycle
— 4t cycle

0.8

+—
=
i
8 124
[00]
(@]
8
5 ]
S 04

0.0

0 50 100 150 200 250
Specific capacity (mAh g)

B. 200
1st cycle
— 2™ cycle
1004 — 3 cycle
— 4th cycle

Current (pA)
o

-100 1

-2004= . " . ; T
00 04 08 12 16 20
Potential (V) vs. Li/Li*

C.
—_ | | I I
& 120- L 1100 3
£ pe
100+ !
£ . AN~
2 80 | | 5
5 | | (60 &
& 60 | | o
- | ) I
§ | | [0 2
= 40 : : : S
8 [ [ I 1 (20 8
& 204 ci20 | CMO | C/5 | C/20 | O
4 8 12 16

Cycle number

Figure 19. (A) Cyclic voltammogram of graphitic carbon (G-PAN1s00_from_Fe) cycled
between 1.8 V and 0.05 V at 0.05 mV s™ in a coin cell using a Li foil as a
reference/counter electrode. (B) Charge/discharge curves of the coin cell at C/20. (C)
Specific capacity and Coulombic efficiency of graphitic carbon at different discharge
rates, as shown.
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3. CONCLUSION

The aerogel-via-xerogel route has been applied successfully in the synthesis of
monolithic graphite aerogels at low temperatures. For the creation of porosity, the aerogel-
via-xerogel method relies on the mass loss by carbonizable polymers during pyrolysis, and
thus bypasses aerogel precursors whose synthesis is lengthier, and requires more energy
and materials (e.g., solvents). The innovative element here was that the inorganic scaffold
for the accumulation of the carbonizable polymer was itself the precursor of known
graphitization catalysts (Fe and Co). In terms of graphite quality (fewer defects, larger
crystallites) certain graphite aerogels derived with Fe were at par with commercial graphite.

This report comprises a milestone along a long road that started with the application
of the aerogel-via-xerogel concept in the facile synthesis of monolithic ceramic aerogels
(SiC and SisNa4 — the latter for the first time),®® and continued with the synthesis of metallic
Co aerogels,®* for which oxide aerogel precursors are difficult to make in monolithic form.
Subsequently, the power of the method was applied in the synthesis of the most well-
known, pyrolytically-derived aerogels, carbon aerogels (see previous paper of this issue),®®
and the road has reached the “holy grail” sort-of-speak in the carbon aerogel business with
the low-temperature synthesis of graphitic aerogels. The new materials may find use in any

application that requires porous / high surface area graphite.
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4. EXPERIMENTAL

4.1. MATERIALS

All reagents and solvents were used as received, unless noted otherwise. Iron(ll1)
chloride hexahydrate (FeCls.6H>O, 97%, ACS reagent), cobalt(ll) chloride hexahydrate
(CoCl2.6H20, 98%, ACS reagent), ethyl chloroformate (EtOCOCI, 99%, ACS reagent),
sodium hydroxide pellets (NaOH), anhydrous sodium sulfate (Na2SO4, ACS certified),
concentrated nitric acid (HNOs, 70% solution in water, ACS reagent) and concentrated
hydrochloric acid (HCI, 12 M in water, ACS reagent) were purchased from Fisher
Scientific. Anhydrous triethylamine (EtsN, >99.5%), anhydrous inhibitor-free
tetrahydrofuran (THF, >99.9%), (%)-epichlorohydrin (EPH, >99%, GC-grade), 4.,4’-
azobis(4-cyanopentanoic acid) (ABCVA), anhydrous tetrahydrofuran (THF) and
acrylonitrile (>99%, containing 35-45 ppm monomethyl ether hydroguinone (MEHQ) as
inhibitor) were purchased from Sigma-Aldrich Chemical Co. Reference graphitic carbon
(graphite, CAS No. 7782-42-5) and amorphous carbon (carbon black, CAS No. 7440-44-
0) were purchased from Sigma-Aldrich. Acrylonitrile was extracted three times with three
portions of aqueous sodium hydroxide solution to remove the inhibitor, washed three times
with distilled water, and dried using anhydrous sodium sulfate. This inhibitor-free
acrylonitrile was stored at 0 °C and was used within a month. HPLC grade solvents
including hexane, dimethylformamide (DMF), ethyl acetate (EtOAc) and toluene were
purchased from Fisher Scientific. Technical grade acetone was purchased from Univar (St.
Louis, MO). Ultra-high purity argon (grade 5), Oz, CO and liquid N2 were purchased from

AirGas (Rolla, MO). For electrochemical experimentation, lithium ribbon (0.75 mm
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thickness, 99.9% trace metal basis), 1-methyl-2-pyrrolidinone (NMP, 99.5% anhydrous),
and a lithium hexafluorophosphate solution (1.0 M LiPFs in ethylene carbonate (EC) and
dimethyl carbonate (DMC) 1:1 v/v, battery grade) were purchased from Sigma Aldrich.
Poly(vinylidene fluoride) (PVDF, polymer binder for Li-ion battery electrodes) was
purchased from Alfa Aesar. Carbon-black (super P conductive, 99+%) and Celgard 2325
film were purchased from MTI Corporation.

4.1.1. Preparation of Sol-Gel Iron Oxide Suspensions (FeOx — Scheme 1A). In
a round-bottom flask, FeCls-6H.O (17.8398 g, 0.0666 mol) was dissolved in DMF (100
mL) under vigorous stirring. Epichlorohydrin (EPH, 51.6 mL, 0.66 mol) was added, and
the brown solution was heated at 80 °C using a condenser fitted with a tube filled with
Drierite™. A suspension (FeOx) started forming in about 10-15 min to which hexane (100
mL) was added and stirring was continued for 24 h at 80 °C. The FeOx suspension was
transferred to centrifuge tubes (50 mL, Fischer Scientific, Cat. no. 06-443-18), and the
solvent was exchanged one time with DMF and three times with toluene. All
centrifugations were carried out for 15-20 min at 2450 rpm. For each solvent
exchange/washing step, the volume of the solvent that was brought in was twice the volume
of the compacted paste at the bottom of the centrifuge tubes. Before every new
centrifugation step, the compacted FeOx paste was resuspended by stirring with a glass
rod. For characterization purposes, three washes with acetone rather than toluene were
carried out, and the paste from the last wash was dried under reduced pressure at 80 °C to
give a dry, freely flowing FeOx powder.

4.1.2. Preparation of Sol-Gel Cobalt Oxide Suspensions (CoOx — Scheme 1B).

In a round bottom flask, CoCl>-6H20 (15.756 g, 0.0662 mol) was dissolved in DMF (100
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mL) under vigorous stirring. Epichlorohydrin (EPH, 55 mL, 0.632 mol) was added, and
the resulting blue solution was heated at 80 °C for 2 h using a condenser fitted with a tube
filled with Drierite™. A suspension (CoOx) started forming in about 15-20 min. After the
heating period, the mixture was allowed to cool back down to room temperature and
stirring was continued for another 24 h. The CoOx suspension was transferred to centrifuge
tubes, and the solvent was exchanged one time with DMF and three times with toluene. All
centrifugations were carried out for 15-20 min at 2450 rpm. For each solvent
exchange/washing step, the volume of the solvent that was brought in was twice the volume
of the compacted paste at the bottom of the centrifuge tubes. Before every new
centrifugation step, the compacted CoOx paste was resuspended with a glass rod. For
characterization purposes, three washes with acetone rather than toluene were carried out,
and the paste from the last wash was dried under reduced pressure at 80 °C to give a dry,
freely flowing CoOx powder.

4.1.3. Preparation of Initiator-Modified MOXx Suspensions (initiator@MOXx —
Scheme 1C). The MOx paste from the last centrifugation was transferred to a round-
bottom flask with the help of toluene (100 mL), and the suspension was refluxed at 160 °C
for 24 h using a Dean-Stark between the round bottom flask and the condenser in order to
collect and remove any residual water from the MOXx suspensions. After 24 h, the reaction
mixture was allowed to cool to room temperature while protected from light by wrapping
the flask with aluminum foil. Subsequently the round bottom flask was placed in an ice-
bath for 1 h. Anhydrous, inhibitor-free THF (60 mL) was placed in an amber-glass
Erlenmeyer flask equipped with a seal stopper and was cooled to 0 °C using an ice-bath.

To the cold THF, ABCVA (1.8499 g, 0.0066 mol), ethyl chloroformate (1.2747 mL, 0.0133
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mol) and anhydrous triethylamine (1.8582 mL, 0.0133 mol) were dissolved sequentially,
while the flask was kept at 0 °C with the ice-bath (initiator:MOx = 1:10 mol/mol). After
25-30 min this initiator suspension in THF was transferred into centrifuge tubes that were
wrapped with aluminum foil. The THF suspension was centrifuged for 2 min and the
supernatant liquid (which contained the initiator in THF) was added to the wrapped with
aluminum foil round-bottom flask containing the cold MOXx suspension in toluene. This
MOx suspension was stirred at 0 °C for 24 h in the ice-bath. At the end of that period the
suspension was transferred into centrifuge tubes wrapped with aluminum foil and was
centrifuged for 5 min. The supernatant solvent was discarded. The resulting
initiator@MOX paste was used to carry out surface-initiated free-radical polymerization of
acrylonitrile.

4.1.4. Preparation of Crosslinked PAN@MOXx Powders (Scheme 1C). The
resulting initiator@MOX paste from the last centrifugation step above was added in a round
bottom flask containing 45 mL inhibitor-free acrylonitrile (MOx:acrylonitrile = 1:10
mol/mol; initiator:MOx:acrylonitrile = 1:10:100 mol/mol/mol). The resulting suspension
was kept at 55 °C for 10 h for free-radical polymerization, while it was stirred magnetically
at 400 rpm. At the end of that period, the suspension was allowed to cool to room
temperature, and it was washed three times with toluene and three times with acetone. All
washes were carried out with centrifugation for 15-20 min at 2450 rpm. For each wash, the
volume of the new solvent that was brought in was twice the volume of the compacted
paste at the bottom of the centrifuge tubes. Before every new centrifugation step, the
compacted PAN@MOXx paste was resuspended with vigorous agitation using a Vortex-

Genie (Model no. K-550-G, Scientific Industries) and a glass rod. After the last acetone
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wash, the paste was dried under reduced pressure at 65 °C and the dry powder was kept in
vacuum oven at 80 °C for 24 h resulting into a dry, freely flowing PAN@MOX powder.

4.1.5. Preparation and Further Processing of PAN@MOx Compacts (Scheme
1C and Scheme 2). Dry PAN@MOXx powder was compressed into cylindrical monoliths
using stainless steel dies and a hydraulic press operated at 10,000 psi. Placing the powder
in a die was carried out in small portions under continuous tapping. Compressed
PAN@MOXx compacts were then converted to aromatized A-PAN@MOXx compacts
pyrolytically at 300 °C for 24 h under flowing O2. These aromatized A-PAN@MOXx
compacts were then carbonized and eventually graphitized to G-PAN@M compacts
pyrolytically in the same tube furnace set at different temperatures (designated as Temp in
the sample names) ranging from 800 °C to 1500 °C for 5 h under flowing ultrahigh purity
Ar. These graphitized G-PANTtemp@M compacts (M = Fe or Co) were then treated with
aqua-regia to obtain pure graphitic carbon aerogels (G-PANtemp_from_Fe and G-
PANTemp_from_Co).

4.1.6. Preparation of Coin-Cell Batteries. CR2032 type coin-cell batteries were
assembled in an argon-filled glove box (02<0.1 ppm and H20<0.1 ppm). The working
electrode composition was set equal to 75:15:10 % w/w of G-PAN1s00_from_Fe, carbon-
black and PVDF. The three components were mixed with NMP (0.0444 g mL™1). The slurry
was ball-milled for 10 min, coated on the copper foil uniformly using a glass-rod and the
film was dried in vacuum at 80 °C for 12 h. Disks (9.5 mm in diameter) were punched off
the dry, coated electrodes using a hole puncher. The active-mass loading of the copper foils
was ~1-2 mg (that refers only to the mass of C-PAN1s00_from_Fe). The reference electrode

was always a Li metal foil (0.75 mm thickness, cut into 12 mm in diameter circular disks),
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1M LiPFg in EC/DMC was used as the electrolyte, and Celgards 2325 circular sheets (19
mm in diameter) as separators. All cells were sealed using a coin cell crimper. The newly

prepared cells were aged for equilibration for about 12 h before electrochemical testing.

4.2. METHODS

4.2.1. Pyrolytic Aromatization and Graphitization of PAN@MOx Compacts.
Pyrolytic aromatization and graphitization of PAN@FeOx and PAN@CoOx compacts to
A-PAN@FeOx and A-PAN@CoOx and further to G-PANTemp@Fe and G-PANTemp@Co
graphitic carbon aerogels was carried out in a programmable MTI GSL1600X-80 tube
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 53.55 mm; length of the heating zone at the
set temperature: 457 mm). The rate of heating and cooling was always maintained at 2.5
°C min~t. All gas flow rates were set at 325 mL min™2.

4.2.2. Aqua-Regia Acid Etching of G-PAN@M Compacts. Aqua-regia acid
(conc. HCI: conc. HNOs = 3:1 v/v) etching of graphitized G-PANtemp@Fe and G-
PANTemp@Co 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 these compacts. Subsequently, these compacts
were washed three times with distilled water and three times with acetone in the HDPE
vials, under reduced pressure for 15 min each time. Final washed compacts were dried in
the vacuum oven at 80 °C for 24 h, resulting in pure G-PANTemp_from_Fe and pure G-

PANTemp_from_Co graphitic carbon aerogels.
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4.2.3. Physical Characterization. Bulk densities (pn) were calculated from weight

and physical dimensions of the samples. Skeletal densities (ps) were measured using helium
pycnometry on a Micromeritics AccuPyc 11 1340 instrument. Samples for skeletal density
measurements were outgassed for 24 h at 80 °C under vacuum before analysis. Percent
porosities (I7) were determined from the py and the ps values via 77 = 100 x [(ps— pb) / ps].
4.2.4. Chemical Characterization. Liquid 3C NMR spectra were recorded with a

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 I11 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 by 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 the carbon were set to 4.2 and 10 ps, respectively.
The cross-polarization contact time and the relaxation delay were set at 3000 ps and 5 s,
respectively. The number of scans was set at 2048. Spectra were referenced externally to
glycine (carbonyl carbon at 176.0300 ppm). Chemical shifts are reported versus
tetramethylsilane (TMS, 0 ppm). Sample preparation was carried out as follows: dry
PAN@MOXx powder was treated for 30 min with conc. HCI (12 M). At the end of the
period, the suspension was washed several times with distilled water and several times with
acetone. The final paste was dried in vacuum oven at 80 °C for 24 h. PAN@MOx powders

were attracted by magnets, while after removal of the MOx component with conc. HCI,



222
they were not. The NMR spectrum of the residue powder was compared with the NMR
spectrum of PAN@silica.®®

Powder X-ray diffraction (XRD) analysis was performed with dried powders using
a PANalytical X Pert Pro multipurpose diffractometer (MPD) with Cu Ka radiation (A =
1.54 A) and a proportional counter detector equipped with a flat graphite monochromator.
Crystallite domain sizes (Lc) were calculated using the Scherrer equation, from the full-
width-at-half-maxima of (002) reflection plane. A Gaussian correction was applied
utilizing NIST SRM 660a LaBs to determine the instrumental broadening.

X-ray photoelectron spectroscopic analysis (XPS) was carried out with a
ThermoFischer 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.

Raman spectroscopy of graphitic carbons were conducted with a Horiba Jobin-
Yvon LabRAM ARAMIS micro-Raman spectrometer with 17 mW He-Ne laser at 632.8
nm as the excitation source. A silicon wafer was used as calibration standard. A total of 20
scans, 10 s each, with a 1200 grating at 10x magnification were acquired for all samples.

CHN elemental analysis was conducted with an Exeter Analytical Model CE440
elemental analyzer, calibrated with acetanilide and glycine. The combustion furnace was
operated at 925 °C. The calibration standards and samples were run three times, and results

are given as averages.
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4.2.5. Thermal Characterization. Thermogravimetric Analysis (TGA) was
conducted under O2 up to 800 °C with a TA Instruments Model Q50 instrument using a
heating rate of 10 °C min™.

Modulated Differential Scanning Calorimetry (MDSC) was conducted under O
and under N, from -30 °C to 350 °C, with a heating rate of 5 °C min’, modulation
amplitude/frequency at +1 °C min™, using a TA Instruments Differential Scanning
Calorimeter Model Q2000.

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

Transmission Electron Microscopy (TEM) was conducted with a FEI Tecnai F20
instrument employing a Schottky field emission filament operating at a 200 kV
accelerating voltage. Graphitic carbon aerogels were finely ground by hand in a mortar
with a pestle and placed in 5 mL glass vials, isopropanol was added, and the vials were
ultrasonicated for 20 min to disperse the small particles in the solvent. After removing from
the ultrasonic bath and just before particle settling was complete, a single drop was taken
and placed on a 200-mesh copper grid bearing a lacey Formvar/carbon film. Each grid was
allowed to air-dry before been used for microscopy. At least 6 different areas/particles were
examined on each sample to ensure that the results were uniform over the whole sample.
Images were processed with Image J, a freely available software that allows measuring the

distance between the graphitic carbon layers.
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4.2.7. Pore Structure Analysis. N2-sorption porosimetry at 77 K was conducted
using Micromeritics TriStar Il 3020 surface area and porosity 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 Na-sorption
isotherms.

4.2.8. Mechanical Characterization. Quasi-static compression testing at low
strain rates (2.5 mm/mm) was conducted on an Instron 4469 Universal Testing Machine
using a 500 N load cell, following testing procedures and specimen length/diameter ratios
as per ASTM D1621-04a (Standard Test Method for Compressive Properties of Rigid
Cellular Plastics), as described before.”® The specimens had a nominal diameter of 1.1 cm
and a length/diameter ratio of 0.5. The recorded force as a function of displacement
(machine-compliance corrected) was converted into stress as a function of strain.

4.2.9. Electrochemical Testing. Cyclic Voltammograms (CV) were obtained using
a PAR EG&G Potentiostat/Galvanostat Model 273 in the potential range of 0.05-1.8 V
(versus Li*/Li) with a scan rate of 0.05 mV s™. All the galvanostatic measurements were
carried out using a Neware Dual Range Battery tester (BTS-4008-5V6A-8) in the same
potential limits as the CV. The current was applied in terms of C-rates calculated from the
mass of the active component (C-PANz1s00_from_Fe) and the theoretical capacity of
graphite (372 mAh g?1). All electrochemical experiments were conducted at room

temperature.
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(blue solid line) xerogel powders (heating rate: 20 °C mint).


https://www.sciencedirect.com/science/article/pii/S0032386120307503#gs3

Table S.1. Materials characterization data along processing of PAN@FeOx xerogel compacts at different pyrolysis temperatures,
before and after treatment with aqua regia.

_ | BETsuface | FICE
samgle n:ass.}’ile]d shmmjca:ge bulk denfit}-‘ Sdﬁ:g] pc:rosm specific pore volume [em” g7 - [;_e;_]],- diameter
[% wiw]sb o, ps [g e 2 [2 cm ¢ I [% viv]e [nm}
Vo | Pitsoom® | Fooom®
PAN@FeOx - - 1.228=0.004 | 1.304=0.005 6 - -

A-PAN@FeOx | 67612128 | 1644168 | 1.107+0025 | 1.859=0.010 40 0.37 0.00 037 13.03 (3.26) 112

Graphitic carbon compacts processed at different temperatures (Temp) BEFORE aqua regia treatment (1.e., before removal of iron): G-PANTe@Fe
Temp
800°C 4827=478 | 2524280 | 0.801=0.054 | 2.129=0.006 62 0.78 023 0.55 190.9(19.12) 163
1000°C 4411732 | 2032500 | 0949=0.009 | 2.529=0.004 63 0.66 0.28 0.38 119.0 (7.84) 22
1100°C 3044385 | 27.83=4.15 | 0.717+0.038 25350035 72 1.00 026 0.74 1053 (3.99) 387
1200°C 3098371 | 30.78=2.72 | 0.763=0.013 | 2.566=0.005 70 0.92 0.18 0.74 61.07(3.24) 60.9
1400°C 3205+6.54 | 28.04=381 | 0.762+0039 | 2.453£0.006 69 0.20 0.09 0.81 25.66 (0.68) 150
1300°C 3445449 | 34252227 | 0.748=0013 2426 =0.008 69 093 0.09 0.84 23.60(1.05) 183

Graphitic carbon compacts processed at different temperatures (Temp) AFTER aqua regia treatment (i.e., after removal of iron): G-PANTem_from_Fe
Temp
800°C 40.50£646 | 2537£229 | 0.713 £0.089 1.837 = 0.007 63 0.89 0.22 0.67 139.9(3.36) 254
1000 °C 3819720 | 2035508 | 07850073 | 2.143=0.009 64 0.81 0.37 0.44 149.0 (4.23) 217
1100°C 2381546 | 2788=4.11 | 0570=0.050 | 2.145=0.024 74 129 0.32 0.97 115.1(1.06) 451
1200°C 2508+4.88 | 3051+325 | 0520+0056 | 2.099+0.053 75 1.45 023 122 73.60 (0.21) 78.6
1400°C 2662685 | 2862=248 | 0461=0022 | 2.020=0.006 77 1.68 0.16 1.52 38.23(0.72) 175
1500°C 2386470 | 3564=4.63 | 04300007 | 2.021=0.009 78 1.79 0.15 1.64 42.22(1.28) 170

3Average of three samples; ®"Mass yields relative to the PAN@FeOx xerogel compacts; °Shrinkages relative to the PAN@FeOx xerogel compacts; Single sample,
average of 50 measurements; ¢Porosity, 77 = 100 x (ps — pv)/ ps; V1ot Was calculated via Vo = (1/pn) — (1/ps); 9Cumulative pore volume Vi7.300 nm Was calculated
via the Barrett-Joyner-Halenda (BJH) desorption method; "V>300 nm = Votal — V1.7-300_nm; 'Surface areas were calculated from N-sorption data via the Brunauer-
Emmett-Teller (BET) equation; numbers in (parentheses): Micropore surface areas calculated via the t-plot method; JAverage pore diameters were calculated via
the 4 x /o method by setting V = Vo = (L/pb) — (1/ps).
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Table S.2. Materials characterization data along processing of PAN@CoOx xerogel compacts at different pyrolysis temperatures,
before and after treatment with aqua regia.

, BET surface | oo
mass yield linear bulk density skeletal por;sn specific pore volume [cm? g71] a.r:ea . di;r:ter
sample 26w/ shn.r’l.kage p» [ con dmsﬂf % 7 [m? '] [om}
[2%] plgempe | T
View' | Vivaoemf | Poaoes®
PAN@CoOx - - 1.239+0.028 1412 =0.003 12 - - - - -
A-PAN@CoOx | 7170090 | 1428=052 | 1.228=0025 | 1.773=0.004 31 0.25 0.00 025 0.93 (0.65) 1081
Graphitic carbon compacts processed at different temperatures (Temp) BEFORE aqua regia treatment (i.e., before removal of cobalt): G-PANz.,@Co
Temp
800°C 51.05+0.55 | 22492029 | 0.953=0.052 | 2.220=0.004 57 0.60 0.17 0.43 291.8(134.1) 8.21
1000 °C 4723116 22.17=2.86 | 0913=0.050 2.436=0.005 63 0.68 0.24 0.44 197.1 (66.84) 139
1100°C 4419049 | 2578239 | 08470010 | 2.496=0.009 66 0.78 023 0.55 184.8 (60.67) 169
1200°C 4325+1.87 | 2521+132 | 09170021 | 2.613=0.005 65 0.71 027 0.44 136.9 (22.99) 20.7
1400°C 42.79+2.12 25%0+1.91 0.914 £ 0.025 2.493 = 0.007 63 0.69 0.24 0.45 109.6 (15.26) 253
1500°C 3140041 | 38.05%152 | 0.740%0.053 | 3.304=0.017 66 1.04 0.01 1.03 1.96 (0.83) 2254
Graphitic carbon compacts processed at different temperatures (Temp) AFTER aqua regia treatment (1.¢., after removal of cobalt): G-PANr.,_from_Co
Temp
800°C 4564216 | 22.61=0.87 | 0.828=0.062 | 2.030=0.010 59 0.71 0.16 0.55 249.5 (89.18) 115
1000°C 3868x1.16 2329306 0.754 £ 0.050 2073 £0.006 64 0.84 028 0.56 231.5(75.76) 146
1100°C 3473+1.72 | 2596+3.21 | 0.679%0.023 | 2.060=0.004 67 0.99 0.28 0.71 225.9(70.84) 17.5
1200°C 31.66+2.08 | 2623=1.67 | 0.695=0.034 | 2.061=0.008 66 0.95 035 0.60 177.6 (26.61) 217
1400 °C 2731+£098 26.12+1.03 0.664 £ 0.036 2.068 = 0.006 68 1.02 0.30 0.72 126.2 (7.70) 324
1500°C 2389142 | 3869149 | 057520022 | 2.009=0.005 ! 124 027 0.97 98.06 (2.32) 50.6

aAverage of three samples; PMass yields relative to the PAN@CoOx xerogel compacts; °Shrinkages relative to the PAN@CoOx xerogel compacts; Single
sample, average of 50 measurements; ¢Porosity, 77 = 100 X (ps — pv)/ ps; V1ot Was calculated via Vrow = (1/pn) — (1/ps); 9Cumulative pore volume Vi.7.300 nm Was
calculated via the Barrett-Joyner-Halenda (BJH) desorption method; "V>300 nm = V-rota— V1.7-300_nm; 'Surface areas were calculated from Nj-sorption data via the
Brunauer-Emmett-Teller (BET) equation; numbers in (parentheses): Micropore surface areas calculated via the t-plot method; IAverage pore diameters were
calculated via the 4 x V/o method by setting V = Vot = (1/pn) — (1/ps).

Lic
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Fe-based systems

800 °C

G-PANgoc@Fe

G-PANgyo_from_Fe

Figure S.2. SEM images of G-PANgo@Fe (top row) and G-PANsoo_from_Fe (bottom
row), at low (left column) and high magnification (right column).
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1000 °C

><5000 magnlflcatlon x50,000 magnification

G-PAN, o0,@Fe

G-PAN,ggq_from_Fe

Figure S.3. SEM images of G-PANz1o00@Fe (top row) and G-PAN1000_from_Fe (bottom
row), at low (left column) and high magnification (right column).
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1100 °C (location one)

x50,000 magnification

a i

G-PAN,,o.@Fe

G-PAN4oo_from_Fe

1 um

Figure S.4. SEM images of G-PAN1100@Fe (top row) and G-PAN1100_from_Fe (bottom
row), at low (left column) and high magnification (right column).
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1100 °C (location two)

G-PAN,go_from_Fe
Fo W T

1 um

Figure S.5. SEM images at various magnifications of G-PAN1100_from_Fe at a different
location where stacks of probably graphene sheets are visible.
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1200 °C

x5000 magnification %x50,000 magnification

G-PAN,,00@Fe

G-PAN,,qo_from_Fe

10 ym 1 um

Figure S.6. SEM images of G-PAN1200@Fe (top row) and G-PAN1200_from_Fe (bottom
row), at low (left column) and high magnification (right column).
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1400 °C

G-PAN, 4o,@Fe

G-PAN,490_from_Fe

10 ym 1 um

Figure S.7. SEM images of G-PAN1s00@Fe (top row) and G-PAN1400_from_Fe (bottom
row), at low (left column) and high magnification (right column).
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1500 °C

G-PAN,500@Fe

G-PAN,50,_from_Fe

Figure S.8. SEM images of G-PAN1seo@Fe (top row) and G-PAN1s00_from_Fe (bottom
row), at low (left column) and high magnification (right column).
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Co-based systems

x50,000 magnification

*® A 3 f
¥ 3 = A
{ z T . e

e J .

G-PANg,,@Co

G-PANg,,_from_Co

Figure S.9. SEM images of G-PANgoo@Co (top row) and G-PANsgeo_from_Co (bottom
row), at low (left column) and high magnification (right column).
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1000 °C
x50,000 magnification

G-PAN,0@Co

G-PAN,poo_from_Co

Figure S.10. SEM images of G-PAN1000@Co (top row) and G-PAN1000_from_Co (bottom
row), at low (left column) and high magnification (right column).
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1100 °C

x50,000 magnification

G-PAN,00@Co

G-PAN,o_from_Co

1 um

Figure S.11. SEM images of G-PAN1100@Co (top row) and G-PAN1100_from_Co (bottom
row), at low (left column) and high magnification (right column).
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1200 °C

,,,,,,

x50,000 magnification

G-PAN,,0@Co

G-PAN,,00_from_Co

10 ym 1 um

Figure S.12. SEM images of G-PAN1200@Co (top row) and G-PAN1200_from_Co (bottom
row), at low (left column) and high magnification (right column).
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1400 °C

G-PAN, 40,@Co

G-PAN,400_from_Co

10 ym 1 um

Figure S.13. SEM images of G-PAN1400@Co (top row) and G-PAN1400_from_Co (bottom
row), at low (left column) and high magnification (right column).
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1500 °C

*

G-PAN,5,0@Co

G-PAN,500_from_Co

10 ym 1 um

Figure S.14. SEM images of G-PAN1s00@Co (top row) and G-PAN1s00_from_Co (bottom
row), at low (left column) and high magnification (right column).
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The mechanical properties of graphitic carbon aerogels obtained at 1500 °C, before

and after aqua regia treatment were investigated under quasi-static compression, following
ASTM D1621-04a using cylindrical monolithic specimens with thickness:diameter ratio
of about 0.4 (see Experimental Section in the main article).5®* At low compressive strains
(below 8-10%), the stress—strain curves showed typical elastomeric behavior,>R2 and the
materials eventually failed at around 13-18 % strain (Figure S.15). For G-PAN1s500@Fe and
G-PAN1s00@Co with comparable bulk densities (0.748 g cm™ versus 0.740 g cm3,
respectively), the ultimate strengths were 53.24 MPa and 22.38 MPa, respectively (see
Figure S.15). After treatment with aqua regia, the ultimate compressive strengths of G-
PAN1s00_from_Fe and G-PAN1s00_from_Co (with bulk densities equal to 0.439 g cm™ and
0.575 g cm™, respectively) were lower: 37.88 MPa and 12.77 MPa, respectively (see
Figure S.15). The elastic moduli, E, of these materials were calculated from the early slopes
of the stress—strain curves (at <3% strain) and were found equal to: 95.10 MPa, 70.73 MPa,
40.91 MPa, and 21.11 MPa for G-PAN1sco@Fe, G-PAN1s00_from_Fe, G-PAN1s00@Co,
and G-PAN1s00_from_Co, respectively, following exactly the same trend as the ultimate

compressive strength.
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G-PAN,500@Fe
(E=95.10 MPa)

&)
o
r—

1N
o
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(E = 70.73 MPa)
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(E=21.11 MPa)

0 5 10 15
Strain (%)

Figure S.15. Compressive stress-strain data for: (A) G-PAN1sgo@Fe (red, open circles);
(B) G-PAN1s00_from_Fe (red, solid circles); (C) G-PAN1s00@Co (blue, open circles), and
(D) G-PAN1s00_from_Co (blue, solid circles).
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Materials from the PAN@FeOx system
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Figure S.16. N2-sorption isotherms at 77 K of A-PAN@FeOx. Inset: Pore-size
distribution by the BJH desorption method.
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Figure S.17. No-sorption isotherms at 77 K of G-PANgoo@Fe and G-PANgoo_from_Fe.
Inset: Pore-size distribution by the BJH desorption method.
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Figure S.18. N2-sorption isotherms at 77 K of G-PAN1000@Fe and G-PAN1o00_from_Fe.
Inset: Pore-size distribution by the BJH desorption method.
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Figure S.19. Np-sorption isotherms at 77 K of G-PAN1100@Fe and G-PAN1100_from_Fe.
Inset: Pore-size distributions by the BJH desorption method.
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Figure S.20. N2-sorption isotherms at 77 K of G-PAN1200@Fe and G-PAN1200_from_Fe.
Inset: Pore-size distributions of by the BJH desorption method.
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Figure S.21. N2-sorption isotherms at 77 K of G-PAN1400@Fe and G-PAN1400_from_Fe.
Inset: Pore-size distributions by the BJH desorption method.
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Figure S.22. N2-sorption isotherms at 77 K of G-PAN1s00@Fe and G-PAN1s00_from_Fe.
Inset: Pore-size distributions by the BJH desorption method.
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Materials from the PAN@CoOx system
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Figure S.23. N2-sorption isotherms at 77 K of a A-PAN@CoOx compact. Inset: Pore-size
distribution by the BJH desorption method.
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Figure S.24. N2-sorption isotherms at 77 K of G-PANgowo@Co and G-PANsw_from_Co.
Inset: Pore-size distribution by the BJH desorption method.
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Figure S.25. N2-sorption isotherms at 77 K of G-PAN1000@Co and G-PAN1009_from_Co.
Inset: Pore-size distributions by the BJH desorption method.
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Figure S.26. N2-sorption isotherms at 77 K of G-PAN1100@Co and G-PAN1100_from_Co.
Inset: Pore-size distributions by the BJH desorption method.
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Figure S.27. N2-sorption isotherms at 77 K of G-PAN1200@Co and G-PAN1209_from_Co.
Inset: Pore-size distribution by the BJH desorption method.
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Figure S.28. N2-sorption isotherms at 77 K of G-PAN1400@Co and G-PAN1409_from_Co.
Inset: Pore-size distributions by the BJH desorption method.
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Figure S.29. N2-sorption isotherms at 77 K of G-PAN1500@Co and G-PAN31s09_from_Co.
Inset: Pore-size distributions by the BJH desorption method.
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Figure S.30. Comparative N2-sorption isotherms at 77 K of all PAN@FeOx-derived (top
row) and PAN@CoOx-derived (bottom row) aerogel compacts from pyrolysis at
different temperatures, before (left) and after (right) aqua-regia treatment.
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Figure S.31. Comparative pore-size distributions by the BJH desorption method of all
PAN@FeOx-derived (top row) and PAN@CoOx-derived (bottom row) aerogel compacts
from pyrolysis at different temperatures, before (left) and after (right) aqua-regia
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Figure S.32. High-resolution XPS spectra of Fe 2p from three samples prepared at three
different temperatures (Temp) as shown: (A) G-PANgow@Fe; (B) G-PAN1100@Fe; (C) G-
PAN1s00@Fe.
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Figure S.33. High-resolution XPS spectra of C 1s of samples obtained at three pyrolysis
temperatures (Temp), before and after treatment with aqua regia, as shown: (A) G-
PANso@Fe; (B) G-PANsgg_from_Fe; (C) G-PAN1100@Fe; (D) G-PAN1100_from_Fe; (E)
G-PAN1s00@Fe; (F) G-PAN1s00_from_Fe.
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Figure S.34. High-resolution XPS spectra of N 1s of samples obtained at three pyrolysis
temperatures (Temp), before and after treatment with aqua regia, as shown: (A) G-
PANgoo@Fe; (B) G-PANgoo_from_Fe; (C) G-PAN1100@Fe; (D) G-PAN1100_from_Fe; (E)
G-PAN1s00@Fe; (F) G-PAN1s00_from_Fe.
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Figure S.35. High-resolution XPS spectra of O 1s of samples obtained at three pyrolysis
temperatures (Temp), before and after treatment with aqua regia, as shown: (A) G-
PANgo@Fe; (B) G-PANggoo_from_Fe; (C) G-PAN1100@Fe; (D) G-PAN1100_from_Fe; (E)
G-PAN1s00@Fe; (F) G-PAN1s00_from_Fe.
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Figure S.36. High-resolution XPS spectra of Co 2p from three samples prepared at three

different temperatures (Temp) as shown: (A) G-PANgo@Co; (B) G-PAN1100@Co; (C)
G-PAN1500@Co.
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Figure S.37. High-resolution XPS spectra of C 1s of samples obtained at three pyrolysis

temperatures (Temp), before and after treatment with aqua regia, as shown: (A) G-

PANgoo@Co; (B) G-PANgyo_from_Co; (C) G-PAN1100@Co; (D) G-PAN1100_from_Co;
(E) G-PAN1500@Co0; (F) G-PAN1s00_from_Co.
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Figure S.38. High-resolution XPS spectra of N 1s of samples obtained at three pyrolysis
temperatures (Temp), before and after treatment with aqua regia, as shown: (A) G-
PANsoo@Co; (B) G-PANsgo_from_Co; (C) G-PAN1100@Co0; (D) G-PAN1109_from_Co;
(E) G-PAN1500@Co; (F) G-PAN1500_from_Co.
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Figure S.39. High-resolution XPS spectra of O 1s of samples obtained at three pyrolysis
temperatures (Temp), before and after treatment with aqua regia, as shown: (A) G-
PANgoo@Co; (B) G-PANggo_from_Co; (C) G-PAN1100@Co; (D) G-PAN1100_from_Co;
(E) G-PAN1500@Co0; (F) G-PAN1s00_from_Co.



Table S.3. Atomic composition of G-PANTemp@Fe and G-PANTemp_from_Fe.

atomic % from XPS data

sample C [ o | N | Fe Al
before aqua-regia treatment

G-PANsgoo@Fe 85.64 5.67 7.10 0.72 0.87

G-PAN1100@Fe 95.59 2.11 1.67 0.48 0.15

G-PAN1s00@Fe 91.25 4.48 2.15 1.46 0.66

after aqua-regia treatment

G-PANgoo_from_Fe 90.10 4.83 4.21 - 0.86

G-PAN1100_from_Fe 94.69 2.80 1.61 - 0.90

G-PAN1s500_from_Fe 94.98 2.55 1.57 - 0.90

Table S.4. Atomic composition of G-PANTemp@Co and G-PANTemp_from_Co.

sample

atomic % from XPS data

c | o | N | Co | Au
before aqua-regia treatment
G-PANsgoo@Co 89.03 4.12 5.74 0.96 0.15
G-PAN1100@Co 92.69 3.88 1.98 0.59 0.86
G-PAN150@Co0 93.68 3.12 1.53 0.34 1.33
after aqua-regia treatment
G-PANgoo_from_Co 92.56 2.97 3.49 - 0.98
G-PAN1100_from_Co 91.31 3.87 3.54 - 1.28
G-PAN1s500_from_Co 88.82 5.97 2.57 - 2.64




Table S.5. Deconvoluted binding energies and atomic compositions of G-PANTemp@Fe and G-PANTemp_from_Fe.

binding energy

atomic % of at G-PANremp@Fe

atomic % of at G-PANremp_from_Fe

species [eV]
800°C | 1100°C | 1500°C 800 °C 1100 °C 1500 °C
C1ls
Carbide (Fe-C) 283.6+0.1 0.8 - - - - -
Graphitic C-C/C=C 2845+0.1 28.1 32.8 29.8 31.2 35.8 31.0
C=N 284.8+0.1 38.2 33.1 32.5 33.4 32.3 27.1
C=0 & C=0 in keto/enol 286.3+0.1 28.5 29.6 32.7 31.8 27.9 34.0
Plasmon loss (n-n*) 291.2+0.1 4.4 4.5 5.0 3.6 4.0 7.9
N 1s
Pyridinic N 398.3+0.1 34.1 8.2 9.7 14.5 6.9 4.4
Pyridonic N 400.3+0.1 58.7 84.3 68.2 61.4 75.6 86.0
Pyridine Oxide 402.5+0.2 7.1 7.5 22.1 24.1 17.5 9.5
O 1s
Metal oxide (Fe-O) 530.1+£0.2 0.8 4.2 18.6 - - -
C=0 & Phenoxide (-0°) 531.6 0.2 79.8 36.4 14.8 33.4 70.6 49.6
Ester C-O 533.0+0.2 19.4 59.5 66.6 66.6 29.4 50.4
Fe 2p
Fe® 2pas 710.9+0.2 33.0 24.4 29.5 - - -
satellite of Fe* 2pys3 7154 +£0.5 29.3 41.5 29.9 - - -
Fe** 2pue 724.7 £ 0.5 31.5 30.4 31.7 - - -
satellite of Fe** 2p1y, 7320+£1.0 6.1 3.7 8.9 - - -
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Table S.6. Deconvoluted binding energies and atomic compositions of G-PANTemp@Co and G-PANTemp_from_Co.

binding energy

atomic % of at G-PANtemp@Co

atomic % of at G-PAN+emp_from_Co

species [eV]
800°C | 1100°C 1500 °C 800 °C 1100°C 1500 °C
C1ls
Graphitic C-C/C=C 2845x0.1 28.5 34.1 36.0 31.9 33.9 36.5
C=N 284.8+0.1 43.2 30.8 27.6 26.7 34.6 30.1
C=0 & C=0 in keto/enol 286.3+£0.1 25.4 32.5 31.4 33.7 28.4 27.5
Plasmon loss (7t-t*) 291.2+0.1 3.0 2.6 5.0 1.7 3.2 5.9
N 1s
Pyridinic N 398.3£0.1 42.4 10.5 10.1 11.7 21.6 13.4
Pyridonic N 400.3+0.1 47.9 78.8 57.1 60.6 60.0 61.4
Pyridine Oxide 402.5+0.2 9.7 10.7 18.4 27.7 18.4 25.2
O 1s
Metal oxide (Co-O) 530.1+£0.2 13.6 17.0 5.9 - - -
C=0 & Phenoxide (-O) 531.6 £0.2 50.4 42.8 24.7 42.0 31.1 12.2
Ester C-O 533.0£0.2 36.0 40.2 69.4 58.0 68.9 87.8
Co2p
Co®" 2pas 780.7£0.2 29.0 22.5 29.5 - - -
satellite of Co%* 2pas3 785.1+0.5 38.2 45,5 41.6 - - -
Co** 2p12 796.5+0.4 15.1 17.9 171 - - -
satellite of Co%* 2p1p 802.7+0.3 17.7 14.1 13.4 - - -

¢9¢



Table S.7. XRD, TEM and Raman data of samples as shown, including commercial graphite and carbon black.

interlayer spacing from: Le graphitic
20 from ¢ D peak | Gpeak | G’ peak h i La
sample fo[zj gO(])CZ) (002) ;‘(rgrg [cmi] | [cm] [em] Io/le lg/lé! oy
9 XRD (dooz)® | TEMe [A]f % wiw]?
commercial graphite? 26.40 3.37 3.34 187.1 99.21 1311 1567 2648 0.46 0.98 83.63
commercial carbon black® 25.20 3.53 - 12.2 - 1321 1579 - 2.85 - 13.49
Fe-derived pure graphitic carbon aerogels obtained at pyrolysis temperatures (Temp) after aqua-regia treatment: G-PANTemp_from_Fe
Temp (°C)
800 °C 26.18 3.40 3.50 52.7 60.68 1324 1584 2645 1.86 0.62 20.71
1000 °C 26.20 3.40 3.48 66.1 77.58 1322 1576 2645 1.83 1.79 20.99
1100 °C 26.33 3.38 3.43 78.5 91.01 1338 1582 2645 1.28 0.15 30.12
1200 °C 26.40 3.37 3.44 126.7 94.96 1322 1585 2655 0.70 0.50 54.71
1400 °C 26.45 3.37 3.39 161.7 97.65 1318 1567 2645 0.66 0.66 58.27
1500 °C 26.58 3.35 3.38 168.0 99.82 1330 1584 2654 0.55 0.59 70.10
Co-derived pure graphitic carbon aerogels obtained at pyrolysis temperatures (Temp) after aqua-regia treatment: G-PANTemp_from_Co
Temp (°C)
800 °C 26.35 3.38 3.51 33.1 56.9 1327 1580 2642 2.35 0.07 16.39
1000 °C 26.20 3.40 3.48 66.6 72.93 1330 1580 2640 2.19 0.13 17.60
1100 °C 26.23 3.40 3.46 62.0 79.92 1325 1590 2655 1.25 0.32 30.81
1200 °C 26.33 3.38 3.43 71.8 86.55 1321 1579 2646 1.09 0.87 35.19
1400 °C 26.20 3.40 3.44 73.1 89.57 1322 1580 2646 0.89 0.97 43.46
1500 °C 26.38 3.38 3.41 77.9 94.11 1325 1582 2650 0.74 0.75 51.73

3 From Sigma Aldrich Item No. 808067. ® From Sigma Aldrich Item No. 05105. ¢ Obtained from powder XRD data. ¢ Calculated using
Bragg’s law with Cu Ka wavelength of 1.54056 A. ¢ Calculated from HR-TEM images using the ImageJ software, average of 5 values
at different areas. " Calculated using the Scherrer equation (see main article) with shape factor (k) of 0.9. 9 Calculated as described in
Appendix V111 of this Supporting Information. ™ Calculated from Raman data using integral peak intensities (all peaks (average value):
D (1323), G (1579), D’ (1615), and G’ (2647) were deconvoluted). ! Calculated from Raman data via Knight’s empirical formula (see
main article).
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Figure S.40. Powder XRD of three control samples prepared by mixing (with a mortar
and pestle) commercial graphite and carbon black, in the proportions shown in Table S.8
The expanded version shown on the right is intended to facilitate visualization of the
relevant areas that are used in order to calculate the percent of crystalline carbon via:

Zareas_zmder_rhe_m_ peaks Total red area

Degree _of Crystallinity=100 x X
-7 Total _area under the XRD Total red _and _yellow _areas




265

Table S.8. Graphitization yield (%) calculated from XRD data (see Figure S.40 above)

via the degree of crystallinity formula (see legend of Figure S.40).

Prepared at the following ratios

Calculated from XRD

Control Commercial Commercial »
) Graphitic C | Amorphous C
graphite carbon black
[% wiw] [% wiw]

[% wiw] [% wiw]
Control 1 20 80 20.18 79.82
Control 2 50 50 50.64 49.36
Control 3 80 20 78.01 21.99




G-PAN,,,@Fe

G-PANr,,,@Fe G-PAN1,,,_from_Fe

G-PANy,,,,_from_Fe
Bl :

800 °C
1200 °C

1000 °C
11400 °C

1100 °C
1500 °C

Figure S.41. Representative HR-TEM images of PAN@FeOx-derived graphitic carbon aerogels at different temperatures, before and
after aqua-regia treatment: (A) G-PANgoo@Fe; (B) G-PANgoo_from_Fe; (C) G-PAN1000@Fe; (D) G-PAN1000_from_Fe; (E) G-
PAN1100@Fe; (F) G-PAN1100_from_Fe; (G) G-PAN100@Fe; (H) G-PAN1200_from_Fe; (1) G-PAN140@Fe; (J) G-PAN1400_from_Fe;
(K) G-PAN1s00@Fe; (L) G-PAN1s500_from_Fe. (The frames also include interlayer spacing data, which are tabulated and compared
with data from XRD in Table S.7 of Appendix VII.)

99¢



G-PAN+,,,@Co G-PAN+,,_from_Co G-PAN+,,,@Co G-PANrem,_from_Co
B

51A

800 °C
1200 °C

1000 °C

1400 °C

1100 °C
1500 °C

Figure S.42. Representative HR-TEM images of PAN@CoOx-derived graphitic carbon aerogels at different temperatures, before and
after aqua-regia treatment: (A) G-PANgoo@Co; (B) G-PANsge_from_Co; (C) G-PAN1000@Co; (D) G-PAN1000_from_Co; (E) G-
PAN1100@Co; (F) G-PAN1100_from_Co; (G) G-PAN1200@Co; (H) G-PAN1200_from_Co; (1) G-PAN1400@Co0; (J) G-PAN1400_from_Co;
(K) G-PAN1500@Co; (L) G-PAN1500_from_Co. (The frames also include interlayer spacing data, which are tabulated and compared
with data from XRD in Table S.7 of Appendix VII.)
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Figure S.43. Representative TEM-EDX analysis at low-magnification of: (A) G-
PAN1s00_from_Fe; and (B) G-PAN1s00_from_Co. (Cu from the TEM grid.)

Figure S.44. Representative electron diffraction patterns of: (A) G-PAN1s00_from_Fe; and
(B) G-PAN1500_from_Co.
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SECTION

2. CONCLUSION

Novel synthetic methods for different porous materials were reported along with
their applications. These aerogel materials where not synthesized via traditional
supercritical fluid drying methods, instead a xerogel processing route was explored and
further developed. This method of making aerogels-via-xerogels bypasses the most
common and energy consuming step of supercritical fluid drying, thus making the overall
process cost-efficient. Also, the processing via xerogels (both monolithic and powders)
allows easy handling and faster solvent exchanges instead of handling extremely fragile,
traditional wet-monolithic gels, which results in a time- and material-efficient process.
Also, these xerogel powders can be easily molded into different sizes and shapes to obtain
desired aerogels. Importantly, we showed that this process of making carbon aerogels-via-
xerogel route can be extended and generalized for any sol-gel system.

In Paper-1, polymeric aerogels with foam-like porosity and structural characteristics
of the corresponding aerogels were prepared using a pressurized sol-gel approach. These
polyurethane aerogel foams were synthesized without any chemical foaming agents or
templates, resulting in less expensive, more efficient, readily adaptable, and
environmentally friendly process. Aerogel foams exhibited significantly lower bulk density
(by 25%), higher porosity (by 10%), lower thermal conductivity (by 25%), and higher oil
retention (by 36%) compared to their regular aerogel counterparts. As this technique does
not alter the chemical composition of the resulting aerogel foams, it is anticipated that it

can be used for a variety of different types of aerogels and formulations in order to lower
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their bulk density and improve desired physical properties such as thermal conductivity for
different targeted applications.

In Paper-Il, synthesis of pure metallic cobalt aerogels is shown. Since the cobalt
sol-gel system resists or takes long time to gel, was diverted to polyurea-crosslinked
cobaltia to obtain Co(0) aerogels via carbothermal reduction. These pure metallic aerogels
were around 70% v/v porous and further filled with LiClO4 to make monolithic thermites.
They were ignited using a hot nichrome wire at ~1100 °C. The highest temperatures
reached was 1515 °C and the heat released was ~ -55 kcal mol™. It was found that the pore
structure plays an important role in keeping the perchlorate intact within the Co(0) network
during ignition. Co(0) made by pyrolysis at 800 °C had larger pores compared to the one
made at 900 °C, due to sintering at higher temperatures. The advantage of nanostructured
thermites based on Co(0) aerogels is the 100% efficiency by which the metal is consumed
during its reaction with LiClOs filling the pores.

In Paper-111, the process of making aerogels-via-xerogels route was further
generalized from Paper-11 by extending the idea to synthesize amorphous carbon aerogels
from two different precursors (polyurea- and polyacrylonitrile-crosslinked silica xerogel
powders) following two different chemistries (polycondensation and free-radical surface-
initiated polymerization) with similar processing conditions. Using silica as a removable
template, we proposed an etching model to achieve desired BET surface area and control
the micro- and meso-porosities in the final aerogels. These porous carbon aerogels were
further analyzed for gas adsorption. We investigated CO> adsorption of these porous carbon
aerogels and selectivity towards other gases (CHas, H2, and N2). High CO adsorption (up

to 9.15 mmol g?) and excellent selectivities were attributed towards the microporosities in
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the final porous carbon aerogels. Easy regeneration of these porous carbon aerogels can be
achieved as the isosteric heat of adsorption is low (~32 kJ mol™) due to physical adsorption
of CO2 on the surface.

In Paper-1V, the process of making aerogels-via-xerogels route was further
generalized from Paper-11 and Paper-111 by extending the idea, to have Fe- or Co-catalyzed
synthesis of porous graphitic carbon aerogels. This process of synthesizing porous
graphitic carbon aerogels bypasses the traditional supercritical fluid drying and the
pyrolytic graphitization takes place at lower temperatures (800-1500 °C) compared to
conventional graphitization (>2400 °C). Polyacrylonitrile-crosslinked metal oxide (FeOx
or CoOx) xerogel powders were synthesized via free-radical surface-initiated
polymerization of acrylonitrile. Pyrolysis of aromatized compacts of these xerogel powders
reduced the metal oxides to pure metal (Fe(0) or Co(0)) in the presence of carbonizable
carbon, and induced in-situ pyrolytic graphitization of the aromatized polyacrylonitrile.
Final aerogels with high porosities (63-78% v/v) were obtained due to (a) the pyrolytic
graphitization of polyacrylonitrile, and (b) the removal of the metal using agqua-regia
etching. Excellent quality of graphitic carbon aerogels were obtained and analyzed with
powder-XRD, Raman, TEM, SEM, N2-sorption, and XPS. These graphitic carbon aerogels
showed different nanomorphologies ranging from nanorods, nano-worms, nanofibers, and
platelets (by SEM). These graphitic carbon aerogels were demonstrated as anodes for Li-
ion batteries with good charge capacity (100 mAh g-1), low working voltage (0.3 V), and

excellent coulombic efficiency.
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