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ABSTRACT: The morphology and structural changes of confined matter are still far from
being understood. This report deals with the development of a novel in situ method based
on the combination of anomalous small-angle X-ray scattering (ASAXS) and X-ray Q
absorption near edge structure (XANES) spectroscopy to directly probe the evolution of the
xenon adsorbate phase in mesoporous silicon during gas adsorption at 165 K. The interface
area and size evolution of the confined xenon phase were determined via ASAXS
demonstrating that filling and emptying the pores follow two distinct mechanisms. The mass

ASAXS + XANES

14

density of the confined xenon was found to decrease prior to pore emptying. XANES
analyses showed that Xe exists in two different states when confined in mesopores. This
combination of methods provides a smart new tool for the study of nanoconfined matter for catalysis, gas, and energy storage

applications.

he study of condensed matter confined in mesoporous

hosts has attracted the interest of the scientific
community for decades. As a result of the extensive presence
of interfaces compared to the bulk, materials confined in
mesopores experience a massive change in their physicochem-
ical properties (e.g., boiling point, crystal habit, diffusion, and
dielectric constant).'™ In general, the magnitude of these
changes is directly correlated to the curvature of internal
surfaces and the surface to volume ratio in these systems, and
therefore, it is inversely proportional to the pore radius.””® The
understanding of these phenomena is required for a broad field
of applications ranging from condensed matter physics"’ to
catalysis and separation science,'”'' passing through the
characterization of mesoporous hosts using gas adsorption
analysis.”'> This characterization method is based on the pore
size-dependent variation of the gas—liquid phase transition of
confined fluids. Within the past several years, significant
progress has been made in understanding fluid confinement
during physisorption. A major contribution was provided by
computational methods”'*~"* and gas adsorption experi-
ments," ™" although these approaches were necessarily limited
by the assumption of simple pore structures and of
macroscopic physicochemical parameters of the confined
adsorbate.” A drastic improvement came with the advent of
in situ small-angle X-ray and neutron scattering (SAXS and
SANS, respectively) studies.”’™>* Exploiting the contrast
matching (CM) between the adsorbate and the porous matrix,
i.e, both phases possess identical scattering length density
(SLD) or the electron density, in the cases of SANS and SAXS,
respectively, we directly observed the evolution of the gas
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adsorption and desorption process in mesopores and analyzed
the material pore structure.

Despite the significant contributions of the CM methods to
the investigation of complex nanoporous materials such as
oxides,”>™%¢ carbon,>**’7%° and hybrid materials,’® its
application is limited by experimental constraints. For SAXS,
it is challenging to find absorbable fluids with exactly the same
electron density as the porous host material to fulfill the CM
condition.”” In SANS, experiments feature much lower spatial
resolution and require longer exposure times compared to
those of SAXS. Under CM conditions, the adsorbate phase is
made “invisible” to photons and/or neutrons. Therefore, in any
filling stage, the scattering can be modeled by a two-phase
system. The physisorption process is observed indirectly by the
analysis of the remaining unfilled pore scattering. Thus, the
observable scattering intensity decreases significantly for high
filling grades and finally disappears at 100% filling. As a
consequence, the most significant steps of the physisorption
process (e.g, capillary condensation) have to be interpreted
using poorly resolved curves, leading to limited under-
standing.22 Therefore, a method for the direct investigation
of adsorbate phase evolution is highly desirable. Such a method
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would provide evidence to improve our understanding of gas
adsorption and condensation phenomena of fluids confined in
mesopores.

In this report, we show how the evolution of adsorbed xenon
on mesoporous silicon at its boiling point (T = 165 K) can be
directly followed by in situ anomalous small-angle X-ray
scattering (ASAXS) and X-ray adsorption near edge structure
(XANES) spectroscopy measurements. These analyses were
performed at Physikalisch-Technische Bundesanstalt (PTB'’s)
four-crystal monochromator beamline’’ at the Helmholtz-
Zentrum Berlin (HZB) synchrotron radiation facility BESSY
II. For ASAXS, scattering curves are recorded at five X-ray
energies below the Xe L; X-ray absorption edge of 4784 eV to
extract the resonant scattering contribution, which contains
nanostructural information related only to the adsorbed Xe. X-
ray absorbance and XANES measurements at the Xe L; and L,
(5104 eV) edges determined the amount and mass density of
adsorbed Xe and the presence of different adsorbate species in
confinement, respectively.

The mesoporous silicon membrane was prepared by
electrochemical oxidation (anodization).”” Scanning electron
microscopy (SEM) analysis shows disordered, corrugated
elongated pores that are approximately 10 nm in diameter
(Figure 1a,b). The pore diameter was estimated from the pore

Figure 1. SEM images of the porous Si membrane: (a) side view with
selected anisotropic pores colored green and (b) top view along with
the pore size distribution in the inset.

area assuming the pore openings to be circular. Nitrogen
physisorption confirmed these results (see the Supporting
Information). During the in situ physisorption experiment
using Xe as the probe gas, SAXS was measured at a fixed
energy of 4680 eV for 16 physisorption steps.

In Figure 2a, the SAXS curves for selected relative pressures
(p/po) are displayed, where reference pressure p, is the
equilibrium vapor pressure of bulk Xe at 165 K. A monotonic
decrease in the scattering intensity is observed due to the
decreasing scattering contrast during pore filling. Exclusively,
when p/p, = 0.97, the shape of the SAXS curve changes at low
q values, likely associated with the filling of the large pore
openings (Figure 1b). Total recovery of the initial scattering
intensity was observed during desorption (Figure 2b),
indicating the full reversibility of the physisorption process.
A comprehensive analysis of SAXS data is generally carried out
for two-phase systems.” As three components (Si, Xe, and
voids) with distinct scattering contrast are present here, SAXS
could hardly provide further structural information during the
physisorption process. Therefore, ASAXS was applied at the Xe
L; edge for each physisorption step.

In ASAXS, the photon energy E is dependent on the
anomalous dispersion of atomic scattering factor f(E) (eq 1) of
an element near its absorption edge. This effect is used to
separate the scattering contribution of the resonantly behaving
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Figure 2. SAXS curves measured during (a) adsorption and (b)
desorption at selected p/p, values. (c) Exemplary ASAXS scattering
data. Scattering is measured at three X-ray energies as given in the
plot. The inset shows a close-up of the area marked by a gray
rectangle. The deviation between the three curves is determined by
the anomalous effect. (d) Xe resonant scattering curves for Xe
adsorption and desorption at selected p/p, values.

element from the energy-independent scattering contribution
of all other and thus nonresonant elements in the sample.”*

f(E) = f, +f'(E) + if"(E) (1)

where f is the number of electrons of the element and f '(E)
and f”(E) are the energy-dependent real and imaginary parts of
the atomic scattering factor, respectively. Therefore, scattering
intensity I(g, E) of a SAXS pattern becomes energy-dependent.
A set of scattering curves measured at least at three different
energies I(g, E;) can be transformed into a set of three energy-
independent scatterinsg contributions by applying the so-called
Stuhrmann method:®

I(q, E) = Iy(q) + 2f'(E)Ir(q) + [flz (E) +f”2 (E)1Ir(q)
)

The resonant scattering contribution IR(q) contains
information about the spatial arrangement of Xe only.*®
I,(q) corresponds to the scattering behavior at energies far
from any absorption edge of the elements present in the
sample, and Ijp(q) is the cross term of both.

Figure 2c shows three SAXS curves measured at 4753, 4774,
and 4780 eV at p/p, = 0.91. The differences between the
scattering intensities (inset of Figure 2¢) originate from the
anomalous effect.”*”~*” The resonant curves I(q) represent a
two-phase system, made of Xe and its surroundings [pore
space and Si matrix (Scheme 1)]. The resonant curves also
denote a change in shape at high pressures, corroborating the
findings of SAXS. The q~* decay of the resonant curves at high
g values indicates the Xe— and Si—matrix interfaces to be well-
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Scheme 1. Graphical Representation of the Nanostructures
Detected by the Xe Resonant Curve
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defined and smooth. The resonant curves, therefore, fulfill
completely the Porod law:*’
P 27(Ap)*

lim L(q) = — = %S

400 q q ()
where (Ap)? is the squared difference of the electron density
between Xe and the “surroundings” (Scheme 1). P is the Porod
constant, which is proportional to volume-specific surface area
Sy of the two-phase system Xe surroundings.

The variation of P from the resonant curves during Xe
adsorption and desorption is displayed in Figure 3a. P consists
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Figure 3. (a) Porod constant plot showing the variation of the
interface area of the inner pore surface during Xe physisorption. (b)
Invariant plot indicating the change in the pore volume ratio filled
with Xe during physisorption. (c) Correlation length plot displaying
the variation of the Xe film thickness. (d) Xe physisorption isotherm
from the X-ray absorbance.

of two parts: the total interface between Xe and the Si matrix,
i.e, the outer pore surface (Py,_g), and the inner interface
between Xe and the remaining pore space, i.e., the inner pore

surface [Py._,oiq (Scheme 1)]:
P= PXe—Si + PXe—Void (4)

where Py._g; remains constant during the whole physisorption
process. Thus, the changes observed in Figure 3a are ascribed

4020

to the variation in Py,_,q only. Consequently, the value of P at
the adsorption starting (p/p, = 0.2) and filled state (p/p, = 1)
can be interpreted as the total outer surface of the pores
(Scheme 2a, I and IV).

During adsorption, the initial increase in the inner pore
surface area is related to the formation of Xe multilayers
(Scheme 2a, II). For relative pressures higher than p/p, = 0.5,
the substantial increase in Xe volume in the multilayer regime
and during capillary condensation leads to a continuous
decrease in the inner pore surface area, as expected (Scheme
2a, III). A different trend during desorption is observed. The
value of P does not change significantly in the first desorption
step; i.e., the pores are still filled with Xe. When the interface
area starts to increase again (Scheme 2 aV), the Xe desorption
process begins, indicated by an abrupt increase in P. P
stabilizes at values close to those of the adsorption at p/p, =
0.6. Such behavior can be associated with the formation of a
concave meniscus at the gas—liquid interface. Once the liquid
phase has evaporated, further desorption from the multilayers
occurs, as expected from the theoretical predictions.2 The
difference in the variation of P between p/p, values of 0.7 and
0.9 for adsorption and desorption provides direct experimental
insights into the different mechanisms of capillary condensa-
tion and pore emptying.” The volume increase of the
metastable Xe films during adsorption explains the decrease
of the adsorbate interface (Scheme 2a, III). The sudden
increase observed during desorption is likely caused by the
receding meniscus of the already existing gas—liquid interface
(Scheme 2a, V).

The analysis of the resonant scattering curves also enables us
to retrieve Xe-specific correlation length I from™

| L al(q) dq
=g

’ Q (Sa)

with Q= [ (a) dq = 2281 = ¢)

0 (5b)
where Q is the invariant of the resonant scattering curves and
depends on Xe volume fraction ¢ (Figure 3b). The correlation
length represents the weighted average length of the system
and can be described as

IL.=1

< €Xe—Si +

(6)

where [x._g; represents the distance connecting two pore walls
and ly_yoia the distance within the pore space (Scheme 2b).
Similar to the case of P, Iy, g remains constant, and the
changes observed in Figure 3c are ascribed to the variation of
l:xe—voia only, thus providing the detailed evolution of the
average size of the Xe adsorbate domains during the whole
physisorption process and particularly at high filling rates. The
starting values of I, at approximately 13 nm account for only
the contribution of I,_g; (Scheme 2b, I), in good agreement
with the pore size calculation of the Si membrane (Figure 1).
The increase observed for the points in the multilayer region is
ascribed to the forming Xe layer (Scheme 2b, II). For p/p,
values of >0.8, the observed exponential increase in I, explains
well the pore filling during capillary condensation (Scheme 2b,
III). The highest value reached at p/p, = 0.97 corresponds to
the filling of large pore structures (Scheme 2a, IV), which can
be ascribed to the pore openings (Figure 1b) as previously
mentioned. This interpretation is sustained by the change in
shape of the Xe resonant curve at low scattering vectors

€Xe—void
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Scheme 2. (a) Graphical Representation from the Side of the Evolution of the Inner Pore Surface during the Xe Physisorption
Process and (b) Graphical Representation from the Top of the Xe Film Thickness Evolution Along with the Two
Characteristic Correlation Lengths (I.x._g; and I.x._yoiq, colored black and blue, respectively)
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(Figure 2d). In the filled state (p/p, = 1), one would expect
that I, reaches the value of Ix._g, as the available inner pore
space is depleted (Scheme 2b, IV). The slightly higher value
found infers the contribution of the large pore openings
(Figure 1b). The I, value does not change for the first point of
desorption at p/p, = 0.93, indicating that the pore space is still
filled, as also found for the Porod constant (Figure 3a). The
subsequent points at lower relative pressures follow the
adsorption values, showing the decrease in the thickness of
the Xe film (Scheme 2b, V).

From the X-ray absorbance, we determined the amount of
adsorbed Xe (Figure 3d). The hysteresis loop from p/p, = 0.8
indicates the gas—liquid phase transition inside the pores. This
result agrees with the I, analysis (Figure 3c) and shows that the
resonant curves deliver reliable information about the direct
adsorbate evolution, especially at high filling grades.

From the X-ray absorbance, the mass density of liquid Xe in
the confined state was obtained (see the Supporting
Information). The density p = (2.8 + 0.2) g/cm® at p/p,
1 agrees with the nominal density of liquid Xe (p = 2.94 g/
cm®).*! Interestingly, the value of the first point of desorption
shows a lower density of (2.2 # 0.2) g/cm’. From the ASAXS
analysis, we found that for both points the pores are
completely filled with Xe. Therefore, the density of liquid Xe
decreases prior to pore emptying. So far, only computational
studies could predict such a density loss."***** In mesoporous
silicon, this effect was explained by an expansion of the liquid
throughout the pore structure.*” Also, the Laplace pressure
that originated in liquid Xe upon formation of the concave
menisci during desorption might reasonably contribute to this
effect.** The experimental determination of the adsorbate
density opens interesting perspectives in particular for the
investigation of the desorption mechanism of ink-bottle pore
geometries.46_

In addition, XANES spectra were recorded at the L; and L,
absorption edges of Xe at relative pressure values of 0.31, 0.67,
and 0.93 (Figure 4 and Figure SI 2). White-line broadening at
the L; edge increases from 5.6 eV to 5.7 eV and 6.7 eV. Such
broadening can be associated with the increased collision rate
in the adsorbate, providing an additional way to follow Xe
condensation. At the L, edge at (5103.3 = 0.5 eV), a distinct
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Figure 4. Normalized XANES spectra measured at p/p, values of 0.31
(black) and 0.67 (green) during adsorption and 0.93 (blue) during
desorption for the Xe L; and L, edges.

signal 4.6 eV below the edge is found, which does not belong
to bulk Xe.’® The L, edge jump increases with an increase in
p/po, while the pre-edge signal remains. Hence, this effect is
therefore indicative of the formation of two distinct species of
Xe confined in mesopores. EXAFS spectra at the L; edge,
however, could not provide further insights into the Xe local
structure due to experimental limitations (see the Supporting
Information).

In conclusion, we presented a novel approach for following
the physisorption process of Xe in mesopores in situ using
combined ASAXS and XANES experiments at 165 K. We
observed for the first time the evolution of the Xe adsorbate
phase in confinement in direct and unambiguous fashion.
From ASAXS, the variation of the Xe interface area and the
size evolution of the Xe domains were determined even at high
filling grades. These analyses proved the existence of different
filling and emptying mechanisms of Xe in the pores. From the
X-ray absorbance, we showed that the Xe mass density
decreases prior to pore emptying, confirming the predictions of
computational studies. Using XANES, we observed the
presence of two distinct Xe species in the pores.
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This novel and promising method investigates confinement
effects by looking directly at the physicochemical changes of
the confined matter. The unique combination of the
complementary techniques ASAXS and XANES during in
situ physisorption experiments opens to a hitherto unexplored
field of science. Thus, a comprehensive understanding of both
the structure and the morphology of confined matter for
different applications such as adsorption-induced deforma-
tion,”" ionic electrosorption in energy storage,”> and confined
catalysis™ will be possible.
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