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Août 13, 4000 Liège, Belgium
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Abstract

Numerous applications of nanoporous materials require their pores to be filled with

liquids. In spite of its huge technological importance, the conditions for the wetting

of nanometer-sized pores and its phenomenology are still poorly understood. We re-

port on capillary rise experiments with water in carbon xerogels, with synchrotron

small-angle scattering used to follow the process in situ at nanometer scale. The data

reveal a two-step wetting process whereby water permeates first into molecular-sized

micropores, which is followed by the imbibition of the larger mesopores. A Cassie-

Baxter analysis shows that the presence of water in the micropores is central as it
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turns the mesopores from being hydrophobic to hydrophilic. Based on so-calculated

contact angles, the mesopore wetting kinetics are found to be quantitatively described

by a classical Washburn model. A modelling of the experimental water profile ahead

of the Washburn front reveals strong surface barriers opposing water transfer from the

mesopores to the micropres.
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Introduction

Countless applications of nanoporous materials require them to be impregnated by liq-

uids. This is the case for many energy conversion and storage technologies,1–5 adsorption

and desalination processes,6–9 drug-delivery applications,10 liquid-phase catalysis,11,12 among

others. The impregnation of nanoporous materials by liquids is also central to the prepara-

tion of many functional nanomaterials.13,14 A variety of characterization methods also involve

the imbibition of nanometer-sized pores by wetting or non wetting liquids.15–17 In spite of

its huge technological relevance, the wetting of nanoporous materials is a phenomenon that

remains poorly understood.

At macroscopic scale, wetting is traditionally discussed in terms of the surface energies

of the relevant interfaces, namely : the dry solid, the liquid free surface, and the solid/liquid

interface.18,19 From that perspective, a liquid spontaneously enters a pore whenever the

energy of the dry solid is larger than that of the wet solid. This condition is often ex-

pressed in dimensionless form by stating that the contact angle between the liquid and

solid has to be smaller than 90◦. These macroscopic concepts have been successfully used

to analyze static and kinetic aspects of porous materials imbibition, with the pioneering
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work of Lucas and Washburn20,21 followed by many others.22–24 In many instances, however,

the complex microstructure of solids and surfaces precludes one from directly applying the

general macroscopic concepts.25–28 A wealth of texture-dependent phenomena are then ob-

served on different surfaces, in relation to contact angle hysteresis,29 triple-line pinning,30

super hydro-philicity and -phobicity,31 precursor wetting phases,22,32,33 etc. These texture-

dependent phenomena are expected to be relevant to the wetting of many porous materials

of practical interest, the structure of which is often very disordered with randomly-connected

pores having complex shapes over a variety of scales.23,34–37

Specific difficulties arise in the context of nanopore wetting. It is usually acknowledged

that hydrodynamic models of wetting break down when one approaches the triple line closer

than a few tens of nanometers,38–40 and cutoff lengths have to be introduced to avoid un-

physical divergence at small scale. For the materials of interest to us, the latter cutoff lengths

are larger than the pores. In addition to the breaking down of macroscopic concepts, specific

nanometer-sized phenomena have to be accounted for. They include disjoining pressures

and layering effects,18,41,42 slipping hydrodynamic conditions at surfaces,43,44 triple-line ten-

sion,45 electrokinetic phenomena,46,47 capillary condensation,48 and thermal fluctuations.49,50

In spite of these general observations, and somewhat surprisingly, some specific macroscopic

results pertaining to liquids in pores seem to remain valid down to almost molecular dimen-

sions. This is notably the case for Kelvin’s law of capillary condensation,51 the Navier-Stokes

equation itself,47 and even Young’s law.52 Developing a coherent conceptual framework to

analyze and possibly predict the wetting of nanometer-sized pores is still a formidable chal-

lenge.

In addition to physical and conceptual difficulties, analyzing wetting at the nanometer-

scale is also experimentally challenging. Because of the inherent limitations of electron

microscopy, most experimental studies in the field are conducted on model systems such as

closed carbon nanotubes or artificial channels, which lack the structural and chemical com-

plexity of porous materials of practical interest.53–56 In the present work we use synchrotron
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small-angle x-ray scattering (SAXS) to analyze in situ the nanometer-scale liquid configu-

ration during capillary rise experiments.57,58 The specific materials we focus on are carbon

xerogels,59–62 which are widely used in catalysis63 and energy storage applications.64–66 The

structure of carbon xerogels is hierarchical as it comprises molecular-sized micropores coex-

isting with larger mesopores. The micropores are of particular importance for applications

because they contribute most to the specific surface area of the materials, and it is therefore

central to ascertain whether and how they are intruded by liquids. The SAXS experiments

and data analyses reported in the paper enable one to follow the kinetics of water intrusion

into both types of pores.

Experimental Section

Synthesis of the xerogel rods

Xerogels were synthesized through the polycondensation of resorcinol (R) and formalde-

hyde (F) in water (W), with sodium carbonate (C) to adjust the pH.67 The specific ratios

were the following: an R/F molar ratio of 0.5, a dilution molar ratio W/(R+F+C) of 6,

and two different R/C molar ratios of 250 and 350 for X15 and X30. The reacting solutions

were poured into test tubes with diameter 5 mm, sealed, and subsequently aged for 72 h at

70◦C. The solid gels were then slowly dried inside the opened tubes through the following

procedure: 72 h at 70◦C at ambient pressure, 24 h at 60◦C while progressively decreasing

the pressure to 103 Pa, 48 h at 70◦C and 103 Pa, and finally 72 h at 150◦C and 103 Pa. The

dried xerogels are slightly thinner than the initial gels, which enables one to safely remove

them from the test tubes.

The so-obtained cylindrical samples were afterwards pyrolized under nitrogen flow to

degrade the organic components and leave behind a carbon structure. The pyrolysis involves

gradually heating the samples to 800◦C at a rate of 2◦C/min, with waiting periods at 400◦C

for 1 h and at 800◦C for 2 h, followed by overnight cooling to room temperature. One of the
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samples underwent activation to enhance its microporosity. This was done by flowing CO2

over the sample at 800◦C during 8 h.65,68

Materials characterization

Nitrogen adsorption and desorption isotherms were measured at -196◦C using a Mi-

cromeritics ASAP 2420 analyser, following overnight outgassing of the samples at 270◦C at

pressure below 10−2 Pa. The mesopore size d was obtained through a Derjaguin-Brokehoff-de

Boer analysis.69 The nitrogen sorption data were also analyzed using a t-plot,70,71 in order

to discriminate the mesopore and micropore contributions to the pore volume Vm and Vµ,

as well as the mesopore surface area Am.

The meso- and micro-pore volumes are converted to the corresponding volume fractions

φm and φµ, relative to the total volume of the material (comprising both pore and solid), as

follows

φm/µ =
Vm/µ

1/ρc + Vm + Vµ
(1)

where ρ̃c is the skeletal density of the solid (ρ̃c ' 2 g.cm−3 for amorphous carbon). The

porosity of the skeleton is then calculated as ϕµ = φµ/(1− φm). The mesopore surface area

Am (per unit mass) is converted to am (per unit volume) as am = Amρ̃c(1− φm − φµ).

Mercury intrusion porosimetry was measured with ThermoScientific Pascal 140 and 240

porosimeters, operating across a pressure range of 0.01 to 200 MPa corresponding to pores

larger than 7.3 nm. When converting intrusion curves to pore sizes, a contact angle of 140◦

and a surface tension of 0.482 N/m were assumed.16

Transmission electron microscopy (TEM) was performed with a Jeol TEM JEM-1400 at

80 kV with a 40,000 magnification. The sample was prepared by crushing it in a mortar

into a fine powder, dispersing it in ethanol, and depositing a drop of the supernatant on a

microscopy grid.

Water adsorption isotherms were measured at 40◦C on the carbon xerogels using a gravi-
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metric Dynamic Vapor Sorption (DVS) analyzer from Intrinsic. The data were fitted with

the cooperative multi-molecular sorption (CMMS) model,72 whereby the adsorbed volume

of water in micropores is expressed as follows

V

Vmax
=

K0 P/P0

K0 P/P0 + 1
4

[
1−K1 P/P0

√
(1−K1 P/P0)2 + 4K0 P/P0

]2 (2)

where K0 and K1 are two adsorption constants, and Vmax is the maximal volume of water

that can be adsorbed in the micropores. The volume of water adsorbed at saturation is

obtained through Eq. (2) for P/P0 = 1. The values of Vmax, K0 and K1 are reported in the

Supporting Information (see Tab. S1).

Synchrotron experiments

Experiments were conducted on the DUBBLE beamline (BM26) at the European Syn-

chrotron Radiation Facility on a setup thoroughly described elsewhere.73 The energy of the

x-rays was adjusted to 12 keV, corresponding to a wavelength of λ = 1.03 Å. In the used

configuration the beam size was 500 × 500 µm. The SAXS signal was measured on a 2D

detector (Pilatus 1M from Dectris with active area 169 × 179 mm) positioned at 5 m from

the sample. The isotropic 2D scattering patterns were converted to 1D scattering curves

using the ConeX software,74 and expressed as I(q) with q = (4π/λ) sin(θ/2) where θ is the

scattering angle. The relative position of the sample and detector was calibrated with a

silver-behenate reference sample.75 The experimentally accessible values of q in the setup

range from 0.01 to 0.5 Å−1. A photodiode placed on the beamstop was used to measure

the transmitted beam intensity I1, to which all scattering patterns were normalized. An

ionization chamber was used to measure the incoming beam intensity I0.

For the capillary rise experiments, carbon xerogel cylinders were presented in a 3D-

printed sample holder with windows on both sides to let the beam through. The holder was

wrapped in aluminium foil to avoid water evaporation from the side of the sample during
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the experiments (see Fig.1) ) A first blank experiment was performed by moving the beam

up and down along the cylinder, and measuring the SAXS as well as the incoming and

transmitted intensities at 40 intermediate positions over 20 mm with accumulation times of

2 s at each point. The capillary rise experiments then consisted in putting the lower end of

the cylinders in contact with a water reservoir and in repeating the same scanning procedure

as the blank, over a total duration of 60 min. In practice, the scanning was achieved by

keeping the beam in place and moving the experimental stage (sample and water reservoir)

up and down with micrometer precision through a stepper motor.

Figure 1: Macroscopic rod of carbon xerogel CX30 (a) and its mesoporous structure as
visualized in transmission electron microscopy (b). Capillary rise experiments are initiated
by putting the rod in contact with water, and are then followed in situ by x-ray absorption
and small-angle scattering while scanning the incoming x-ray beam vertically along the rod
(c).

The x-ray absorption at any time t and beam position z is estimated from the ratio of

the incoming and transmitted intensities as α × I1(z, t)/I0(t). The unknown but constant

calibration factor α accounts for the different sensitivity of the photodiode and ionization

chamber. Because the absorption results from the presence of carbon and water, Beer-

Lambert’s relation takes the form

ln [I1(z, t)/I0(t)] + ln [α] = −µclc(z)− µwlw(z, t) (3)

where lw(z, t) and lc(z) are the total lengths of water and carbon crossed by the beam, and
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µw/c are the corresponding linear attenuation coefficients. In Eq. (3), the time-dependence

of the incoming beam intensity I0(t) results from the state of the storage ring throughout the

experiment, and the space-dependence of the carbon length lc(z) accounts for the fact that

the scanning direction does not necessarily coincide exactly with the axis of the sample. The

conditions of the blank experiments are equivalent to setting lw = 0 in Eq.(3), from which

one infers the value of µclc(z) + ln [α]. The Beer-Lambert law can then be directly inverted

to estimate lw(z, t) during the capillary rise experiments. Throughout the paper, we use the

value µw = 3 cm−1 for the linear attenuation coefficient of water at 12 keV.76

In the case of experiments performed on moist samples, dry blank experiments are impos-

sible. In that case the mass uptake measured overnight was converted to a water thickness

and added as an offset to the values of lw(z, t) obtained from Eq. (3).

Results and Discussion

Results

The experiments were performed on macroscopic xerogels, shaped as cylinders with di-

ameter about 4 mm (Fig. 1a). Two xerogel preparations were considered with nominal

mesopore sizes 15 and 30 nm, which we refer to as X15 and X30. We comply here with the

recommendations of the International Union of Pure and Applied Chemistry (IUPAC) and

we refer to pores smaller than 2 nm as micropores, and to pores between 2 nm and 50 nm

as mesopores.15 The structure of the xerogels consists in a disordered skeleton made up of

agglomerated globular objects, with empty spaces corresponding to the mesopores (Fig. 1b).

The material that makes up the globules is a dense reticulated polymer with composition

similar to phenolic resins.60,62 Starting from polymer xerogels X15 and X30, carbon xerogels

were obtained through pyrolysis. The process converts the polymeric nodules of the skeleton

into microporous carbon with turbostratic structure, while minimally affecting the mesopore

structure. The obtained materials are referred to as CX15 and CX30. The latter carbon xe-
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rogel was further activated in CO2 to enhance the microporosity of its skeleton,68,77 leading

to sample CX30A.

The two-scale porous structure of carbon xerogels is manifest in the nitrogen sorption

isotherms (Fig. 2a), which display both the adsorption-desorption hysteresis typical of meso-

pores, and the low-pressure steep adsorption typical of microporous materials.15 Nitrogen

sorption in xerogels X15 and X30 display similar adsorption-desorption hysteresis but no

micropore adsorption (see Fig. S1). The porous characteristics of the five materials - ob-

tained from nitrogen sorption, mercury intrusion (see Fig. S2) and small-angle scattering -

are reported in Tab. 1.
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Figure 2: Nitrogen adsorption-desorption isotherms (a) and water sorption isotherms (b)
measured on carbon xerogels CX15 (dashed line, �) and CX30 (solid line, ♦), as well as on
activated sample CX30A (dotted line, ◦). Water sorption isotherms data are fitted with a
CMMS model (lines), corresponding to the water content in the micropores (see Eq. 2).

Water sorption isotherms measured on the carbon xerogels (see Fig. 2b) are typical

of porous carbons. The adsorption riser around P/P0 ' 0.4 corresponds to the filling of

the micropores while the mesopores remain largely dry.78,79 The data were fitted with a

cooperative multi-molecular sorption (CMMS) model (lines in Fig. 2b) to determine the

volume of water adsorbed in the micropores at saturation. The values reported as x
(sat)
µ in

9



Tab. 1 show that water fills only about 60 % of the total micropore volume identified by

nitrogen sorption.

Table 1: Structural and textural characteristics of the xerogels, derived from nitrogen and
water sorption, mercury intrusion, and from small-angle x-ray scattering.

d [nm] am [m2.cm−3] φm [-] ϕµ [-] x
(sat)
µ [-]

N2 Hg N2 Hg SAXS N2 N2 H2O/N2

X15 26 -a 108 -a 114 0.61 0 -a

X30 38 -a 83 -a 98 0.67 0 -a

CX15 18 17 135 122 136 0.53 0.26 0.61
CX30 28 29 115 84 116 0.61 0.28 0.59
CX30A 28 30 119 81 117 0.62 0.36 0.65

d: mesopore diameter; am: mesopore surface area; φm: mesopore volume fraction; ϕµ: pore

fraction of the microporous skeleton; x
(sat)
µ : fractional water loading of the micropores at

saturation.
a: not applicable.

The capillary rise experiments were initiated by putting one end of the rods in contact

with a deionised water reservoir (Fig. 1c). The synchrotron beam was then repeatedly

scanned up and down the rod over a distance of 20 mm, for the entire duration of the capillary

rise. X-ray absorption and small-angle scattering data were measured over time at every

successive position of the beam. For each carbon xerogel, two experiments were performed.

The first was performed on the dry material, i.e. after drying the sample overnight at 20

mbar and 150◦C to remove water from the micropores. The second experiment was performed

on the moist material, after equilibrating the sample overnight in saturated water vapor at

room temperature. In the case of non-microporous xerogels X15 and X30, measurements

were only done on the dry material.

The x-ray absorption depends on the local quantity of water where the sample is crossed

by the beam, and it therefore enables one to follow the capillary rise. Using Beer-Lambert’s

law, the data is expressed as a space- and time-dependent water length lw(z, t). This is the

cumulated length of water that the synchrotron beam crosses at height z above the bottom
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of the rod, at time t after its contact with water. The values measured on all samples

are reported in Fig. 3, for the polymer xerogels as well as for the dry and moist carbon

xerogels. The non-microporous polymer samples exhibit a sharp wetting front, whereby the

amount of water increases to lw ' 2.4 mm. The kinetics follows a t1/2 Washburn-like scaling,

as expected in this context.21,23,24 Interestingly, in the case of the dry microporous carbon

xerogels (Figs. 3b, 3e, 3g) two successive wetting fronts are observed, namely (i) a faint

diffuse front where the amount of water increases from zero to about lw ' 0.2 mm (from

yellow to green in the figure) over a distance z of about 5 mm, followed by (ii) a sharp front

whereby the amount of water undergoes a sudden tenfold increase to lw ' 2.2 mm (dark

blue in the figure).

Figure 3: Space- and time-dependent water length lw(z, t) during capillary rise experiments
in polymer xerogels X15 (a) and X30 (d), in dry carbon xerogels CX15 (b), CX30 (e), and
in activated carbon xerogel CX30A (g). The rightmost column displays the data for the
moist samples: CX15 (c), CX30 (f) and CX30A (h). The horizontal gray area is a blind
spot corresponding to the lower part of the sample holder. The red line is a guide to the
eye, highlighting a Washburn’s t1/2 dynamics.
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To understand the significance of these two fronts, one has to compare the water thick-

nesses lw to the diameter of the carbon rods L = 4 ± 0.5 mm and to the volume frac-

tions reported in Tab. 1. Saturating the micropores with water would correspond to

lw = L(1 − φm)ϕµx
(sat)
µ , i.e. from 0.25 to 0.4 mm depending on the sample. Saturating

the entire porosity would correspond to lw = L[φm + (1 − φm)ϕµx
(sat)
µ ], i.e. from 2.3 to 2.7

mm. The sharp front reaching lw ' 2.2 mm can therefore safely be assigned to the filling of

almost the total pore volume.

Based on x-ray absorption data alone, it is difficult to ascertain the nature of the first

diffuse wetting front. It could correspond either to a water film on the outer surface of the

skeleton or to the partial filling of the micropores. Based on the skeleton surface area am

in Tab. 1, one estimates that a water length of 0.2 mm corresponds to a thickness about 4

Å so this would be a very thin film indeed. Moreover, the absence of a diffuse front in the

moist samples (Fig. 3c, 3f and 3h) - i.e. if the micropores are initially saturated with water

- could also be used as an argument in favor of the micropore-filling scenario. A final answer

to this question is obtained by considering the small-angle scattering signal.

As a benchmark for the small-angle scattering analysis, Fig. 4 displays the SAXS pattern

of dry carbon xerogel CX30A, i.e. before the onset of capillary rise. The pattern exhibits

the two typical features of materials that are both meso- and micro-porous.80 The shoulder

around q ' 2 10−2 Å−1 followed by a q−4 Porod scattering is typical of disordered mesoporous

structures,81 and the kink around q ' 2 10−1 Å−1 followed by a q−2 scattering is typical of

the turbostratic structure of microporous carbons.82,83 The inset displays a realization of a

clipped Gaussian field model fitted to the mesopore scattering,35,84 as well as a qualitative

sketch of the small-scale micropore structure. The SAXS patterns of all samples are displayed

in the Supporting Information (see Fig. S3).

The relevant contrast to small-angle scattering is the electron density of the various re-

gions of the materials,57,58 which is modified by the presence of water. Adding water to

the micropores would have two distinctly different effects. On one hand it would reduce
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2 nm

Figure 4: Small-angle x-ray scattering (SAXS) pattern of the dry CX30A sample. The data
are shown as crosses; the black lines are fits of the micro- and meso-porous models, and the
red line is the sum of both contributions. The inset displays a realization of the clipped
Gaussian field model used to fit the mesoporous structure and a sketch of the small-scale
structure of the microporous skeleton.

the scattering contrast between the micropores and the neighbouring dense carbon in the

skeleton, thereby weakening micropore scattering (at high q). On the other hand, it would

increase the average electron density of the microporous skeleton as a whole, thereby en-

hancing the mesopore scattering (at low q). Filling the mesopores with water would simply

reduce the contrast between the mesopores and the microporous skeleton, and lower the

mesopore scattering.

During our experiments, SAXS was measured continuously during capillary rise, i.e. one

full pattern similar to Fig. 4 was recorded for every position and time shown in Fig. 3. A

small selection of this large dataset is displayed in Fig. 5, corresponding to a z-scan across

the two successive wetting fronts in CX30A (from z = 8 mm to z = 14 mm, around t = 60

min). For clarity, the absorption data (same as in Fig. 3) is displayed in the inset of Fig.

5a, with the same color code as in the rest of the figure. Interestingly, the diffuse wetting

front (from dark red to green) is accompanied by both a decrease of the SAXS at high q

(Fig. 5c) and an increase at low q (Fig. 5b). This was the anticipated evolution for the
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filling of micropores. The sharp wetting front (from orange to bright blue) is found to be

accompanied by a tenfold decrease of the SAXS intensity at all q (Fig. 5a), as was expected

for the filling of the mesopores.
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Figure 5: Example of SAXS patterns measured in CX30A at different heights z across
the wetting front (a), with the inset indicating the quantity of water at each height and
specifying the relation between the color and z. Magnified view of the SAXS testify to
opposite evolutions of the SAXS at low and high values of q (b and c). The sketches
illustrate the water filling corresponding to the observed SAXS evolution.

To make these observations quantitative, the SAXS data in the crossover region between

meso- and micropore scattering (i.e. above q ' 0.05 Å−1) was fitted with the following

equation82

I(q) = Aq−4 +B
l2(18 + (ql)2)

(9 + (ql)2)2
(4)

where parameters A and B capture and discriminate the scattering contributions of the meso-

and micro-pores, respectively. In Eq. (4), the first term accounts for the Porod scattering of

the mesopore surface and the second term accounts for the micropore scattering, with size

parameter l scaling with the micropore size.85 Figure 6 displays the so-obtained values of
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A and B for every available position and time during capillary rise experiments in all the

dry carbon xerogels, plotted against the corresponding total length of water lw(z, t). The

values are normalized to their initial value, Adry and Bdry. The vertical lines in the figure

are the lengths of water corresponding to saturated micropores, based on the values of x
(sat)
µ

from water adsorption (Tab. 1). The equivalent data for non-microporous polymer xerogels

X15 and X30, as well as for the initially moist carbon xerogels are shown in the Supporting

Information (see Figs. S4 and S5).

Figure 6: Mesopore (top row) and micropore (bottom row) scattering during capillary rise
experiments in dry carbon xerogels CX15 (a, d), CX30 (b, e) and CX30A (c, f). The vertical
lines correspond to the equilibrium filling of the micropores. Solid black lines are calculated
for the progressive filling of micropores, followed by that of mesopores. For the dashed red
lines, the progressive filling of pores is replaced by coexisting empty and filled pores with
increasing proportions (see text).

The scenario whereby the micropores fill first and the mesopores afterwards, can be

quantitatively tested against the values of the scattering intensities A and B, based on the

electron densities of carbon and water (ρc ' 0.6 e−/Å3 and ρw ' 0.33 e−/Å3) and on the

volume fractions in Tab. 1. In the case of pure micropore filling (i.e. with no water in the

mesopores), the fractional water loading of the micropores is calculated as lw/lµ, where lµ

is the total micropore length, estimated as L(1 − φm)ϕµ where L is the sample thickness.
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Therefore, the average electron density in the micropores is

ρµ(lw) = ρw × (lw/lµ) (5)

where lw/lµ takes values from 0 to x
(sat)
µ . The corresponding micropore scattering is propor-

tional to B ∝ [ρµ − ρc]2 where the factor is irrelevant when normalizing by the dry value

Bdry. Over the same range of lw, the average electron density of the microporous skeleton

as a whole is calculated as

ρs(lw) = ρc(1− ϕµ) + ρwϕµ × (lw/lµ) (6)

The mesopore scattering is then calculated as A ∝ [ρs]
2, because the relevant contrast is

between the skeleton and the empty mesopore. The so-calculated values of A and B are

plotted as solid black lines in Fig. 6 for values of lw from 0 to micropore saturation lµx
(sat)
µ .

When lw exceeds the micropore saturation, the filling of the micropores remains constants

and so does the scattering B. The value of lw in excess of lµx
(sat)
µ , however, contributes to

filling the mesopores and increase its electron density as

ρm(lw) = ρw × (lw − lµx(sat)µ )/lm (7)

where lm is the total mesopore length. The mesopore scattering is then calculated as

A ∝ [ρm(lw)− ρs(lµx(sat)µ )]2. The so-obtained values of A and B for lw larger than lµx
(sat)
µ

are plotted in Fig. 6.

For completeness, the possibility of heterogeneous filling of both micro- and meso-pores

was also considered. In that scenario, pores can be either empty or saturated; the progressive

and homogeneous filling is replaced by increasing the proportion of saturated pores. With

this scenario, the scattering is calculated as linear interpolation of the initial and end states.

This is shown as dashed red lines in Fig. 6.
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These simple considerations quantitatively capture the mesopore scattering, during the

imbibition of both micropores and mesopores (Fig. 6a to 6c). The same holds for the polymer

xerogels and the initially moist carbon xerogels (see Figs. S4 and S5 in the Supporting

Information). Some aspects of the high-q scattering in Figs. 6d to 6f, however, are not

accounted for. In particular, the decrease of B is more progressive than in the simple

scenario and its final value is slightly underestimated in the non-activated samples CX15

and CX30 (Fig. 6d and 6e). A variety of phenomena could explain these differences. The

micropores might not be saturated yet at the arrival of the mesopore wetting front, and

they would fill up in direct contact with water. Also, should the filling of the mesopores

happen through the thickening of a wetting film on the wall, this would lead to an additional

q−2 scattering86 that would be difficult to discriminate from the micropore scattering in Eq.

(4). To put these considerations under perspective, however, one has to keep in mind that

mesopore imbibition is overrepresented in Fig. 6, which condenses in a single plot the SAXS

data measured at all heights and all times. In reality, mesopore filling is a fast process that

is barely resolved experimentally, as visible in the inset of Fig. 5a.

Discussion

The in-situ scattering data during capillary rise experiments reveal a two-step wetting

mechanism of carbon xerogels, whereby water imbibes first molecular-sized micropores before

invading the mesopores. This raises two main questions about how the presence of water in

the micropores modifies the wetting of the mesopores, and about physical processes driving

water into the micropores.

To discuss these points, consider Fig. 7, which illustrates the time-dependent water profile

in the micropores across the wetting front, based on two qualitatively different physical

measurements. In Fig. 7a1, the fractional water loading of the micropores xµ is estimated

from the high-q small-angle scattering B/Bdry through the water-dependent contrast between

the micropore electron density and dense carbon (see Eq. 5). The value of xµ saturates at
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x
(sat)
µ after the mesopore wetting front. In Fig. 7a2, the micropore filling is estimated from

absorption as lw/lµ, where lw and lµ are the total length of water and of micropores on the

x-ray path. The values in excess of 1 are due to water in the mesopores. From these profiles,

the position of the mesopore wetting front was determined as the center of the steep riser

(lw/lµ ' 0.4). The position of the micropore front is not uniquely defined because of its

diffuse nature. The values reported in Figs. 7b are calculated from the integrated volume

of water in the micropores, and expressed as an equivalent thickness of water-saturated

microporous skeleton (see green line in Fig. 7a1). The data follow a kinetics of the type

z2 = Dt, and we refer to the slopes of the meso- and micro-pore wetting fronts as Dm and

Dµ. The corresponding figures for polymer xerogels CX15 and CX30 are in the Supporting

Information (see Fig. S6) as well as the values of the Washburn coefficients Dm and Dµ for

all samples (see Tab. S2).

Figure 7: Water content of the micropores ahead of the mesopore wetting front, as seen
from SAXS (a1) and from x-ray absorption (a2) in carbon xerogel CX30A. The mesopore
front (red) and the equivalent height of the saturated micropores (green) follow a Washburn
dynamic with constant slope D = z2/t (b).

The distinctive t1/2 kinetics observed in Fig. 7b hints at a Washburn mechanism,21–23
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whereby the negative capillary pressure pulling water into the pores is constant, but the

viscous resistance increases proportionally to the height of the water column. In the case of

a xerogel that is initially dry, some of the water rising in the mesopores is diverted towards

the micropores. We show in the Supporting Information (Sec. S3) that such a scenario leads

to the following Washburn coefficient for the mesopore wetting

Dm =
8Km

η[φm + (1− φm)ϕµx
(sat)
µ ]

× γw cos(θ)

d
(8)

where Km is the hydraulic permeability of the xerogel, η is the viscosity of water, d is

the mesopore size, γw is the surface tension of water, and θ is the equilibrium contact

angle between mesopore water and the skeleton. The volume fractions φm and ϕµ in the

denominator account for the volume of the pores that are progressively filled during capillary

rise. In the case of moist xerogels with micropores initially saturated, the relevant value is

ϕµ = 0 independently of the actual microporosity. Equation (8) can be used to infer the

values of the contact angle from the wetting kinetics, provided the permeability is known.

We rely here on the Kozeny-Carman relation

Km =
φ3
m

Ca2m
(9)

where am is specific surface area of the mesopores and C is an empirical constant close to 5

in disordered porous solids.87–89 The values of the contact angle inferred from the mesopore

wetting kinetics are plotted in Fig. 8. The error bars result from assuming C = 2.5 and

C = 10 as conservative lower and upper bounds for the Kozeny-Carman constant.90,91 The

mesopore surface areas used for the calculation are those inferred from SAXS, and the pore

sizes are those from nitrogen sorption (see Tab. 1).

The contact angles estimated for the polymer xerogels X15 and X30 are around 67± 1◦,

which is very close to the 70◦ macroscopic contact angle of water on non-porous phenolic

resin coatings.92 In the case of the carbon xerogels, all the calculated contact angles are
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Figure 8: Contact angles calculated from the wetting of the mesopores in polymer xerogels
(green), as well as in the initially dry (grey) and moist (blue) carbon xerogels, with error
bars resulting from the uncertainty on the Kozeny-Carman constant C. The horizontal black
lines and red bands are Cassie-Baxter estimations of the contact angles in the dry and moist
carbon xerogels. The vertical breadth of the red bands results from assuming saturated
(x

(sat)
µ in Tab. 1) or water-filled (xµ = 1) micropores.

gathered around 80 ± 2◦ in spite of the Washburn constants Dm differing by more than a

factor two among all considered samples (see Tab. S2). Interestingly, this applies both to

initially dry and moist carbon xerogels. In other words, the reason why the mesopore wetting

in the dry carbon xerogels is slower is that some water rising in the mesopores is diverted

into the micropores. The very driving force of the process, i.e. the capillary pressure or the

contact angle in the mesopores, is therefore identical irrespective of whether the micropores

are initially dry or saturated. This clearly points to the presence of water in the micropores,

before the arrival of the mesopore wetting front.

Although the contact angle θ has no geometrical significance in the present nanometer-

scale context, there is evidence that it still has physical relevance at that scale.51,52 In

that respect, the physically meaningful quantity in Eq. (8) is the product γw cos(θ), which

is numerically equal to the energy difference between the wet and dry solid through the

Young-Dupré relation.18 From that perspective, the contact angle is merely a measure of
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a surface energy difference, expressed in dimensionless form through normalization by the

surface tension of water γw.

The surface energies relevant to mesopore wetting are those of the microporous skeleton,

in contact with either air or water. The microporous skeleton, however, comprises three

distinct phases: the carbon, the water-filled fraction of the micropores, and the empty frac-

tion of the micropores. Following a Cassie-Baxter approach93,94 one may assume additive

contributions of the three phases to the surface energy, namely

cos(θ) = (1− ϕµ) cos(θc) + xµϕµ − (1− xµ)ϕµ (10)

In this equation, the first term accounts for the interaction of the mesopore water with

carbon (contact angle θc ' 86◦, assuming graphite95,96), the second with the micropore water

(corresponding to cos(θ) = +1) and the third with the empty micropores (corresponding to

cos(θ) = −1).

The contact angle relevant to the hypothetical wetting of the dry skeleton (with no water

in the micropores) corresponds to setting xµ = 0 in Eq. (10). The so-calculated contact

angles are shown as black lines in Fig. 8. The values being larger than 90◦, it would not be

energetically favourable for water to enter the mesopores at all, if the micropores were dry.

By contrast, the contact angles calculated assuming water in the micropores, are all smaller

than 90◦ and close to the values inferred from the wetting kinetics. In Fig. 8, the solid

red line is the contact angle calculated for each sample from the Cassie-Baxter approach in

Eq. (10) with water filling corresponding to x
(sat)
µ . The thicker red area extends over all

intermediate micropore filling from x
(sat)
µ to xµ = 1.

Because the presence of water in the micropores is key to the wetting of the mesopores,

one has to enquire about the mechanism that drives water into the micropores ahead of

the mesopore wetting front. The existence of such precursors of impregnation is common

on textured surfaces.28,33,39 In the present context, a Washburn wetting mechanism in the
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microporous skeleton would lead to micropore wetting kinetics of the type Hµ =
√
Dµt, in

qualitative agreement with Fig. 7b.22 Quantitatively, however, the micropore permeability

needed to account for the experimental values of Dµ is of the order of 0.5 Å2 (see Supporting

Information Sec. S3), which is unrealistically small. Moreover, the diffuse nature of the

micropore wetting front can hardly be accounted for by a classical Washburn scenario. We

therefore explore the possibility of water diffusion in the mesopores accompanied by its

adsorption into the microporous skeleton.

Figure 9: Sketch of the diffusion-adsorption model for analyzing the water profile ahead of
the mesopore wetting front, involving the movement of the mesopore wetting front (a), the
diffusion of the water in the mesopores (b) and its adsorption into the microporous skeleton
(c). The static and moving coordinates are defined as z and z′ = z −Hm(t).

More specifically, the process we consider is a competition between the diffusion of water

molecules in the mesopores and the movement of the Washburn wetting front from which

they originate, which constantly catches up with them. The process is sketched in Fig. 9.

We introduce the moving coordinates z′ = z −Hm(t), such that the mesopore wetting front

is constantly at position z′ = 0. The actual form of the mobile water molecules ahead of

the Washburn front is unclear yet, and we assume for now that they are in the vapor phase.

In that spirit, we quantify the water concentration through the relative humidity xm(z′, t)

and model its transport with the following convection-diffusion-adsorption equation in the

z′ coordinates

∂xm
∂t

=

(
dHm

dt

)
∂xm
∂z′

+D
∂2xm
∂z′2

− k
{
xm − x(eq)m [xµ]

}
(11)
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where the first term on the right-hand side accounts for upward movement of the reference

frame, the second term accounts for water diffusion, and the last term accounts for the

local water transfer between the mesopores and the microporous skeleton. That term is

modelled here as a first-order law with kinetic constant k, and x
(eq)
m [xµ] is the equilibrium

relative humidity in the mesopore corresponding to micropore filling xµ. In the present case

of carbon xerogels, the equilibrium adsorption function x
(eq)
m [xµ] is well described by the

CMMS model (see Eq. 2). As boundary conditions, we impose that the vapor is saturated

on the wetting front (xm = 1 at z′ = 0) and that the material is dry far from it (xm = 0

for z → ∞). In order to close Eq. (11), a conservation law has to be written also for the

micropore filling fraction, which is the following

∂xµ
∂t

=

(
dHm

dt

)
∂xµ
∂z′

+ ak
{
xm − x(eq)m [xµ]

}
(12)

where we have neglected a diffusion term, because diffusion in micropores is orders of mag-

nitude slower than in mesopores.97 The last term in Eq. (12) is identical to Eq. (11) except

for the sign and for the dimensionless constant

a =
C0v0φm
φµ

(13)

where C0 is the saturated vapor concentration at the considered temperature, v0 is the

molecular volume of water in the micropores, and φm (φµ) is the mesopore (micropore)

volume fraction. It has to be stressed that Eqs. (11) and (12) also apply if the mobile

water molecules are not in the vapor phase. In that more general setting, parameter a is the

number ratio of molecules in the mobile and adsorbed states. Because x-ray data show that

almost all water molecules ahead of the wetting front are in the micropores (compare Figs.

7a1 and 7a2) the value of a has to be very small. The value inferred from Eq. (13) and the

characterization data in Tab. 1 is around a ' 1.5 10−4.

The numerical method used to solve Eqs. (11) and (12) is described in Sec. S4 of the
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Figure 10: Space- and time-dependent fractional water loading of the micropores xµ(z, t) in
front of the mesopore wetting front in CX30A (same data as in Fig. 7) with the calculated
values from the diffusion-adsorption model with D ' 8.8 10−5 m2.s−1 and k = 2.7 s−1 (red
lines).

Supporting Information, together with additional mathematical details. Figure 10 shows

that the space- and time-dependent fractional water loading of the micropores xµ(z′, t) in

CX30A is well captured by the diffusion-adsorption model. The same holds for the other

two carbon xerogels considered in this work (see Supporting Information, Fig. S7). It is

useful to stress that although the mobile water is assumed to be saturated at the mesopore

wetting front (xm = 1 at z′ = 0), the actual micropore filling xµ results from a competition

between diffusion, adsorption, and the movement of the wetting front. Using a quasi-static

approximation of Eqs. (11) and (12), these effects are shown in the Supporting Information

to be captured by dimensionless number

1

Dka2

(
dHm

dt

)2

(14)

which effectively compares the mesopore wetting speed dHm/dt to the characteristic velocity

a
√
Dk (see Fig. S10). Accordingly, the experimentally observed increase of the micropore
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filling xµ(0) in Fig. 10 is attributed to the progressive slowing down of the mesopore wetting

front. For all samples, the model parameters inferred by least-square fitting of the data are

D ' 1.3 ± 0.5 10−4 m2.s−1 and k ' 2 ± 0.6 s−1. The corresponding characteristic velocity

is around a
√
Dk ' 2.5 10−6 m.s−1, which compares with the 0.1 mm.min−1 velocity of the

Washburn front.

To gain physical insight from the values of k and D, we first estimate the time needed

for water molecules to diffuse inside the micropores over the thickness ls of the skeleton.

Assuming conservative values ls ' 10 nm and Dµ ' 10−13 m2.s−1 for the diffusion coeffi-

cient in micropores,97 the diffusion time is l2s/Dµ ' 10−3s. Because this is three orders of

magnitude faster than the observed time 1/k ' 1s, one can safely conclude that adsorption

is not limited by micropore diffusion. As an alternative, adsorption into microporous solids

is often limited by surface resistance,98,99 as a consequence of either micropore constriction

close to the surface100 or of the reduced degrees of freedom of adsorbed molecules.101 To

analyze this, it is useful to consider that the last term in Eq. (11) is the difference between

an adsorption and a desorption fluxes, kxm and kx
(eq)
m (xµ) respectively, which enables one

to use kinetic theory of gases to express the kinetic constant as98

k = ε×
√
kBT

2πm
× am
φm

(15)

where the square root is the surface collision frequency for unit area and unit concentration

of gas,102 with m being the molecular mass of water, am/φm is the surface-to-volume ratio

of the mesopores, and ε is the fraction of water molecules hitting the mesoporous surface

that actually enter the micropores. The latter parameter characterizes surface resistance.

Based on the surface areas in Tab. 1, the experimental values of k point at extremely low

values of the order of ε ' 10−10. We are not aware of independent measurements of ε for

microporous carbon, but the present value is four orders of magnitude smaller than that

observed in zeolites.98 Values as small as ε ' 10−15 have been discussed theoretically.101
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Concerning the diffusion coefficient D, a first observation is that its experimental value

is orders of magnitude larger than the typical diffusion coefficient in micropores Dµ. This

confirms that micropore diffusion does not contribute to the overall water transport, as is

implicit in Eq. (12). In case water transport would take place in the vapor phase, the

expected diffusion coefficient would compare with the Knudsen value103

DK =
d

3

√
8kBT

πm
× φm

τ
(16)

where d is the mesopore size and τ is a tortuosity factor that is often approximated as

τ ' 1/φm. Based on the pore sizes in Tab. 1 the Knudsen diffusion coefficient is close

to DK ' 1.7 10−6 m2.s−1. Because the experimental values are two orders of magnitude

larger, vapor-phase diffusion has to be ruled out too. Based on the available data, one

can only speculate on the underlying transport mechanism. From the general observation

that the mobile species are a small fraction of all the water molecules, a molecular-thin

film on the mesopore surface would be a plausible assumption. Such a thin film would

contribute to a weak q−2 SAXS signal, which could explain some of the deviations from the

exclusive micropore-filling scenario in Fig. 6d-f. Concerning the transport coefficients, one

should stress that - unlike Knudsen diffusion - there are energy incentives to the spreading of

water molecules on a carbon surface.104 When phenomenologically describing such energy-

driven phenomenon as a passive diffusion process, large apparent diffusion coefficients are

indeed expected. Exploring these questions in detail would, however, require different type

of experiments and is outside the scope of the present paper.

Conclusions

The wetting of carbon xerogels occurs through two successive steps: water permeates first

the molecular sized micropores and this is followed by the imbibition of larger mesopores.

In the context of capillary rise experiments, these two steps are evidenced as two successive
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wetting fronts. The presence of water in the micro- or meso-pores has distinctly different

effects on the small-angle scattering signal, which enables one to discriminate the two wetting

processes. Knowing that wetting is such a two-step process provides one with conceptual

tools to quantitatively understand it.

All data concerning the wetting of the mesopores, down to 15 nm in size, are here found to

be well described by classical concepts from macroscopic physics. The contact angle between

the mesopore water and the microporous skeleton seem to follow a Cassie-Baxter mechanism,

in particular when the micropores are permeated with water. And the mesopore wetting

kinetics quantitatively follows Washburn’s law, assuming a Kozeny-Carman permeability

with classical values for the parameters. The usefulness of a Cassie-Baxter approach at

nanometer scale is not surprising, because it merely expresses the additive contribution of

all constituents of the dry or wet microporous skeleton to the dispersive forces experienced by

water in the mesopores. The observation of Washburn kinetics in this context is not novel,23

and it is also in line with the known accuracy of hydrodynamics down to the nanometer

scale.40 However, the accuracy of predictions based on macroscopic surface energies and

contact angles is perhaps surprising.

Concerning triple-line tension, it was not expected to play a role as a driving force in

the present context. When the menisci in the mesopores move upwards by a macroscopic

distance, the triple-line is shifted up but its length remains unchanged. This is energeti-

cally neutral. However, because of the disordered structure of the xerogels, any microscopic

displacement of the menisci is necessarily accompanied by triple-line length fluctuations.

In principle, the latter fluctuations could contribute to energy dissipation, and therefore to

slowing down the wetting. If this effect is present, it is within the error bars of our data.

Most energy dissipation seems to result from bulk viscous effects. This is not something

one would necessarily presume, if one were to extrapolate to nanometer-scale results from

macroscopic wetting.28

Interestingly, the presence of water in the micropores is found to be key for the wetting
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of the larger mesopores. The permeation of water into the micropores does not follow a

Washburn scenario. Based on the diffuse shape of the water profiles, we hypothesised a

general mechanism whereby a small fraction of water diffuses in the mesopores ahead of the

main wetting front, and is then captured by the microporous skeleton. To account for the

experimental water profiles, the model has to invoke a large mobility of water molecules in the

mesopores (about hundred times larger than Knudsen diffusion) which leaves the question

of the exact transport mechanism unanswered. Interestingly, the analysis also points at

strong kinetic barriers opposing the entrance of water molecules into the micropores. Similar

barriers have been reported for gas adsorption by other types of microporous solids. Their

observation and relevance in the present context opens new prospects for controlling the

wettability of nanoporous carbons.
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