A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYsICS

452

January 2008

EPL, 81 (2008) 26003
doi: 10.1209/0295-5075/81/26003

www.epljournal.org

Effect of surface interactions on the hysteresis of capillary

condensation in nanopores

F. CasaNova'®  C. E. Cuiang!, C.-P. L', I. V. RosHcHIN'2, A. M. RuMINSKI®, M. J. SAILOR® and

I. K. SCHULLER!

L Physics Department, University of California - San Diego, La Jolla, CA 92093, USA
2 Physics Department, Texas A&M University - College Station, TX 77843, USA
3 Department of Chemistry and Biochemistry, University of California - San Diego, La Jolla, CA 92093, USA

received 18 September 2007; accepted in final form 12 November 2007

published online 7 December 2007

PACS 64.70.Fx — Liquid-vapor transitions

PACS 81.07.-b — Nanoscale materials and structures: fabrication and characterization
PACS 05.70.Np — Interface and surface thermodynamics

Abstract — Gas adsorption and liquid desorption of a number of organic vapors in anodized
nanoporous alumina, with controlled geometry (cylindrical pore diameters from 10 to 60nm),
are studied using optical interferometry. The narrow-diameter distribution of disconnected pores
allows checking the validity of the (long-predicted but not experimentally verified) Kelvin equation
without any adjustable parameters, modeling or other assumptions. Evaporation occurs at liquid-
vapor equilibrium according to this equation, whereas condensation occurs from metastable states
of the vapor phase by nucleation, enhanced by surface defects inside the nanopores. This produces
hysteresis, in qualitative agreement with theoretical models and simulations that use Van der
Waals interactions between the fluid and the pore surface. The reproducibility of the hysteresis
depends on the strength of these interactions, which play an important role in the dynamics of

capillary condensation.

Copyright © EPLA, 2008

Introduction. — Phase transitions in confined geome-
tries are being intensely studied recently because materials
can be prepared in which the relevant sizes are comparable
to characteristic physical sizes which control the transition
mechanisms. In particular, capillary condensation can be
studied in nanoporous materials in which the pore sizes
are only somewhat larger than interatomic spacing
(and are comparable to the inverse of the curvature
of the meniscus of liquids of interest). In these cases,
phase transitions in systems such as simple fluids [1] or
polymers [2] may be affected by confinement phenomena,
curvature of surfaces, roughness, interactions with the
surfaces, etc. Porous materials have been crucial for
studies of superfluidity [3], capillary condensation in
disordered-interconnected [4] and self-assembled pores
in a variety of configurations [5,6]. These materials are
important for applications such as bio- [7] and chemical
sensing [8] and as nanotemplates [9]. Capillary conden-
sation studies in confined geometries are also relevant
for research of thermocapillarity [10], motion of fluids
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in constrained geometries [11] or avalanche dynamics
of first-order phase transitions [12]. In spite of this,
comparisons with theoretical models are hindered by the
lack of studies and/or availability of porous materials
with well-controlled and narrow pore size distribution
(PSD), in particular for pore diameters > 10 nm.

In this letter, we present a study of capillary conden-
sation of organic vapors in nanoporous alumina with
cylindrical pores open at one end and well-controlled sizes
in the 10-to-60 nm diameter range. We have successfully
used very sensitive optical interferometry [7,8] to obtain
adsorption-desorption isotherms. We observe capillary
evaporation of the condensed vapor from the nanopores
at relative pressures which are in excellent quantitative
agreement with the prediction of the classical Kelvin equa-
tion [13] without any adjustable parameters, modeling or
other assumptions (i.e., all parameters are determined
experimentally). This is the first time that the validity
of the Kelvin equation has been checked in independent
regular pores for diameters > 10nm. On the other hand,
capillary condensation occurs from metastable vapor
states, giving rise to hysteresis, in qualitative agreement
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Fig. 1: Pore size distribution for the 22nm pore sample
obtained from SEM images (histogram, left axis) and from the
derivative of the desorption isotherm for isopropanol combined
with the Kelvin equation (solid squares, right axis). Inset: plan-
view SEM image of the 22 nm pore sample.

with theoretical and simulation studies that use Van der
Waals interactions at the fluid-solid interface [14-19].
Moreover, we also show that the reproducibility of the
hysteresis depends on the strength of these interaction
forces. This is important for the development of a theory
of the poorly understood dynamics of the hysteresis (see,
for example, ref. [4]), a phenomenon known for over a
century.

Experimental. — Nanoporous alumina samples were
prepared by e-beam evaporation of 6-um-thick Al layers
on n-type Si followed by two-step anodization [9,20]. The
periodicity and diameters of the pores were controlled by
the electrolyte (sulfuric or oxalic acid) and anodization
voltage (10-40V). Subsequent acid etching for different
times was used to widen the pores, without affecting
the periodicity and the thickness. Fabrication details are
described in ref. [9]. Diameters from 10 to 60 nm with stan-
dard deviations < 20% were obtained in this fashion. The
PSDs were determined from scanning electron microscopy
(SEM) images (operating in field emission mode, see
fig. 1). The porosities p (fraction of empty volume) were
obtained from the same images, yielding values from
~ 0.1 to 0.5. Cross-sectional SEM images reveal that the
pores are cylindrical, open at one end and disconnected.
The thicknesses (L) of the porous layers were measured
with profilometry, yielding all similar values (~ 6.2 ym).

Reflectivity spectra were obtained using a fiber-optic/
lens assembly, as previously described [7]. Briefly, white
light from a tungsten source is introduced to one arm of
the bifurcated fiber and focused onto the sample to a spot
size of 1-2mm?. The reflected light is collected and passed
via the other arm to a 350-1000nm CCD spectrometer.
The incident and reflected light beams are normal to the
surface. The spectra show a series of interference fringes
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Fig. 2: Reflectance spectrum of the porous alumina layer with
a pore diameter of 13+ 3nm. Inset: fast Fourier transform
(FFT) of the spectrum, showing the peak corresponding to
the effective optical thickness (2nL) of the layer.

(fig. 2) arising from the reflection of light at the top and
bottom interfaces of the porous alumina layer. Since the
pore diameter is much smaller than the light wavelength A,
the porous layer acts as a single medium with an average
refractive index, n. The fringe maxima are described by
the Fabry-Pérot relationship mA=2nL, where m is an
integer. The term 2nL is the effective optical thickness of
the porous layer. Filling the pores with an analyte results
in a change of n, shifting the Fabry-Pérot fringes. The
value of 2nL can be obtained as the position of the peak
in the fast Fourier transform of the reflectance spectrum
(inset in fig. 2) [7]. We fit the peak to a Gaussian function
in order to determine its center. This optical technique can
resolve down to 1 nm in 2nL, which, for typical pore sizes
and analytes used in this work, corresponds to a precision
of ~2-107% in the pore filling fraction.

Gas dosing was performed in a teflon cell fitted with
a glass window. Saturated vapor analyte was generated
by bubbling pure N5 through the liquid analyte at 25°C
and then mixing the effluent with pure Ny using a
computer-controlled gas dosing system. Total gas flow
was kept constant at 500 standard cubic centimeters per
minute (sccm). Relative vapor pressures, P/P;, where P
is the saturation vapor pressure, were calculated using the
published standard vapor pressures of the pure liquids and
the dilution ratio of the gas dosing system.

All samples were dosed with isopropanol and toluene
vapors. The value of 2nL was monitored while P/P; was
increased and subsequently decreased stepwise. Following
every P/P; change, the system was allowed to reach an
equilibrium, in order to exclude transitional processes
from consideration. For each step, the change in 2nL
(A(2nL)) with respect to the baseline obtained in pure
Ns, i.e., with empty pores, was plotted as a function of
P/P;. Since A(2nL) is uniquely related to the volume of
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analyte adsorbed into the pores, this provides directly the
adsorption-desorption isotherms [13]. Every isotherm was
repeated 3-6 times to check reproducibility.

Results and discussion. — All samples exhibit
isotherms with similar shape and display hysteresis
(see fig. 3 for two different samples and two different
analytes). According to the IUPAC classification [21],
the shape corresponds to a type-IV isotherm and the
hysteretic behavior is type H1. Type-IV isotherms are
present in materials with pore diameters of ~ 2-50 nm.
The initial part of the curve (low P/P;) is attributed to
monolayer-multilayer adsorption on the internal surfaces
of the pores. The steep increase in slope associated with
capillary condensation within the nanopores is followed by
saturation at high P/P; as the pores become completely
filled with liquid [13,21]. The sharpness of the transition
in the present case is attributed to the narrow PSD (see
fig. 1). The relative pressure at which the transition occurs
depends on the pore size and the analyte (see fig. 3).
Type-H1 hysteresis has been considered a signature of
materials with disconnected cylindrical pores open at
both ends [22]. Indeed, the samples in this study have
disconnected pores, but are only open at one end. The
latter disagrees with the classical Cohan model, which
predicts no hysteresis for cylindrical pores open at one
end [13,23]. This failure was previously mentioned [24]
and explained [5] in porous silicon.

To confirm that the saturated values of the adsorption
isotherms correspond to the pores completely filled with
liquid, 2nL was measured before (empty pores) and after
immersion of the samples in liquid analytes. The resulting
A(2nL) values, horizontal lines in fig. 3, are in agreement
with the saturated values of the isotherms. We can obtain
L and p for each sample by using these two measured
2nL values (for empty and liquid-filled pores) and the
Bruggeman effective medium approximation [7,25]:

2 2 n%7n2
_AlO. [ S ) 1

where najo,=1.65 is the refractive index of anodized
alumina [26] and n, is either 1 for empty pores or the
refractive index of the corresponding liquid for liquid-filled
pores. L and p values are consistent for various liquids
(isopropanol, toluene, ethanol, acetone, water, hexane)
and with previous characterization measurements.

Since the pore sizes and their dispersion are small,
we first analyze the desorption curve because this is
expected to be independent of uncontrolled details of
the pore surface such as roughness, slight variations
in shape, possible contaminants, etc. [5,14,15]. Indeed,
desorption curves in fig. 3a) show good reproducibility
for all analytes. To describe the capillary behavior, we
use a macroscopic thermodynamic approach. Historically,
the Kelvin equation has been the most frequently used
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Fig. 3: Change in 2nL as a function of the relative pressure
of analyte (squares for isopropanol and circles for toluene).
Isotherms were obtained by first increasing (adsorption) and
then decreasing (desorption) the relative pressure in discrete
steps. The size of the error bars is smaller than the size of
the symbols. Three different runs for toluene (different square
symbols) and two different runs for isopropanol (different circle
symbols) are plotted in (a) to show the degree of repro-
ducibility. Pore diameters of the samples are 12+ 2nm (a) and
27+ 3nm (b). Horizontal lines correspond to A(2nL) measured
by using the analytes in liquid phase (solid line for isopropanol,
dashed line for toluene).

model [13]. For cylindrical pores with a hemispherical
meniscus, the Kelvin equation takes the form

< P > 2’7 VL

In{—=|=— ,
P RTr,,
where r,, is the radius of the liquid meniscus, R is
the ideal-gas constant, and V;, and ~ are the molar volume
and surface tension of the liquid at temperature 7. The
Kelvin equation is supposed to be valid for pore diameters
> 7.5-10nm, according to theoretical approaches [15,27].
However, experimental validation of the Kelvin equation
in an ideal geometry has been limited to gas condensed
in a slit-like space between mica surfaces [28] and to
nanopores < 10nm in diameter in molecular sieves [29)].
In the first case, the adsorbed liquid has a different
dimensionality (2D) than a cylindrical pore (1D), in which
surface interactions or curvature can be very different and
may play an important role. In the second case, silicate
MCM-41 and related porous materials have been used to

(2)
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Fig. 4: Pore diameter obtained from SEM as a function of the
relative pressure of the analyte (solid squares for isopropanol,
open circles for toluene) at which capillary evaporation takes
place. The value is taken as the inflection point of the
desorption branch. Solid and dashed lines correspond to the
Kelvin equation for isopropanol and toluene, respectively.

investigate the validity of the Kelvin equation in regular
cylindrical pores with diameters < 10nm. However, in
this case, contrary to our direct SEM measurements,
the pore structure is obtained from modeling of X-ray
diffraction data. Moreover, assumptions must be made
regarding the non-negligible thickness (t) of the adsorbed
film. In the present case, we can simply use the pore
radius for r,,, because t of the film formed on the pore
walls prior to condensation is negligible above 10nm
pore diameter!. Figure 4 shows the relationship between
the pore diameters of 8 samples (obtained from SEM)
and the relative pressure at which evaporation from the
pores occurs on desorption for isopropanol and toluene.
The analytical Kelvin equation (dashed and solid lines
in fig. 4), using standard values of Vi and ~ for each
analyte, is in excellent agreement with the experimental
measurement. It is important to stress that this agreement
is obtained without any fitting parameters, modeling
of the pore structure or the adsorbed film, or other
considerations. This agreement also indicates that the
pore diameter at the surface of the layer is constant
along the pores, confirming the nearly ideal cylindrical
shape of anodized alumina nanopores. The width of
the transition is caused by the PSD within a sample.
Therefore, the PSD of a porous sample can be obtained
from the derivative of its desorption isotherm within the
transition region. The conversion from relative pressure
to pore diameter is obtained by applying the Kelvin

1¢ of this adsorbed film as a function of P/Ps can be calcu-
lated from A(2nL) values of the adsorption isotherm (which are
proportional to the filling fraction of the pores) in the region prior
to the capillary condensation, by using a simple geometrical model
(see ref. [24]). For the present samples, dosed with isopropanol and
toluene, t is negligible compared to the pore diameters used.

equation to the experimentally determined desorption
curve. The PSDs for our samples are in agreement with
the distributions obtained from SEM images (see fig. 1 for
an example), thus confirming the validity of the Kelvin
equation for capillary evaporation.

The adsorption curve is critically dependent on
the adsorbed fluid, d.e., it is highly reproducible for
isopropanol whereas significant scatter is observed for
toluene. In some cases, when using toluene, the relative
pressure for condensation may even occur at a pressure
lower than that for evaporation. The results described
above are observed in all samples, but shown only for one
(fig. 3a)) for the sake of clarity. These can be understood if
we take into account the metastable states that can occur
in this type of experiment. Calculations using density
functional theory [14,15,17], gas lattice models [18], Monte
Carlo simulations [15,16] and molecular simulations [19],
all incorporating Van der Waals interactions, show that,
for disconnected pores, metastability should exist beyond
the equilibrium transition given by the Kelvin equa-
tion both for adsorption (metastable vapor states) and
desorption (metastable liquid states). However, it seems
that metastable liquid states are irrelevant on desorption
because the preexisting meniscus (liquid-vapor interface)
can retreat on pore emptying. Therefore, desorption
occurs at the true equilibrium transition, as found
experimentally [5,14-17]. On the other hand, on adsorp-
tion, the vapor condenses by nucleation in metastable
states [5,14,15], giving rise to hysteresis. For cylindrical
pores, the origin of this nucleation is attributed to small
variations within the pore diameter and in the fluid-solid
interactions. The unavoidable disorder present in real
samples tends to favor metastability during adsorption
by providing nucleation sites for the liquid [5]. This in
turn would produce the hysteresis behavior observed. The
dynamics of the system in the metastable region has been
shown to be activated [4].

Our results clearly show the relevance of fluid-solid
interactions to the observed hysteresis. These interactions
influence the structure of the adsorbed layer at low
relative pressures and, in the present experiments, are
thought to be responsible for the significant scatter in
the adsorption isotherms for toluene. We suggest that
interactions of a polar molecule such as isopropanol [30]
with the hydrophilic surface of alumina [30] stabilize the
adsorbed layer [13]. In this case, condensation occurs
close to the limit of metastability on adsorption and
therefore is reproducible. On the other hand, toluene is a
nearly nonpolar molecule [30]. A weaker interaction with
the pore walls would make the metastable states more
sensitive to slight fluctuations (lower energy barriers),
resulting in more stochastic condensation behavior. This
view is in agreement with an activated dynamics of the
condensation [4]. Moreover, the larger surface tension of
toluene [30] also favors the formation of liquid seeds, which
are very sensitive to initial conditions and surface defects.
Such seeds are necessary in the nucleation process for
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condensation, as observed in the porous silicate MCM-
41 [16]. Further investigation is required to clarify this
point.

Conclusions. — In conclusion, controlled pore sizes
with narrow distributions make anodized nanoporous
alumina an excellent system for studies of gas adsorption
and capillary condensation as a means to systematically
test theoretical models of capillary condensation. We
observe hysteretic capillary condensation of the condens-
able organic analytes toluene and isopropanol for a wide
range of pore diameters (10 to 60 nm) using very precise
optical interferometry. Capillary evaporation occurs at
the equilibrium pressure for all pore sizes and analytes as
predicted by the Kelvin equation without fitting parame-
ters, thus validating this equation for regular cylindrical
pores in the 10-60 nm range. On the other hand, capillary
condensation occurs through nucleation, and there exists
a pressure range of metastability of the gas phase. Such
hysteresis depends on the fluid-solid interactions, as shown
experimentally. Polar interactions and/or surface tensions
of the analytes could explain this dependence, taking into
account the activated dynamics of the condensation.
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