CHAPTER 1l
SELF-FORMATION OF 3D INTERCONNECTED MACROPOROUS
CARBON XEROGELS DERIVED FROM POLYBENZOXAZINE BY
SELECTIVE SOLVENT DURING THE SOL-GEL PROCESS

3.1 Abstract

Polybenzoxazine (PBZ)-based carbon xerogel has been synthesized by a
sol-gel process and carbonization. By using different solvents, the microstructure of
the porous carbon can be tailored for a wide range of desired properties. In addition,
a new aspect to produce 3D-interconnected macroporous carbon xerogels by using
selective solvent via self-formation is introduced. Dimethylformamide (DMF),
dioxane, and isopropanol are separately used as a solvent during a sol-gel process.
The SEM micrographs reveal different structures of carbon xerogel depending on the
type of solvent used. By using DMF as a solvent during a sol-gel process and
ambient pressure drying, the carbon xerogel shows a similar porous structure to that
of a PBZ-based carbon aerogel obtained through supercritical CO2 drying. In the
DMF system, a short gelation time is ohserved (1.15-3 h) due to the fast ring-opening
polymerization accelerated by DMF resulting in the formation of 3D-interconnected
macroporous structure without using any template. Comparing the rates of cluster
growth between DMF and dioxane systems, the rate of cluster growth in dioxane
system is slower than that of DMF system, implying good miscibility between PBZ
and dioxane. Moreover, microporous spherical particles are obtained from the
isopropanol system due to the self-micelle-like formation.
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3.2 Introduction

Macroporous carbon with 3D interconnected structure is an interesting
macroporous material because of its outstanding properties compared to those like
silica monolith or polymer monolith. Some of these attractive properties are: high
resistance to acidic and basic conditions, sufficient mechanical integrity, lack of
swelling effects, thermal stability, low pressure drop during operation, 3D-opened
porous structure, and good mass transfer. Due to macroporous carbon’s exceptional
properties, there are great opportunities for it to be used in various advanced-
applications. These applications include thermal insulation, water purification,
continuous flow operation catalyst support, liquid fuel cells electrocatalyst support
[Lj, and especially HPLC columns [2], Normally, macroporous carbons are produced
by using various methods and templates, such as ultrasonic irradiation [3-5],
-micronsized silica beads [2], colloidal silica [6], polystyrene microspheres [L, 7], and
silica monolith/mesoporous silica [s, 9]. However, the removal process of those
templates from macroporous carbon requires a multi-step procedure, includes the risk
of using acids and bases during the process, and leads to considerable production
cost by consuming time and energy. The multi-step process and extensive production
cost might be one of the important factors that limit the further utilization of
macroporous carbon on an industrial scale.

Many researchers have reported the synthesis of macroporous carbon hased
‘on polycondensation of resorcinol (R) and formaldehyde (F) [2-5, 7]. Generally, a
- volatile by-product was released during the polymerization process of a RF polymer
[10-12], In addition, a base catalyst and supercritical/freeze drying were required to
promote polymerization and remove solvent to preserve the porous structure. Even if
the pore structure of gels could be maintained, supercritical/freeze drying is still not a
cost-effective drying method. Not only does it require a multi-step procedure, but it
also yields a low production rate, resulting in a substantial amount of time and
energy consumption. Recently, there have been many attempts to simplify the drying
process by using supercritical acetone and alcoholic sol-gel processes [13-15].
Nevertheless, in comparison to supercritical drying, ambient pressure drying method
is much more cost-effective, although the morphology and physical properties of the
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ambient-dried products are typically different from those obtained by supercritical
drying [16-20].

Polybenzoxaxine (PBZ), a new type of cationic ring-opening polymerized
phenolic system, has many excellent properties that overcome several shortcomings
of traditional phenolic resin. Benzoxazine resins do not require harsh catalysts, do
not release toxic by-products during polymerization, show near-zero shrinkage upon
polymerization, and possess easy processibility. Cross-linked polyhenzoxazines
exhibit excellent mechanical integrity, high thermal and chemical stability, high char
yield, and low water absorption [21-25], These properties enable polybenzoxazines
to be good candidates as precursors for preparing carbon xerogels. In addition,
polybenzoxazine has superb molecular design flexibility. By changing either types of
phenol or'amine used as starting materials, the pore structure of organic and carbon
aerogels can be tailored fora wide range of desired properties.

In 2009, Lorjai et al. first reported the synthesis of polybenzoxazine-based
aerogel derived from bisphenol-A and aniline by a sol-gel process using xylene as a
solvent. They found that the unactivated carbon aerogel obtained after pyrolysis was
amicroporous material with the BET surface area of around 384-391 m 2y [26],

In 2010, polybenzoxazine-hased carbon aerogels were used as electrodes for
supercapacitors by Katanyoota et al. [27]. They compared polybenzoxazine-based
carbon aerogel derived from hisphenol-A - aniline (hereinafter abbreviated as BA-a)
and bisphenol-A - teta (hereinafter abbreviated as BA-teta), and found that carbon
aerogel derived from BA-teta showed higher mesoporosity than those derive from
BA-a.

Polybenzoxazine-based carbon aerogel was further reported in 2012 by
Rubenstein et al. [28]. They studied the physical properties of pure polybenzoxazine
and benzoxazine that was copolymerized with resorcinol and formaldehyde, their
conversion characteristics to carbon aerogels, and the biocompatibility of the
subsequent carbon aerogels with human osteoblasts.

It is known that many parameters can affect the properties of organic
xerogels during the phase separation process and its carbon xerogels after
carbonization as well. According to our previous work [29], one of the most
important parameters affecting the pore structure of carbon xerogels is the difference
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in the solubility parameters between the solvent and polymer since the formation
behavior of polymer cluster during the phase separation process varies with different
solvents, yielding different morphologies and properties [29-33]. A polymer in a
good solvent system prefers being miscible, resulting in the generation of smaller
pore and dense structure while a polymer in a poor solvent system (9-solvent) prefers
aggregating to each other and separating out from the solvent as soon as possible,
resulting in the 3D interconnected macropore structure.

In this work, we aim to produce 3D interconnected macroporous carbon
xerogels from poi-ybenzoxazine and amhbient pressure drying method. Moreover, the
new aspect - selective solvent method for producing 3D interconnected macroporous
carbon xerogels - is introduced. By using selective solvents and applying the
knowledge of phase separation behavior between polybenzoxazine and solvents
during the sol-gel process, the 3D interconnected macropore structure of
organic/carbon xerogels can be readily produced during the sol-gel process by self-
formation of superstructures having various pore structures without the need of any
hard template or external ultrasonic irradiation.

Normally, solvents are classified into three types, nonpolar, polar aprotic,
and polar protic. In this investigation, three solvents were used, dimethylformamide
(DMF, representative of polar aprotic solvent), dioxane (representative of nonpolar
solvent), and isopropanol (representative of polar protic solvent). The effects of
these solvents on the cluster growth behaviors during the sol-gel process, the pore
characteristics of polybenzoxazine-derived xerogels, and their corresponding carbon
xerogels, were studied in order to obtain knowledge about the controlling parameters
of the pore structure of PBZ-hased carbon xerogels for targeted applications. The
effects ofresin concentrations and drying methods were also investigated.
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3.3 Experimental
3.3.1 Materials

Polybenzoxazines used in this work were synthesized by the Mannich
condensation  reaction  between  bisphenol-A  [BA, (CH3)2C(CsH40H)2],
triethylenetetramene [teta, (CH2NHCH2CH2NH2)2], and formaldehyde (CH20) using
dioxane (CztHgCh), isopropanol [(CFfACFIOH], and dimethylformamide [DMF,
(CH3)2NC (o )H] as solvents. Bisphenol-A (97%) was purchased from Aldrich.
Formaldehyde (37% / ) was purchased from Merck Limited, Germany, and teta
(85%) was purchased from Facai Group Limited, Thailand. Dioxane (>99.8%),
isopropanol (>99.9%), and DMF (>99.8%) were purchased from Labscan Asia Co.,
Ltd., Thailand (analytical grade). All chemicals were wused without further
purification.

3.3.2 Synthesis ofpolybenzoxazine-based carbon xerogels (PBZ-based
carhon xerogels)

3.3.2.1 Synthesis ofmain-chain type benzoxazine polymer (MCBP)

organogels

A main-chain type benzoxazine polymer (MCBP) with
benzoxazine groups as part of the chemical repeating units was used as a precursor
for carbon xerogel preparation. The MCBP was synthesized by a quasi-solventless
method adapted from the solventless method proposed by Ishida [34], The synthesis
of MCBP was hased on a molar ratio of 1:1:4 of the reaction between bisphenol-A,
teta, and formaldehyde, respectively. Unlike the conventional method which took 5
h, the reaction was completed within an hour [35], The main-chain type linear
polybenzoxazine derived from hisphenol-A and teta is hereinafter abbreviated as
MCBP(BA-teta). The polycondensation reaction of MCBP(BA-teta) was shown in
our previous publications [29, 36], To study the effect of solvent types, bisphenol-A
was separately dissolved in different solvents, and magnetically stirred for 20 min;
then formaldehyde was mixed into the hisphenol-A mixture and stirred for additional
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20 min. Subsequently, teta was added dropwise into the mixture which was then
continuously stirred in an ice bath where the temperature was kept at 10 c. After 1
h, the transparent pale yellow MCBP(BA-teta) solution was obtained which was
transferred into a glass vial and sealed. The solution was left in a closed system for 1
day prior to heating in an oil bath at 80 °c for 2 days to let the gel set, resulting in a
white opaque MCBP(BA-teta) organogel [29]. It should he noted that the
MCBP(BA-teta) concentration was kept constant at 25 % / in order to study the
effects of solvents. On the other hand, to investigate the effect of resin concentration,
the resin concentration was varied at 25%, 35%, and 45% / while DMF was used
commonly as the solvent.
3.3.2.2 Drying, polymerization, andpyrolysis process

Synthesized organogels were taken out of glass vials and cut
into disk shape prior to drying under ambient pressure with air flow for 72 h. Then,
the organogels were placed in an oven for step-polymerization at 160 °C and 180 ¢
for 3 h at each temperature, and 200 °c for 1 h to achieve the fully-polymerized
polybenzoxazine xerogel [27]. The fully-polymerized xerogels were pyrolyzed under
a nitrogen flow of 600 cm3min using the following ramp cycle: 30-250 °c for 1h,

250-600 ¢ for5h, 600-800 ¢ for 1h, and hold at 800 ¢ for 2 h. Subsequently,
the oven was cooled to room temperature under nitrogen atmosphere.
Polybenzoxazine-based carbon xerogels using dioxane, isopropanol, and DMF as
solvents during the synthesis of MCBP(BA-teta) solution are denoted as C-DiX-xx,
C-IX-xx, and C-DX-xx, where DiX, IX, and DX are the abbreviation for dioxane,
isopropanol, and DMF, by ambient pressure drying (X=Xerogel), respectively. The
last abbreviation (-xx) shows the benzoxazine concentration by weight percentage.

For the DMF system, the MCBP(BA-teta) concentration was
kept constant at 35 % / and supercritical C 02 drying was also used to investigate
the effect of different drying processes. The resulting carbon from the DMF system
was denoted as C-DA-35 indicating that DMF was used as a solvent during the
-synthesis of MCBP(BA-teta) solution and the organogel was dried under
supercritical CO2drying before polymerization and carbonization,
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3.3.3 Characterizations ofpolybenzoxazine-based carbon xerogels

3.3.3.1 Measurements ofgelation time, cluster size, and density

The cluster size of MCBP(BA-teta) during phase separation
phenomena was measured by dynamic light scattering technique (DLS) using a
Malvern Zetasizer Nano Series (Malvern Instruments Ltd.) with a detection angle of
173°. In general, the gelation point is the infinite connection of molecules or
superstructures resulting in a white opaque organogel, which does not let the light
pass through. Consequently, the DLS technique was not used to measure the size of
the infinite connection of clusters at the gelation point. In this study, the gelation
point/time was determined visually when the solution became white-opaque and lost
its flow at ambient condition. The cluster growth behavior of the MCBP(BA-teta)’
solution was observed by recordings of the cluster sizes starting after the MCBP(BA-
teta) solution was stirred for 1 h and sealed in a closed system until the MCBP(BA-
teta) solution turned to white-opaque (viscous liquid and almost reaching gelation
point) in which DLS technique could not be used. At this point, the recorded time is
called "pseudo-gelation time" (pseudo-gelation point), which is slightly shorter -
about 10 minutes shorter for DMF system and 3 hours shorter for dioxane system -
than gelation time. Therefore, the final cluster size observed by the DLS technique is
the size measured at the pseudo-gelation time.

The skeletal density (PS) of samples was measured by gas

pycnometer (Ultrapycnometer, Quantachirome Instrument). The mass (m) and
volume () of samples were measured and the bulk density (p) was calculated from

the following formula.
p-miv (1)

3.3.3.2 ldentification ofmicrostructure and morphology of
polybenzoxazine-based carbon xerogels
The morphology and microstructure of carbon xerogels were
identified by field emission scanning electron microscope (FE-SEM, Hitachi/S-4800
model). The samples were coated with platinum before examination. The
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microstructure of carbon gels was also observed by transmission electron microscope
(TEM, JEOL 2010F). Quantachrome-Autosorpl-MP was used to determine the
adsorption-desorption properties and porous structure of the samples. Approximately
0.1 gofcarbon xerogel was degassed at 250 °C for 15 h to remove all adsorbed gas
species. The specific surface area (Sbet) was calculated by BET (Brunauer-Emmett-
Teller) algorithm [37], The micropore volume (VIT]Q and micropore surface area
(Smic) were analyzed by the t-plot method at a relative pressure (see equation 4 in a
later section for the definition) of less than 0.1 [38], The micropore size distribution
was analyzed by the MP method (Standard micropore size distribution). Mesopore
volume (Vmes) and mesopore size distribution were analyzed by the BJH (Barrett-
Joyner-Halenda) algorithm [39, 40]. In addition, mesopore volume was also
calculated from the subtraction of the adsorbate amount at a relative pressure of 0.1
from that at a relative pressure of 0.95 [41, 42], Macropore volume (Vmac) and total
pore volume were calculated according to the method of  etal. [43], in which the
total pore volume was determined  from the following equation:
Vit = (Mp)-(M ps) wherepis the bulk density andp(is the skeletal density.

Macropore volume was determined by the subtraction of total pore volume from
micro- and meso- pore volume as shown in the following equation [43]: vne= V..

\/ meso —V/ micro-
3.4 Results and Discussion

3471 Effects ofsolvents

34.1.1 Gelation, densities, and morphologies
The most important parameter affecting the pore structure
during phase separation is the difference in solubility parameters bhetween solvent
and polymer. The time corresponding to the sol-gel transition, which is related to the
rate of cluster growth, can he expressed by the gelation time. During the gelation
process, the molecular weight of benzoxazine resin increases, resulting in the
formation and growth of benzoxazine clusters. Finally, gelation is achieved by
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connecting the bhenzoxazine clusters which are surrounded by the solvent [10, 44,
45]. The solvent that is present in the interstices of the clusters is subsequently dried
by an economical, ambient pressure drying method, resulting in the creation of pores.
In other words, the gelation process takes place by phase separation of cross-linked
polybenzoxazines and aggregation of phase-separated particles as the morphology of
the polymeric gel depends on the difference in solubility parameter between the
solvent and polymer.
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Figure 3.1 Densities and gelation times of carbon xerogels at25 % [/ using DMF
(C-DX-25), dioxane (C-DiX-25), and isopropanol (C-1X-25) as solvents by amhient
pressure drying.

In this work, the three solvents used were DMF, dioxane, and
isopropanol. The concentration of benzoxazine was kept at 25% / . The density
and gelation time are shown in Figure 3.1. Carbon xerogel derived from the dioxane
system (abbreviated as C-DiX-25) shows the highest density around 0.56 g/cms
followed by 0.20 g/cms and 0.12 g/cms for carbon xerogel derived from DMF
(abbreviated as C-DX-25) and isopropanol (abbreviated as C-DIX-25) systems,
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respectively. C-DiX-25 exhibits a gelation time of 96 h (4 days) and, in a DMF
system, C-DX-25 surprisingly shows a shorter gelation time of 1.15 h. Moreover, the
gelation time is shortened to less than 10 minutes for a DMF system and 4 h for a
dioxane system, when the MCBP(BA-teta) solution was heated at 80 °C. However,
for C-1X-25, after 25 h in a closed system, precipitation took place. Therefore, the
cluster size reported in this work was determined for 24 h prior to the precipitation,
and the gelation time of C-1X-25 (at ambient condition) was not reported. From
Figure 3.2, at the pseudo-gelation point, the cluster sizes of 2880 nm, 1150 nm, and
140 nm were observed for C-1X-25, C-DX-25, and C-DiX-25, respectively.
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Figure 3.2 Size of cluster during gelation process at 25 % / using DMF (C-DX-
25), dioxane (C-DiX-25), and isopropanol (C-1X-25) as solvents.

The difference in the gelation times might be caused by
different solubility parameters between MCBP(BA-teta) and the solvents. The
solubility parameter concept is based on the heat of vaporization proposed by
Hildebrand et al. as follows [46, 47]:
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where A and 2:solubility parameter (such as polymer and solvent), VM= average
molar volume based on mole fraction, ~1 and @2: volume fraction of material 1 and
2, respectively, AEMK = Energy of mixing, and AE = heat of vaporization.

Equation 2 provides the prediction of the energy of mixing between polymer and
solvent, based on the solubility parameters (A, and 2)- which were calculated from
equation 3- oftwo single components [46, 47].

Therefore, the difference in solubility parameters, A, - 82, can

be used to predict the miscibility between polymer and solvent. The universal
solubility parameters of DMF, dioxane, and isopropanol are 12.1, 10.0, and 8.8
(callcm 3)112, respectively. For C-DiX-25, the longer gelation time (Figure 3.1) and
the smallest cluster size during the gelation time (Figure 3.2) imply that the solubility

parameter of benzoxazine precursor (A,) is close to the solubility parameter of
dioxane (A2), yielding small AA- which leads to good miscibility. As a result, it was

rather difficult for the phase separation to take place. Therefore, the longer gelation
time and smallest cluster size were obtained when dioxane was used as a solvent.
Moreover, C-DiX-25 shows highly dense morphology and small amounts of pores
were created (Figure 3.3c) due to the structural collapse during ambient drying. The
good interaction between MCBP(BA-teta) and dioxane as described earlier might be
the cause ofthis phenomenon (see Figure 3.2).

When DMF was used as a solvent, an interestingly shorter
gelation time of 1.15 h and large cluster size of about 1150 nm were observed,
implying a large difference in solubility parameters (AA) between benzoxazine
precursor and DMF, leading to poor miscibility. Therefore, benzoxazine primary
particles are easy to separate out from DMF and aggregate to each other, resulting in
the 3D interconnected macroporous structure (Figure 3.3a).
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In other words, the difference in gelation time of
polybenzoxazine in DMF and dioxane system is, in part, related to the tendency of
oxazine ring-opening. Oxazine rings tend to open in solvents with large dielectric
constants such as hydrophilic solvents like DMF, whereas in a solvent, such as
dioxane with low dielectric constant, it is more difficult to open. Thus, the formation
ofextended molecular structure is easier to achieve in DMF than in dioxane [29]. 3D
interconnected marcroporous carbon xerogels were easily obtained from the DMF
system after the removal of solvent as shown in Figure 3.3a. W hereas, in the dioxane
system, shown in Figure 3.3b, the structure of carbon xerogels was totally dominated

by mesoporous structure.

Figure 3.3 SEM micrographs of carbon xerogels using DMF, isopropanol, and
dioxane as solvents by ambient pressure drying (inset: high magnification) (a) C-
DX-25 (b) C-1X-25 (c¢) C-DiX-25 (d) self-micelle-like formation model.

In the case of C-I1X-25 where isopropanol was used as a
solvent, microspherical particles were also obtained (Figure 3.3b); this is interesting
because they were produced without the need of surfactants and inverse phase
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process to form micelle, as usually seen in other literature [48-51]. The average size
of the microspherical particles, obtained from SEM, was about 2.50M. The

microspherical particles were loosely packed together, and a large opened structure
was created. Therefore, mesopores and micropores of C-1X-25 should he generated
on the microspherical particles rather than being generated by interconnected
particles as described in other studies [44, 52-54], However, some microspherical
particles tend to agglomerate. The proposed model for the spherical formation of C-
IX-25 was the self-micelle-like formation by the solvent (isopropanol) as shown in
Figure 3.3d. According to the like-dissolves-like model, the methyl group of
isopropanol acted as inner cores of micelle having bhenzoxazine precursor inside and
the outer core was hydroxyl group ofisopropanol.
3.4.1.2 Microstructure ofpolybenzoxazine-hased carbon xerogels

Figure 3.4a shows the N2 adsorption-desorption isotherms of
xerogels prepared from different solvents at a constant benzoxazine' concentration.
According to the IUPAC classification, C-DX-25 exhibits the combination isotherm
of type lib with a H3 hysteresis loop and type Ic in which type Ic represents
microporous adsorbent containing mesopores and type lib represents macroporous
adsorbent [52, 53, 55]. C-IX-25 exhibits the adsorption isotherms of type Ib with a
H4 hysteresis loop and low relative pressure hysteresis loop [52, 53, 55], The type Ib
corresponds to microporous material. The H4 hysteresis loop represents the slit-
shaped pore [53, 55]. As shown in Table 3.1, C-1X-25 has the micropore size of 1.36
nm with micropore volume of0.16 cms/g, indicating that it is supermicroporous (0.7
2 nm); as such, capillary condensation could have taken place. However, the BET
surface area obtained from C-1X-25 should be carefully interpreted because the BET
theory is not appropriate for microporous materials.

From the original IUPAC classification, the adsorption
isotherm of C-DiX-25 exhibits the characteristic of type IVa which represents
mesoporous material with an obvious HI hysteresis loop (Figure 3.4a), indicating a
narrow distribution of uniform pores. In addition, the adsorption characteristic of C-
DiX-25 reaches the plateau regime, implying that this carbon contains no
macropores.
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Figure 3.4 (a) N2 adsorption-desorption isotherms of carbon xerogels using DMF
(C-DX-25), dioxane (C-DiX-25), and isopropanol (C-1X-25) as solvents by ambient
pressure drying (b) pore size distribution.

Table 3.1 Pore characteristics of carbon xerogels using different solvents by
ambient pressure drying at 25% / ofsolid contents

Sample Set  mio V APDmico APD
: (Mdg) (Vo) (em7e)  (crrlg) %3 engg om) - (om)

C-DX-25 337 21 0.15 0.08 4.33 4.56 116 3.65
C-DiX-25 22 o6 0.03 0.13 005 oo 0.97 8.79
C-IX-25 318 06 016 - [/ 1.36

NOte : Sbet : BET surface area ; Smicro : micropore surface area ; Vmicro : micropore
volume ; VI : mesopore volume ; Vmacro : macropore volume ; Vtotal total pore
volume ; APDmicro average micropore diameter ; APDmeso : average mesopore
diameter

The pore characteristics of C-DiX-25 are summarized in
Table 3.1. The total pore volume and specific surface area of C-DiX-25 (0.21 cm3lg,
22 m2lg) are too low to compare to those of C-DX-25 (4.56 cmalg, 337 ma/g) and C-
IX-25 (7.77 cmslg, 318 malg); this low volume and specific surface area might be
due to the strong interaction (small AD) between benzoxazine and dioxane, resulting
in pore collapse during solvent removal process. The SEM micrograph in Figure 3.3¢
supports the results obtained from the N2 adsorption measurements (Figure 3.4 and
Table 3.1). In addition, an extremely large macropore volume of 4.33 cm3/g can be
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obtained from 3D interconnected macroporous carbon xerogel synthesized in DMF
system (C-DX-25).

Figure 3.5 TEM images of carbon xerogels at 25% / (a) C-DX-25 (b) C-DiX-25
(c) C-1X-25; upper: low magnification; lower: high magnification.

TEM images are shown in Figure 3.5. Figures 3.5a and 5b
represent the interconnected structure of cross-linked MCBP(BA-teta) clusters
generated during the phase separation process. Moreover, Figure 3.5a (at high
magnification) shows the small primary clusters aggregated as secondary clusters
which generate a small average pore diameter of 3.65 nm and is consistent with the
SEM micrograph in Figure 3.6a. The TEM image of C-1X-25 (Figure 3.5¢) shows
the spherical particles of carbon xerogel. At a higher magnification (Figure 3.5c,
second row), the wormlike morphology and large amount of micropores are
observed, corresponding to the standard isotherm of type Ib obtained from the N2
adsorption-desorption technique (Figure 3.4 and Table 3.1).

For C-DiX-25, the gelation time was longer while the cluster
size was smaller than those of C-DX-25 hecause polybenzoxazine had a better
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interaction with dioxane than with DMF. Systems with better compatibility result in
smaller particles and pore size after solvent removal. This explanation is consistent
with the proposed model from Pekala [10], Wang et al. [44], and Bock et al. [54] in
which mesopores and macropores were created by cluster particles connecting to
each other, while solvent was encapsulated to generate pores. Therefore, carbon
xerogel with smaller particle size in a dioxane system should have a smaller pore size
compared to that of 3D interconnected macroporous carbon xerogel with a bigger
particle size in a DMF system. From this result, it was found that C-DX-25 mostly
exhibited macropore structure with a-small amount of mesopore structure (Table 3.1
and Figure 3.3a). In contrast to C-DX-25, the structure of C-DiX-25 is totally
dominated by mesopore structure. However, when comparingfthe average mesopore
diameter, the average mesopore size of C-DX-25 (3.65 nm) was interestingly smaller
than that of C-DiX-25 (8.79 nm) even though the average particle size of C-DX-25
was bigger than that of C-DiX-25. These phenomena could be explained by adapting
the model proposed by Pekala [10] as mentioned earlier for RF aerogel and that
proposed by Wang et al. [56] in which the silica aerogel was built from primary
particles with a size of less than one nanometer. The aggregated primary particles,
so-called secondary particles, were connected to each other to create porous silica
structure.,

Our proposed model of carbon xerogel structures created hy
phase separation process is ilTustrated in Figure 3.6 along with the SEM micrographs.
The primary clusters were smaller clusters initially generated by the phase separation
process whereas the secondary clusters were bigger clusters created by the
aggregation of primary clusters.

In the case of using DMF as a solvent, the structure of carbon
xerogel consisted of both primary and secondary clusters (Figure 3.6a). The primary
clusters would aggregate to each other due to poor interaction between the
benzoxazine precursor and solvent, resulting in the formation of secondary clusters
with a size of 1150 nm as can be seen in the DLS data in Figure 3.2. However, after
observation by SEM technique, the particle size of C-DX-25 is around 500-800 nm,
which is different than that detected by DLS. There are two proposed reasons for this
phenomenon. The first reason is the aggregation of particles. When the.particles
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aggregate or connect to each other, DLS technique will detect the aggregated size of
connected particles. Therefore, the particle size detected by DLS will be slightly
larger than that observed by SEM technique. The second reason is the structural
shrinkage of PBZ-based organic xerogels after carbonization process. When the 3D
interconnected macroporous structure of PBZ-bhased organic xerogels was
carbonized, the particle sizes of PBZ-based organic xerogels as measured by DLS
technique would be diminished due to the loss of organic contents, resulting in
structural shrinkage. As a result, after carbonization, the particle size of carbon
xerogels detected by SEM technique will be slightly smaller than that of organic
xerogels observed by DLS technique. The size of clusters or particles could also be
detected by another technique such as SAXS, if the cross-position in the scattering
curve becomes close to smaller scattering vectors, meaning that the materials have
larger particles [54],

(a)C-DX-25 0°00 at gelation point

Primary cluster
during the phase
separation process

ger pnmary cluster at 4
gelationpoint 17 4
e~ N

MCBP(BA-teta) solution

(b) C-DiX-25
Primary cluster

during the phase
separation process

Figure 3.6 Cluster formation during phase separation process (a) C-DX-25 (b) C-
DiX-25.

In the DMF system, the aggregated primary clusters
generated smaller pores in the range of small mesopores, as reflected by an average
mesopore size of 3.65 nm after solvent removal process and carbonization. The
secondary clusters further combined to form the final 3D interconnected

TLtwLno'D L
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macroporous structure containing large amount of macropore volume. The void
structure was the consequence of the solvent removal and evaporation of the
molecular fragments as a result of carbonization, as illustrated in Figure 3.6a.

In case of C-DiX-25, due to the strong interaction hetween
the benzoxazine precursor and dioxane, the primary clusters with a size of 9.53 nm,
detected by DLS, were created during the phase separation process and then
continuously grown to be bigger primary clusters. Finally® bigger clusters with an
approximate size of 140 nm were obtained and connected with neighboring clusters
to form wet organogels encompassing solvent (Figure 3.6b). After the solvent
removal process and carbonization, an average mesopore size of 8.79 nm was
obtained. In Figure 3.4b, the pore size distributions of C-DiX-25 and C-1X-25 show
mesopores and micropores contained inside the structure, respectively. However, the
macromore size distribution of C-DX-25 was not provided due to the limitation of
Kelvin equation of N2 adsorption/desorption technique [20, 53].

From all results, we found that the 3D interconnected
macroporous carbon xerogel with an extremely large macropore volume, or about
4.33 ¢m3g can be easily produced by using DMF as the solvent during the sol-gel
process, without the need of using a hard templating method, acid catalyst, or
external ultrasonic irradiation. Moreover, a very short gelation time at ambient
conditions (1.15 h) was also observed and an economical ambient pressure drying
method could be used for the DMF system without pore collapse due to a poor
interaction between benzoxazine and DMF.

In this research, a new method to produce 3D interconnected-
macroporous carbon xerogel is proposed by using the knowledge of phase separation
behavior between benzoxazine and solvent for selecting the solvent species used in
the sol-gel process. This new technique, using DMF as a solvent, showed many
advantages such as not needing a hard template, a short gelation time within 1.15 h
due to the fast formation of extended molecular structure resulting from easier ring-
opening polymerization accelerated by DMF itself, and near-zero shrinkage (5-7%)
after ambient pressure drying because of the enlarged pore connection in the
structure of C-DX-25 as described by Li et al. [57], However, it should be noted that
the structural Cjoncept of carbon xerogel is different than that of activated carbon.
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Carbon xerogels are the 3D interconnected structure of carbon particles obtained by
pyrolysis of 3D interconnected structure of organic particles formed during the sol-
gel process [10-12, 20, 44, 54], Carbon xerogels also exhibit opened end-pores which
are useful for mass transfer in certain applications, such as the synthesis of large
molecules or the use as a supporting material in continuous flow-through conditions.
On the other hand, activated carbon is a microporous material with small pores (<2
nm) located on the surface of carbon [42, 44, 54, 55], Those small pores in activated
carbon are closed end-pores, generated by the loss of structural organic content
during the pyrolysis process [42, 44, 54, 55]. The small pores in activated carbon are
suitable for certain applications that require both small pores and high surface area.
In other words, the applications of carbon xerogels and activated carbons are
different and dependent on the required carbon structure for the desired application.
Moreover, the micropore volume and surface area of carbon could be easily
increased by many activation methods, such as COz2 activation [42, 58], acidic/hasic
activation [44, 59, 60], and steam activation [58],

It can be concluded that the use of different solvents for PBZ-
based carbon xerogel preparation has significant effects on the properties of the
primary particles and how those primary particles interact to form aggregates, as a
consequence of its hierarchical structures, leading to various void sizes and
distributions.

3.4.2 Effects of resin concentrations

According to Section 3.1, it was found that 3D interconnected
macroporous carbon xerogels can be easily produced by using DMF as a solvent with
a short gelation time. In this section, the effects of resin concentrations on the 3D
interconnected macroporous structure will be studied using DMF as a solvent.

Figure 3.7 shows density and gelation time as a function of
benzoxazine concentration. The gelation time increased with increasing benzoxazine
concentration. This seemingly contradictory phenomenon can be explained by the
solubilizing effect of polybenzoxazine molecules on each other at a higher



3

concentration. The delayed phase separation caused more fused particles to be able to
form after the gelation point.
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Figure 3.7 Densities and gelation times of carbon xerogels at different
concentrations using DMF as a solvent by ambient pressure drying.

FE-SEM micrographs of the samples with different densities are
shown in Figure 3.8. It.was found that morphologies of all samples indicate
densification of the gels at increasing henzoxazine concentrations. Carbon xerogel at
concentration of 25% / (abbreviated as C-DX-25) and 35% [/ (abbreviated as
C-DX-35) clearly shows the 3D interconnected macroporous structures. On the
contrary, carbon xerogel at a concentration of 45% / (abbreviated as C-DX-45),
the particles showed atendency to fuse together.
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5.00 um

Figure 3.8 SEM micrographs of carbon xerogels using DMF as a solvent by
ambient pressure drying (a) C-DX-25 (b) C-DX-35 (c) C-DX-45.

The size of clusters is very important to determine the overall pore
morphology of carbon xerogels and its related properties. The N2 adsorption-
desorption isotherms of carbon xerogels prepared from different solid contents are
shown in Figure 3.9. According to the IUPAC classification, all samples are found to
exhibit the combination of type lib with a H3 hysteresis loop and type Ic where type
Ic represents a microporous adsorbent containing mesopores and type lib represents
a macroporous adsorbent [52, 53, 55], In addition, no samples reach the plateau
region at p/p0~1 where »o is the saturation vapor pressure and [ the partial
pressure at a certain gas volume, implying that large amounts of macropores were
contained in the structure of PBZ-bhased 3D interconnected macroporous carbon
xerogels (Figure 3.9a). According to the Kelvin equation [52, 53]:

L= M1l
"B TRT T S
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where V| is the molar volume of liquid adsorptive, Y is the interfacial surface
tension at liquid-air interface, MMis the mean radius of curvature or pore radius, R is

the universal gas constant and T is the absolute tem perature.

From this equation, we found that the required relative pressures to
form N2-adsorption layers varied directly with the size of pores. The amount of
uptake can also be related to pore volume. All samples, especially at a concentration
0f35% / ,show alarge amount ofadsorption volume at a high relative*pressure as
shown in Figure 3.9, confirming the presence of small macropores in the structure of
3D interconnected macroporous carbon xerogels. Moreover, all samples also showed
similar average mesopore sizes (around T57-3.66 nm) as shown in Table 3.2.
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Figure 3.9 (a) N2 adsorption-desorption isotherms of carbon xerogels using DMF as
a solvent at different concentrations (b) pore size distribution.

The details of BET surface area, pore structures, and related properties
prepared by different concentrations of polybenzoxazine are tabulated in Table 3.2.
The specific micropore volumes of all samples are around 0.14-0.15 cms/g. C-DX-35
showed the largest BET surface area, around 341 m2/g. The macropore volume of all
samples is extremely high (4.33 c¢cm3/g for C-DX-25, 2.17 c¢m3lg for C-DX-35, and
1.39 cm3lg for C-DX-45) and decreases with increasing henzoxazine concentration.
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Table 3.2 Pore characteristics of carbon xerogels using DMF as a solvent by
ambient pressure drying at different concentrations

Sample SBET “micro V macro APDmicrg AP Pmeso
(mlg) (m2g)  (cmlg)  (cnplg)  (cmalg) (cmlg)  (nm) (nm)

C-DX-25 337 291 0.15 0.08 433 4,56 1.16 3.65

C-DX-35 341 271 0.14 0.17 2.17 2.48 1.20 3.66

C-DX-45 312 219 0.14 0.05 1.39 1.58 1.10 3.57

NOte : Sbet : BET surface area ; Smicro : micropore surface area ; Nmicro « micropore
volume ; Vmeso : mesopore volume ; Nmao » macropore volume j Viotal « total pore
volume ; APDmicro : average micropore diameter ; APDmeso : average mesopore
diameter -

Based on the mixed pore sizes contained in carbon xerogels, the
micropore size distribution was calculated by the MP method (Standard Micropore
Size Distribution) and the mesopore size distribution by the BJH algorithm [39, 40],
However, the macropore size distribution of all samples was not provided due to the
limitation of the Kelvin equation of N2 adsorption/desorption technique [20, 53],
Figure 3.9b shows the pore size distribution of 3D interconnected macroporous
carbon xerogels synthesized from different benzoxazine concentrations. From the
graph, we found that micro/mesopore sizes of 3D interconnected macroporous
carbon xerogels were in the range of 0.70-150 nm, whereas the peaks of the pore size
distribution of all concentrations were in the range of micropores (0.70-1.20 nm) and
the peaks of the mesopore size distribution were around 3.66 nm.

The mesopores and macropores could be formed by both the closely
packed and the loosely packed carbon nanoparticles [44, 54], The size of clusters
during the gelation process was used to describe the generation of mesopore and
macropore volume. Figure 3.10 clearly shows the cluster size at each concentration
ofbenzoxazine during the gelation process. Moreover, the starting size of the clusters
at the beginning of the gelation process was different, suggesting that the cluster
growth rate and gelation time should be different depending on the concentration of
benzoxazine. From the slope of graph in Figure 3.10, we found that the cluster
growth rate decreases with increasing concentration. The reasons for these
phenomena had already been discussed earlier in the second paragraph of section 3.2.
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Figure 3.10 Size of cluster during gelation process at different concentrations using
DMF as a solvent.

At the pseudo-gelation point measured by the dynamic light scattering
technique, C-DX-25 and C-DX-35 show a cluster size around 1150 nm and 930 nm,
respectively, leading to a continuously 3D-interconnected macroporous network.
Moreover, a large-size aggregation of clustesr in the C-DX-45 sample was observed
at the pseudo-gelation point, leading to channel generation (a very open structure)
[44, 45, 52, 54].

Upon observation by SEM, the average particle size of C-DX-25 and
C-DX-35 was found to be around 500-800 nm, which is different than that detected
by DLS. The reasons for this phenomenon are the same as those described in section
3.1

It can be concluded from the above investigation that an increased
concentration of carbon xerogel derived from polybenzoxazine greatly affects the
macropore volume of the resulting carbon xerogel and its derivative properties.
Moreover, the 3D interconnected macroporous structure of carbon xerogels with
extremely large amount of macropore volumes (4.33-2.17 c¢cm3/g) could be preserved
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by varying the benzoxazine concentrations in the range of 25-35%w/w. However,
when increasing the concentration to 45% / , the particles seem to aggregate to
form fused particles and these carbon xerogels show the lowest macropore volume of
1.39 cmalg.

3.4.3 Effects ofdrying methods

For organic and carbon aerogel preparations, the supercritical CO2
drying method was used to remove the solvents in order to prevent pore collapse of
mesopores and macropores [10-12]. Although the pore structure of gels could he
maintained by supercritical CO2 drying, this method has many disadvantages such as
high cost, low production rate due to multiple steps required, high energy
consumption, and large time consumption,

The purpose of this section is to look for a solvent that has a poor
interaction with benzoxazine so an economical ambient pressure drying method can
be used as effectively as the supercritical CO2 drying method. In other words, we
want to discover which solvent can provide the same pore structure of
organic/carbon gel after solvent removal process by both amhbient pressure drying
and super critical CO2 drying methods. According to section 3.1, the structure of
organic xerogel was collapsed by the ambient pressure drying method when dioxane
was used as a solvent. Theoretically, although the structure of organic xerogel in a
dioxane system can be preserved by super critical CO2 drying, dioxane is not
appropriate for amhbient pressure drying as observed in section 3rl and is out of the
scope of our research. Therefore, the effects of super critical CO2 drying method will
not be studied for a dioxane system and the 0-solvent for henzoxazine like DMF will
be hereinafter used for studying the effects of drying methods. The condition with
the highest amount of mesopore and macropore volumes, at a benzoxazine
concentration of 35% / using DMF as a solvent, was selected for these drying
studies.
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Figure 3.11 (a) 2adsorption-desorption isotherms of carbon xerogels using DMF
as a solvent by (a) ambient pressure drying (C-DX-35) and supercritical CO2 drying
(C-DA-35) (b) pore size distribution.

The resulting carbon obtained from supercritical CO02 drying is
abbreviated as C-DA-35 in which A stands for aerogel. Figure 3.11a shows the
adsorption isotherms of C-DA-35, representing the combination of the adsorption
isothenns type lib with a H3 hysteresis loop and type Ic [52, 53, 55], The adsorption
isotherms of both C-DA-35 and C-DX-35 did not reach the plateau region at a high

relative pressure (p/p0~1), indicating a macropore regime in the sample. In

addition, the adsorption isotherms of C-DA-35 in Figure 3.11a show a higher
adsorption volume at a relative pressure of less than 0.1 (micropore regime) than that
of C-DX-35. This higher adsorption volume of C-DA-35 in the micropore regime
indicates C-DA-35 has a slightlyJngher micropore volume than C-DX-35. However,
in the mesopore regime, the adsorption volume curves of both samples are slightly
different and show a similar slope. Therefore, the distinction between the two
isotherms in Figure 3.11a is mainly affected by the adsorption of micropores at low
relative pressures.

The pore characteristics of C-DA-35 are surprisingly similar to those
of C-DX-35, as summarized in Table 3.3. Flowever, the specific surface area of C-
DA-35 calculated from the BET algorithm is slightly higher than that of C-DX-35
(around 370 and 341 m2qg respectively). In addition, the micropore surface area of C-
DA-35 is significantly higher at 326 m2/g than C-DX-35 at 271 m2g due to the



45

increased micropore volume of C-DA-35. The mesopore volume and mesopore size
of C-DX-25 and C-DA-25 are almost the same, at about 0.17 and 0.15 cm3/g, 3.66
and 3.57 nm, respectively. Moreover, both samples possess extremely large
macropore volumes, at about 2.15-2.17 cms3/g. The micro- and mesopore size
distributions of both samples are in similar ranges (Figure 3.11h). Furthermore, the
same 3D interconnected macroporous structure was clearly observed in C-DX-35
and C-DA-35 by SEM (Figure 3.12). Therefore, different drying methods have no
significant effect on the morphology of PBZ-derived carbon gel. This result could be
explained by the structure of pol'ybenzoxazine and the surface tension at the interface
between polymer and solvent,

Table 3.3 Pore characteristics of carbon xerogels using DMF as a solvent at 35%
| ofsolid contents by ambient pressure drying and supercritical CO2 drying

Sample Shet Smicro

APDmicro AP
(m2g)  onag)  (emvg) (CnT/g) (\c/rﬂn% (em°7g)  (nm) (nD(mr?S0
C-DX-35 RN 211 014 017 217 248 3.66

C-DA-35 30 36 07 0I5 215 24 128 3.57

NOte : Soet : BET surface area : Smicro : micropore surface area ; V'm0 : micropore
volume ; Vmeso : mesopore volume ; Vmacro : macropore volume ; Viotai : total pore
volume ; APDmQ0 : average micropore diameter ; APDmeso : average mesopore
diameter

To explain the preservation of pore structure in the samples, the
Laplace equation was used as described by et al. [61]. According to the Laplace
equation [52, 53, 62]:
A D =2rse)

where AD is the capillary pressure, Y is the interfacial surface tension at liquid-air

interface, O is the contact angle and I is the radius of the capillary. Normally,
supercritical CO2 drying is used to remove the solvent without pore collapse because
this method creates no surface tension (v ) and capillary pressure (AP). Judging from

the poor interaction hetween benzoxazine and DMF, and the Laplace equation (Eq.5)
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[52, 53, 61], the surface tension between benzoxazine and DMF in an ambient
pressure drying process should be minimized, resulting in a low capillary force. By
minimizing capillary force, the structural collapse of C-DX-35 could be minimized.
The similar pore characteristics of C-DX-35 and C-DA-35 can also be explained by
the structure of polybenzoxazine itself.

Figure 3.12 SEM micrographs of porous carbon using DMF as a solvent by (a)
ambient pressure drying (C-DX-35) and (b) supercritical CCVdrying (C-DA-35);
inset: high magnification.

CHs;
A
(O Q O O> —_— H;C CH; H;C CHs
CHs 200 °C
N N =
\R
n

|
OH R OH

N

MCBP(BA-teta) Crosslinked MCBP(BA-teta)

Figure 3.13 Structure of MCBP(BA-teta) and cross linked M CBP(BA-teta).
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Figure 3.13 illustrates the structure of MCBP(BA-teta) and
crosslinked MCBP(BA-teta). Cross-linked MCBP(BA-teta) has high strength and
modulus [21-25] due to the chemical cross-links by covalent bonds and physical
cross-links by various forms of hydrogen bonds. Such a cross-link structure would
withstand pore collapse generated by the capillary force at the interface between the
pore wall and liquid solvent, leading to near-zero linear shrinkage after amhient
pressure drying. On the other hand, dioxane was not appropriate for ambient pressure
drying due to strong interaction between the benzoxazine precursor and dioxane. The
linear shrinkage of C-DiX-25 was about 30% during ambient pressure drying. By
using isopropanol and DMF as solvents, spherical particles (C-1X-25) and 3D
interconnected macroporous carbon xerogel (C-DX-25) show near-zero shrinkage at
approximately 5% and 5-7%, respectively, after ambient pressure drying. This near-
zero shrinkage was due to the enlarged pore connection in the structure of hoth
samples as described by Li et al. [57], In short, for the ambient drying to be
successful, the choice of solvent is recommended to be close to the 9-solvent. Such
mediocre solvent that dissolves benzoxazine resin but not good enough to resist
phase separation would lead to nearly identical xerogel morphology as that obtained
by the supercritical CC.. method despite the use of much easier ambient drying.

3.5 Conclusions

MCBP(BA-teta)-based carbon xerogels with different properties were
obtained by varying different synthesis parameters. The gelation time and density
increased with increasing precursor concentrations. Furthermore, the benzoxazine
precursor also showed a fast gelation time in the DMF system about 1.15-3.00 h due
to fast ring-opening polymerization accelerated by the hydrophilic solvent. The rate
of cluster growth at lower precursor concentrations of PBZ was faster than those of
higher precursor concentrations for the DMF system. The specific surface area,
mesopore volume, and macropore volume could be tailored by varying the
concentrations of benzoxazine. Interestingly, 3D interconnected macroporous carbon
xerogels with extremely large amount of macropore volumes (1.39-4.33 cma/g) could
be easily obtained after carbonization by using DMF as the solventvia self-formation
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of benzoxazine during the sol-gel process. Moreover, carbon xerogels could
obviously keep their 3D interconnected macroporous structure at a concentration of
25-35% | .

Interestingly, by using different types of solvents, different morphology and
porous characteristics were achieved. The spherical particles with a microporous
property obtained from a self-micelle-like formation model were observed by using
isopropanol as_the solvent. By using dioxane as the solvent, C-DiX-25 showed the
characteristics of mesoporous carbon due to the interconnection of small clusters of
benzoxazine. Therefore, the properties of MCBP(BA-teta)-hased carbon xerogels can
be easily changed to micro-, meso-, or macroporous properties by changing the
solvent species during the sol-gel process.

In comparing the rate of cluster growth between the DMF and dioxane
systems, the rate of cluster growth in the dioxane system was slower than that of the
DMF system, implying good miscibility between PBZ and dioxane. During the phase
separation process, primary clusters were formed and continuously grew in size until
the gelation point was achieved if dioxane was used. However, the primary clusters
could agglomerate to form the secondary clusters, resulting in a 3D interconnected
macroporous structure for the DMF system. Without the need of a supercritical CO2
drying method, in the DMF system, MCBP(BA-teta) hased-xerogel was sufficiently
strong to withstand pore collapse during the ambient pressure drying method.

Al results suggest that DMF and polybenzoxazine are an appropriate
solvent and excellent candidate resin, respectively, for producing 3D interconnected
macroporous carbon xerogel with extremely large amount of macropore volumes
(1.39-4.33 cma3lg). Additionally, this system .does not require a template, external
ultrasonic vibrations, or an acid catalyst which could lead to extensive energy and
time consumptions, resulting in high production costs. More generally, it was found
that choice of the o-solvent for the polymer allows the adoption of ambient pressure
drying without concerns for pore collapse caused by capillary force.
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