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ABSTRACT

Carbon aerogels prepared from resorcinol formaldehyde organic aerogels have a wide range of use due to their
considerably large specific surface area. Since the applications mostly happen in wet form, e.g. in aqueous
medium, NMR cryoporometry was employed to follow the porous behavior of an organic aerogel and its carbon
derivative, as well as the textural changes after the pyrolysis. Water and cyclohexane were used as hydrophilic
and hydrophobic probe molecules, respectively. In the polymer aerogel, saturated with water, by NMR we found
spherical mesopores confined by the aerogel beads and wide channels in the macropore size-range separating the
aggregated beads. After carbonization cylindrical pores were observed between the beads and the aggregates got
closer to each other. On the other hand, the hydrophobic cyclohexane probed exclusively the macropores, which
might be the result of local swelling. The micropore region both in the polymer and the carbonized form was
explored only by the low temperature gas adsorption measurements. The comparison of the two methods
confirmed that these techniques excellently complement each other in characterizing the micro-, meso- and
macropores of solid porous materials: vapor adsorption is superior in characterizing the micro- and meso-
porosity, while NMR cryoporometry provides information about the pore geometry and size distribution in the

meso- and macropores.

1. Introduction

Resorcinol formaldehyde (RF) aerogels have many excellent prop-
erties such as large specific surface area and tunable porosity [1-3].
Furthermore, RF polymer aerogels are also precursors of carbon aero-
gels, which are relatively good electric conductors due to the carbon
matrix and heat insulators as a result of their porosity. Therefore these
materials attract great attention in adsorption, catalysis, energy storage,
and conversion applications [4]. Their applications in energy storage
devices (lithium ion batteries, supercapacitors, fuel cells, etc.) are
widely studied [5-8]. The open, interconnected pore network of micro-,
meso- and macropores, which can be tuned by the conditions of the
synthesis, drying and carbonization of the polymer aerogel, makes these
materials extremely high capacity adsorbents as well [9-12].

RF based carbon aerogels are obtained after the pyrolysis of the RF
polymer aerogels. During the polymer to carbon conversion also the
texture of the aerogel undergoes important changes. The microporosity
generally increases, resulting in an increase of the apparent surface area.
On the other hand, the alterations in the meso- and macropore regions

may be more sensitively affected by the experimental conditions
[13-16]. Gas adsorption methods are the most widely used vehicles for
the characterization of the porosity and pore size distribution. Electron
microscopic methods, scattering (e.g., SAXS and SANS), and various
spectroscopies can be used to complete the textural and, occasionally,
the surface chemical information [17]. Most of these techniques provide
information about the solid sample in evacuated conditions. However,
the above-mentioned applications take place in a solvent, mostly
aqueous medium. Therefore, from the application point of view, the
investigation of the porous structure in liquid medium is essential.
Recently, nuclear magnetic resonance (NMR) cryoporometry has
appeared more frequently in the literature for characterizing the pore
shape and size [18-25]. It takes advantage of the melting and freezing
point depressions of liquids confined in pores. Water and organic sol-
vents (e.g., cyclohexane) are often used as probe liquids depending on
the character of the porous matrix. While the RF polymer aerogels
contain phenolic hydroxyl groups, their pyrolysis results in carbon
aerogels of a more hydrophobic character. However, the skeleton of
carbon aerogels is often decorated with hydrophilic functional groups.
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Cadar et al. compared the wetting of carbon xero- and aerogels in water
and cyclohexane. They observed a non-uniform water distribution,
while the cyclohexane forms a uniform, strongly attached surface layer
[26,27]. On this basis, we assume that cryoporometry measurements
carried out with both liquids (water and cyclohexane) can give extra
information about the pore structure compared to the conventional
methods.

NMR cryoporometry has already been applied in the case of carbon-
based materials. Ghosh et al. [28] investigated the freezing of water
inside carbon nanotubes of 1.4 nm diameter by NMR cryoporometry,
and were able to distinguish water inside the nanotube and adsorbed on
the wall. It must be noted that their cryoporometry experiments were
made far out of the so-called large pore limit, where the quantitative
evaluation of the data is possible [23]. Zhao et al. found correlating
NMR cryoporometry and nitrogen adsorption pore size distribution
curves for coal samples [29]. Krutyeva et al. combined gas adsorption,
NMR cryoporometry, and some other NMR methods to characterize
carbon molecular sieves and activated carbons [30]. They systematically
built up a characterization protocol as follows: the specific surface area
and the porosity were accepted from the gas sorption, while the pore size
distribution from the NMR cryoporometry on samples, completely
saturated with nitrobenzene.

The aim of our work was to determine the morphology of an RF
polymer aerogel (PA) and the derived carbon aerogel (CA) in liquid
media, and to study the applicability of NMR cryoporometry to follow
the textural changes during the pyrolysis process. The texture of the
aerogels was characterized by NMR cryoporometry, nitrogen and water
vapor adsorption as well as scanning electron microscopy (SEM) to
reveal the compatibility of the methods. Cryoporometry measurements
were carried out in aqueous and cyclohexane media to understand the
role of the polarity of the probe liquids.

2. Experimental
2.1. Synthesis of the aerogels

The aerogel samples were prepared similarly to the first reported
synthesis of polymer and carbon aerogels [31]. Briefly, first a resorcinol
(R)-formaldehyde (F) hydrogel was prepared with an R/catalyst
(NayCO3) mass ratio of 50. After changing the water to acetone, the wet
gel was dried in supercritical COy yielding the polymer aerogel, PA
(48%) [32]. The dry gel was converted to carbon aerogel, CA, in a rotary
quartz reactor at 1173 K for 1 h in a 25 mL/min high purity nitrogen
flow (99.996%, Linde). The preparation process is summarized in Fig. 1.

2.2. Characterization

Scanning and transmission electron microscopy (SEM and TEM,
respectively) were used for taking the image of the texture (Hitachi
SU8030 and JEM2011).

Low temperature nitrogen adsorption measurements (77 K) were
carried out with a NOVA 2000e (Quantachrome) automatic volumetric
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gas sorption analyzer instrument to determine the surface area and pore
size distributions of the aerogels. The BET model was used to obtain the
apparent surface area from the isotherms [33]. The volume of micro-
pores was derived from the Dubinin-Radushkevich (DR) model [34]. As
no kernel files, necessary for DFT based calculations, are available for
polymers, the pore size distributions were calculated with the Barrett,
Joyner and Halenda (BJH) model [35]. The use of this model limits the
window of the pore size distribution curves. The pore size distribution of
the carbon gel was calculated with the NLDFT equilibrium model. The
best fit (fitting error 0.65%) was obtained with slit-like pore geometry.
Data evaluation was carried out with the software of the manufacturer of
the instrument (ASiQwin version 3.0).

Water vapor sorption was applied for the hydrophilic/hydrophobic
characterization. The isotherm was measured on a static volumetric
Hydrosorb (Quantachrome) water vapor sorption analyzer at 293 K.

2.3. NMR experiments and data evaluation

NMR cryoporometry is used for determining the pore size distribu-
tion of wetted porous materials. Since this technique is less known, we
briefly introduce its theoretical background in the following.

Cryoporometry is based on the phenomena that liquids in a confined
geometry (=pore) melt and freeze at lower temperatures (Ty,/s) than in
the bulk phase (Tp) [36]. By liquid-phase NMR only the molten phase is
detected, thus the melting and freezing processes can be followed
through the detected intensity of the NMR signal by changing the tem-
perature. Using a modified form of the Gibbs-Thompson equation (eq.
(1)) the pore size and pore size distribution can be calculated [37].

nk,

AT,y =Ty — Ty = —
P

@

where n is a factor characteristic for the pore geometry, K is the cry-
oporometric constant of the liquid, and r;, is the radius for spherical and
cylindrical pores, and the half-distance between planar surfaces [23]. n
is 3, 2 and 1 for spherical, cylindrical and slit-shaped geometry respec-
tively for the freezing, while 2, 1, and O for the melting process. It is
obtained from the different mechanism of freezing and melting, if no
special bottle-effect or uncontrollable delay by nucleation occurs on
cooling. It means that in certain cases a hysteresis can be observed on the
freezing-melting curves [22-25]. The NMR pore size distributions are
often compared favorably with gas adsorption results; nevertheless gas
adsorption data are occasionally used for the calibration of the NMR
methods [30,39]. When the gas sorption and cryoporometric experi-
ments give different results, either of them can be correct but holds
different or complementary information. With careful interpretation,
they can turn the results more reliable.

Cryoporometric experiments were carried out on the RF polymer
aerogel (PA) and its carbon derivative (CA) fully saturated with the
probe liquids. The gels were introduced into plastic NMR tubes and
loaded with deionized (Milli-Q) water. In the case of CA, cyclohexane
(AnalaR NORMAPUR® ACS, Reag. Ph. Eur) was also used as probe
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Fig. 1. Scheme of the preparation of RF polymer and carbon aerogels from hydrogel.
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liquid. Before the NMR experiment, we waited at least one day for the
diffusion of the liquid into the aerogels. After the calibration of several
parameters (90° pulse length, echo time, etc.) the samples were frozen at
233 K. Dried, cold air and a cooling unit (BSCU 05) was used for cooling
the probe head (400 MHz inverse broadband probe head). The tem-
perature was changed from 264 K to about 274 K for water and to 282 K
for cyclohexane filled samples and 'H spectra were recorded at every
0.1, 0.2 or 0.5 K step after a temperature equilibration of 5 min. The
thermometer was previously calibrated against ethylene glycol and
methanol [40]. The temperature calibration was also confirmed by the
bulk transition temperature of the probe liquids. The 'H NMR spectrum
of the sample was recorded by a spin echo sequence to eliminate the
broad signal of the frozen liquid during the echo time, which was
typically 0.5-1 ms [23]. MestReNova 9.0©0 was used for the
post-processing. To follow the melting and freezing processes the peak
integrals of the molten liquid were plotted as a function of the temper-
ature. From the melting-freezing hysteresis the pore geometry was
deduced and according to eq. (1) pore radii were calculated. The K, was
taken as 30 nm K for water and 96 nm K for cyclohexane according to
Petrov and Furo [23]. The pore size distribution curves were plotted
after the numerical derivation of the integral - pore radius function in
the following way: the measured data were fitted with asymmetric lo-
gistic curves (like Richards and Gompertz growth functions) using the
OriginPro 8.6© software and the analytical derivatives were calculated
[41].

3. Results and discussion
3.1. Morphology of the aerogels seen by vapor adsorption

The electron microscopic images of the aerogels are shown in Fig. 2,
revealing the presence of pores in a wide size range as well as their
interconnected nature. The size of the beads is about 30 nm in the
polymer and 12 + 3 nm in the carbon aerogel.

The morphology of PA and CA was characterized by low temperature
N, adsorption measurements. Fig. 3 shows the adsorption isotherms and
the pore size distributions (diameter, d) derived from both the adsorp-
tion and desorption branches. As no kernel file is available for polymer
samples necessary for DFT based calculations, we used the BJH model
for the sake of comparison.

The nitrogen adsorption/desorption isotherms of the aerogels are of
type IV(a) according to the IUPAC classification revealing an inter-
connected pore network of aggregated particles [42]. Although the PA
contains micropores, wider mesopores and macropores dominates its
porosity. After the pyrolysis the type of the isotherm conserved, how-
ever, due to the thermal treatment of the polymer beads the contribution
of the micropores significantly increased. The isotherms have a hyster-
esis loop of type H3, i.e., the pore network also contains macropores not
completely filled with liquid nitrogen. Their size, as seen by SEM/TEM,
exceeds the upper limit of the nitrogen adsorption technique. The
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closure point of the loops, marking the cavitation induced evaporation is
at ca p/pp 0.65 in the polymer and is shifted to 0.75 after the pyrolysis.

The SEM images and the shape of the isotherms confirm the textural
similarity of PA and CA. The isotherm is practically shifted upward as a
result of the pyrolysis. The most significant change is an intensive in-
crease occurring in the microporous region. The opposite trend in the
total pore volume (Fig. 3 and Table 1.) can be explained by the limits of
the nitrogen adsorption technique. The enhanced microporosity also
leads to the increase of the apparent surface area and a more than 50%
drop of the average pore size (dgy.) detected by this technique (Table 1.).
The comparison of the pore size distributions calculated from the cor-
responding branches of the isotherms confirms that the pyrolytic heat
treatment does not alter the pore size distribution in the mesopore range
[10,43]. The DFT based pore size distribution of CA (Fig. 3b, inset) re-
veals the existence of micropores in the 1-2 nm range and confirms the
presence of the mesopores seen in the BJH distribution.

Water vapor adsorption of the carbon aerogel provides information
about the hydrophilic/hydrophobic character of the porous material. It
is important to know, that XPS analysis revealed that the surface con-
tains 5.4 atomic % O, 49.1% of which is in C=0 and 47.6% in R—-OH or
R-O-R forms [44]. Indeed, the initial slope of the water vapor isotherm
of the carbon gel (Fig. 4) shows that the surface of the carbon contains
enough polar groups to adsorb water even at low relative humidity.

3.2. Morphology of the aerogels seen by NMR

The pore structure of PA immersed in water was studied by NMR
cryoporometry. The expected results allow to test the potential
morphological changes in water and the compatibility of the adsorption
and NMR methods. Fig. 5a shows the freezing and melting processes of
water in the saturated polymer aerogel. The two overlapping melting
curves (empty symbols in Fig. 5a) show the good reproducibility of the
experiment. The molten water appears first at around 266 K, and a
melting process shows up in a wide temperature range up to 271 K with
an inflexion point at about 269.5 K. This melting is accompanied by a
freezing step between 269 and 264 K, showing an inflexion point at
267.8 K. The ratio of the freezing (ATy = 5.35 K) and melting point
depression (AT, = 3.65 K) equals 1.5, which coincides with the spher-
ical pore geometry model in the large pore limit according to Petrov and
Furo [23].

The second sharp melting step around 273.2 K belongs to bulk water.
The corresponding freezing process is shifted to ca. 272 K. Considering
some theoretical arguments of Petrov and Furo [23,24], like the influ-
ence of the pore geometry and pore wall curvature on the
freezing-melting hysteresis, this effect is characteristic for slit-like pores.
It means a spatial dimension being infinite in two directions (at least in
the size-range of NMR cryoporometry) and finite in one direction, thus
can be interpreted as a wide channel as well. The ratio of the signal
integral of the two freezing steps indicates the distribution of pore water
in the different pore types, namely that ca. 11% of water is located in the

Fig. 2. SEM and HRTEM images of the aerogels. a) SEM of the polymer aerogel, the scale bar is 5 pm. b) SEM and ¢) HRTEM of the carbon sample. The scale bars are

0.5 pm and 10 nm, respectively.
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Fig. 3. a) Low temperature nitrogen adsorption/desorption isotherms; b) semi-logarithmic plot of pore size distribution from the adsorption and c) desorption
branches calculated with the BJH model. The inset of b) shows the linear plot from NLDFT calculation for slit-shaped pores. Full symbols (red): PA, open symbols
(black): CA. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Data derived from N, gas adsorption/desorption adsorption measurement.
Sample Sper” Vinicro” Vror® Vineso" dave”
mz/g cms/g cm3/g cm3/g nm
PA 483 0.31 1.74 1.43 14.4
CA 1016 0.42 1.53 1.11 6.0

@ Apparent surface area from the BET model.
b Micropore volume from DR model.

¢ Total pore volume from N, adsorption.

d Vmeso = VTOT - Vmicro-

¢ dave = 4Vr01/SBET.

spherical pores, while ca. 89% is confined to the wide channels.

The pore size distributions (Fig. 5b) were calculated by eq. (1) for the
appropriate geometries. The pores, considered as spherical, has a char-
acteristic diameter of ca. 30 nm (calculated on the basis of the melting
process) and can be interpreted as water drops surrounded by the

aerogel beads of 30 nm. Considering the slit-like pores or wide channels
the distribution of the wall distance has a characteristic value of about
52 nm, but the pore size distribution is quite broad (derived from the
freezing curve). Comparing this result with the SEM image of PA
(Fig. 2a) we can conclude that the wide channels mean connected water
layers between the aggregated beads in the macrostructure. These sizes
are in the same range as the pore size distribution determined by Ny
adsorption experiments (Fig. 3c red dots). The broad size distributions
extinguish the differences arising from the applied geometrical ap-
proaches of the two methods.

Summarizing the results of PA: micropores can be well detected with
gas porosimetry, but are below the size limit of NMR cryoporometry;
mesopores are detected similarly by both methods. We can state that the
apparent mesopore structure does not significantly change in aqueous
medium, but the cryoporometry could define two locations of different
geometries and the distribution of water between them.

The structural changes of the aerogel after the carbonization
(resulting in CA) have been also studied by NMR cryoporometry. As seen
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in Fig. 6a the melting and freezing steps corresponding to the spherical
pores cannot be detected any longer.

The freezing point depression characteristic for the wide channels
remained, but the hysteresis became wider (ca. 2 K) indicating
decreasing wall distance due to carbonization (Fig. 6a). As already
mentioned, in the case of slit-like pores no melting-point depression is
detectable, the heating process results in the melting point of bulk water
[23,24]. However, the melting curve of CA is not as steep as expected at
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the bulk transition point (273.15 K), thus it indicates probably two
melting processes. It leads to the conclusion that beside the wide
channels another pore-geometry is present in the same temperature
range, and the freezing and melting curves of the two geometries
overlap. To model this phenomenon, we simulated the overlapping
processes as seen in Fig. 6a. The measured freezing curve between 268
and 270 K, and the measured melting process up to 272.8 K show a
hysteresis typical of cylindrical pores with ATy/ATy, ~ 2, which is esti-
mated with blue dashed lines. The melting curve of slit-like water was
assumed steep at 273.1 K, while the freezing process was simulated from
the remained measured points of the freezing curve, and signed with
orange dot-and-dash lines. The total of the simulated freezing curves
(green dotted line) well coincides with the measured points. From the
maximum of the integrals the water amount in different geometries
resulted in ca. 40% for slits and 60% for cylindrical pores, thus, the
distribution of water in the confinements significantly changes after
carbonization. The most frequent pore sizes of the slit-like and cylin-
drical pores are 28 and 36 nm respectively (Fig. 6b), which match the
pore size distribution ranges obtained from the nitrogen adsorption
experiment (slit geometry from NLDFT, Fig. 3b inset, and cylindrical
from the BJH method, Fig. 3c). Nevertheless, we are aware that the two
methods have differences in geometrical interpretations [23] and
further experiments are needed for more definite conclusions.

Compared to the polymer aerogel the wall distance of the wide
channels significantly decreased and the size-distribution is narrower in
CA. It means that the aggregated beads got closer to each other as a
result of the pyrolysis. Inside the aggregates cylindrical channels are
assessed in the same size-range, instead of the spherical pores of PA. The
distribution of water is more balanced between the two domains, indi-
cating a pore network being more permeable for water molecules. There
may be another reason which can contribute to the explanation of the
structural differences: PA is a softer material than CA, therefore
immersing the samples in water can give a different picture about the
morphology from nitrogen porosimetry.

Since carbon aerogels have a hydrophobic carbon skeleton, cyclo-
hexane as a non-polar probe liquid was also tested for CA. Two melting-
freezing processes can be distinguished: one belongs to the bulk cyclo-
hexane at 280 K, the other process shows a definite hysteresis with the
ratio of ATy/AT,, = 2, referring to cylindrical pores (Fig. 7a). The re-
sidual signal integral can be attributed to the remained frozen
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Fig. 5. a) Freezing (@) and melting (o,{)) curves of water in the PA sample. The different empty symbols show the reproducibility of the curves (second cycle).
Double arrows show the melting (4T,,) and freezing point (ATy) depressions. b) Pore size distributions of spherical (o) and slit-like (@) pores in PA. Solid lines are a
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cyclohexane which is not relaxed during the applied echo time [23,45].
The broad pore size distribution has a maximum at diameter (d) ca. 110
nm (Fig. 7b) meaning that cyclohexane was detected in large, cylindrical
channels. We assume that these correspond to the interconnected pore
network among the aggregated particles of the aerogel structure.

There may be several factors that result in the difference of the pore
morphology determined by the two probe liquids applied:

(i) According to a previous study, polymer-based carbons, with hy-
drophilic groups on their surface, show local swelling in non-polar
solvents, like cyclohexane, with almost negligible macroscopic
swelling [46]. It means that during the swelling the distance sepa-
rating the beads of the aerogel structure decreases, i.e., the pores
shrink. This argument can explain why the mesopores of CA cannot
be detected with cyclohexane and on the other hand, the observed
macropores might be the result of the shrinkage of the larger mac-
ropores originally out of the scope of the technique (but seen in the
SEM and TEM images, Fig. 2b—c).

(ii) There are hydrophilic groups (as seen from the water vapor
adsorption isotherm) on the otherwise hydrophobic carbon skeleton.
We presume that cyclohexane might not penetrate into the micro-
pores and narrower mesopores if their inlet is blocked by the polar
groups.

(iii) Another aspect is the unique behavior of cyclohexane as a probe
liquid. For carbon-based materials it is advantageous that cyclo-
hexane is hydrophobic. Its cryoporometric constant (K,) is high, but
also depends on the quality of the surface (we used a value from
literature [23]). Below the transition temperature a plastic phase
appears between the liquid and frozen crystalline states and the
rotational diffusion of the molecules in the plastic phase results in the
lengthening of the transverse relaxation time (T2) [47]. This in-
fluences the NMR signal, thus the melting/freezing curves, and might
affect the detection of cyclohexane in smaller confinements as well.

. Conclusions

The objective of this work was a comparative analysis of aerogel



M. Kéri et al.

samples using a widely applied and well standardized method (vapor
adsorption) and a recently adapted NMR technique (NMR cry-
oporometry). We found similarities and differences in the results. The
pore structure of an RF polymer aerogel and its carbon aerogel deriva-
tive was investigated by low temperature nitrogen adsorption in vapor
phase and NMR cryoporometry in liquid phase. Water and cyclohexane
were used as polar and non-polar immersion media.

The comparison of the results shows that the two methods provide
complementary information about the texture of the porous systems
investigated. The microporous region can be explored by Ny adsorption,
in the mesopore size-range both techniques provide similar pore size
distribution, while NMR cryoporometry expands the observation limit
toward the macropore region. The combined application of the two
methods allows a more detailed structural study of porous materials
including the structural changes resulted from the carbonization and the
occasional change of the morphology caused by the probe liquids.

It is demonstrated that the employment of carefully selected liquids,
e.g., a polar and a non-polar solvent, may provide further information
about the potential differences in gas and liquid media, bringing the
characterization closer to the conditions of the real applications.
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