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ABSTRACT: The eﬀect of pore morphology on capillary
condensation and evaporation in nanoporous silicon is studied
experimentally. A variety of cooperative and local eﬀects are
observed in tailored nanopores with well-deﬁned regions by
directly probing gas adsorption in each region using optical
interferometry. All observations are ascribed to the ability of
the nanopore region to access the gas reservoir directly and the
nucleation of liquid bridges at local heterogeneities within the
nanopore region. These assumptions, consistent with recent simulations, can be extended to any real nanoporous system.
nanoporous medium. For an “ink-bottle” geometry in which a
narrow pore (“constriction”) constricts a wider pore (“cavity”),
there is experimental evidence of cavitation23,26 within singlecrystal porous Si and pore-blocking in various other nanoporous media.15,24,27 For a “funnel” geometry (cavity above
constriction), there is one experimental observation of
advanced adsorption,24 as predicted theoretically by Cordero
et al.13,28
In this work, we use optical interferometry to investigate how
a particular porous region is aﬀected by the presence of a
morphologically diﬀerent one. Two morphologically diﬀerent
porous regions were combined to produce two complex
structures (ink bottle and funnel) as well as two single
structures (one composed solely of cavities and the other of
constrictions). Multiple conﬁgurations enable the separation of
cooperative eﬀects (due to diﬀerent pore morphology between
pore regions) from local eﬀects (within a pore region), thus
giving insight into the global behavior of capillary condensation
and evaporation in inhomogeneous pores.

1. INTRODUCTION
Nanoporous materials have many promising properties that can
be used both in applications (biosensing,1 chemical sensing,2
and nanotemplates3) and fundamental studies (e.g., phase
transitions in conﬁned geometries4). They come in a variety of
shapes and sizes, ranging from disordered/interconnected
porous materials such as oxide xerogels5 or Vycor glass6 to
regular networks such as SBA-167 or even well-deﬁned,
disconnected cylindrical pores such as porous alumina8−10 or
MCM-41.11 For optimal use of these materials, information
about the pore morphology (internal surface structure) and
topology (connectivity) is essential. A commonly used
technique for pore characterization is sorption analysis, in
which the sorption isotherm (i.e., the constant-temperature
relationship between vapor adsorbed/desorbed and the relative
vapor pressure) is used to generate information regarding the
pore size distribution and pore connectivity.12
To characterize pores using sorption analysis, it is crucial to
understand how pore morphology aﬀects sorption. Although
this is well understood for the simplest cases (i.e., disconnected
cylindrical pores8−11), deviation from ideality drastically aﬀects
the quantitative correlation between pore morphology and
sorption isotherms.13,14 Although large size variations within
the pores aﬀect capillary condensation and evaporation,15
recent simulations suggest that small perturbations16−21 have a
larger eﬀect than previously considered. This uncertainty
requires further investigation into the mechanisms behind
capillary condensation and evaporation in real systems.22 A
clear example is the long-standing controversy regarding the
correlation between the pore morphology and hysteresis shape
in single-crystal porous silicon (Si).14,18,22,23
Previous experimental15,23−27 and theoretical13,28,29 studies
have shown that complex geometries create cooperative eﬀects
that alter capillary condensation and evaporation within a
© 2012 American Chemical Society

2. EXPERIMENTAL SECTION
2.1. Fabrication. A set of four porous Si samples was fabricated by
combining electrochemical etches of high and low currents in aqueous
ethanolic HF (3:1 v/v 49% aqueous HF/ethanol) to produce layers
composed of pores with nanometer-sized diameters (Figure 1a).1 In
this manner, an artiﬁcial junction was created at a speciﬁc depth that
joined regions with two very diﬀerent morphologies (Figure 1b). All
samples were fabricated from single-crystal highly doped p-type silicon
(0.00125 Ω cm resistivity, (100) polished, B-doped). To prevent a
surface crust layer that may form on etched p++ silicon, a sacriﬁcial etch
of 462 mA cm−2 for 15 s was performed ﬁrst on all samples and
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linear CCD array, in a 90° backscattering conﬁguration, as previously
described.1,24 For pore diameters much smaller than the probing
wavelengths, as in our case, the sample can be considered to be a single
medium with an eﬀective refractive index of neﬀ that can be modeled
by the Bruggeman eﬀective medium approximation.1 The spectra

Figure 1. (a) Top-view SEM image of pSi1 and (b) cross-sectional
SEM image of pSi1 showing layers of two distinct porosities.
removed with dilute basic KOH in water and ethanol.30 The ﬁrst
sample was fabricated by applying a current density of 462 mA cm−2
for 15 s, followed by a current density of 77 mA cm−2 for 120 s,
resulting in a structure with cavities above constrictions (pSi1, funnel).
For the second sample, the current was applied in the reverse order,
with 77 mA cm−2 for 120 s being followed by 462 mA cm−2 for 15 s
such that a structure with constrictions above cavities was fabricated
(pSi2, ink bottle). Finally, single layers were also fabricated by applying
only the lower current density (pSi3, isolated constriction) or the
higher current density (pSi4, isolated cavity). All samples were used
without further postanodization treatment.
Depletion of the ﬂuoride ion can lead to variations in porosity and
pore size with depth during the electrochemical etching of porous Si.30
For this study, the samples were prepared using relatively high
concentrations of HF that were mixed during etching to avoid this
possibility. Although we saw no evidence of the variation in pore
dimensions with depth by electron microscopy, we cannot rule out
that slight variations in pore size with depth exist in these samples.
When preparing double-layer structures, the HF solution was replaced
before etching the second layer. Again, the HF solution was mixed
during etching to encourage eﬀective acid refreshment.
The porosity ρ (which is directly related to the pore morphology)
and pore length L were obtained by using optical interferometry and
applying the two-component Bruggeman eﬀective medium approximation1 to empty and liquid-ﬁlled pores; these data are summarized in
Table 1.

Figure 2. (a) Reﬂectance spectra for each of the four samples: pSi1
(funnel) and pSi2 (ink bottle) double porous layers show a
combination of multiple frequencies whereas pSi3 (isolated constriction) and pSi4 (isolated cavity) single porous layers show pure
frequencies arising from interference only at the top and bottom
interfaces. (Inset) Schematic illustrating where the multiple
frequencies are generated in a double layer. Interference between
reﬂected light at a and b monitor the bottom layer, b and c, the top
layer, and a and c, the entire sample. (b) Fast Fourier transforms
showing the eﬀective optical thicknesses (EOTs) extracted from the
reﬂectance spectra in a. Peak 1 (11 000 nm) corresponds to the
cavities, peak 2 (25 000 nm), to the constrictions, and peak 3 (36 000
nm), to the entire sample.

Table 1. Porosity ρ and Length L of As-Etched Porous
Silicon Layers
sample
id

ρlayer 1
(%)

Llayer 1
(μm)

ρlayer 2
(%)

Llayer 2
(μm)

pSi1
pSi2
pSi3

69.4
54.0
53.6

3.341
5.862
5.839

54.0
69.7
N/A

5.949
3.226
N/A

pSi4

68.9

3.400

N/A

N/A

geometry
funnel
ink bottle
isolated
constriction
isolated cavity

display a complex series of fringes (Figure 2a), which result from the
interference of the light beams reﬂected at each interface (inset in
Figure 2a). A simple treatment by McLeod32 adequately models the
interference relationship for a double layer, where the reﬂectance R of
light is given by

R ∝ A cos(δ1) + B cos(δ2) + C cos(δ1 + δ2)

The excellent reproducibility of ρ and L for the same etching
conditions, regardless of the position of the layer (ρ ≈ 69% and L ≈
3.3 μm are prepared using high current density and ρ ≈ 54% and L ≈
5.9 μm are prepared using low current density) strongly suggests
consistent pore size formation and enables a direct comparison of the
complex structures to their constituents. Top-view and cross-sectional
scanning electron microscopy (SEM) images show that, for the small
pores, average pore diameters are less than 10 nm (below the
resolution of the SEM) and 54 ± 20 nm for the large ones. The SEM
measurements conﬁrm that individual pores have a polygonal shape14
(Figure 1a), with a pore texture predominantly oriented perpendicular
to the substrate (Figure 1b), as expected for pores in (100)-oriented ptype Si.31
2.2. Optical Analysis. Reﬂectance spectra were obtained using a
tungsten white light source together with a spectrometer, based on a

(1)

with δi = 2neﬀ,iLik for each layer (i = 1, 2), where k = 2π/λ is the
wavenumber. A, B, and C are constants related to the light intensity
and index contrast between layers.1 A single layer can be described by
a single refractive index, leaving only one term in eq 1.
A fast Fourier transform (FFT) of a reﬂectance spectrum R yields
peaks (Figure 2b) whose positions correspond to 2neﬀ,iLi, which is the
eﬀective optical thickness (EOT) of the porous layer(s).24 Note that in
order to perform an FFT, R must be plotted versus k instead of versus
λ, which is how data were acquired in Figure 2a. Equation 1 implies
that the EOT associated with the third peak should be equal to the
sum of the EOT for each individual layer, which indeed is conﬁrmed
by the sum of peaks 1 and 2, giving peak 3 (Figure 2b). By using the
measured EOT, ρ, and L from Table 1 and literature values for the
refractive indices of silicon, hexane, and nitrogen (nSi = 3.72, nhexane =
6833

dx.doi.org/10.1021/la204933m | Langmuir 2012, 28, 6832−6838

Langmuir

Article

1.37, and n N 2 = 1.00) in the three-component Bruggeman
approximation33
(1 − ρ)

(nSi 2 − neff 2)
(nSi 2 + 2neff 2)

+ fρ
=0

+ (1 − f )ρ

(n N2 2 − neff 2)
(n N2 2 + 2neff 2)

(nhexane 2 − neff 2)
(nhexane 2 + 2neff 2)
(2)

we obtain f, the dimensionless ﬁlling factor. In this work, f is the
fraction of hexane within the pore volume of a speciﬁc layer, deﬁned to
be 0 for the empty pores and 1 for the liquid-ﬁlled pores.
2.3. Measurement. Gas dosing was performed in a 2 cm3 Teﬂon
sample cell ﬁtted with a glass window. Saturated hexane vapor was
generated by bubbling pure N2 through liquid hexane at 25 °C and
then diluted by mixing the eﬄuent with pure N2 using a computercontrolled gas dosing system. Relative vapor pressures, P/Ps (where Ps
is the saturation vapor pressure), were calculated using the dilution
ratio of the gas dosing system. For the measurement, P/Ps was
increased from zero to saturation and then decreased back to zero in a
stepwise fashion, remaining at each interval for a duration long enough
to allow for equilibration at each step10 (3 min in the present case).
However, it is possible that, because of the extremely slow relaxation of
uptake in the hysteresis region, a true equilibrium is not reached and
the measurement represents a local minimum in the free energy.6 The
real-time acquisition of reﬂectance spectra during dosing enabled us to
obtain f simultaneously for each speciﬁc layer within a sample, thus
generating sorption isotherms for each independent layer.

Figure 3. Sorption isotherms for the four sample structures showing
the hexane fraction within the pore volume (ﬁlling factor, f) as a
function of the relative vapor pressure (P/Ps) at 25 °C for (a) the
entire sample, (b) the cavities, and (c) the constrictions. Error bars are
smaller than the size of the symbols. The black curves were generated
from pSi1 (funnel), the red, from pSi2 (ink bottle), and the blue, from
pSi3 and pSi4 (single layers). The insets in each graph indicate the
layer being monitored by each sorption isotherm. The responses from
these individual layers are extracted from the optical interference
spectrum as described in the text.

3. RESULTS
The optical measurement allows us to extract sorption isotherm
data from individual layers in either the funnel (sample pSi1) or
the ink-bottle (sample pSi2) structure. The ink-bottle structure
contains a layer of small pores (constrictions) on top of a layer
of larger pores (cavities), and the funnel structure contains a
layer of large pores (cavities) on top of a layer of smaller pores
(constrictions). Because the Fourier transform of the optical
spectrum separates the individual layers into individual spectral
peaks (Figure 2b), it is relatively simple to identify
condensation processes occurring in each layer and in the
structure as a whole.24 Thus, Figure 3a shows adsorption data
for the entire structure, Figure 3b displays data from the layer
containing just the cavity portion of the structure, and Figure 3c
displays the data from the layer containing the constrictions.
We note again that the sum of the isotherms for the individual
layers is equal to the isotherm for the full structure. For
comparison, data from samples containing only a single layer of
constrictions (sample pSi3) or only a single layer of cavities
(sample pSi4) are also presented in Figure 3.

Capillary condensation and evaporation occurs at a relative
vapor pressure described by the Kelvin equation12 (eq 3),
which for a concave meniscus takes the form of
⎛P⎞
2γVL
ln⎜ ⎟ = −
RTrm
⎝ PS ⎠

(3)

where rm is the radius of curvature for the meniscus, R is the
ideal gas constant, and VL and γ are the molar volume and
surface tension of the liquid at temperature T. Equation 3
implies that capillary condensation and evaporation directly
probe the radius of curvature of the meniscus formed at the
pore, providing valuable information about the pore morphology. Through a detailed examination of the initial capillary
condensation event and subsequent evaporation from our four
samples, we propose a model that explains the behavior of
capillary condensation and evaporation observed within our
porous Si structures.
4.1. Condensation. Capillary condensation is marked by a
sharp change in f upon a small increase in P/Ps. Figure 3a shows
that capillary condensation in the ink bottle (pSi2, red squares)
is slightly delayed (requires larger P/Ps) with respect to
capillary condensation in the funnel (pSi1, black circles) and
that condensation occurs in two discrete and sequential steps
for both structures. We can gain insight into the capillary
condensation mechanism as it relates to pore morphology by
analyzing the sorption isotherms for each pore region and
comparing them to the isotherms of the isolated constituents
(pSi3 and pSi4).
4.1.1. Cavities. First, we compare the condensation in the
cavities of the ink bottle (pSi2) with the isolated case (pSi4).
Figure 3b shows that capillary condensation within the cavity
layer is delayed in the ink-bottle case (pSi2, red squares). From

4. DISCUSSION
With increasing P/Ps, there are three distinct mechanisms
associated with the sorption isotherm: multilayer adsorption on
the walls, capillary condensation, and the disappearance of the
liquid−vapor interface (i.e., meniscus) following capillary
condensation. When P/Ps is decreased from its maximal value
of 1, the operative processes are as follows: meniscus formation
followed by capillary evaporation and ﬁnally multilayer
desorption from the walls.12 We will focus our discussion on
the hysteretic region in which capillary condensation and
evaporation occur, as it is related to the conﬁnement of hexane,
and can thus be used to characterize the internal pore
morphology.
6834
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inﬂuence of the pore ends, also observed in other work,14,23
strongly suggests that porous Si possesses a substantial degree
of disorder.
Furthermore and also in agreement with previous results in
porous Si,14 capillary condensation in the pores with direct
access to the gas reservoir occurs at a P/Ps that is lower than
what the Cohan model would predict for condensation both for
a cylindrical meniscus and for a hemispherical meniscus, when
using the pore sizes determined by SEM images in the Cohan
model calculation. This could not be checked for the
constrictions in pSi1 (funnel), pSi2 (ink bottle), and pSi3
(isolated) because we were unable to resolve the pore size with
our SEM measurements. However, it is clearly observed for the
cavities in pSi1 (funnel) and pSi4 (isolated), which contain
pore diameters of 54 ± 20 nm. These latter samples yield a
calculated value of P/Ps of ∼0.93 for capillary condensation
(considering the Kelvin equation with a hemispherical
meniscus), which is signiﬁcantly larger than the measured P/
Ps value of ∼0.85.
Both observations (i.e., the lack of inﬂuence of the pore ends
and the condensation at a P/Ps lower than predicted by the
ideal case of a hemispherical meniscus) can be explained by
considering that the condensation and growth of liquid bridges
occur where the pore width is smallest.18 On the basis of these
and previous (section 4.1.1) observations, we conclude that
within pores with signiﬁcant amounts of disorder (i.e., porous
Si) it is not the boundary conditions but rather local
heterogeneities in the microstructure that are most relevant
in determining the capillary condensation. This conclusion is
supported and in general agreement with other authors.17−19,23
4.2. Evaporation. We now focus on the evaporation
process. Figure 3a shows that liquid in the funnel sample (pSi1,
black circles) evaporates in two distinct events, whereas liquid
in the ink-bottle sample (pSi2, red squares) evaporates in a
single event that is sharp at the beginning and more gradual at
the end. An examination of the optical data, which allows for
the extraction of the individual isotherms for each layer,
identiﬁes which feature (cavity or constriction) is responsible
for the global behavior seen in Figure 3a.
4.2.1. Cavities. Starting with the cavities (Figure 3b), the
liquid−gas phase transition is drastically altered if there is
surviving liquid above (ink bottle, pSi2, red squares) the region
of interest and seemingly unperturbed otherwise (funnel, pSi1,
black circles). A comparison with the isolated regions (blue
triangles) in Figure 3b,c shows that liquid remains the stable
phase in the constrictions to lower P/Ps than in the cavities.
Therefore, in the ink-bottle sample (pSi2), there is still liquid in
the constriction separating the liquid-ﬁlled cavity from the gas
reservoir at a value of P/Ps for which evaporation is expected to
occur from an unobstructed cavity. This liquid prohibits
evaporation at the same P/Ps for which evaporation is observed
in the sample that does not contain a bottleneck over the cavity.
This is the classical pore-blocking eﬀect12 that generally governs
capillary evaporation from ink-bottle geometries. These results
are similar to those observed with porous alumina24,27 and
porous Si using Ar at 63.5 K23 but in direct contrast to other
studies of porous Si in which cavitation is observed.23,26 The
discrepancy can be attributed to the diﬀerent relative pore sizes
as well as the diﬀerent temperatures and analytes used in the
various studies because it is known that the occurrence of pore
blocking or cavitation depends on the relative stability of the
liquids conﬁned at the constriction and at the cavity.21 Thus, it
is again observed that a liquid region connecting the external

Figure 3c, we know that the constriction layer in the ink-bottle
structure (pSi2, red squares) is liquid-ﬁlled at lower P/Ps, which
precludes direct access of the cavity to the gas reservoir, in
contrast to the isolated cavity (pSi4), which has direct access to
the gas reservoir. Similar to previous studies in ink-bottle
geometries,23,24 capillary condensation still occurs within the
cavity, but in this case it occurs at a diﬀerent and slightly higher
P/Ps than in the isolated case. It is also worth noting that the
amount of adsorbed analyte in the cavities of the ink bottle
(pSi2) before condensation is lower than in the isolated
cavities, even at P/Ps below the onset of condensation of the
isolated pore (pSi4), as observed in Figure 3b.
The same delay has recently been reported in tailored inkbottle porous silicon,26 although no explanation was given for
this behavior. This is very diﬀerent from what was observed in
nearly ideal porous alumina,24 in which advanced adsorption13
(the equilibrium advance of the meniscus formed by
condensation in the constriction) with respect to the isolated
case occurs. Although an interpretation of these behaviors is
given in section 4.3, they already suggest that the nucleation
mechanism for condensation in porous silicon is diﬀerent from
an ideal case. Such a suggestion is supported by our
examination of the other geometries.
In the funnel geometry (pSi1), the cavity is in direct contact
with the gas reservoir, so any shift in the condensation pressure
is attributable to interactions with the adjacent constriction.
The data (Figure 3) show that all condensation has occurred
within the constriction (black circles in Figure 3c), thus
creating a hemispherical meniscus. The capillary condensation
within the cavity remains identical to that observed from pSi4
(i.e., the isolated cavity; black circles and blue triangles in
Figure 3b, respectively). This may arise from either of two
situations: (1) capillary condensation within the cavity can
either be nucleated at the cavity end by the meniscus (created
either by condensation within an adjacent constriction13 (pSi1,
funnel) or by multilayer adsorption at the capped end34 (pSi4,
isolated cavity)) or (2) physical and/or chemical heterogeneities within the cavity itself nucleate the gas−liquid phase
transition, as was suggested experimentally by Wallacher23 and
investigated recently by numerical simulations.13,16−21 Capillary
condensation within the cavities of the ink bottle (see above)
and constrictions (see below) conﬁrms the latter to be the case.
4.1.2. Constrictions. Figure 3c shows that the isotherms for
the constrictions are identical for all three conﬁgurations: at the
top (pSi2, ink-bottle sample), at the bottom (pSi1, funnel
sample), or as an isolated (pSi3) porous region. The lack of
cooperative eﬀects can be explained by the fact that these
regions always have direct access to the gas reservoir prior to
the gas−liquid phase transition as predicted by eq 3. However,
the identical occurrence of capillary condensation in all three
samples irrespective of their pore ending is in direct contrast to
the classical Cohan model,12,34 which predicts that, in ideal
cylindrical pores, capped pores (constriction at the bottom of
the funnel sample, pSi1, and isolated constriction, pSi3) and
pores open at both ends (constriction at the top of the inkbottle sample, pSi2) should condense at diﬀerent pressures
because of the presence or absence of a pre-existing meniscus.
In the former case, the radius of curvature of the meniscus is
expected to arise from nucleation of a hemispherical meniscus
at the capped end, whereas in the latter case it comes from the
curvature of the wall (cylindrical meniscus), leading to a
meniscus radius of curvature that diﬀers by a factor of 2 when
one considers the two diﬀerent geometries.12,34 The lack of
6835
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respect to the isolated case), and the evaporation will be
determined by pore-blocking and/or cavitation eﬀects (again
delayed with respect to the isolated case).
Although the eﬀect of pore blocking on evaporation has been
widely reported in the literature,12,21,23,26,27 the same eﬀect on
condensation has been less frequently discussed. Ideally, the gas
phase in the blocked cavity is at equilibrium with the gas
reservoir, and condensation occurs by advanced adsorption of
the meniscus formed at the interface with the blocking
constriction,13 as has been observed in porous alumina ink
bottles.24 However, in the case of porous Si (unlike porous
alumina), adsorption is dominated by the many metastable
states created by the disorder present in the pores.18 This is
known to slow the transient dynamics of adsorption.6,18 We
observe that, in the blocked cavities, the amount of adsorbed
analyte is lower than in the isolated cavities for the same relative
pressures and that capillary condensation occurs at higher
relative pressures. The same experimental observation is
reported in ref 26. Although a deﬁnitive explanation cannot
be made at this time, we anticipate that it might be explained by
considering that, in the blocked cavities, the dynamics
associated with this particular local minimum in the freeenergy landscape are slower than in the isolated cavities.
Because the equilibration time used for the measurement of the
adsorption isotherms is the same, the cavities in the ink-bottle
system are not fully at equilibrium with the external gas
reservoir, and the advance of the hemispherical meniscus of the
constrictions toward the cavities takes place before the local
inhomogeneities of the cavities can nucleate the liquid bridges.
Surprisingly, this suggests that capillary condensation in the
blocked part of a complex pore provides the most accurate pore
size distribution, perhaps even more accurate than its singlelayered constituent. The reason is that the isolated pore,
unblocked, has a likelihood of condensation being nucleated by
heterogeneities, which causes an underestimation of the average
pore diameter (section 4.1.2). On the contrary, in a blocked
pore region, heterogeneities are inaccessible to the gas reservoir
and condensation will occur from the advanced adsorption of
the hemispherical meniscus created at the boundary with the
ﬁlled (blocking) region. In this case, condensation will follow
the Kelvin equation corresponding to the real pore diameter. As
an example, condensation in the cavity of pSi2 (ink-bottle)
together with the Kelvin equation for a hemispherical meniscus
implies a pore diameter of ∼40 nm, close to that in the SEM
images (54 ± 20 nm). However, the pore diameter calculated
for condensation in the cavity of the pSi1 (funnel) or pSi4
(isolated cavity) structures is ∼25 nm.
Finally, we should stress that the large-scale cavityconstriction structures we have created reproduce basic
cooperative eﬀects (pore blocking, cavitation, and advanced
adsorption) that ultimately explain the behavior on the local
scale (in which the heterogeneities can be seen as chains of
cavities and constrictions).

gas reservoir to the cavity has a signiﬁcant impact upon the
phase transition within the cavity. The cavities (red squares in
Figure 3b) and constrictions (red squares in Figure 3c) in the
ink-bottle sample (pSi2) indicate that the fast but delayed
evaporation in pSi2 (red squares in Figure 3a) is due to the
complete emptying of the cavities. This occurs after the
beginning but prior to the completion of the emptying of the
constrictions (dashed lines in Figures 3b,c), an intermediate
situation between classical pore blocking and cavitation.35 A
similar observation has been recently reported in tailored inkbottle porous Si26 using Ar at 60 K, in contrast to the porous
alumina case.24 This is probably due to the diﬀerent
morphological properties of porous alumina (nearly ideal
geometry) and porous Si (with local microstrutural heterogeneities).
4.2.2. Constrictions and Cavities with Free Access to the
Gas Reservoir. We now discuss the case in which the adjacent
region does not obstruct the gas reservoir (i.e., the cavity in
funnel sample pSi1 (black circles in Figure 3b) and the
constrictions in funnel sample pSi1 and ink-bottle sample pSi2
(black circles and red squares in Figure 3c, respectively)). The
desorption branch lies on top of the isolated case (blue
triangles in Figure 3b,c) for all conﬁgurations, consistent with
our assumption that the presence of a gas-ﬁlled adjacent region
does not aﬀect the meniscus that should govern capillary
evaporation. This indicates that, for the ink-bottle sample
(pSi2), evaporation from the cavity through the constriction
does not alter evaporation within the constriction.
During desorption, we again ﬁnd that it is direct access to the
gas reservoir that dictates evaporation. The Kelvin equation
implies that the condensate should evaporate from the wider
pores before evaporating from the narrow pores. This leads to
the expected identical liquid evaporation in the cavities of
funnel sample pSi1 and isolated pSi4. It also produces identical
evaporation in the constrictions of funnel pSi1, ink-bottle pSi2,
and isolated pSi3 samples. In all of these cases, pore emptying is
the same regardless of the boundary conditions, supporting the
idea that local heterogeneities control capillary evaporation.
4.3. Model. A simple model consistent with the previous
observations is based on assumptions derived from two factors:
nucleation by local heterogeneities and access to the gas
reservoir.
On one hand, the nucleation in an isolated pore is controlled
by local heterogeneities. Condensation occurs ﬁrst in narrower
areas, creating liquid bridges that grow and ﬁll the pore before
the prediction from the Kelvin equation. This mechanism,
observed in recent simulations,16−19,21 is not aﬀected by
boundary conditions (pores open at one or both ends or a
preformed meniscus in an adjacent region).16,19
On the other hand, the ability to access the gas reservoir
directly is what determines capillary condensation and
evaporation. During multilayer adsorption, both cavities and
constrictions have equal access to the gas reservoir and thus
behave identically to the isolated pore. If the pore region is not
blocked by liquid prior to the expected behavior of the isolated
pore, then liquid analyte will condense/evaporate at the same
pressure as for the isolated pore, as observed in cavities of pSi1
(funnel) and pSi4 (isolated) and constrictions of pSi1 (funnel),
pSi2 (ink-bottle), and pSi3 (isolated). If the cavity is blocked by
condensation at the constriction (ink-bottle geometry, pSi2),
then local heterogeneities in the cavity cannot play a role. In
this case, condensation will be governed by the existing
hemispherical meniscus at the constriction (delayed with

5. CONCLUSIONS
We have successfully used a combination of fabrication and
interferometric techniques to deliberately tailor complex pore
structures in porous silicon and locally measure capillary
condensation and evaporation, which can be quantitatively
compared to their building blocks. First, condensation in an
isolated pore (cavity or constriction) with a signiﬁcant amount
of disorder is nucleated at a lower pressure than predicted by
the Kelvin equation because of local pore heterogeneities that
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Phys. Chem. C 2007, 111, 15759−15770.
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Capillary condensation in linear mesopores of diﬀerent shape. Phys.
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Capillary condensation and evaporation in alumina nanopores with
controlled modulations. Langmuir 2010, 26, 11894−11898.
(28) Cordero, S.; Rojas, F.; Komhauser, I.; Dominguez, A.; Vidales,
A. M.; Lopez, R.; Zgrablich, G.; Riccardo, J. L. Pore-blocking and poreassisting factors during capillary condensation and evaporation. Appl.
Surf. Sci. 2002, 196, 224−238.

catalyze condensation. Condensation and evaporation in any
pore section of a complex pore structure are independent of
boundary conditions if there is direct access to the gas reservoir.
However, without direct access to the gas reservoir (i.e., inkbottle geometry), the blocked cavity behaves diﬀerently. In this
special case, condensation occurs at higher relative vapor
pressures. We propose that a local minimum in the free energy
is achieved when the cavity is blocked, slowing down the
relaxation of adsorption to the global equilibrium. Because of
these very slow dynamics, the local heterogeneities in the
blocked cavity do not play a role and condensation is thus
governed by the existing hemispherical meniscus at the
constriction, following the Kelvin equation. The evaporation
process in the blocked cavity is governed by pore blocking and/
or cavitation. These experimental observations impose
important limitations on studies of the role of pore morphology
in capillary condensation.
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