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ABSTRACT: The carbon aerogels prepared by a new
method through gelation and supercritical drying in isopro-
panol were characterized by X-ray photoelectron spectros-
copy (XPS), scanning electron microscopy, and a surface
area analyzer. Their chemical structure, morphology, and
pore structure are discussed. We found that all of these
carbon aerogel (CA-IPA) samples have almost the same
carbon and oxygen elemental states, as well as similar oxy-
gen-containing groups. The curve fitting of the Cls XPS
spectra of the samples for characterizing oxygen-containing
surface groups can be performed by assuming the peak type
to be a Gaussian—Lorentzian Cross Product, but we cannot
obtain good results using a Gaussian lineshape. When the
mass density of the CA-IPA decreases, the mesopores and

macropores of the samples are found to grow, but the size
and the shape of individual carbon nanoparticles in various
CA-IPA samples do not apparently change. The micropore
volume of the CA-IPA samples increases with a decrease in
the mass density, while the mesopore volume has a maxi-
mum at a certain mass density. The CA-IPA samples have a
very narrow micropore distribution at about 0.5 nm. The
mesopore distribution of the CA-IPA is widened and the
average pore size increases as the mass density of the sample
decreases. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 91:
3060-3067, 2004

Key words: carbon aerogel; gelation and drying in isopro-
panol; chemical structure; pore structure

INTRODUCTION

The fabrication of carbon aerogels is an important
subject both with regard to science and to applica-
tions. There are many papers about the fabrication
and characterization of carbon aerogels in the liter-
ature,’”* but most carbon aerogel materials were
synthesized by the method of carbon dioxide super-
critical drying, reported by Pekala.” We recently
reported a new method for the synthesis of carbon
aerogels.® In this work, we have synthesized an
organic gel from resorcinol and furfural in isopro-
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panol using HCI as a catalyst, and then directly
drying the resulting material under isopropanol su-
percritical conditions, followed by carbonization in
a nitrogen atmosphere. This method omits the steps
of exchanging water with an organic solvent (ace-
tone) and an organic for carbon dioxide before su-
percritical drying, so that the new method is a sim-
pler, easier, and safer process than the typical
method of carbon dioxide supercritical drying com-
monly used at present. In the previous work,® we
reported the fabrication conditions and the proper-
ties characterization of the carbon aerogels thus pro-
duced. In this paper, we focus on studies of the
chemical structure and especially the pore structure
of the carbon aerogels obtained, because the pore
structure greatly affects the adsorption and other
properties of the aerogels. Thus, by using X-ray
photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and a surface area analyzer, the
chemical states of carbon and oxygen, the morphol-
ogy, and the pore parameters and pore distributions
within the samples were investigated. This work
thus provides detailed information on the effect of
modification of the fabrication procedures on the
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Figure 1 XPS spectrum of CA-IPA CA-59.

properties of the carbon aerogels and on the selec-
tion of materials for specific uses.

EXPERIMENTAL
Sample preparation

The preparation of carbon aerogels has been previ-
ously reported.® The synthesis involves the gel poly-
merization of resorcinol with furfural in isopropanol
using HCl as a catalyst, and then drying the resulting
material directly under isopropanol supercritical con-
ditions, followed by carbonization at 800°C under a
nitrogen atmosphere. The samples thus produced
were denoted by CA-IPA.

XPS determination

XPS characterization of the carbon aerogels was car-
ried out on an AXIS HIS 165 and ULTRA Spectrometer
made by Kratos Analytical Ltd. England, using Al K,
radiation (energy 1,486.6 eV) in a vacuum of 5 X 10~°
Torr. X-ray slots of 760 X 350 um” and an X-ray power
of 150 W (15 kV and 10 mA) were used for all of the
XPS measurements.

TABLE 1
Elemental Contents of the CA-IPA Samples
Sample no.
CA-57 CA-59 CA-60
Mass density (mg/ml) 479 424 231
Carbon
Atomic content (%) 97.31 97.06 97.94
Mass content (%) 96.44 96.12 97.27
Oxygen
Atomic content (%) 2.69 294 2.06
Mass content (%) 3.56 3.88 2.73

SEM observation

The samples were mounted on a sample holder with
silver paint and coated with an Au/Pd alloy. The
morphology images of the samples were recorded
using a JEM-6320FV scanning electron microscope.

Measurement of pore parameters and pore size
distribution

Samples of approximately 0.1 g were heated to 200°C
to remove all the adsorbed species. Nitrogen adsorp-
tion isotherms were then taken using an ASAP 2000
surface area analyzer (Micromeritics Instrument
Corp.). The Horvath—Kawazoe (HK) and Barrett—
Joyner—Halendar (BJH) theories were used for the
analysis of the micropore and mesopore distribution,
respectively.

RESULTS AND DISCUSSION
Chemical structure of the CA-IPA samples

Figure 1 is an XPS survey scan of a typical CA-IPA.
The result indicates that the CA-IPA sample mainly
consists of the elements carbon and oxygen (the ele-
ment hydrogen can not be detected by XPS). The
content of chloride (from the HCI catalyst) is too low
to be seen in the CA-IPA spectrum that was obtained.
According to the survey scan, the elemental contents
of the CA-IPA samples are listed in Table I. We can see
that all of the CA-IPA samples have similar elemental
content. They have higher carbon content and lower
oxygen content than that of the potassium-containing
carbon aerogels and of the copper-doped carbon aero-
gels reported in previous work.” The detailed scan-
ning of Cls and O1s (see Figs. 2 and 3) shows that the
C1s and Ols spectra of the CA-IPA samples prepared
under different conditions are almost the same, indi-
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Figure 2 The Cls spectra of the CA-IPA samples.
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Figure 3 The Ols spectra of the CA-IPA samples.

cating that the CA-IPA samples have almost the same
chemical structure, even though they possess different
morphology and pore structures as discussed below.
It can be seen from Figure 2 that the Cls peaks of all
CA-IPA samples are very sharp. The values of their
full widths of half maximum (FWHM) intensity are
only about 0.97 eV. However, their Cls spectra are
also asymmetric and tail toward high binding ener-
gies, suggesting that the CA-IPA samples still contain
a small amount of oxygen-containing surface groups.
According to previous studies in the literature,® "> a
Cls curve fitting technique is usually used for the
analysis of oxygen-containing surface groups on car-
bon materials. Referring to the literature,®™'> we as-
signed the main peak at about 284.5 eV to aromatic
and aliphatic carbon, the peak at about 285.9 eV to a
hydroxyl group, the peak at about 287.6 eV to a car-
bonyl group, the peak at about 289.1 eV to the car-
boxyl group, and the peak at about 290.8 eV to the
shake-up satellite, and we then performed the curve
fitting of the Cls spectra of the CA-IPA samples. We
were unable to obtain good results when we first tried
to fit the Cls spectra by assuming the component
peaks to be of the Gaussian type, as commonly used.
However, when we chose the peak type to be a Gaus-
sian—Lorentzian Cross Product, we obtained very
good curve fitting results, which are shown in Figures
4(a) to 4(c). The curve fitting data are listed in Table II.
It can be seen from Table II that there are about 30%
oxygen-containing surface groups on the CA-IPA
samples. Among them, most are hydroxyl groups
(about 17%). The contents of the carbonyl and the
carboxyl groups are approximately 7 and 5.5%, re-
spectively. The type and amount of the oxygen-con-
taining groups in the various CA-IPA samples are
similar.
We also performed curve fitting of the Ols feature
for the CA-IPA samples [see Fig. 5(a) to 5(c)] by as-
signing the peak at about 533.2 eV to single bond
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Figure 4 (a) Curve fitting result of Cls of CA-IPA CA-57.
(b) Curve fitting result of Cls of CA-IPA CA-59. (c) Curve
fitting result of Cls of CA-IPA CA-60.
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TABLE 1I
Curve Fitting Data of the Cls Spectra
of the CA-IPA Samples

Position
Sample Component BE* FWHM* Raw area Area
no. peak (eV) (eV) (cps) (%)
1 284.58 0.898 29200.35 63.12
2 285.93 1.780 8209.76  17.75
CA-57 3 287.53 1.993 298736  6.46
4 289.14 1.933 2770.54 5.99
5 290.80 2.533 309424  6.69
1 284.56 0.907 28508.22  65.15
2 285.92 1.875 7596.28  17.35
CA-59 3 287.56 1.842 336731  7.69
4 289.12 1.681 233540  5.34
5 290.90 2.126 1953.95 4.47
1 284.56 0.889 2791698  64.82
2 285.90 1.607 727239  16.89
CA-60 3 287.57 1.819 2940.11 6.83
4 289.14 1.942 2314.67  5.37
5 290.80 2.260 262125  6.09

*BE, binding energy; FWHM, full width half maximum
intensity linewidth.

oxygen and the peak at about 531.7 eV to double bond
oxygen.®"'% The curve fitting data are listed in Table
III. We can see that most of the oxygen element
(~68%) is in the chemical state of single bond oxygen.

Morphology of the CA-IPA

Though we have analyzed the carbon framework of
the nanostructure of the CA-IPA samples by transmis-
sion electron microscopy observations, and we have
found that the CA-IPA samples consist of intercon-
nected carbon nanoparticles,® the SEM observation
can give us some detailed information about the mor-
phology and texture, especially the mesopore and
macropore structure of the CA-IPA. Figures 6(a) to
6(h) show SEM photographs of several CA-IPA sam-
ples with various mass densities. It can be seen that
the carbon nanoparticles are packed into a network in
the CA-IPA. There are many mesopores and macro-
pores among the carbon nanoparticles. The size and
the shape of individual carbon nanoparticles observed
in different samples are almost the same, but the pack-
ing space is greatly changed with the change of mass
density of the CA-IPA. We find from Figures 6(a) to
6(h) that when the density of the CA-IPA decreases,
the number of macropores with sizes over several
hundred nanometers increases. Therefore, we can con-
trol the mesopore and macropore structures by con-
trolling the mass density of CA-IPA through changing
the mass content of the reactants.

Because the change of mass density mainly changes
the number of mesopores and especially the number
of macropores, but the individual carbon nanopar-
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Figure 5 (a) Curve fitting result of Ols of CA-IPA CA-57.
(b) Curve fitting result of Cls of CA-IPA CA-60. (c) Curve
fitting result of Cls of CA-IPA CA-59.
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TABLE III
Curve Fitting Data of the Ols Spectra
of the CA-IPA Samples

Position
Sample Component BE* FWHM* Raw area Area
no. peak (eV) (eV) (cps) (%)
CA-57 1 531.68 1.804 1025.46  32.42
2 533.24 1.786 213796  67.58
CA-59 1 531.69 1.875 1088.67  30.40
2 533.23 1.962 2492.01  69.60
CA-60 1 531.69 1.703 906.96  32.23
2 533.23 1.789 190735  67.77

*BE, binding energy; FWHM, full width half maximum
intensity linewidth.

FU ET AL.

ticles are kept the same, the surface area of the CA-IPA
increases only slightly when the mass density greatly
decreases.®

Pore parameters and pore size distribution of the
CA-IPA

The SEM observations indeed demonstrate the effect
of the mass density on the mesopore and macropore
structures of CA-IPA, but give no quantitative infor-
mation. Here, we mainly focus on the relationship
between the mass density and the pore structures. The
characterization of pore parameters and pore size dis-
tribution will provide quantitative and detailed infor-
mation of the pore structure of the CA-IPA samples.

Figure 6 SEM photographs of the CA-IPA samples with various mass densities (a and b) 479 mg/ml; (c and d) 424 mg/ml;

(e and f) 231 mg/ml; (g and h) 148 mg/ml.
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Figure 7 (a) The isotherm of the CA-IPA CA-57. (b) The
isotherm of the CA-IPA CA-62. (c) The isotherm of the
CA-TPA CA-63.

Figures 7(a) to 7(c) show the adsorption—desorption
isotherms of the samples of various densities. All the
samples were found to give type IIb nitrogen iso-

therms.'* The isotherms in Figure 7 rise very sharply
at low relative pressures and reach a high adsorption
volume, indicating that the CA-IPA samples contain a
large amount of micropores. With increasing relative
pressure, the isotherms become almost linear. At high
relative pressure, the isotherms exhibit a hysteresis
loop.

According to the isotherms of the CA-IPA samples,
the surface area, pore volume, and pore size of the
CA-IPA samples are listed in Table IV. We can see that
for the CA-IPA samples prepared at the same temper-
ature, the micropore volume of the samples increases
with a decrease in the mass density. The alternative
tendency of the micropore volume and the
Brunauer—Emmett—Teller (BET) surface area of the
CA-IPA samples to increase with decreasing mass
density are almost the same. However, all of the me-
sopore volume (BJH desorption cumulative pore vol-
ume between 1.7 and 300 nm diameter), the single
point total pore volume (at P/Po = 0.98), the median
pore diameter, the BJH desorption average pore diam-
eter (4V/A), as well as the average pore diameter
(4V/A by BET) of the CA-IPA samples have a maxi-
mum value with a decrease of its mass density. We
explain these results as follows.

The mesopores in the CA-IPA are attributed to the
interval gaps between the carbon nanoparticles. For
the high mass density CA-IPA samples, the carbon
nanoparticles are packed tightly and have a small
amount of interval gaps. Therefore, its mesopore vol-
ume and single point total pore volume are lower and
its median pore diameter, BJH desorption average
pore diameter (4V/A), and average pore diameter
(4V/A by BET) are all small. When the mass density of
the CA-IPA decreases, the number and size of the
interval gaps between the carbon nanoparticles in-
crease, therefore, the mesopore volume and relative
pore diameter in Table IV increase. However, when
the mass density of the CA-IPA decreases too much,
many mesopores will be enlarged into macropores
that cannot be detected by the ASPA 2000 Surface
Area Analyzer, as observed in the SEM study above.
Therefore, the mesopore volume, single point pore
volume, and relative pore diameter in Table IV de-
crease.

We analyzed the micropore distribution of the CA-
IPA samples by the HK method'* and the results are
shown in Figure 8. It can be seen that all of the CA-IPA
samples with various mass densities have very nar-
row micropore size distributions and most micropores
are concentrated at a diameter of about 0.5 nm.

We assessed the mesopore distribution of the CA-
IPA samples by the BJH method'* and the results are
shown in Figure 9. We can see from Figure 9 that the
mesopore size distribution of the CA-IPA is widened
and the peak value of distribution curve is shifted to
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TABLE 1V
Surface Area, Pore Volume, and Pore Diameter of the CA-IPA Samples*
Sample No.

CA-5%% CA-60# CA-57# CA-62# CA-63#
Gelation temperature (°C) 60 60 70 70 70
Mass content of reactants (wt %) 11.5 5.9 16.7 11.5 59
Mass density of carbon aerogel (mg/ml) 424 231 479 323 148
BET surface area (m?/g) 615.3 630.4 557.1 583.5 655.6
Micropore volume (ml/g) 0.186 0.189 0.171 0.177 0.202
BJH desorption cumulative pore volume (ml/g) 1.093 0.810 0.842 0.918 0.744
Single point total pore volume (ml/g) 1.253 0.979 0.981 1.075 0.926
Median pore diameter (nm) 46.2 21.8 30.9 374 15.7
BJH desorption average pore diameter (4V/A) (nm) 15.1 11.0 12.2 13.5 10.1
Average pore diameter (4V/A by BET) (nm) 8.15 6.21 7.05 7.37 5.65

*BET, Brunauer-Emmett-Teller; BJH, Barrett-Joyner-Halendar.

higher diameters as the mass density of the CA-IPA
decreases. These changes are caused by the size in-
crease of many of the mesopores in the CA-IPA and
finally by their transition into macropores, consistent
with the SEM observation results mentioned above.

CONCLUSION

The CA-IPA samples produced by the gelation and
supercritical drying in isopropanol have a high carbon
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Figure 8 Micropore distribution of the CA-IPA samples.
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Figure 9 Mesopore distribution of the CA-IPA samples
with different mass densities.

content and a low oxygen content. The content of
chloride is too low to be detected by XPS. The chem-
ical structures of the CA-IPA samples produced in our
experiments are almost the same. The oxygen-contain-
ing groups on the surface of the CA-IPA can be as-
sessed by the curve fitting of its Cls spectrum by
assuming the component peak type to be a Gaussian—
Lorentzian Cross Product.

The size and shape of the individual carbon nano-
particles in various CA-IPA samples are almost the
same, but their packing space varies highly. When the
density of the CA-IPA decreases, the macropores with
sizes over several hundred nanometers apparently in-
crease.

The micropore volume of the CA-IPA increases
with a decrease in the mass density, but the mesopore
volume, the single point total pore volume, the me-
dian pore diameter, the BJH desorption average pore
diameter, and the average pore diameter of the CA-
IPA samples have a maximum value at a certain mass
density. The CA-IPA samples have a very narrow
micropore distribution at about 5 nm. The mesopore
size distribution of the CA-IPA is widened and the
peak value of the distribution curve is shifted to
higher diameters as the mass density of the CA-IPA
decreases.
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