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Self-assembled and Pyrolyzed Carbon Aerogels: an Overview on
Preparation Mechanisms, Properties and Applications

Ahmad Allahbakhsh and Ahmad Reza Bahramian*

An overview of the synthesis conditions and mechanisms for the fabrication of different types of carbon aerogels, as we"
as structural and functional properties of these materials, is presented here. In this overview, carbon aerogels ar:
classified into three major categories: (i) conventional pyrolyzed organic-based carbon aerogels, which are products of th~
pyrolysis process of organic aerogels; (ii) self-assembled carbon aerogels, which are products of a reduction process; ar. '
(iii) nanocomposite carbon aerogels. Synthesis mechanisms for the sol-gel process of organic aerogels are covered v-i=~
different suggested mechanisms in the literature. Moreover, the overall fabrication process of self-assembled carbon
aerogels (graphene and carbon nanotubes aerogels) is covered and the suggested mechanism for the gelation proce: -*
self-assembled carbon aerogels during the reduction process is investigated using reported mechanisms. Structural
performance and functional properties (electrochemical and thermal properties) of different types of carbon aerogels -+~
covered in details. Moreover, different structural features of carbon aerogels and the influences of synthesis conditions ¢ »
these structural characteristics are assessed and compared. Based on literature results covered in this review paper
carbon aerogels are perfect candidates for the fabrication of ultra-low density supercapacitors, as well as therm |

insulating materials.

1. Introduction

In classic categorization of aerogel materials, carbon aerogels
are defined as a class of porous materials with very low
densities, which are the product of the pyrolysis process of an
organic aerogel. With enormous developments in the field of
graphene- and carbon nanotubes-based aerogels during last
decade, however, the word "carbon aerogel" cannot be just
dedicated to a specific class of conventional pyrolyzed organic-
derived aerogels anymore. Interestingly, new members of this
category (e.g. graphene- and
aerogels) presented even more fascinating properties and

carbon nanotubes-based
structural characteristics than the old ones.

The idea of carbon aerogels was first developed by Pekala and
coworkers during 1990s, which presented a method for the
fabrication of carbon aerogels from pyrolysis process of
organic precursors.l’ % pekala’s porous material attracted a
great interest and the number of articles concerning carbon
aerogels increased noticeably in the literature. Synthesis
conditions, functional properties and structural tailoring of
carbon aerogels were the subject of many articles and review
papers during past years, and huge developments have been
made in this way.3'5 The structure of carbon aerogels,
fabricated from pyrolysis process of organic aerogels, is mostly
amorphous and hence, most of the functional properties of
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these materials are depended on the efficiency of sol-g .
polymerization as well as the pyrolysis process. Howeve.,
structurally ordered carbon aerogels became accessible b
introduction of carbon nanotubes hydrogels and aerogels.e' ’
Moreover, fabrication of graphene aerogels during lac.
decades’m, expanded the area of carbon aerogels from almos.
fully amorphous materials to ordered ones.

The objective of this review paper, therefore, is to give ai.
overview of the published works in the carbon aerogelc
category as a whole. This review can be considered a.
starting point for those interested in different types of carbon
aerogels, and can provide initiating information regarding
synthesis processes, structural characteristics and propertie
of these materials. The opening section of this review is
dedicated to the synthesis conditions and mechanisms for the
fabrication of different types of carbon aerogels. A bricr
description of the fabrication steps and mechanisms is
presented for each type of carbon aerogels in section 2. Th
nature of differences between different types of carbon
aerogels is in structural characteristics. Therefore, structur: |
characteristics of different carbon aerogels are covered and
compared in section 3. The last section of this review paper
about the functional properties and potential application fields
for carbon aerogels. The authors have restricted details in th
part of the review to electrochemical and thermal propertie.
of different carbon aerogel types, as these two can b .
considered as the most interested potential applications fo.
these materials.

J. Name., 2015, 00, 1-3 | 1
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2. Preparation methods and mechanisms

Based on the preparation method, carbon aerogels can be
classified into three major categories: (i) conventional organic-
based pyrolyzed carbon aerogels, (ii) self-assembled carbon
aerogels, and (iii) nanocomposite carbon aerogels. Final
performance and structural characteristics of carbon aerogels
differ by the preparation mechanism. The total surface area,
pore volume, meso- and micro-porosity, and bulk density are
the main characteristics which depend strongly on the aerogel
preparation method. Preparation methods used throughout
the literature for the fabrication of pyrolyzed, self-assembled
and nanocomposite-based carbon aerogels as
suggested mechanisms for each method are covered briefly in
this section.

well as

2.1. Conventional pyrolyzed carbon aerogels

The pyrolysis of organic aerogels is the well-known method for
the preparation of carbon aerogels. In this method, an organic
precursor aerogel is pyrolyzed in a typical thermal treatment
program. Different types of organic sources can be used for
the synthesis of organic precursors. Resorcinol/formaldehyde

" resorcinol/furfural cresol/formaldehyde 3 phenolic
novolak/furfural **, novolak/methyl ethyl ketone > '°
novolak/hexamethylenetetramine 17, phenolic

1 19

resoles/methylolated melamine %, phenol/formaldehyde *°,
phenol/furfural 20, polyurethane based organic aerogels 21, and
poly(vinyl chloride) based 2 organic aerogels are some of the
most studied organic systems, used as the precursor for the
preparation of carbon aerogels. Resorcinol/formaldehyde (RF),
however, can be considered as the most interested organic
prepared through
polycondensation sol-gel polymerization of resorcinol and
formaldehyde, followed by a drying method.” 232¢

In a typical sol-gel process of a RF system, a given molar ratio

precursor system, which mostly is

of sodium carbonate as a catalyst (C) is mixed with an aqueous
solution of resorcinol (R) and formaldehyde (F) as reactants,
and deionized water (W) as solvent. Then, the solution is
remained at temperatures in the range of 85-95 °C for gelling
and curing in a glass container. Upon completion of the cure
cycle, the prepared RF gel should be placed in an agitated
acetone bath for solvent exchange process. The acetone-filled
gel can then be dried using a drying method, resulting in an
organic aerogel. A pyrolysis heating program should next be
used to convert the organic precursor to the carbon aerogel.
The described above method, known as Pekala’s route, is the
most common procedure for the preparation of carbon
aerogels.zs'30

The polymerization mechanism of RF system is reported to
include two main steps: (i) formation of resorcinol anions by
hydrogen abstraction (enhanced by OH™) and formaldehyde
addition to obtain hydroxymethyl derivatives; and (ii)
condensation of the hydroxymethyl derivatives and cluster
growth (catalyzed by H+).31 Afterward, the growing clusters
suddenly become unstable and gelation occurs due to spinodal
decomposition.31 The concentration of used catalyst has a
clear effect on the stability of clusters and gelation process.

2| J. Name., 2015, 00, 1-3

High catalyst concentrations in an RF sol-gel process leads to
the formation of highly branched cross-linked clusters, which
are less stable towards spinodal decomposition and as a resu’
smaller and more interconnected polymer particles form.> 7
schematic diagram of described mechanism and structure ¢°
expected cross-linked polymer network of RS system ic
presented in Figure 1.
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Figure 1. A schematic diagram of (a) resorcinol/formaldehyde polymerizatior
process and (b) the structure of the crosslinked polymer network (Reprodu
Copyright 1990, Elsevier B.V.).

with permission.32
The sol-gel processes conditions, including resorcinol to the
formaldehyde molar ratio (R/F), resorcinol to the cataly: -
molar ratio (R/C), and resorcinol to water molar ratio (R/W)
dictate the final structure of carbon aerogels.33 ** Moreove
selected drying procedure for the preparation of RF aerogels
also affects the final structural performance of carbo
aerogels.35 Supercritical drying, freeze drying, and evaporative
drying are three drying methods for the preparation of orge .
precursor aerogels.aa’ 3637 Due to the capillary forces whicn
arise within the pores throughout evaporative drying, this
method is not prevalent for the drying of organic aerogels.35
However, evaporative drying is suitable when a dense carbo.
aerogel is needed or when the control on the pore siz
essential.*®

Highest pore volume and the widest texture range ar.
accessible via supercritical drying, as the original pure textur
of carbon aerogels can be saved through this method.®® In
typical CO, supercritical drying procedure, the water in th
pores is first replaced by acetone to reduce the drying time
The acetone is then replaced by liquid CO, in a reactor unde
pressure. Finally, the temperature is raised to the critical poir
of CO, under pressure to remove COz.Bg'40 Some structure'
shrinkages are unavoidable in this drying process due t:
residual solvents, which remain after exchange steps and can
lead to residual surface tensions.*®> These tensions are mor
when CO, supercritical drying procedure is used for the low-
density carbon aerogels. Mentioned shrinkage can only be
completely avoided with high R/C and R/W ratios. Moreo-. _.,

This journal is © The Royal Society of Chemistry 20xx
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prolonged solvent exchange steps can reduce shrinkage when
R/C ratio is low.>”

The monolith and low density aerogels are very difficult to
obtain by freeze-drying, because of the appearance of huge
channels of ice crystal growth during drying process. However,
freeze-drying is more economical and easier to operate than
supercritical drying method.” *® During this drying procedure,
the wet gel is frozen by immersing its container into the liquid
nitrogen to convert water to ice. Afterward, the frozen
aqueous solution is removed from the gel by sublimation
under low pressures, which this pressure must be lower than
the vapor solvent at the set
temperature. Finally, the residual adsorbed solvent on the

pressure of the frozen

solid surface is converted to vapor and removed from the
material under very low pressure. The rate of these three
steps, which known as freezing, sublimation, and desorption,
influences the final pore texture of the aerogel.s’ 4143

Catalyst type is another factor, which can affect the final
characteristics of carbon aerogels. The size, shape and
connectivity of the primary particles strongly depend on the
catalyst type and amount used in sol-gel process. Therefore,
different types of basic and acid catalysts have been used in
the literature to control the structural performance of carbon
aerogels. Basic catalysts, however, are more frequent due to
their ability to form higher crosslink densities.*

Among these catalysts, sodium carbonate is the most
interested catalyst for RF system, because of the noticeable
structural controllability that is accessible via this type of
catalyst. RF organic aerogels synthesized in the presence of
sodium carbonate are smaller in particle size when the
concentration of catalyst is high, as clusters are less stable with
high sodium carbonate concentrations. Formation of
hydroxymethyl-derivatives increases at the higher OH™/H"
ratio and consequently, high catalytic concentrations results in
highly branched clusters with less stability towards spinodal
decomposition.31’ * In addition to widely used sodium
carbonate (Na,CO3) 46, 47, potassium carbonate (K,COj) .
potassium hydrogencarbonate (KHCO3) s sodium
hydrogencarbonate (NaHCO;) s hexamethylenetetramine
(HMTA) 12,48 magnesium acetate 4 hydrogen chloride (HCI) 9
acetic acid *°, para-toluenesulfonic acid (PTSA) °!, and oxalic
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acid (OA) ! are catalysts used throughout the literature for the
fabrication of RF organic aerogels. A comparison between
structural characteristics of carbon aerogels prepared
different basic and acid catalysts is presented in Table 1.

The final step toward preparation of carbon aerogels fror
organic precursors is the pyrolysis process. In this step, orgeni~
aerogel should be pyrolyzed using a heating program t .
remove oxygen- and hydrogen-containing groups. Hydrogen
elimination during the pyrolysis process leads to the formatio 1
of bi-dimensional nanolayers and as a result, a highly
interconnected network structure.’ A typical pyrolysis prograt 1
for the fabrication of carbon aerogel from organic precursors is
presented in Figure 2. The pyrolysis temperature has a direct
impact on the final properties of carbon aerogels. Pore volumc
of carbon gels increases with increasing the temperature i .
this process. As the carbonization temperature increases,
modification in the porous structure of the gel (mor
micropores) is expected, as volatile matters release more
higher temperatures.B’ 31,52

a

2.2. Self-assembled carbon aerogels

Based on the used source for the self-assembly of cark~r
aerogels, one can classify self-assembled carbon aerogels int »
carbon nanotubes aerogels (CNTAs) and graphene aerogels
(GAs). However, Wu et al. 3 reported an interesting methc |
for the assembly of carbonaceous hydrogels and aerogels via 3
one-pot hydrothermal reaction of watermelon. The reporteu
method can be considered as a fascinating procedure for th :
green fabrication of carbon aerogels. Nevertheless, here w.
focus on self-assembly techniques for the fabrication of carbo .
aerogels from carbon nanotubes (CNTs) and graphene oxide
(GO) as the starting materials. Final properties and structure ¢

self-assembled carbon aerogels strongly depend on the
The finishin
performance of aerogels also depends on using or eliminating
a binder material. Therefore, a clear vision over the self

assembly process and binding conditions.

assembly process conditions seems essential to understa.. '
the final performance of this class of carbon aerogels, and to
control structural characteristics.

Table 1. Structural characteristics of carbon aerogels prepared using different catalyst types

. Organic Resorcinol/catalyst Density Sger Vinicro Vimeso
Organic system ) Catalyst type . 3 5 3 3 Reference
ratio ratio (g/cm’) (m*/g) (cm?/g) (cm?/g)
0.39-

Resorcinol/formaldehyde 0.5 Na2CO3 50 -- 720 0.29 1.30 46 |
Resorcinol/formaldehyde 0.5 K2CO03 50 - 690 0.27 0.42 46 N |
Resorcinol/formaldehyde 0.5 KHCO3 50 - 770 0.31 0.70 46 _|

Resorcinol/formaldehyde 0.5 NaHCO3 50 - 770 0.30 0.79 46
R |

Resorcinol/formaldehyde 0.4 magnesium 50 - 723 0.14 - 47
acetate |
Resorcinol/formaldehyde 0.5 PTSA 8000 1.04 751 0.28 0.33 51 |
Resorcinol/formaldehyde 0.5 OA 800 0.86 740 0.32 0.70 51 A
Resorcinol/furfural 0.5 HMTA 50 0.18 663 0.24 0.29 12 |

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2015, 00, 1-3 | 3



1200 =
930min, 0 "
°1 1"
1000 1050°C, 105(?"8 2. (a)
o
£ 800
s L=
E €
£ 600 E -
g g«
E 400 1 120min,
= 250°C A "
360min
=0 250°C (a) ] (b)
0 - \ |
0 200 400 600 800 1000 1200 1400 o 00 400 800 800 1000
Time (min) temperature {*C)
100 —T 0.0E+00
£ 0 £
2 -
-] ¥
= b -7.5E-04 @
£ E
2 =
2 60 5
z
i (b)
40 -1.56-03
523 773 1023 1273

Temperature (K)

Figure 2. A typical heating program for the carbonization of an cresol/formaldehyde
aerogel (a) and a typical thermorgravimetric analysis (TGA) results for the same aerogel
(b) (Reproduced with permission.13 Copyright 2001, Elsevier B.V.), as well as a typical
TGA curve of RF aerogels (c) (Reproduced with permission.54 Copyright 1999, Elsevier
B.V.).

CNTAs are always fabricated from a stable homogenous
suspension of fully dispersed CNTs. Therefore, preparation of
such a suspension is the first step toward the assembly
process. CNTs cannot be suspended in water or polar solvents
in their pure form, despite the presence of some amount of
functional groups or dispersant agents on their surface
region.6 Presence of such molecules and their molecular
structure affects both dispersion-ability and self-assembly
process of nanotubes. Oxidation process is a simple and
efficient method for the preparation of stable exfoliated
graphite-based nanomaterials suspensions without using any
surfactant or stabilizing agents.6 Oxidized-CNTs readily can be
dispersed in water to form suspension, when they acquire
negative surface charge.6 Therefore, sonication of oxidized
CNTs suspension results in a stable exfoliated suspension,
which can be used for the self-assembly purpose.

In addition to the oxidation process, using different types of
dispersant agents is reported to be a promising method for the
preparation of a stable CNTs suspension. Dispersant agents
should have appropriate active sites to incorporate in the
gelation process. Chen et al. 7 used ferrocene-grafted poly(p-
phenyleneethynylene) (PPE) as a dispersant agent for the
fabrication of CNTs organogels from single-walled carbon
nanotubes (SWNTs). They show that presence of aromatic
functional groups, which can form n—m interactions between
SWNTs surfaces, result in a cross-linked 3D nanotube network
in the solution. Chemical structure of PPE as well as proposed
mechanism for the formation of 3D network of SWNTs by
cross-linking CNTs via m—m interactions between ferrocenyl
groups of SWNTs and the neighboring CNTs surfaces, are
presented in Figure 3.

4| J. Name., 2015, 00, 1-3

Figure 3. Chemical structure (a) and crosslinking mechanism (b) of SWNTs organu,-
through m-m interactions of SWNTs ferrocenyl groups and neighbor CNTs surf-
(Reproduced with permission.7 Copyright 2006, Elsevier B.V.).

Sodium dodecylbenzene sulfonate (SDBS) is also reportea 2.
an efficient surfactant for the preparation of graphite-based.
nanomaterials stable dispersions.55 Bryning et al. 5 stated the .
the sufficient surfactant/CNT weight ratio was 5:1 and tha.
higher CNT concentrations result in aggregation. Chitosar.
also reported as an efficient sustainable dispersion agent fc
CNTs, which provides homogeneous suspensions.™’
Conjugated-block-copolymers are another class of dispersants
which contain conjugated-polymer-blocks as well as nor
conjugated ones, as shown in Figure 4. The conjugater
polymer blocks can establish m—t interactions with CNT wall.
while the non-conjugated polymer blocks provide the de
bundled CNTs with a good solubility and stability in a wid
range of organic solvents.>”®

Once a stable dispersion of CNTs is prepared, one can fabric e
CNTAs via either physical or chemical gelation of CNTs
suspension, followed by an appropriate drying process.
Physical gelation of oxidized-CNTs can be achieved in CNT,
concentrations = 0.3 wt. %.° In addition, In the case of oxidizeu
(MWNTs),
expected at concentrations around 8 wt. %.° Bryning et al. i
poured SDBS-stabilized-CNTs suspension into a cylindrica,
mold and prepared a CNTAs through overnight physici.
gelation followed by a freeze drying step. They also preparea
polyvinyl alcohol (PVA) reinforced aerogels through solutio .
diffusion of PVA chains into the CNTs 3D network afte:
fabrication of CNTs hydrogels.55

multi-walled nanotubes a viscoelastic gel s

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Dispersion mechanisms of CNTs via conjugated poly(acrylic acid) (PAA) and
poly(methyl methacrylate) (PMMA) block copolymers; in this figure P3HT-b-PMMA:
poly(3-hexylthiophene)-  b-poly(methyl  methacrylate),  P3HT-b-PAA:  poly(3-
hexylthiophene)-b-poly(acrylic  acid), P3HT-b-PPEGA:  poly(3-hexylthiophene)-b-
poly(ethylene glycol) methyl ether acrylate (Reproduced with permission.58 Copyright
2009, WILEY-VCH Verlag GmbH & Co).

Chemical crosslinking of dispersed CNTs suspension involves
using a binder material and/or dispersant agent groups to
form a 3D CNTs network. In this method, assembled-aerogel is
more consolidated and performs enhanced structural
characteristics. PPE is a dispersant agent with the capability to
form 3D CNTs network through m—m interactions between PPE
aromatic functional groups and SWNT surface (see Figure 4).
Kohlmeyer et al. ** used this chemical crosslinker besides
ferrocene-grafted poly((p-phenyleneethynylene)-alt-(2,5-
thienyleneethynylene)) (Fc-PPETE) to form a set of CNTAs.
They used different CNTs:chemical crosslinker mass ratios to
investigate the influences of crosslinkers amounts on the
structure of aerogels. They reported that it took about one
week to form CNTs hydrogels from CNTs suspensions, and they
used CO, supercritical drying method to prepare CNTAs from
solvent-exchanged hydrogels.7' 9 They also annealed prepared
CNTAs to investigate effects of annealing conditions on
electrical and mechanical performance of final aerogels.
Stabilized suspension of dispersed CNTs and chitosan can also
be converted into a CNTA using ice segregation induced self-
assembly method, as reported by Gutierrez and coworkers.”®
In their study, functionalized MWNTs were stabilized using
chitosan and then, the suspension was maintained at a
temperature around -196 °C and at ambient
pressure. Prepared hydrogel was freeze-dried to form a 3D
network of MWNTs, crosslinked via chitosan
macromolecules.”® They also show that MWNTs content as
well as freezing direction through hydrogel fabrication, can
affect morphology and conductivity of final CNTAs.

constant

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Schematic of fabrication procedure for the preparation of MWNTs ali
and non-aligned cryogels using silk fibroin as a crosslinker (Reproduced wi...
permission.60 Copyright 2009, Elsevier B.V.).

In addition to chitosan, other green dispersants and
crosslinkers can also be used for the fabrication of CNTA .
Kwon and coworkers ®° used silk fibroin as a crosslinker to
prepare MWNTs aligned and non-aligned cryogels through
procedure shown in Figure 5. In their procedure, MWNTs/silk
fibroin suspension was cross-linked at 60 °C during a few day .
Ice segregation method is used to form MWNTs aligne .
cryogels. Structure, morphology and functional properties ¢

fabricated CNTs cryogels strongly depend on the preparatio-

procedure and MWNTSs concentrations.®® DNA/protein-guide.
assembly can also be used for the preparation of SWNT

aerogel, as reported by Ostojic et al® They prepared CNTA.
through crosslinking of SWNTs/single-strande .
DNA/streptavidin suspension. They claimed that four single
stranded DNA in a DNA/streptavidin complex bind two SWNT<
and as a result, a 3D SWNTs network cross-linked via C. *
strands can be fabricated.®*

A nondestructive method based on the assembly of CNTs 3D
networks through mn—m interaction of conjugated bloc«<
copolymers and MWNTs surfaces is also reported by Zou and
coworkers ®* as a promising method for the fabrication of
CNTAs. A schematic of the gelation process of MWNT;
aerogels using poly(3-hexylthiophene)-b-poly(3-
(trimethoxysilyl) propyl methacrylate) (P3HT-b-PTMSPMA) as
crosslinker is illustrated in Figure 6. The lowest MWNTSs critical
gelation concentration (0.3 mg/mL) for the fabrication ¢f
CNTAs is reported when a conjugated block copolymer was
used as the chemical crosslinker of MWNTSs. The observed lo' ¢
critical gelation concentration is related to the presence ot
strong interactions between MWNTSs, which originate from th :
bonding of  poly(3-(trimethoxysilyl)  propy.
methacrylate).62

chemical

J. Name., 2015, 00, 1-3 | 5
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Pristine MWCNTs Dispersion Wet gel

Figure 6. Schematic of gelation process of MWNTSs using P3HT-b-PTMSPMA as a
dispersant and crosslinker (a) and apparent conditions of dispersant and
fabricated gels through preparation steps (b) (Reproduced with permission.62
Copyright 2010, American Chemical Society).

In general, structural and physical properties of CNTAs strongly
depend on the preparation mechanism as well as fabrication
conditions. CNTs concentration through assembly system

Journal Name

affects structural density and performance of final aerogel.
Moreover, chemical binders can form more stable and
consolidated aerogels. These crosslinking chemicals may he

a protein, polymeric or even green origins. A comparisor
between structural performances of self-assembled CNTA
cross-linked using different chemical binders is presentec i~
Table 2.

An almost same overall procedure is reported for the
fabrication of self-assembled GAs.® The overall fabricatic i
process includes three individual steps: (i) preparation of a
stable dispersion of functionalized graphene, (ii) assembly ¢
graphene hydrogel from graphene suspension and (iii)
conversion of prepared hydrogel into GA using a drying
technique. In all cases, graphene oxide (GO) has been used a.
the starting point for the self-assembly process. GO can k.
readily dispersed in water and organic solvents to prepare
stable suspension of dispersed GO.% The GO suspension ca
form a 3D network through the hydrothermal reductio.
process.

Conditions of the reduction process as well as GO
concentrations (C/O atomic ratio) dictate structure .
properties of GAs. Two kinds of structures are expected
through hydrogen-bonding of GO nanosheets during
reduction process, as reported by Wu et al.®® Parallel G.°
nanosheets form ordered structures and non-paralle’
nanosheets produce amorphous structures. Both structure
form during a self-assembly process and final structure ¢ °
aerogel depends on the ratio of these alternative structures. A
schematic representation of two suggested self-assemb. ¢
mechanisms as well as transmission electron microscopy
(TEM) images of these structures are presented in Figure 7.

Table 2 Structural characteristics of CNTAs prepared using different gelation conditions and crosslinkers

6 | J. Name., 2015, 00, 1-3

CNTs
Dispersant Crosslinking Gelation Density Sger Vinicro Vimeso
CNTs type content . 3 2 3 3 Reference
agent agent mechanism (g/cm’) (m?/g) (cm’/g) (cm’/g)
(wt. %)
chemical cross-
linking and CO2 145-
SWNTs 20-50 PPE PPE . 0.009-0.01 - 0.49-0.93 59 |
supercritical 635 |
drying _
chemical cross-
linking and CO2 141-
DWNTs 20-50 PPE PPE . 0.008-0.01 - 0.46-1.22 59
supercritical 684
drying _|
carboxylic .
R o gelation and flash |
MWNTSs 9 functional silk fibroin X - 115 0.0098 0.8609 60
freezing
groups J
carboxylic |
MWNTs 9 functional silk fibroin ice-templating -- 181 0.0251 0.6196 60 |
groups
P3HT-b- gelation and I
MWNTs 1 PTMSPMA i 0.004 580 - - 62
PTMSPMA freeze drying ¥

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Schematic presentation of self-assembly mechanism of two parallel GO sheets
(a), and two non-parallel sheets (b) as well as corresponding TEM images of GAs (c, d)
(Reproduced with permission.64 Copyright 2012, Royal Society of Chemistry).

Different reduction agents can be used as an aid to the self-
assembly process. However, reduction process can be done
without using any reducing agents. Xu and coworkers
reported preparation of graphene hydrogels through
hydrothermal reduction of 1 and 2 mg/mL GO suspensions at
180 °C for 1-12 hours without using any reducing agents. They
show that C/O atomic ratio as well as duration of
hydrothermal process affect elasticity and conductivity of final
products. In addition, GO suspension can be converted into
graphene hydrogel through freezing using methanol and dry-
ice'GS, 66

L-ascorbic acid (LAA) is an environmental friendly widely used
reducing agent with a promising reducing efficiency in the
reduction of GO into graphene.67 Unlike other reducing agents,
such as sodium borohydride or hydrazine, no gas is formed as
a by-product of the reduction reaction using LAA, which
reduces the probability of inducing damages to the porous

This journal is © The Royal Society of Chemistry 20xx
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structure of GAs.*” ® sui and coworkers ® investigated the
influences of different ratios of LAA to GO on the structure of
final GAs. They suggested that LAA:GO ratio should be 1:1
higher to form a proper graphene hydrogel through reductior
process at temperatures around 25-80 °C. Moreover, Fan et a:
& investigated effects of variation in hydrothermal 57
reduction conditions on the structural performance of GAs i |
the presence of LAA as the reducing agent. Results reveal that
surface area and porosity of GAs are strongly depended on th :
GO concentration as well as reduction conditions.

As discussed, different reducing agents as well as crosslinke! s
can be used for the assembly of graphene hydrogels. Chen ana
coworkers 7* prepared GAs using various reducing agents sucn
as NaHSO,, Na,S, Vitamin C, and hydroquinone. In additior,,
they show that shape of the 3D architectures can be controlle .
by changing the reactor type. Moreover, in another work the
show that NaHSO; can be used as reducing agent as well.”
Hypophosphorous acid and iodine (HPA-I) solution is als.
reported as a reducing agent for the hydrothermal reduct
of GO suspension.73 Table 3 represents a comparison between
structures of GAs reduced using different reducing agents.

One can also advance the structure of GAs using different
crosslinkers to enhance interconnectivity by increasing ...
number of chemical and physical crosslinks. Bai and coworkel
" reported that gelation of GO can be promoted by differen*
non-covalent molecular interactions, including hydroge.
bonding, n-stacking, electrostatic interaction, anl
coordination. Structures of several crosslinkers used to
prepare graphene hydrogels are presented in Figure 8. The ¢
suggested that increasing the bonding force or decreasing the
repulsion force between GO sheets result in GO gelation.

o g T, o
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N
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/k\/ \/\u/\/ N~ \/\).n
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polydimethyldiallylammonium chloride polyethylenimine
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NH.
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=
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Figure 8. Chemical structure of crosslinkers used for the promotion of G/ -
structure (Reproduced with permission.” Copyright 2011, American Chemical
Society).
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Table 3 Assembly conditions and structural characteristics of GAs

Journal Name

G0 Hydrother | Hydrother :
concentrations Reducing mal ma.l BET Surfzace area Average pore size Pore V?Iume Densitsy Referenc |
(mg/ml) agent temperatu duration (m“/g) (nm) (cm®/g) (g/cm?)
re (°C) (h) O
1 LAA 70 40 284 3.6 0.51 0.018 70 |
2 LAA 70 40 302 4.1 0.63 0.026 70 ‘|
6 LAA 70 40 365 3.9 0.72 0.056 70
12 LAA 70 40 473 4 0.95 0.067 70 I
2 LAA 70 5 560 3.9 1.09 0.018 70 |
2 LAA 70 10 438 4 0.88 0.020 70 |
2 LAA 70 20 381 39 0.74 0.022 70 I
2 LAA 70 40 302 4.1 0.63 0.026 70 j
2 LAA 45 40 577 4 1.17 0.025 70 I
2 LAA 70 40 302 4.1 0.63 0.026 70 _I
2 LAA 95 40 245 3.8 0.46 0.035 70 l
3 LAA 95 1.5 394 3.7 1.46 0.042 67 :
3 LAA 95 3 189 3.7 1.05 0.048 67 |
3 LAA 95 6 148 3.7 0.60 0.061 67 |
3 LAA 95 12 136 3.7 0.48 0.079 67 :
3 LAA 95 24 133 3.6 0.42 0.085 67 "
2 LAA 95 24 121 3.7 0.36 0.098 67 _:
5 LAA 95 24 150 3.7 0.72 0.099 67 |
10 LAA 95 24 156 3.7 0.93 0.067 67 I
0.5 HPA-| 90 12 35 - - 0.006 73 1
1 HPA-| 90 12 59 - - 0.009 73 J
2 HPA-| 90 12 119 - - 0.011 73
3 HPA-| 90 12 157 - - 0.013 73 “
1.5 NaHSO; 95 3 95 2-100 0.28 0.042 72 I
2 Gallic acid 95 8 299 - - 0.013 75 N
2 Gentisic acid 95 8 109 - - 0.014 75
2 Protocatechu 95 8 140 - - 0.016 75
ic acid
2 Vanillic acid 95 8 184 - - 0.012 75 ;
2 Ferulic acid 95 8 347 - - 0.017 75
5 -- 85 72 867 8.6 1.90 - 64 ]

Ji and coworkers "® used glucose, B-cyclodextrin and chitosan
as reducing agents in order to control and tailor the structure

and morphology of GAs. Morphology of prepared GAs using
each crosslinker is compared with the morphology of GA
prepared without any crosslinker in Figure 9. They show that
following same self-assembly procedure with glucose, 8-
cyclodextrin, and chitosan solutions, employing the same
recipe of the graphene-based aerogels' gelation, but without
GO, do not result in formation of hydrogels. This indicates that

8 | J. Name., 2015, 00, 1-3

these carbohydrates (glucose, B-cyclodextrin, and chitosan,
play a reducing agent role in the GO self-assembly process.
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Figure 9. Optical images and SEM images of the GA sample (a, b and c) as well as
self-assembled GAs prepared with the assistance of glucose (d, e and f), 8-
cyclodextrin (g, h and i), and chitosan (j, k and I) (Reproduced with permission.76
Copyright 2013, Elsevier B.V.).
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Figure 10. Preparation procedure for the fabrication of PGAs (Reproduced witi.

permission.’33 Copyright 2013, Elsevier B.V.).

2.3. Nanocomposite carbon aerogels

Nanocomposite carbon aerogels can be classified into three
categories: polymer/graphene aerogels (PGAs), polymer/CNTs
aerogels (PCNTAs) and graphene/CNTs aerogels (GCNTAs).
PGAs are mostly prepared through sol-gel polymerization of RF
systems in the presence of GO in the sol phase.77'81 In this

process, a stable suspension of GO with a desired GO
concentration can be mixed with specific
resorcinol:formaldehyde and resorcinol:catalyst (sodium

carbonate) ratios under sonication to form a so-gel mixture.
The sol-gel mixture then should be placed in a mold and sealed
to cure at a cure temperature around 85-90 °c.7%80.82 Worsley
and coworkers ”° reported that required time for cure process
can vary between 12 to 72 h. The resulting gel can then be
solvent exchanged with acetone and dried using supercritical
CO,. Prepared organic-based aerogel can be pyrolyzed then to
form a PGA.

Lee etal. % reported a very same procedure for the fabrication
of polyethyleneimine-modified PGAs. They have modified GO
surface with polyethyleneimine (PEI) to prepare a modified-GO
suspension, which then was used for the fabrication of PGAs.
Preparation procedure used by Lee et al. for the fabrication of
PGAs is depicted in Figure 10. PEI, however, can also directly
be used as a crosslinker to form PEl-graphene aerogel, which
can be pyrolyzed to form PGAs.® Other organic systems (such
as phenol-formaldehyde and resol) and polymers (such as
poly(amic acid), poly(dimethylsiloxane) and polystyrene

sulfonate) can also be used as the crosslinker to form PGAs.®
89

This journal is © The Royal Society of Chemistry 20xx

The sol-gel polymerization of RF system, described above, ca
also be used for the fabrication of PCNTAs.>” ** Presence ¢
CNTs in the sol mixture during polymerization of RF syster:
results in a CNTs 3D network cross-linked via polyme-
macromolecules. Prepared organic-based hydrogel can be
dried and pyrolyzed to form PCNTAs. Moreover, Kim an |
coworkers reported a method for the fabrication of
poly(dimethylsiloxane) (PDMS)/SWNTs aerogels. In
method, vacuum suction was used to backfill CNTA with PC -~
followed by curing PDMS at 70 °C. The resultant PDMS/SWNTs
composite aerogel was highly bendable, deformable, and
stretchable.

With using a mixture of GO and CNTs as the precursor of the
self-assembly fabrication process, one can prepare GCNTZ ;
through the hydrothermal process.93 Hydrothermal reduction
of GO and CNTs suspension can be done with and withot.
using a reduction agent. Fan et al. % reported preparation ¢ .
GCNTAs using LAA as the reduction agent for the hydrothermc.
reduction of GO/MWNTs stable suspension. Zhang an
coworkers reported a fabrication method for the
preparation of GCNTAs using hydrothermal reduction ¢

GO/CNTs suspension without using any reducing agent. They
suggested three possible mechanisms for the hydrotherm: .
reduction of GO/SWNT suspension, shown in Figure 11.

Zhang et al. . suggested three following mechanisms for the
hydrothermal reduction of GO/SWNTSs suspension: (i) recove. -
of m-1t conjugations through elimination of OH and H groups at
the edge of GO nanosheets during reduction process, (ii)
crosslinking of hydroxyl and carboxylic groups, presence at th @
surface of GO and oxidized-SWNTs, and (iii) formation of 3D
network through vacancies and topological defects, form
through release of carbon dioxide during thermal treatmen .
Zhang and coworkers suggested also that these mechanisms
could occur in parallel during the hydrothermal reductio
process of GO/SWNTs system.

£

Tine

Hydrothermal Process

Uniformly dispersed % @
Racovery of n-conjugation
¥

Graphene/SWNTs

by electrostatic Composne Hydrogel
repulsion
" 4\'
P T ) +nxo > =
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@ % w %—*a)‘
Vacancies, defects

Figure 11. Suggested mechanisms for the hydrothermal reduction of GO/SWNT

system (Reproduced with permission.95 Copyright 2013, Elsevier B.V.).
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High R/C — lower cluster number concentration, longer gelation time and larger pore size.
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Figure 12. Schematic representation of cluster formation and growth process in sol-gel polymerization of RF system (a) (Reproduced with permission.96 Copyright 2014, American
Chemical Society), SEM images of typical: RF aerogel spheres (b), CA spheres pyrolyzed at 600°C (c), CA spheres pyrolyzed at 900°C (d), DLS plots of separate batch of RF aerog .
and CA spheres (e), HR-TEM images of typical: RF aerogel spheres (f) CA spheres pyrolyzed at 600°C (g), CA spheres pyrolyzed at 900°C (h) and CA spheres pyrolyzed at 1100°C {.,

(Reproduced with permission.97 Copyright 2014, American Chemical Society).

3. Structural characteristics of carbon aerogels

Structural performance of a carbon aerogel is strongly
depended on fabrication conditions as well as nature of
precursor. The gelation process of carbon aerogels, prepared
through well-known sol-gel method, initiates with formation of
primary nanoparticles from sol suspension. Primary
nanoparticles, then, aggregate to form clusters which in turns,
crosslink to form secondary nanoparticles.98 Secondary
nanoparticles in the structure of conventional pyrolyzed
carbon aerogels are expected to have a semi-spherical
geometry.%' 9, 100 Spherical geometries of secondary
nanoparticles in the structure of carbon aerogels prepared
through pyrolysis of a set of controlled RF systems are
depicted in Figure 12.

In conventional aerogels, however, an inter-particle neck
presence between two adjacent secondary nanoparticles,
which controls structural and physical performance of aerogel.
Thermal conductivity, electrical resistivity and mechanical
strength of aerogels are directly influenced by this neck
region.97' 1ot Interconnectivity of secondary nanoparticles is
directly affected by density of aerogel. The higher
concentration of polymer chains in the structure of aerogel
results in higher connectivity of spheres and smaller porous
volumes.™" Figure 13 shows the dependency of secondary
nanoparticles geometrical state on the density of aerogel for a
polyurea aerogel (PUA) fabricated through sol-gel
polymerization.

10 | J. Name., 2015, 00, 1-3
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Figure 13. SEM images of CAs spheres interconnected through neck area (a and b,
(Reproduced with permission.g7 Copyright 2014, American Chemical Society
dependency of particle and pore size on aerogel density for a PUA (c) and schemat
representation of interconnectivity variations between secondary nanoparticles with
an increase in density (d) (Reproduced with permission.w1 Copyright 2013, Elsevi r
B.V.).

Size of spherical nanoparticles is also a structural characteristic
of CAs, which strongly depends on the fabrication proc....
Presence of surfactants in the sol suspension, through sol-~ .

This journal is © The Royal Society of Chemistry 20xx




Journal Name

process, is reported to result in formation of more spherical-
like nanoparticles. Moreover, Wu and coworkers 102 reported
that higher surfactant concentrations led to the smaller
particle sizes and the greater dispersed intermediate numbers.
However, Tonanon et al. **® found that one can fabricate CAs
with different morphologies and porous properties using
different types of surfactants. SEM images of CAs prepared
through sol-gel polycondensation of RF system followed by
inverse emulsion polymerization, freeze drying and pyrolysis,
in the presence of different types and concentrations of
surfactants, are shown in Figure 14.

A typical XRD pattern of CAs and a comparative graph of XRD
patterns of graphite, activated carbon and CAs, prepared
through pyrolysis of RF precursor, are shown in Figure 15.
Normally, XRD pattern of CAs contain two peaks at 26 values
around 23.5° and 43.5° which originate from strong (0 0 2) and
weak (1 0 1) carbon diffractions, respectively.u’ 104, 105 Ag
argued by Lin and Ritter, by comparing XRD patterns of CAs,
graphite and activated carbon, it can be concluded that CAs
are not completely amorphous.106 Conventional CAs are
considered as partly graphitized carbon materials with some
graphite-like carbon structures interconnected via amorphous
carbons.”®

Gelation process of RF system results in formation of a
crosslinked elastic gel with a porous microstructure. One can
determine gelation time for RF systems, which is defined as
the time that grown clusters interconnect to form a monolith
gel, from the intersection of the storage (G') and loss (G")
moduli versus time curves. Job and coworkers %’ argued that
the gelation time is highly affected by reaction temperature
and R/C ratio. They believed that gelation time in a RF system
decreases with temperature increasing and R/C ratio
decreasing.107 Regarding elastic performance of RF systems,
Gross et al. *°® shown that drying process has a high influence
on elastic behavior of RF gels. Moreover, they have shown that

ARTICLE

solvent exchange process does not significantly affect the
elastic behavior of RF gels.'®

Porosity is the other important microstructural characteric
of CAs which strongly depends on synthesis conditions, solvenr’
exchange, drying, and carbonization process.’®™! Schaefe
and coworkers '*? suggested that porous structure of RF g=!<
originates from nanoscale phase separation in the solutio
precursor, which induced and limited by crosslinking process.
They suggested that branched polymer system become ;
incompatible with the solvent through crosslinking. This
incompatibility results in nanoscale phase separation, which i
turns leads to the formation of porous structure of RF gels.™
Regarding influences of sol-gel conditions on porosity, detailea
studies by Mirzaeian and Hall revealed that R/C ratio dictateu
total pore volume of RF gels.111 The noticeable influence of R/ .
ratio on porosity of RF systems is related to the effects the
this ratio has on inter-particle crosslink density.

Resorcinol anions form through reaction of resorcinol and<
formaldehyde in the presence of catalysts, which are m
reactive than uncharged resorcinol molecules. Therefore.
crosslinking process increases in the case of more R/C ri
and as a result, mesoporosity of the RF gel increase. Mirzaeian
and Hall suggest that high catalyst contents in the sol __
process results in formation of small secondary nanoparticle.
which in turns leads to the formation of microporou-
structures. On the other hand, low catalyst contents throug.
polymerization process results in formation of lares -
nanoparticles and development of mesoporosity.111 Feng et al
“3, however, suggest that R/C ratio should not be less tha
300 to prevent structural shrinkage induces by low
nanoparticle size and pore volume. Moreover, they sugge: ¢
that higher W/R ratio results in lower density and larger pores
in the structure of RF gel and as a result, less shrinkage durin *
carbonization of RF system.113

Figure 14. SEM images of carbon cryogels prepared through polymerization of RF system (R/C=400; R/W=0.25; T=298 K; Tyy0=1023 K) in the presence of 10.0 (a), 5.0

(b), 2.5 (c), 1.0 (d) and 0.5 vol.% (e) SPAN8O (nonionic surfactant) as well as FC4430 (nonionic fluorinated surfactant); R/C=100; C/W=45; R/W=0.50; vol.%=3.80 (f) ar 1

vol.%=0.84 (g), R/C=400; C/W=6; R/W=0.25; vol.%=0.84 (h) and vol.%=3.80 (i) (Reproduced with permission.

This journal is © The Royal Society of Chemistry 20xx
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pattern of GAs contain a broad peak at 26 values around 25°.
This peak is reported as the significant peak of n-mt conjugated
graphene nanosheets in the structure of GAs. 5470 117,119
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Figure 15. XRD pattern of a typical CA prepared through pyrolysis of RF system at 800°C
(a) (Reproduced with permission.'® Copyright 2006, Elsevier B.V.) and a comparative
XRD graph of a typical carbon xerogels, activated carbon and graphite powder (b)
(Reproduced with permission.'% Copyright 1997, Elsevier B.V.).

The microporosity of RF gels does not depend on the nature of
solvent used for the solvent exchange process.114 Moreover,
drying process does not affect microporosity of organic gels.110
Mesoporosity, however, is reported to be affected by applied
drying method.™° Compared to supercritical drying, freeze-
drying is reported to result in formation of larger mesopores in
RF aerogels.115 As discussed before, the main reason for the
formation of such a mesoporous structure is ice crystal
growth, which takes place during the freeze-drying process.116
Moreover, carbonization process is reported to impact
microstructure of CAs, as some micropores take place during
pyrolysis of RF systems.111 Generally, it has been suggested
that carbonization of RF systems results in more meso- and
microporosity and larger surface area.™

Formation steps, morphology and structural properties of self-
assembled GAs, prepared through reduction process in the
presence of sodium ascorbate as reducing agent at 90°C, are
presented in Figure 16. Based on the used reducing agent,
phase separation in the gelation process of GO suspension to
GAs can last from one to several hours.**”**? However, further
hydrothermal reduction results in more reduction of GO
nanosheets and more m-mt conjugation between graphene
structures.''® Moreover, long hydrothermal reaction leads to
an increase of the intensity ratio of D/G bands in Raman
spectroscopy results, which indicates the formation of more
reduced graphene nanosheets.™ Same structural
performance is reported by Ostojic for self-assembled
CNTAs.® The presence of D band in Raman spectra of CNTAs,
which is associated with K point vibrations, implies a non-
covalent gelation process.61

SEM observations reveal that GA structure becomes more
tightly assembled with reduction progressing.117 Therefore, it
can be concluded that gelation process of GAs is based on the
reduction of GO nanosheets through the hydrothermal
process. In addition, m-mt interactions between graphene
nanosheets, which are responsible for non-covalent crosslinks
in the structure of GAs, increase with hydrothermal reaction
time. Rheological behavior of GO suspension through the
gelation process shows an almost frequency-independent
behavior for storage modulus (G') and an elastic-gel behavior
for loss modulus (G").117 Moreover, formation of m-m
interactions between reduced graphene nanosheets through
the reduction process is obvious in UV-Vis and XPS results. XRD
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Figure 16. Images of assembly glass vial through gelation process (a), Raman
spectra of GO gels after (1) 0, (2) 0.25, (3) 0.5, (4) 1.0, (5) 1.5 h reduction (k ,
SEM images of GO gels after 0.25 h (c), 0.5 h (d) and 1 h (e) of hydrothermc
reduction, rheological behavior of GA through gelation process (f) (Reproduce”’
with permission.'”” Copyright 2011, Elsevier B.V.), UV-Vis spectra of GO and C \
(g) (Reproduced with permission.64 Copyright 2012, The Royal Society of
Chemistry), XPS spectra of GO and GA (h, i) and XRD patterns of GO (1), natur-"
graphite (2) and freeze-dried GA (3) after gelation (j) (Reproduced .. *
permission.'"” Copyright 2011, Elsevier B.V.).

In the case of PGAs, structural performance of aerogel is als
depended on polymer matrix, besides GO nanosheets.
Structural characteristics and morphological properties of
PGAs as a function of GO loading contents are presented i
Figure 17. XRD pattern of GO loaded phenol/formaldehyde
(PF) xerogels, as expected, contains only the broa f
characteristic peak of GAs and there is no sign of characteristic
peak of GO nanosheets, nor peaks of the PF system. Throug i
carbonization process, however, a peak at 44° appeared which
is due to the growth of crystalline structures in the F -
secondary nanoparticles through pyrolysis. Same behavior is
reported for the different loading contents of GO nanoshee? ,
in RF systems.77’ 8
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Figure 17. XRD patterns of GO nanosheets, GO loaded PF xerogel (GOCPFOX),
carbonized PF xerogel (PFCX) and carbonized GO loaded PF xerogel (GCPFCX) (a)
(Reproduced with permission.85 Copyright 2013, Springer Science+Business
Media), XRD patterns (b) and SEM images (c) of activated carbonized RF gel (R),
1, 3, 5, and 10 weight % GO loaded carbonized RF aerogels (RG) and GA (G)
(Reproduced with permission.30 Copyright 2011, The Royal Society of Chemistry).

ARTICLE

Intensity (a.u)

10 15 20 25 30 35 40 45 50 55 ~

2 Theta( deg.)

® - mj
-

Iollg=1.03 GAs |

hig=050_/N\S\ $5GA-12
oz AN ssGAS

Iylg=037

Intensity (a.u)

SWCNT

800 1200 1600 2000 2400 2807
Wavenumber (em™')
Figure 18. SEM (a, b) and TEM (c, d) images of GCNTAs, XRD patterns (e) and
Raman spectroscopy (f) results of GO nanosheets, GAs and GCNTAs fabricated
through hydrothermal reduction of GO-SWNTs suspension with 8, 12 and !
weight % SWNTs (Reproduced with permission.*?® Copyright 2014, Elsevier B.V.)

Worsley and coworkers 7 reported that morphology of PGAs,
prepared through carbonization of GO and RF systems, is
strongly depended on the contents of RF system in PGA.
Higher GO to RF contents, results in formation of PGA with no
sign of individual RF secondary nanoparticles. A higher content
of RF, however, leads to formation of PGA structures with
distinguishable secondary nanoparticles. It is helpful to note
here that the morphology of activated carbon structures of RF
system also changes in the presence of GO nanosheets to
sponge-like structure bearing cavities with small pores.80

XRD pattern of GCNTAs contain a broad peak at 26 values
around 25°, similar to the XRD pattern of GAs.3% 120 Thig
broad peak is related to the non-crystalline m-mt stacked
graphene nanosheets in the structure of GCNTAs.** Such a
structural performance is in consistence with morphology of
GCNTAs, which is a macro-porous network with graphene
nanosheets walls. Shao et al. **° suggested that a sandwich
morphology form during the hydrothermal process of GO
nanosheets with SWNTs stacked between GO nanosheets.
Moreover, the ratio of D/G Raman peaks of GCNTAs increases
with the content of SWNTs. This behavior is related to the
increment of perfect graphitic structures with the increase in
the content of SWNTs in the structure of GCNTAs. Structural
characteristics and morphology of GCNTAs are shown in Figure
18.
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4. Properties and applications

During recent years, carbon aerogels have attracted a gr ..
interest for many industrial and special applications. High
specific surface area, great porosity, enormous electr.cu.
conductivity and low density of these materials made them
promising candidates for many novel and comn...
applications in different industries. Moreover, high oil uptak.
of novel GAs and CNTAs, as well as conventional CAs ha-
lightened an important way for environmental applications ¢
these materials.”***% Plenty of important applications can* -
named for carbon aerogels such as water purification 124
catalysts 4, supercapacitors 8 and thermal insulatin.
materials.’® Electrical performance and thermal
characteristics of carbon aerogels, which made them a perfec -
candidate for the latter two application fields, are discussed
throughout this section in details.

4.1. Electrochemical properties and applications

From the very beginning, considerable efforts were devote~’
on developing novel potential applications for carbon aeroge:.
One of the most interested applications of carbon aerogels is
in the fabrication of highly efficient electrodes, considering
noticeable electrochemical and electroanalytical properties ¢
these materials.'*® Energy is stored in supercapacitors thro!:=h
separation of the electrode/electrolyte
interface. Therefore, there are four requirements for
material to be a good electrode: (1) high surface area, (2) higk
electrical conductivity, (3) high polarizability, and (4) n
participation in faradaic reactions.'”’

charge across

High current-density, controllable pore size, low electric. |
resistance, low detection limits and low dependency or
convective transport are some advantages of CAs, whic
consist of the conductor ordered regions separated by
disordered insulator parts.127' 128 High specific surface are
(about 750 mZ/g; see Table 1) of CAs results in lots of available
active sites, which facilitate reversible intercalation of lithiur .
ions. Activation of CAs by CO, is reported as a promising
method for increasing available surface area of CAs.

Optimum  activation parameters, however, should °
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considered to achieve maximum specific surface area from RF
sy:;tem.26 Moreover, initial pH of RF solution, carbonization
temperature and R/C ratio, are three more parameters, which
affect specific surface area of CAs. 30131

Electrical conductivity of carbon aerogels highly depends on
density of pyrolyzed aerogel. Carbon aerogels, prepared
through carbonization of RF systems, are reported to have a
wide range of electrical conductivity from 5 S/cm for a CA with
a density of about 300 kg/m> to 20 S/cm for aerogel with a
density around 600 kg/m3.132 In addition, a close accordance
between elastic performance and electrical conductivity of
these materials is reported by Saliger et al.** Generally, when
features of high electronic conductivity, rapid ion transport
and available active sites, all integrate in a material, it can be
considered as a perfect candidate for the fabrication of
supercapacitor electrodes. Hao et al. 33, hence, tried to
present a correlation between electrochemical and structural
features of CAs. Reported Correlations between capacity and
crystalline parameters as well as textural parameters are
presented in Figure 19. Results revealed that important
electrochemical features of CAs strongly depend on the
contents of crystalline and porous structures.’*®
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Figure 19. Correlation between the capacity and crystalline parameters (the
average crystallite size in the a-axis direction: L, and c-axis: L) (a), correlation
between the capacity and textural parameters (Vmicro/ Viotal Fatio and Sger) (b), the
relationship between Sger and the initial discharging capacity (c), and the
relationship between L. and reversible capacity after 50 cycles (graphitized
carbon nanofibers: GCNF, RF gel pyrolyzed at 800°C for 2 hours: RFG-1, RF gel
pyrolyzed at 850°C for 30 minutes: RFG-2, RF gel pyrolyzed at 800°C for 2 hours
after treatment with acid: RFG-3, and RF gel pyrolyzed at 800°C for 2 hours with
more porosity: RFG-4) (Reproduced with permission.133 Copyright 2012,
American Chemical Society).

Based on comparisons in Figure 19, presence of both graphitic
and amorphous structures, moderate accessible surface areas,
and highly interconnected pore channels result in high rate-
performance, cycle stability, and lithium-ion storage capacity.
In the case of initial efficiency, CA with the highest numbers of
crystalline structures (RFG-1) presented the highest efficiency.
Moreover, CA with the highest porosity (RFG-2) offered the
highest initial charge/discharge capacity, but also the lowest

14 | J. Name., 2015, 00, 1-3

reversible capacities. Furthermore, CA with moderate
crystallinity (RFG-4) had the best reversible capacity and rate
performance. Hao and coworkers 133 therefore, suggesi
that a correlation presence between structural characteristic
of CAs and electrochemical performance of these materials.
Self-assembled GAs are also reported to have a high-rat~
supercapacitive performance with specific capacitance value .
around 211.8 and 278.6 F/g in KOH and H,SO, electrolytes,
respectively.134 The extent of reduction is reported t)
significantly affect the electrochemical performance of GAs.”
In addition, Chen and coworkers *** reported that macropore 5
and surface roughness were two other important factors in the
structure of GAs, which affect electrochemical features
through enhancement of hydrophilicity/hydrophobicit,
performance. Electrical conductivity of GAs is reported to var
with the concentration of GO nanosheets in the initial G~
suspension. Electrical conductivity of GAs differs from 1.5 x 1€~
2 5/m for the GA assembled from 1 mg/ml GO concentratior.,
to 1 S/m for a GA fabricated from20 mg/ml GO concentrat

in the initial suspension.136

In comparison with CAs, PGAs are reported to have lar_
specific capacitance values (205 F/g), especially at high scan
rates.®® This increase in capacitance of these aerogelsis rela._.
to the higher specific surface area of PGAs, compared to CA
prepared from RF system. Reported specific capacitance fo~
PGAs, however, is still lower than the capacitance of GA.
However, GCNTAs are reported to have a 37% larger specif -
capacitance (245.5 F/g) in comparison with GAs. This
significant increase in capacitance performance of composit *
aerogels is accompanied by a current density of 2.5 A/g in an
aqueous electrolyte.120 Moreover, a high energy-density ¢
80.0 Wh/kg is reported for GCNTAs liquid
electrolyte.120

in an ionic

4.2. Thermal insulating properties and applications

Low thermal conductivity of CAs was subjected to a great
interest from the very beginning discovery of these mater s
by Pekala.” Porous structure of CAs as well as high IR-
extinction coefficient of these materials lead to low thermal
conductivity values even at elevated temperatures.137 Mor :
recent studies by Wiener and coworkers 138 139 ravealed that
CAs are capable of preserving their porous structure evern at
ultra-high temperatures. Based on Wiener et al. 138, 139, th :
total thermal conductivity of CAs prepared from pyrolysis of Rr
at 1800 °C is expected to be in the range of 0.05-0.5 W/ml .
These results are in close accordance with the results reportea
by Feng et al. 140, which shown that the thermal conductivity ¢ .
CAs at 1800 °C should be as low as 0.5 W/mK. Therefore, CAs
can be considered as perfect candidates for high-temperature ,
thermal insulating applications.

As noted before, low thermal conductivity of CAs is related t

the porous structure of these materials. Presence of a stat’

gas (mostly air) in the porosity of CAs results in very lov
gaseous thermal conductivity values. Moreover, high IF

extinction coefficient of these materials (more than 1077
mz/kg) leads to very low radiative thermal conductivity value-

This journal is © The Royal Society of Chemistry 20xx
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even at elevated temperatures.138 These low contributions of
gaseous and radiative thermal conductivities into the total
thermal conductivity of CAs made these materials comparable
with SiO, insulating
applications.141 Contributions of radiative and gaseous thermal
conductivity as well as total thermal conductivity of CAs at
elevated temperatures are shown in Figure 20.

Just like other aerogel systems, total thermal conductivity of
CAs is closely related to the density of aerogel. As reported by
Feng and coworkers

and polymer aerogels for thermal

142, however, this dependency increase

with service temperature. Moreover, it is more likely that the

dependency of CAs thermal conductivity is more related to the
. . . 139

solid contribution than gaseous

Reported results™*'°

and radiative ones.
, however, prove that the total thermal
conductivity of CAs is in a low range even at high temperatures
and hence, these materials have a high potential for high-

temperatures insulating applications.

~
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Figure 20. Thermal conductivity of CAs as a function of: air pressure at room
temperature (O : 82 kg/m>; x : 124 kg/m?; A : 139 kg/m”) (a), aerogel density (A : in air
and x : under pressure) (b) (Reproduced with permission.137 Copyright 1993, AIP
Publishing LLC), their densities under various temperatures in air (c), measuring
temperature in air (d) (Reproduced with permission.l‘u Copyright 2011, Springer
Science+Business Media, LLC) as well as gaseous (e), solid and radiative (f), as well as
total thermal conductivities (g) of CAs as a function of sample temperature
(Reproduced with permission.138

LLC).

Copyright 2009, Springer Science+Business Media,
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GAs, also, can be classified into thermal insulating materials
category, as the total thermal conductivity of these aerogels
differs from 0.04 to 0.36 W/mK.136’ 143 Based on reports

Tang et al. %6 and Fan et al. ', thermal conductivity of GAs i
in the initie’
suspension used for the fabrication of aerogel and as a restl*

strongly influenced by GO concentration

the density of aerogel. This behavior is similar to the on -
observed for CAs. Moreover, Fan and coworkers 143 revealea
that heat treatment of GAs leads to a variation in therm. |
conductivity of aerogels. An in the thermai
conductivity is reported in the case of GAs prepared from lo' /
contents of GO the fabrication

suspension. Contrarily, thermal annealing of GAs preparea

increase

nanosheets in initial
from GO suspension with high amounts of GO, resulted in o
decrease in thermal conductivity of GAs.

They suggested that the observed increase in the case of GA
prepared from low GO amounts is related to the elimination ¢~
functional groups during annealing process.143 Moreover, the,
believed that the observed decrease in thermal conductivit'
GAs prepared from concentrated GO suspension is due to
formation of graphite-like aggregated nanosheets through
heat treatment process.143 Consequently, GAs can be
considered as ultra-light insulating materials with low ther..
conductivity.

4.3. Other application fields

In addition to thermal and electrochemical applications, ple:
of application fields for carbon aerogels, in activated, hybric
nanocomposite or doped forms, have been reported in th-
literature. Therefore, in addition to two discussed potentia’
applications for pure carbon aerogels, which have bee
discussed in details through two preceding sections, som~
other application fields for carbon aerogels are reviewed i
this section briefly.

One of the most interested applications for carbon aeroge.
and their derivatives is catalyst systems. The catalytic activity
of catalysts in a medium depends on several factors, incluc ‘e
contact area between the catalyst and the medium.™* Only
catalyst molecules which are in contact with medium are
active and therefore, this feature is an important factor i .
selecting the appropriate catalyst support system. Nitrogen-
and metal-doped CAs, GAs and CNTAs have been reporteu as
promising candidates for such an application. Regarding meta -
doped CAs, there are three main fabrication strategies: (i,
addition of metal precursor to the initial organic sol mixturc,
(ii) ion-exchange of metal ions and polymer aerogel preparea
from resorcinol-derivatives containing an ion-exchang :
moiety, and (iii) deposition of metal precursor on the organic
or carbon aerogel (using impregnation or adsorption).4
Abraham and coworkers ** used the third strategy to fabricate
a CA-supported molybdenum catalyst for the hydroconversio
reaction of acetic acid. They first prepared a CA throug'
conventional pyrolysis of resorcinol-formaldehyde polyme
aerogel, and then used the impregnation method to dop
different molybdenum species in CA structure through a F
treatment process. Based on their report, the fabricated C*
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supported molybdenum catalyst was catalytically effective in
the hydrogenation reaction of acetic acid. Moreover, they
suggested that accessibility of the carbon surface to the
molybdenum sites as well as the amount and form of doped
molybdenum molecules govern all three paths for the
reduction of acetic acid (hydrogenolysis, ketonization, and
consecutive reduction pathways). This is in close accordance
with Smirnova et al. *** report, which argued that pore size of
aerogel supports has a huge influence on catalytic
performance of metal-doped CA systems.

Carbon aerogels prepared from other precursor systems can
also be used for the fabrication of catalyst systems. Guilminot
and coworkers *® used a cellulose-based carbon aerogel as
platinum catalyst support. An organic aerogel was first
prepared from crosslinking of acetate with
polyfunctional isocyanate and by employing supercritical
drying method. The prepared aerogel was then pyrolyzed
under flowing nitrogen and activated in CO, atmosphere. The
activation process was followed by an impregnation step to
deposit platinum on the structure of activated aerogel. They
suggested that pyrolysis temperature could have a great
impact on the catalytic performance of metal-doped CAs, as
the content of unstable groups in the structure of cellulose-
based organic aerogels, which in turns dictates the number of
available sites in the structure of final platinum-doped CA, can

be controlled by the pyrolysis temperature.:146
147

cellulose

Du et al. prepared a nitrogen-doped CNTA with a high
catalytic performance for oxygen reduction reaction (ORR). A
MWNTs suspension was first crosslinked through a

hydrothermal reaction using pyrrole as the crosslinking agent.
The fabricated gel was then pyrolyzed in the presence of
pyrrole molecules as “built-in” nitrogen sources. This process
resulted in the fabrication of a nitrogen-doped CNTA with a
high conductivity (up to 10.9 S/m) and specific surface area (up
to 869 mz/g).147 Prepared nitrogen-doped CNTA presented a

remarkable activity toward ORR catalysis in alkaline
environment. Moreover, Li and coworkers 148 prepared a
recyclable CNTA-supported cadmium sulfide (CdS) as a

photocatalyst hybrid system. Fabricated hybrid system had an
improved catalytic efficiency, compared to TiO, nanoparticles.
In addition, it was suggested that CdS nanoparticles grafted on
the outside surface of CNTA were active sites in photocatalysis,
while other CdS nanoparticles, anchored inside the CNTA,
were fresh for use when the catalyst was recycled.148

As reported by Yin et al. 149, nitrogen-doped GAs can also be
used for the ORR. They fabricated an iron nitride/nitrogen
doped-graphene aerogel hybrid catalyst system through a two-
step hydrothermal process, including a hydrothermal assembly
process followed by an annealing step. Reported results
demonstrated that surface area, porosity, density of Fe—N—C
active sites, and size of particles on graphene can highly affect
the ORR catalytic performance of the system. Wu and
coworkers **° also reported fabrication of a nitrogen-doped
GA-supported metal-oxide (Fe;0,) catalyst system for the ORR.
Their results revealed the importance of 3D macropores and
high specific surface area of the GA support, as more positive
onset potential, higher cathodic density, lower H,0, yield, and

16 | J. Name., 2015, 00, 1-3

higher electron transfer number for the ORR were achieved
when nitrogen-doped GA was used instead of nitrogen-doped
carbon black or nitrogen-doped graphene sheets as Fe.™
nanoparticles support system.

GAs can also be used in the fabrication of high-performanc:
lithium-ion batteries (LIBs). Jiang and coworkers 151 reporte
the use of a SnS,/GA system, with high reversible capacity (6573
mA.h/g after 30 cycles) and excellent rate capability (24u
mA.h/g at the rate of 1000 mA/g), as an anode in rechargeab!' :
LIBs. Such a performance was related to the high surface area,
3D macroporosity and high electrical conductivity of fabricate s
3D structure, as well as improved contact area (and synergistic
interactions as a result) between SnS, and the graphene. Qiu
et al. ™2 prepared a TiO,/GA system with a high-potentiu,
applicability as both air purification and LIBs. They use .
glucose as the crosslinking agent for the hydrotherm:

assembly of GA in the presence of TiO, nanocrystals. Beside

enhanced photocatalytic performance, the fabricated syster.
presented excellent specific capacity, high lithium store
highly reversible capacity, and excellent rate performance.

Carbon aerogels can also be used for the fabrication of nc
polymeric nanocomposite systems. Huang and coworkers
used GAs for the preparation of an inorganic—organic dou .

network hydrogel. They first prepared a graphene hydrogt’
from hydrothermal reduction of GO nanosheets, and ther
immersed hydrogel in acrylic acid monomer and polymerize '
monomers to form a graphene and poly(acrylic acic
nanocomposite aerogel system. The prepared nanocomposite
flexibility and
In addition to discussed potential application

153

system performed electricc !

153

interesting
conductivity.
fields, carbon aerogels can be considered as candidates fc -
hydrogen storage 154, fire-resistant systems 118,155

123 .
absorption

, heavy metal
. 11 1,
and oil 8

ions removal

applications.

systems

5. Conclusions

In this review, synthesis procedure and mechanisms for the
fabrication of different types of carbon aerogels, i.e. CAs, GAs,
CNTAs, PGAs, PCNTAs and GCNTAs, were discussed an .
influences of variations in the synthesis conditions on the
structure of carbon aerogels were covered. Conventic....
carbon aerogels are products of the pyrolysis process c.
organic aerogels and structure of these materials is strongl,
affected by synthesis conditions. The structure of thes.
materials is also highly depended on the drying process as wel
as carbonization temperature.

The structures of GAs and CNTAs, on the other hand, .
influenced by the concentration of GO and CNTs in th

precursor suspensions, respectively. Structural characteristic.
of these materials are also dictated by the hydrotherms’
reduction process. PGAs and PCNTAs are products of sol-gr'
polymerization of an organic system in the presence of
graphene (or GO) nanosheets and CNTs in the sol suspensiol

respectively. The structural performance of these material- i~
also highly affected by the conditions of the polymerizatio~
process, as well as GO and CNTs concentrations. Hybiiu

This journal is © The Royal Society of Chemistry 20xx
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GCNTAs are also products of hydrothermal reduction of GO
and CNTs. These materials can perform structural
characteristics of GAs or CNTAs based on the concentrations of
GO and CNTs in the initial sol suspension.

Mechanisms for the gelation process of different carbon
aerogels were also covered using presented mechanisms in the
literature. It is a common believe that formation of primary
particle aggregates through sol-gel process results in the
formation of secondary nanoparticles, which in turns can form
an organic hydrogel through the aggregation process.
Regarding the self-assembly process, on the other hand, it is
believed that formation of mn—m interactions between
neighboring during hydrothermal
process results in formation of elastic hydrogels.
Electrochemical and thermal properties of different types of
carbon aerogels were also compared in this review. A

nanosheets reduction

correlation between structural characteristics and
electrochemical properties of CAs was suggested in the
literature. This correlation is between electrochemical

parameters and crystalline structure of CAs. Consequently, one
can tailor electrochemical characteristics of a carbon aerogel
supercapacitor via controlling its crystalline structure.
Moreover, carbon aerogels perform significant thermal
resistance characteristics, even at elevated temperatures,
which make them perfect candidates for thermal insulating
applications at low temperatures as well as high-temperatures.

6. Outlook and future prospects

A comprehensive overview of recent advances in the carbon
aerogels research area was presented in this review paper,
with an emphasis on fabrication mechanisms, structural and
functional properties, as well as potential application fields.
Although the number of publications in the fields covered in
this review paper has grown noticeably during recent years,
which mostly can be attributed to the recent introduction of
new self-assembled members of carbon aerogels' family
(graphene- and CNT-based aerogels), but there are still
numbers of unknown aspects regarding fabrication and
properties of both conventional organic-based CAs and self-
assembled carbon aerogels. For instance, although there are
numbers of publications regarding fabrication methods for the
assembly of GAs, CNTAs and nanocomposite aerogels, but the
nature of gelation process of these materials through the
hydrothermal reduction process is not completely discovered,
and demands more efforts. The mechanism of the gelation
process, including the validity of proposed cluster-aggregation
nature of this process, should be confirmed. Moreover, the
influences of different reducing and crosslinking agents on the
hydrothermal gelation process and structural performance of
fabricated gels need more investigations. These are
parameters that can affect final performance of carbon
aerogels in any application field.

A great progress was achieved regarding fabrication, structure
and characteristics of conventional CAs, during past years. As
covered in this review paper, structural characteristics and
functional properties of conventional CAs have been studied in

This journal is © The Royal Society of Chemistry 20xx
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details in the literature. However, more efforts are needed to
fully understand the aggregation process of cluster sub-
structures, which control the formation =&
characteristics of secondary nanoparticles in the structure c”
conventional CAs. In addition, novel field of carbon aeroge’
nanocomposite structures, which can gather interestin~
properties of carbon aerogels and other materials all in a singl :
structure, needs a great attention, as this field can provide a
new path for many novel and important applications in th ;
fascinating research area.

in turns
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