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a b s t r a c t

Carbon aerogels prepared from resorcinol-formaldehyde aerogels are promising platforms for electrodes,
catalysts, adsorbents in environmental chemistry and as electric conductors. For these applications the
knowledge of their structure and behavior in aqueous medium is essential. In this work two resorcinol-
formaldehyde (RF) carbon aerogels prepared in different ways were characterized with various NMR
methods while their pore structure was stepwise saturated with water. The wetting properties were
studied by vapor adsorption and low-field NMR relaxometry, while the morphology was followed by
NMR cryoporometry during the hydration process. At several water saturation levels the self-diffusion of
water was measured. The comprehensive evaluation of the results led to a detailed description of the
wetting process of these carbon aerogels beyond the pore size distributions. At low hydration level water
clusters formed on and around the hydrophilic functional groups of the surface being able to adsorb
water, but no continuous water layer developed on the surface. With increasing water content, spherical
water drops formed inside the pore system, and vapor phase diffusion was observed in the partially filled
pores. Subsequently the interconnected pore structure was saturated. The determined wet structure was
compared to low temperature nitrogen gas adsorption results and scanning electron microscopy images.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Porous materials are in the focus point of scientific research in
the last decades due to their high specific surface area and wide
application potentials. Carbon-based aerogels can be applied to
various purposes like electrode materials, supercapacitors, adsor-
bents and even catalysts. Resorcinol-formaldehyde (RF) carbon
aerogels prepared by pyrolysis from polymer precursor aerogels
have high porosities and surface areas, adjustable pore structures,
and other desirable properties like good electrical conductivity as
well as thermal and mechanical characteristics, which make them
promising candidates for the mentioned applications [1e9]. The
pore size and the hydrophilic/hydrophobic character of the surface
play important role, since the application is determined by the
interaction between the solid material and the liquid (mainly
aqueous) medium, the size and availability of the pores and the
M. K�eri), nyul.david@science.
(K. L�aszl�o), novak.levente@
nideb.hu (I. B�anyai).
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adsorption capacity as well [10].
The surface of carbon aerogels has basically a hydrophobic

character, though the carbon skeleton is often decorated with
heteroatom-containing functional groups. These are mostly oxygen
functionalities, which form a primary binding site for water mol-
ecules, thus the oxygen content determines the degree of water
filling and the level of hydrophilic character of the porous structure.
Strong hydrophilicity can impede the adsorption of a non-polar
adsorbate when carbon aerogels are used as adsorbents, but can
be advantageous in other applications at the same time [10,11].

For these reasons the morphology and pore structure of carbon
aerogels must always be highlighted. Nitrogen adsorption and
desorption measurements, mercury porosimetry and microscopic
techniques are applicable for size determination of micro- and
mesopores [12], but none of them takes the potential structural
changes and interaction in liquid medium into account; however,
from the application point of view this information is essential.
Water vapor adsorption [13] and nuclear magnetic resonance
methods, namely low-field NMR relaxometry, diffusometry and
cryoporometry, can be adaptable for this purpose [14e21]. Water
vapor adsorption isotherms give information about the interaction
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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between water and the functional groups of the carbon surface.
Relaxometry is able to distinguish water in different states inside
the porous material (e.g., adsorbed or confined in pores), dif-
fusometry depicts the mobility of water inside the pore system,
while cryoporometry gives information about the shape and size of
meso- and macropores. Together, they are able to reveal the wet-
ting mechanism of porous materials [22]. The theoretical back-
ground of the applied NMR techniques is explained in details in the
Supplementary Information.

These three NMR methods have recently been used for the
structure exploration of different carbon-based materials, but
mostly separately. Fairhurst et al. illustrated the applicability of T2
relaxation measurements for the study of interfacial interactions
and surface area of graphene oxide, nanographite and porous gra-
phene [23]. Gogelashvili et al. studied water adsorption in active
carbons by NMR relaxation, while Wang et al. measured T1 relax-
ation time in activated carbons as a function of the vapor pressure,
and described the mechanism of water cluster formation at the
surface groups of the micro- and mesopores [24e26]. Their results
showed good correlation with the models deduced from water
adsorption isotherms [13].

Recently several complex NMR relaxation studies were pub-
lished about the pore wettability of different RF xerogels and aer-
ogels: Bardenhagen et al. applied water and DMSO as probe liquids,
and found that the coupling between the pores of RF carbon
xerogels depends on the quality of the solvent, hence the system-
atic saturation of the pores could unfold the wetting mechanism of
these carbonmaterials [27]. Cadar et al. described a uniform surface
layer of cyclohexane molecules while non-uniform distribution of
water on carbon surfaces when they compared the wetting of
carbon xerogels and aerogels with the two solvents [28,29]. These
results were confirmed by the more restricted self-diffusion of the
confined cyclohexane molecules [28]. Yu et al. described the
restricted rotational motion and diffusion of adsorbed water mol-
ecules on carbon powders through low-temperature diffusion and
relaxation experiments [30]. Liu et al. studied the water diffusion in
carbon nanotubes and found quite fast restricted diffusion due to
the weak interaction of water with the pore wall, and the ordered
structure of confined water [31].

NMR cryoporometry and nitrogen adsorption methods often
provide comparable pore size distribution curves, which indicates
no significant structural change when dispersing the sample in
liquidmedium [32]. Recently, we also described that for RF aerogels
the two techniques offer comparable results in the mesopore re-
gion, while perfectly complement each other with the micropore
characterization on the part of gas adsorption and the macropore
analysis on the part of cryoporometry [33]. We found that the py-
rolysis of the polymer aerogel caused the shrinkage of wider pores,
the appearance of cylindrical pores instead of spherical ones and
the formation of a significant microporosity in the resulting carbon
aerogel. Water freezing behavior and the state of water molecules
was studied in carbon nanotubes by Ghosh et al. [34] Several NMR
methods and gas adsorption results were compared in the study of
activated carbons and carbon molecular sieves by Krutyeva et al.
[35] In their paper the effect of different type of solvents and their
interaction with the surface of the carbon samples were discussed
in details. They characterized the pore structure with the combined
use of nitrogen adsorption and NMR cryoporometry of samples
completely saturated with organic liquids. The interactions be-
tween the surface and liquid were deduced from NMR relaxometry
and diffusometry, which also helped to differentiate water in mi-
cro- and mesopores.

An ingenious direction of research can be the investigation of
partially filled pore systems, since it can give deeper information
about the interfacial interactions at low filling levels, while the
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stepwise saturation helps to understand the process of hydration.
Relaxation of the liquid in the pores is strongly influenced by the
interaction with the pore wall, thus from measuring the transverse
relaxation times one can draw conclusion about the hydrophilic
and hydrophobic character of the solid material and its wetting
properties [27,28,36e38]. Pore size distribution curves of pores
filled with various amount of liquid also show the pore-filling
mechanism, namely whether the pores are gradually filled up or
separately after each other. Allen et al. described the filling process
of a silica with polar and non-polar liquids this way [39]. They
carried out cryoporometry experiments at different filling levels
and could characterize even the surface interactions accordant to
their relaxometric results [36]. Diffusion of the liquid or even its
vapor in partially filled pores also provides extra information about
the studied systems. This phenomenon was widely studied by
Ardelean et al. and D'Orazio et al. [40e43], and observed for carbon
materials as well by Krutyeva et al. [35].

The aim of our study was to describe the morphology of two RF
carbon aerogels in aqueous medium and to study in details the
distribution of water during the wetting process. The saturation
process was generated by gradual water addition to a given sample.
We applied water vapor adsorption and the mentioned three NMR
techniques to quantitatively describe the structure in aqueous
medium and to build up a model for the hydration process. Results
were compared to the dry structure determined with conventional
methods like nitrogen gas adsorption and scanning electron mi-
croscopy (SEM). The detection windows of the applied methods
and the comprehensive interpretation of their results are discussed
as well.

2. Experimental

2.1. Synthesis and characterization of the carbon aerogels

Resorcinol-formaldehyde based carbon aerogels were obtained
by sol-gel technique. For CA1 resorcinol (R, Merck) was dissolved in
3 mL water, then formaldehyde (F, 37% aq. solution, Merck) and
Na2CO3 catalyst (C, Merck) were added. The concentration of R in
the initial solutionwas 0.14 g/mL, R/F and R/C molar ratios were 0.5
and 50 respectively. The initial sol was sealed in glass vials and
cured at 358 K for 7 days. The polymer precursor of the CA2 sample
was synthesized in 3 mL water-1-ethyl-3-methylimidazolium ethyl
sulphate (Sigma-Aldrich) mixture (43 V/V% water) under the same
conditions but without Na2CO3, since the ionic liquid serves as a
catalyst, as well as a porogen, i.e., a material which helps pore
formation [7]. After solvent exchange the polymer lyogels were
dried under supercritical conditions using carbon dioxide. The dry
polymer aerogels were converted to carbon aerogels in a rotary
quartz reactor under high purity dry nitrogen flow at 1073 K for 1 h.

Low temperature (77 K) nitrogen adsorption isotherms were
measured by a NOVA 2000 (Quantachrome) automatic analyser.
The apparent surface area SBET was calculated using the Bru-
nauereEmmetteTeller (BET) model [44]. A pore volume (V0.98) was
estimated from the amount of nitrogen adsorbed at relative pres-
sure 0.98, assuming that the pores are then filled with liquid
adsorbate. The micropore volume (Vmicro) was derived from the
DubinineRadushkevich (DR) plot [45]. The mesopore volume Vmeso
was calculated as V0.98 - Vmicro. The pore size distribution was
calculated with the quenched solid density functional theory
(QSDFT) method using a carbon kernel for slit/cylindrical pores for
the adsorption branch. The pore size distribution in the mesopore
range was also calculated by the Barrett, Joyner and Halenda (BJH)
model from both the adsorption and desorption branches of the
isotherms [46]. (Strictly speaking the validity of this process is
limited to the range 2e50 nm) Transformation of all the primary
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adsorption data was performed by the Quantachrome software
ASiQwin version 3.0. Water adsorption isotherms were measured
gravimetrically by equilibrating ca. 150 mg carbon aerogel samples
in an atmosphere of controlled relative humidity (RH) at 293.15 K.

2.2. NMR methods: experimental details and data evaluation

The carbon aerogel samples were powdered and kept at room
temperature before the NMR measurements. Then water was
added until over-saturation in several steps (from 0.1 g to 12.8 g
water relative to 1 g of aerogel CA1 and to 1.4 g/g for CA2) at 298 K.
It is important to note that the wetted solid carbon aerogels were
powder-like, thus were easy to homogenize, and seized only at
higher water contents. At each filling step T2 relaxation time was
measured, and at several water contents cryoporometry and dif-
fusometry measurements were carried out.

Cryoporometric experiments were carried out on the 2.4, 4.85,
5.69 and 12.8 g/g samples for CA1 and 0.65, 1.4 g/g for CA2. The
aerogels were put into plastic NMR tubes and weighted amounts of
deionized (Milli-Q) water were added and equilibrated for one day.
A 360 MHz Bruker Avance I. NMR spectrometer was used with a
5 mm direct QNP direct probe head, cooled with dried air by a
BCU05 cooling unit. 1H spectra were recorded by a pre-optimized
single time spin echo pulse sequence in order to reach the com-
plete relaxation of the frozen liquid during the echo time (1 ms),
and thus eliminate its broad signal from the spectrum [19,47,48].
The experiments started from the fully frozen state, and the
melting and freezing processes were observed between 267 and
275 K, with 0.2e0.5 K steps. At every temperature, wewaited 5 min
for the equilibration after the nominal temperature stabilized.
Ethylene glycol and methanol were used for calibrating the tem-
perature sensor prior to the measurements and we also checked
the melting point of the bulk water where it was observable [49].
MestReNova 9.0© was used for post-processing to obtain inte-
grated intensity. Eq. S(1) was applied to calculate the pore radii
from the melting and freezing point depressions. The Kc of water
was taken as 30 nm K, the shape of the pores was deduced from the
melting-freezing hysteresis [19]. The integral-pore radius functions
were fitted to asymmetric logistic curves (like the Richards and
Gompertz growth functions) by OriginPro 8.6© software (e.g.
Fig. S1) [50], and their analytical derivatives were applied to obtain
the pore size distribution curves.

For low-field relaxation measurements, the carbon aerogel
samples were introduced into 10mmwide glass tubes, after mixing
with water by hand and with ultrasonic bath as well, one day was
allowed for equilibration. Water T2 relaxation in the carbon aerogel
samples wasmeasured at 298 Kwith a 20MHz Bruker theMinispec
mq20 relaxometer using the standard CPMG pulse sequence
[47,48]. We applied a pulse length of around 2 ms. Relaxation delays
of 1e6 s was used, depending on the T1 relaxation times. The echo
time varied between 0.08 ms and 0.3 ms in successive CPMG ex-
periments, and 500e1000 echoes were recorded to reach more
than 90% decay of the signal intensity providing good basis for
parameter estimation. The decrease of echo intensity as a function
of time was fitted to the sum of exponentials on the one hand. On
the other hand, the relaxation signal was converted into continuous
distribution of relaxation components by inverse Laplace trans-
formation [51,52]. The analysis was performed using the non-
negative least square (NNLS) method making no preliminary as-
sumptions about the number of the relaxation components. The
MERA (Multi-Exponential Relaxation Analysis), a Matlab© based
programwas implemented for fitting [53]. Mostly 300 exponential
terms were applied with a minimum curvature type of regulari-
zation and GCV (Generalized Cross Validation) as regularization
parameter. This method provided a relaxation distribution with
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dominant relaxation times. We mostly had two relaxation domains
and using bi-exponential least square fitting we had a good
agreement for the characteristic T2 values.

The self-diffusion of water molecules in the pore structure of the
aerogels was measured with a stimulated spin echo pulse sequence
using bipolar gradient pulses to decrease eddy currents (BIPLED)
[54] on a Bruker Avance II 400 NMR spectrometer at 298 K. Diffu-
sion time (D) was 50ms or 80ms and the duration of gradient pulse
(d) was 2 ms. In one experiment all parameters were kept constant
except the pulse gradient strength (G), which was increased in 64
square distant steps in general, from 0 to ca. 33 Gauss cm�1. The
gradient was calibrated for D2O [55,56]. For post-processing the
spectra MestReNova 9.0 software was used. Diffusion coefficients
(Dobs,i) were calculated by fitting the measured echo intensity (I) as
a function of (g2d2G2ðD � d =3Þ) according to Eq. S(7).

3. Results and discussions

3.1. Characterization of the carbon aerogels

The SEM images of the studied carbon aerogels (Fig. 1) show
similar morphology. The interconnected microspheres of ca. 20 nm
(Table 1.) form a pore network including also macropores.

Low temperature nitrogen adsorption isothermsweremeasured
to reveal the micro- and mesoporous region. The isotherms are
shown in Fig. 2a. The data deduced by the various models are
summarized in Table 1. The nitrogen adsorption isotherms of the
carbon aerogel samples are of Type IVa according to the latest
IUPAC classification [57] implying the presence of micro- and
mesopores beside the macropores, visible in the SEM images. Type
H2b hysteresis loops indicate the interconnected pore network and
pore blocking affected desorption [58].

The pore size distribution in the micro- and narrow mesopore
range was best fitted supposing slit/cylindrical geometry (Fig. 2b).
The DFT method shows a wide pore size distribution for both car-
bons in the 3e27 nm range, also implying the presence of wider
mesopores. Like DFT, the BJH distribution from the adsorption
branch confirms the larger mesopore volume of the CA1 sample
(Fig. 2b and c). The size of the pore necks limiting the desorption
process in both network systems can be deduced from the BJH
distribution obtained from the desorption branch (Fig. 2d). The
maximum for both carbons is around 20 nm, but while there is a
window limited to 4e30 nm in the CA2 sample, it is muchwider for
the CA1 carbon. The higher micro- and mesoporosity of CA1 is re-
flected by all the derived data shown in Table 1.

Only carbon and oxygen atoms were detected by X-ray photo-
electron spectroscopy (XPS), confirming that the ionic liquid is an
“inert” porogenic solvent [7]. Although the surface of the carbon
aerogels are intrinsically hydrophobic due to the carbon skeleton
formed during the pyrolysis, XPS revealed the expected presence of
oxygen containing functional groups on the surface, the O/C atomic
ratio is 7.0% in both cases. Although no detailed analysis was per-
formed on these samples, our previous studies on similar aerogels
(O/C ratio of 5.5) found that the oxygen is present in single and
double bonds with carbon atoms as i) C]O and in ii) ReOH or
ReOeR [59]. These may serve as primary adsorption sites for water
molecules in aqueous medium [11].

3.2. The interaction of the carbon aerogels with water

3.2.1. Water vapor adsorption
The main source of information about the hydrophilic/hydro-

phobic nature of the carbon samples was provided by their water
vapor adsorption isotherms. The adsorption branch of the water
uptake isotherms is similar to that of Type V. The alike shape of the



Fig. 1. SEM images of the carbon aerogels a) CA1 and b) CA2. The scalebars indicate 500 nm [7].

Table 1
Morphological properties of the carbon aerogels from nitrogen adsorption and SEM
methods [7].

Sample SBET
a Vmicro

b Vtot
c Vmeso

d dSEM
e

m2/g cm3/g cm3/g cm3/g nm

CA1 865 0.35 (21%) 1.66 1.31 20 ± 4
CA2 644 0.25 (23%) 1.09 0.84 20 ± 3

a Surface area from BET model.
b Micropore volume.
c Pore volume at p/p0 ¼ 0.98.
d Mesopore volume (V0.98 - Vmicro).
e Diameter of the microspheres from SEM.

Fig. 2. a) Low temperature adsorption isotherms of carbon aerogel samples. b-d) Pore size
cylindrical pore geometry in the narrow pore range; c) BJH from the adsorption branch; d) BJ
figure can be viewed online.)
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gravimetric water vapor adsorption isotherms (Fig. 3) confirms the
identical surface O/C found from XPS, i.e., the hydrophobic/hydro-
philic surface characteristics of the two carbons are very similar as
far as the number of hydrophilic groups per gram is concerned.

The initial region of the isotherm (RH < 20%) is related to the
hydrophilic character of the surface, which is governed by the
primary active centres on the surface [60]. Both samples display a
relatively sharp and similar increase in water uptake in the region
20e50%, where sorption in the micropores occurs. The water up-
take estimated at the last point of the isotherm (RH ¼ 95%) is 0.16
and 0.17 cm3/g for CA1 and CA2, respectively. These values are
substantially smaller than the corresponding pore volumes
distributions derived from the nitrogen adsorption isotherms. b) QSDFT, assuming slit/
H from the desorption branch sensitive for the pore necks' size. (A colour version of this



Fig. 3. Gravimetric water uptake of the carbon aerogels at 298 K. (A colour version of
this figure can be viewed online.)
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deduced from nitrogen adsorption measurements, i.e., in spite of
their smaller size and higher kinetic mobility, the water molecules
show a limited readiness to adsorb. It might be explained by the
cluster-mediated pore filling mechanism of water during which
pentameric orderedwater molecular assemblies form in the carbon
micropores independently on their hydrophobic or hydrophilic
character both at lower and higher relative humidities [61]. Along
the pore walls the adsorbed water exhibits long range order, while
the ‘‘central layer’’, developing only in wider pores, is liquid like.
Considering the higher surface area of CA1 (Table 1.) the same
water uptake denotes lower density of hydrophilic functional
groups on the surface of CA1, than on CA2. This is well presented
above 40% relative humidity in Fig. S2., where the water uptake is
related to the surface area.

It is important to note, that for the NMR measurements, the
carbon aerogel samples were dried on air of a relative humidity
around 50e60%. Thus, we suppose that the water molecules
adsorbed on the hydrophilic groups and in micropores (ca. 0.12 g/g
from Fig. 3) were present in the samples already at the beginning of
the NMR measurements. Thus, water clusters rather than a single
water layer have to be considered during the interpretation of NMR
results.
3.2.2. Pore structure and morphology
In NMR cryoporometry experiments the melting and freezing

properties of water in the pores of the carbon aerogels were fol-
lowed at several water contents, up to the complete saturation of
the samples, when meniscus appeared above the solid phase.

In the case of CA1, the 1H NMR spectrum of water at low added
water contents (up to 2.4 g/g, where the cryoporometry experiment
was carried out) showed two separated peaks at room tempera-
ture: (1) a low-intensity peak at ca. 0.5e1 ppm, which remained
unchanged after freezing the sample, i.e., the corresponding pro-
tons could not be frozen in the applied temperature range; (2) a
high-intensity peak with a maximum around 6e7 ppm, which
decreased in intensity during freezing, and started to increase
during the melting process, thus it can be attributed to the pore-
filling water (see Fig. 4). We assume that the low intensity peak
at ca. 1 ppm belongs to the unfrozen water close to the surface of
the solid material, which can be seen by cryoporometry as a re-
sidual peak in the frozen sample. This type of water belongs to
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water clusters formed around interfacial eO containing polar
groups of the pore surface [11,62,63]. At higher water contents this
small intensity peak could not be detected any longer; it may
disappear by fusion with the pore-filling water or may be hidden
under the broad, dominant peak. The 1H peak at low chemical shift
value was observed for CA2 as well, but only at very low water
contents (up to ca. 0.2 g/g), where no cryoporometry experiment
was performed.

The melting and freezing curves of water in the carbon aerogels
are shown in Fig. 5 a-c. The maximum NMR integral values of the
water peak are normalized to the added water content of the
samples. For CA1, at lower water contents (up to 5.7 g/g in Fig. 5a)
the curves do not show any change at 273.1 K, only the adsorbed
water clusters and pore-filling water is present in the sample. In the
case of 2.40 g/g and 4.85 g/g filling levels, the melting and freezing
processes occur in the same temperature range (ca. 268e270.5 K),
only the amount of water belonging to these physical states in-
creases. Themost probable melting and freezing point of water (the
highest slope of the melting and freezing curves) in these pores is
ca. 270.2 K and 269 K respectively (see Fig. 5a, solid lines). As
compared to the bulk transition temperature the ratio of the
freezing and melting point depressions is close to 3/2 (DTf/
DTm z 1.7) indicating sphere-like water-filled pores in CA1 (details
are in the SI) [19].

The size distribution of the pores (rp) can be calculated from the
melting- and freezing point depressions (DTm/f) according to Eq.
S(1). Considering spherical geometry, the pore radius can be
derived from the melting point depression with Eq. (1).

DTm ¼ Tm � T0 ¼ �2Kc

rp
(1)

where Tm is the melting point of the liquid in the porous system, T0
is the transition temperature of the bulk liquid, Kc is the cry-
oporometric constant of water, while rp is the radius of the pore
[19]. The pore diameter is about 42 nm from Eq. (1)., and the
calculated pore size distributions are shown in Fig. 5d (blue color).
There are small deviations (±1 nm) between the most probable
values of size depending on the water content or calculation from
either the freezing or the melting processes (Fig. 5d, Fig. S4.).

Cryoporometry results give information about the filling
mechanism of the pores as well [39]. In CA1, at the lowest measured
filling state (2.4 g/g) only the 42 nm pores are observable. The
increasing amount of water in the sample fills more andmore pores
of this size, since the determined pore size does not change. At
about 4.8 g/g these pores get saturated. At higher filling state (until
12.8 g/g, Fig. 5b) these pores remain saturated (~4.8 g/g, lower
dashed line), but the melting and freezing curves get closer to each
other. We explain this narrowing hysteresis with the fusion of the
saturated pores, which modifies the strict spherical geometry
[18,21].

From 5.69 g/g water content a second melting/freezing step
appears between 271 and 272 K, showing no hysteresis (Fig. 5a).
Further filling (12.8 g/g) results in the saturation of these larger
pores up to 10.75 g/g (Fig. 5b, upper dashed line). Due to the lack of
hysteresis, the pore size cannot be unequivocally derived from the
curves. In our assumption these pores form an interconnected pore
network and join the saturated spherical pores. At 12.8 g/g water
content, the sample is oversaturated, liquid phase is visible above
the sample, and water appears with melting point around 273 K.

For CA1 the often-used incipient wetting value, meaning the
water content where the carbon surface gets shiny during the
saturation process, is 5.4 g/g, similarly to the saturation of the
spherical pores (4.80 g/g). Cryoporometry showed that even
10.75 g/g water can be introduced to the pore structure without



Fig. 4. High-resolution 1H NMR spectra of water in carbon aerogel CA1 and CA2 at low water contents. The intensities of the spectra are normalized to the peak at about 0 ppm.

Fig. 5. a-c) Melting and freezing curves: a) CA1, 2.4e5.69 g/g filling level; b) CA1, 12.8 g/g filling level, where arrows denote the observed shifts; c) CA2, 0.65e1.4 g/g filling level.
Empty and filled symbols stand for the freezing and melting processes respectively. Grey rectangles highlight the phase transitions belonging to each pore type. Solid lines indicate
the melting and freezing temperatures, double arrows show the melting and freezing point depressions, while dashed lines show their saturation levels. d) The pore size dis-
tribution of CA1 and CA2 at several filling states, derived from the melting curves. Symbols show measured data, lines are calculated from fitting with logistic curves. (A colour
version of this figure can be viewed online.)
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changing the texture of CA1, thus the pore-filling water amount can
be estimated in a more exact way.

For CA2, NMR cryoporometry was measured at a partially filled
state (0.65 g/g water content), and above the saturation (1.4 g/g). In
the partially filled sample a melting process is shown with a ca.
2.6 K melting point depression (in Fig. 5c, solid lines and double
62
arrow), and no bulk water is present. In the saturated sample bulk
water appears as a step at 273.1 K, and a well-defined freezing-
melting hysteresis can be detected (Fig. 5c). For the two filling
states, the melting processes partially overlap with each other from
269 to 271 K, indicating the same type and size of pores. In the
saturated sample, the temperature range of the hysteresis, the
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inflexion points (indicated with solid lines in Fig. 5c), and thus the
DTf/DTm ratio (z1.7) is similar to the case of CA1 (Fig. 5a), but for
CA2 the curves are less steep. This leads to the conclusion that the
pores in CA2 have spherical geometry as well, approximately the
same pore size (ca. 50 nm), but a wider pore size distribution than
in CA1 (Fig. 5d). These pores in CA2 are filled completely with about
1.16 g/g water amount only (Fig. 5c, dashed line), unlike the 4.8 g/g
pore water content of CA1. This difference is reflected in the
maximum height of the pore size distribution curves in Fig. 5d. For
CA2 no other melting-freezing step was detected, which means
that the size of these connecting pores may be above the detection
limit of the cryoporometry technique (detailed in the SI).

The SEM images of the aerogels (Fig. 1) and our previous paper
[33] as well confirm the assumption that the space between the
aerogel beads can be approximated with spheres, i.e. the spherical
pores indicate water drops surrounded by the aerogel network.
This may result either from the higher density of hydrophilic eO
containing functional groups in these points of the structure or
from the lower Laplace-pressure therein. The interconnected pore
network, observed in CA1, is formed between the aggregated aer-
ogel beads. The pore size distribution curves of the carbon aerogel
derived from NMR cryoporometry (Fig. 5d) and N2 adsorption
(Fig. 2bed) complete well each other. DFT shows a wide distribu-
tion of mesopores but from 30 nm the curves increase, indicating
larger mesopores beyond the detected size range. These larger
meso- and macropores were detected more precisely by NMR
cryoporometry.

Supposing spherical pore geometry, the pore radii, and the
water volume filling these pores (4.80 cm3/g and 1.16 cm3/g for CA1
and CA2, respectively, see Fig. 5a and c) the specific surface area
(Scryo) of these spherical pores can be estimated (the detailed cal-
culations can be found in the SI, while the results are shown in
Table 2). Surface areas of 686m2/g for CA1 and 139m2/g for CA2 are
calculated, reflecting the difference of the aerogels in the hydrated
state. These surface area data are somewhat different from the
specific surface determined from N2 gas adsorption (865 m2/g, and
644 m2/g for CA1 and CA2 respectively, Table 1), which highlights
the different pore size limits of the methods and unlike behavior of
the pore-filling materials.

As a preliminary conclusion, NMR cryoporometry revealed
spherical pores with similar size (d ¼ 40e50 nm) in both wet car-
bon aerogels. However, there was a significant difference in the
pore volume, i.e., the amount of water in the saturated spherical
pores (4.80 g/g and 1.16 g/g for CA1 and CA2 respectively), which
confirms the looser structure of CA1. The saturation of the meso-
pores with water follows the similar mechanism:

- Adsorbed water clusters are present and detected in the 1H NMR
spectra.

- During the water uptake spherical like water droplets appear
one after another, as the basically hydrophobicmaterial does not
allow homogeneous water distribution.
Table 2
Properties of the carbon aerogels saturated with water from NMR data.

Sample dpore
a mpore water

b Scryo
c ld xe

nm g/g m2/g nm m/s

CA1 42 4.80 686 0.22 (±0.007) 4.17✕10�8 (±1.3✕10�9)
CA2 50 1.16 139 0.19 (±0.013) 1.15✕10�7 (±7.8✕10�9)

a Diameter of the spherical mesopores from NMR cryoporometry.
b Water in saturated spherical mesopores.
c Surface area of the spherical mesopores from cryoporometry.
d The thickness of surface water layer from relaxometry.
e Surface relaxation strength from relaxometry.
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- Water fills up the connecting pore system, whose size is in the
meso- and macropore range and can be detected by NMR cry-
oporometry in CA1, but may exceed the detectionwindowof the
technique and thus not observed in CA2.
3.2.3. Hydration properties and pore size by relaxometry
Low-field relaxometry provided a further opportunity to char-

acterize the hydration properties and mechanism of the studied
carbon aerogels at several filling states. The two sites relaxation
model was applied, which differentiates two types of liquid, surface
liquid (under the influence of the pore surface, covered by bulk
liquid) and bulk liquid. Provided fast molecular exchange exists
between these liquids, the measured transverse relaxation rate
constant (1/T2) can be expressed by the weighted average of the
relaxation rate of the liquid in the bulk-like (1/T2bulk) and the sur-
face region (1/T2s) (Eq. (2).):

1
T2

¼Vs

V
1
T2s

þ Vbulk

V
1

T2bulk
(2)

where V is the total volume of the liquid measurable by relaxom-
etry, Vs and Vbulk are the volumes of the surface liquid and the bulk
liquid respectively. T2 is the measured average transverse relaxa-
tion time, while T2bulk and T2s are the characteristic relaxation time
constants of liquid molecules in the bulk-like and surface region
respectively [36]. The measured decays of transverse magnetiza-
tion in time, obtained from CPMG experiments, have shown one or
two exponential components depending on the sample and its
actual water content. Accordingly, we applied mono- or biexpo-
nential least square fitting to the decay curves, and the number of
the exponentials was confirmed additionally by the inverse Laplace
transformation method (see an example in Fig. S5 and in Fig. 7c).

The determined most probable T2 values are presented in Fig. 6a
and b as a function of the added water content. The two T2 values
(T2a and T2b) can be attributed to water being present in two
compartments with different relaxation rates. As the amplitudes of
the fitted exponentials are proportional to the number of protons
relaxing at the same rate, we calculated the amount of water in
both compartments (mi) from the total amount of added water
(madded water) and plotted it as a function of the added water content
(Fig. 6c for CA1 and Fig. 6d for CA2). This interpretation is based on
the model according to Eq. (2).

For CA1 below about 0.5 g/g water only one relaxation process
can be observed with increasing transverse relaxation time con-
stant (Fig. 6a, T2a with half empty symbols) and amplitude (Fig. 6c,
T2a) by increasing water content. In the air-dried sample (no added
water) 5.3 ms T2 relaxation time was measured, indicating the
presence of water clusters. The immediate growth of T2 can be
attributed to the increasing number of water layers around these
clusters, thereby forming larger ones. We suppose that these sites
are around the above-mentioned oxygen containing groups of the
aerogels, behaving as hydrophilic spots on the carbon skeleton [11].
Between ca. 0.5 and 2.0 g/g water content the T2a and its mass ratio
is constant, indicating the parallel formation of water clusters, and
their fusion into the pore-filling water appearing as T2b (Fig. 6a and
c). Above mw z 2 g/g the amount of water (mi) in the clusters gets
decreasing, as the clusters are incorporated into the pore-water and
cannot be detected above 4 g/g saturation. At 0.9 g/g water content
a component of longer T2 appears (T2b), indicating the appearance
of water molecules which are less affected by those having
restricted motion near the surface. In our explanation, from this
point water gradually fills out pores of the structure one at a time,
resulting in very slightly increasing T2 (from about 120 to 160 ms)
and steeply linearly increasing mi (see Fig. 6c).



Fig. 6. a-b) Transverse relaxation times of fast-relaxing (T2a) and slow-relaxing (T2b) water and c-d) the amount of water in each compartment (mi) for CA1 and CA2 as a function of
the water content. (A colour version of this figure can be viewed online.)

M. K�eri, D. Nyul, K. L�aszl�o et al. Carbon 189 (2022) 57e70
The wetting mechanism of CA2 differs somewhat from that of
CA1. A significant contrast is that two relaxation domains are
observed from the first addition of water. Here T2a has a constant
low value (0.7e3 ms) up to 0.4 g/g water content indicating
multilayered water clusters near the surface with constant amount
(Fig. 6b and d). This suggests that CA2 has more hydrophilic func-
tional groups on the carbon skeleton, which is already hydrated at
ambient humidity. The constant water amount in these clusters
may be the consequence of two processes; i) continuous trans-
formation to larger pore-filling water drops (red squares in Fig. 6b)
and parallel formation of new clusters; ii) the number of water
clusters remains constant and the pore-filling starts at different
sites. The T2 value and the water content of this domain increases
from 0.4 g/g showing the appearance of extra water layers on the
clusters. In parallel, there is another type of water molecules with
higher T2 relaxation time (T2b) which valuemonotonously increases
during the saturation process and reaches a T2 value around 60 ms
above ~ 0.7 g/g water content. We ascribe this relaxation domain to
the water filling the mesopores, also confirmed by the cry-
oporometry results (Fig. 5c).

We have to note that the measured T2 relaxation times are
significantly lower for CA2 than that for CA1 (see Fig. 6a and b).
Since cryoporometry and N2 adsorption confirmed that the pore
size distribution of the two carbon aerogels is similar for the
mesopores, the generally lower T2 values of CA2 are not caused by
the different confinement of the water molecules, but indicates
higher relaxivity effect of the surface.

In partially saturated porous media, the wetting and saturation
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process can be followed by the transverse relaxation time constant
of the fluid at different filling states. For the studied carbon aerogels
cryoporometry has unequivocally proved the presence of spherical
pores filled with water at several stages of the wetting. The filling
process of these pores completed at ca. 4.8 g/g for CA1 and at 1.16 g/
g for CA2 (see dashed lines in Fig. 5aec), thus for this regime of
wetting, we could calculate the filling degrees, f as a function of
water content. The filling degree is the ratio of the actual water
content of the pores (Fig. 6c and d, belonging to T2b) and the water
content of the completely filled pores, i.e., 4.8 g/g and 1.16 g/g
(Vpore). Its relationship with the transverse relaxation rate gives
information even about the wettability of the surface and the
saturation mechanism of the pores through an empiric coefficient,
k (Eq. (3).) introduced by Ardelean [38].

1
T2

¼ x
Sp
Vp

1
f k

þ 1
T2bulk

(3)

Here Sp is the specific surface area, Vp is the total volume of the
given pores in 1 g of solid. x is the surface relaxation strength, an
empirical physical constant for the solid-liquid interface in the
system, which is

x¼ l
�

1
T2s

� 1
T2bulk

�
(4)

where T2s is the surface relaxation time constant and l is the liquid
layer thickness on the surface in interaction with the bulk water.
Gallego-Gomez et al. obtained a simpler formula for the relation



Fig. 7. a) Transverse (T2) relaxation time constants as a function of the filling factor in RF carbon aerogels fitted with Eq. (5), and the resulting k parameters; b) the calculated
diameter of confined water during the pore-filling process (Eq. (6)), where the dashed lines show the filled state; c) the T2 relaxation distributions from the inverse-Laplace
transformation at the filled state (f ¼ 1) and d) the derived pore size distributions calculated with Eq. (6). (A colour version of this figure can be viewed online.)
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between the measured relaxation time and the filling factor in
partially filled systems [64]:

T2 ~¼T2s
Vp

lSp
f k (5)

Fig. 7a shows this type of representation for our data. Fitting of
Eq. (5) to themeasured T2 data can quantify thewettingmechanism
according to Ardelean's concept of the kinetic term, k. In Eq. (5) k is
zero in the case of exclusively plug-like saturation, while k ¼ 1
when the loading is uniform (explained in details in the SI). The k
values between 0 and 1 indicate an intermediate process resulting
in a nonlinear function of T2 on f [37,38].

The fitting of our experimental data, shown in Fig. 7a, gave
k ¼ 0.23 (±0.03) and k ¼ 0.6 (±0.08) for CA1 and CA2 respectively.
These results show that only a certain part of the water layer on the
surface contributes to the exchange process with the bulk-like
water molecules, meaning that the water distribution is not
completely uniform on the pore surface of both aerogels. This
observation is in line with previous results on carbon materials
[28,29], and indicates that after a certain amount of added water
pores fill one after one another as we concluded from the cry-
oporometric experiments. Furthermore, the higher k value of CA2
means that more surface water is in contact with the pore water,
that is the wetting is more uniform in character than in the case of
CA1. It can be the result of the different surface properties of CA2,
which was already shown by the measured constantly low relax-
ation times (T2a in Fig. 6b).
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There is one point neglected in the above arguments: there can
be exchange between the surface water and the bulk-like water by
vapor diffusion, which is much faster than the bulk diffusion. It
gives rise to the exchange process betweenwaters which are not in
direct contact, thus might yield a higher k value, featuring a more
uniform character to the wetting mechanism. In case of hydro-
phobic pore walls this is a rational assumption, that is our k value is
over-estimated, which strengthens the “plug-like” saturation
model.

From cryoporometry it is known that the pores filled with water
show spherical geometry, thus the Sp/Vp can be replaced by 3/r in
equation (5), resulting in Eq. (6).

T2yT2s
r
3l

f k (6)

This means that the fitting procedure in Fig. 7a can be used to
determine the thickness of the surface water layer (l). For this
calculation the pore radii are known from cryoporometry (r ¼ 21
and 25 nm for CA1 and CA2, respectively) and T2s is measured
(5.3 ms for CA1, while 1.6 ms, an averaged value for CA2). The re-
sults are presented in Table 2. The thickness of the surface water
layer (l) is practically equal for both aerogels (~0.2 nm) meaning
experimental evidence for the similar sized water clusters of car-
bon aerogels, prepared in a different way. For different carbon
nanomaterials l values between 0.2 and 0.3 nm were estimated in
the literature which are comparable with our results [25,34].

The difference in the hydrophilic/hydrophobic properties is



Fig. 8. Two-dimensional DOSY spectrum of CA1 sample at 0.98 g/g water content. The
dashed line stands for the diffusion coefficient of bulk water (2.3 � 10�9 m2/s) [55]. (A
colour version of this figure can be viewed online.)
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reflected in the surface relaxation strength (x), which can be
derived from Eq. (4) using the determined l values (as l/T2s). It
means that the effect of pore surface on confinedwater is expressed
by the surface relaxation time (T2s) and the effective range of the
interaction between the surface and the attached water (l). They
have the same effect on the surface relaxivity (x) of the system, thus
it is usually very difficult to separate them (Eq. (4)). Table 2 shows
that x is higher for CA2 by one order of magnitude, meaning a
stronger relaxation effect of the surface on the bound water clus-
ters. This is responsible for the generally shorter relaxation times
measured in CA2 as well. The determined x values are higher, than
that calculated by Bardenhagen et al. [27] for carbon xerogels,
which can be related to the different synthesis and character of the
studied materials.

Using Eq. S(6) the radii of the spherical pores can be expressed
and calculated from the transverse relaxation times as well. In
Fig. 7b these data are presented in diameter (d ¼ 2r) during the
pore-filling process (up to f¼ 1), showing approximately 45e50 nm
pore size in the filled state (dashed lines in Fig. 7b), confirming that
there is no inconsistency in our arguments. As mentioned abovewe
evaluated the exponential relaxation decays with inverse-Laplace
transformation, resulting in T2 relaxation distribution curves at
f ¼ 1 shown in Fig. 7c. These T2 distributions were inverted into
pore size distribution curves (Fig. 7d), which is in good agreement
with the cryoporometry (Fig. 5d) even if the two methods have
different basics.
3.2.4. Self-diffusion and distribution of water in the pore structure
Water diffusion in the pore system was investigated by NMR

diffusometry at several partially filled states up to the over-
saturation of both carbon aerogels. The diffusion coefficients of
water were derived from Eq. (7).

I¼
Xn
i¼1

I0i exp
�
�Dobs;ig

2d2G2ðD� d =3Þ
�
; (7)

where I is the measured signal intensity, I0i are the initial intensities
in the separated spin reservoirs, Dobs,i is the apparent diffusion
coefficient, g is the gyromagnetic ratio of the given nucleus, d is the
duration of the gradient pulse, G is the gradient strength, while D is
the diffusion time.

As mentioned above (see the morphology section) the high-
resolution 1H NMR spectra of water in the aerogels show two
peaks; the peak of pore-filling water and that of the water clus-
ters,separately with changing intensity ratio (see Fig. 4) at water
contents up to 2.4 and 0.2 g/g for CA1 and CA2, respectively.
Diffusion measurements and data evaluations were performed for
both peaks as long as they were observable. There were two sur-
prising results: both peaks could be described with two indepen-
dent apparent diffusion coefficients (in Eq. (7) n ¼ 2), and one of
them was higher, while the other was lower than that of the bulk
water. The two-dimensional DOSY spectrum in Fig. 8 demonstrates
well the presence of these four diffusion coefficients. The lowerDobs

values are very common in porous media, they result from the
restricted liquid diffusion (indicating filled or dominantly filled
pores) and are discussed in details in the literature [65]. The higher
diffusivity is dominated by diffusion in vapor phase in partially
filled pores; as it can be rarely detected, a thorough justification is
given in the SI [42]. For an evidence of vapor phase effect when
cooling sample CA1 with 5.69 g/g water content, the diffusion
contribution of the vapor phase became negligible as a result of the
lower vapor pressure [42]. The calculated diffusion coefficients at
every measured filling state are presented in Fig. 9a and b.

Above such high water contents where the influence of the
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vapor phase becomes negligible, the error of the biexponential
fitting increases, and only one peak with a single exponential decay
is observed with a diffusion coefficient close to that of bulk water. It
is consistent with the results of cryoporometry: when the spherical
pores are saturated (4.8 g/g and 1.16 g/g water content for CA1 and
CA2), the continuous filling up of the connecting channels takes
place, thus the role of vapor diffusion decreases, only the liquid
diffusion is operative (Fig. 9). This is also confirmed by Fig. 9c and d,
showing that the vapor-dominated diffusion domains gradually
disappear with increasing water content, and the pores fill up
completely.

This description is very characteristic for the more hydrophobic
CA1 while less conspicuous for CA2 supporting our statement
above about its more hydrophilic character. The distribution of
these four water sites indicated with 1e4 is illustrated in Fig. 10 and
explained for CA1 as follows.

Water in the mesopores, attributed to the peak at 7 ppm
chemical shift, shows two states (Fig. 10):

(1) Filled mesopores: The slow diffusion component is the
restricted diffusion of liquid water in the completely filled
mesopores. It is constant until 4.5 g/g filling, being between
1.1 and 1.3✕10�9 m2 s�1, then slowly increases and almost
reaches the diffusion rate of free water. This domain involves
the highest water amount, which increases during the
saturation as Fig. 9c confirms.

(2) Partially filled mesopores: The vapor diffusion is dominant in
this domain. D is around 5 � 10�9 m2s�1, which slightly
decreases with the water content and becomes not observ-
able above 6 g/g concentration. Although we have a few
evidences showing that the spherical pores fill up after each
other, there can still be some partially filled pores where in
the average the vapor diffusion is dominant, being faster
than the water diffusion in the bulk solvent. Fig. 9c shows
that only about 20% of the spherical pores are partially filled
during the saturation.

The ratio of filled (1) and partially filled (2) pores is only slightly
changing during the saturation (about 80% and 20% respectively),
and their collective contribution increases (Fig. 9c). This result is in
accordance with the cryoporometric and relaxometric results,
namely that the pores saturate one after another, with an identical
mechanism, and the water distribution is non-uniform. The carbon



Fig. 9. a-b) Diffusion coefficients of water in RF carbon aerogels as a function of the water content at 298 K. Empty and filled symbols stand for the diffusion coefficients dominated
by vapor and restricted diffusion respectively, corresponding in color to the 1H NMR spectrum (inset, at the lowest water contents). The solid line displays the theoretical value for
bulk water (2.3✕10�9 m2s�1) [55] as a reference, while dashed lines are only a guide to the eyes. The error bars were derived from the standard deviation of D obtained from the
exponential fitting. c-d) The distribution of water among the water domains at increasing water content, calculated from the peak integrals and amplitudes of the biexponential
fittings for CA1 and CA2, respectively. (A colour version of this figure can be viewed online.)

Fig. 10. Water domains in the partially filled pore structure of the carbon aerogels.
Black spheres stand for the carbon aerogel skeleton, while blue color shows the water
in the pore system. Numbers indicate the different diffusion domains of water as
numbered in the text. (A colour version of this figure can be viewed online.)
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aerogel behaves macroscopically at these water contents like dry
powder. It means that after mixing there are mostly completely
filled islands of mesopores and some partially filled pores. There is
no water exchange connection between them therefore two-step
diffusion can be measured.

Water clusters, represented by the peak at 0.5 ppm chemical
shift and observed at low water contents, can be subdivided into
two types as well:

(3) Water clusters around the hydrophilic functional groups in the
emptymeso- andmacropores: The liquid is in connectionwith
large vapor-filled pores therefore the diffusion is dominated
by vapor diffusion. The measured large diffusion coefficient
(D z 1.1-1.2 � 10�8 m2s�1) is an average, weighted by the
volume ratio of water diffusing in the liquid and air phases. It
is difficult to make quantitative estimation either on the
liquid component or the vapor component because of the
tortuosity of the pores and the unknown surface mobility of
water [42].

(4) Water in micropores: In this other type of bound water the
diffusion takes place in the liquid phase dominantly, but is
influenced by the vapor phase as well, thus we suppose that
these molecules are located in the filled micropores con-
nected to empty meso- andmacropores. Because of the small
air space and small liquid surface in connection with them,
the measured diffusion coefficient is dominated by the
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restricted diffusion of water in the liquid state, but the
relatively high averaged D value, being close to bulk water
(D ¼ 2.3✕10�9 m2s�1, [55]) still shows a non-negligible
contribution of vapor diffusion. The relatively constant
diffusion coefficients until 2.4 g/g water indicate that this
water domain is already saturated, as deduced also from
relaxometry, and this water does not freeze at the lowest
temperature applied in cryoporometry.

Both domains have less and less contribution during the pore
filling process as Fig. 9c shows, and get negligible above 2.4 g/g
water content.

In the case of CA2 the 1H NMR peak assigned to the adsorbed
water clusters can be detected only in the air-dried sample and at
the first water addition step (Fig. 4). At higher water contents one
broad water peak can be observed with a biexponential diffusion
decay. The two diffusion domains determined were related to (1)
and (2) states of water, i.e., water molecules filling the spherical
mesopores, as explained above. This is confirmed by the similar
values and trends of the data, and the melting and freezing pro-
cesses measured by NMR cryoporometry. According to N2 gas
adsorption the micropore volume of CA2 is lower than that of CA1,
NMR relaxometry shows a low amount of water clusters on the
surface, which explain the disappearance of the (3) and (4) water
domains.
3.3. Comparison of the carbon aerogels

Owing to the different porogens applied in the synthesis the two
carbon samples possess considerably different pore morphology.
The dissimilarity of the pore morphology is the most expressed in
the mesopore range. The surface area, the total pore volume and
the volumes of all the pore categories detected with nitrogen
adsorption are significantly higher in the CA1 carbon aerogel. On
the other hand, the morphology of CA1 and CA2 is also similar in
several aspects. Their structure is built of 20 nm carbon beads,
separated with interconnected micro-, meso- and macropores.
Based on the nitrogen adsorption results themost typical size of the
mesopores varies from 3 to 27 nm and the typical size of the
entrance of the mesopores is 20 nm. Based on the NMR measure-
ments using water as probe solvent the presence of 40e50 nm
spherical pores are detected.

A remarkable difference is observed in the pore texture during
the wetting process. It starts in the same way for both aerogels, as
the water vapor adsorption isotherms revealed. Water is adsorbed
Fig. 11. Wetting process of the mesopores of CA1 and CA2 carbon aerogels as seen by NMR
with black color, the functional groups are yellow, while blue color shows the water in the
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on the hydrophilic functional groups of the carbon skeleton, forms
water clusters, and fills the micropores, according to the mecha-
nism generally described in the literature [13].

However, NMR relaxometry results have shown, that the wet-
ting properties of the mesopores in the studied carbon aerogels
differ. In the case of CA2 the measured T2 relaxation times are
significantly lower, than for CA1, which indicates a stronger effect of
the surface on the entrapped water molecules. As it was mentioned
in the previous sections, the filling of the micropores and the pore
sizes are basically similar, thus they cannot be the reason for the
lower T2. Another explanation could lie in the surface properties
although, XPS and water vapor adsorption didn't show differences
between CA1 and CA2. The detailed evaluation of relaxometry re-
sults revealed that the surface water layer thickness (l) is approx-
imately the same for both aerogels, thus the surface relaxivity (x)
should be different. The significantly higher surface relaxivity of
CA2 can only be explained by the higher density of hydrophilic
functional groups, their better accessibility or higher affinity to
water molecules. The wetting process of the mesopores in the
carbon aerogels according to these NMR results is demonstrated in
Fig. 11.

The above sorted differences are visible in the behavior of the
two samples during the immersion as well. CA1 was powder-like at
high water contents, while CA2 seized even at a much lower filling
state. The wetting of the porous structure is plug-like, especially for
CA1, i.e., the water distribution is non-uniform and pores get filled
with water one after another. During the saturation process, vapor
diffusion was observed in the partially filled structure up to the
complete filling of the spherical pores in both materials. The
combined use of the applied techniques revealed the differences in
the porous texture caused by the different media during the
synthesis.
4. Conclusions

Application of various NMR methods combined with sorption
techniques can reveal such differences between porous materials
which remain hidden at separate use of the techniques. The first
step of the characterization should be the N2 gas adsorption
method which gives information about the dry structure of the
synthesized aerogels. XPS describes the chemical composition of
the surface while water vapor adsorption, beyond the surface
chemistry, points at the behavior in wet state, that is under the
circumstances of possible applications.

The combined use of NMR relaxometry, diffusiometry and
a) on the pore surface and b) in the pore system. The carbon aerogel skeleton is signed
pore system. (A colour version of this figure can be viewed online.)
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cryoporometry is able to provide a complex description and model
of the hydration and pore filling mechanism of carbon-based ma-
terials up to the oversaturated state. In this study the wetting
process of two carbon aerogels, synthesized in different way, was
followed. The three NMR methods proved that due to the partially
hydrophobic surface, the filling of the meso- and macropores takes
place separately, i.e., the distribution of water in the pore system is
non-uniform, but in different extent for the two aerogel samples.
The complete saturation of the mesopores could be detected by all
the three NMR methods providing new tools to reach this impor-
tant information.

With the comparison of the NMR and sorption methods, infor-
mation was gained on the hydrophilic/hydrophobic properties of
the pore surface as well as the different macroscopic appearance of
the samples under wetting. Furthermore, they can predict the af-
finity of these carbon aerogels toward polar/nonpolar adsorbates
and their behavior in aqueous medium for numerous possible ap-
plications, like industrial catalysts and environmental adsorbents.
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