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Graphical abstract

We use low-vacuum scanning electron microscopy to
image directly the ligament and pore size and shape dis-
tributions of representative aerogels over a wide range
of length scales (~ 10° — 10° nm). The images are used
for unambiguous, real-space interpretation of small-angle
scattering data for these complex nanoporous systems.
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Aerogels (AGs) are a class of ultralow-density open-cell
nanoporous solids with typical porosities of = 90% and
large surface areas (typically > 100 m? g=1).! Particulate
silica AGs — the best studied class of AGs — have the
so called string-of-pearls morphology, consisting of inter-
connecting near-spherical nanoparticles.! In addition to
silica, synthesis of many other AGs, mostly dielectric ox-
ides, have been reported.! Such AGs often display vastly
different nanoligament shapes and sizes, including near
spherical particles, rods with different aspect ratios, and
quasi-two-dimensional (2D) leaflets.

The shape and size of ligaments in nanoporous di-
electrics are commonly studied by transmission electron
microscopy (TEM). However, technologically important
properties of nanoporous solids strongly depend not only
on the ligament structure but also on the distribution of
ligament and pore sizes (i.e., density fluctuations) and
the presence of other structural inhomogeneities such as
microcracks. Conventional TEM imaging does not probe
such a 3D morphology.?3

Other techniques commonly used to image dielectric
nanomaterials are scanning electron (SEM) and atomic
force (AFM) microscopy. These methods, however, face
serious challenges in the case of low-density nanoporous

**We gratefully acknowledge Andras Vladar and Michael Postek
from the Precision Engineering Division (Manufacturing Engineer-
ing Laboratory) of the National Institute of Standards and Tech-
nology for access to facilities used for high resolution LVSEM. Use
of the Advanced Photon Source was supported by the U. S. Depart-
ment of Energy, Office of Science, Office of Basic Energy Sciences,
under Contract No. W-31-109-ENG-38. Work at LLNL was per-
formed under the auspices of the U.S. DOE by the University of
California, LLNL under Contract No. W-7405-Eng-48.

dielectrics. Specifically, SEM imaging is compromised by
severe charging under the electron beam, and conformal
coating of AG nanoligaments with thin conductive films
(used to suppress charging) that do not alter the surface
topography is extremely challenging. In the case of AFM,
it has been demonstrated by several groups® ” that even
tapping-mode imaging of low-density AGs is plagued by
a very high aspect ratio of surface features, poor mechan-
ical properties,®? and tip contamination by AG debris.
Consequently, AG morphology is commonly studied by
indirect methods such as nitrogen sorption and small-
angle x-ray (SAXS) and neutron (SANS) scattering.!
However, as we discuss below, information obtained from
nitrogen sorption is limited, and real-space interpretation
of SAXS and SANS data from complex nanoporous sys-
tems is highly model dependent.

In this paper, we demonstrate unambiguous visual-
ization of the structure of several representative highly-
insulating AGs over a wide range of length scales (~
10% — 10° nm). We use low-vacuum SEM (LVSEM),
where charging is stabilized by a small amount (< 100
Pa) of weakly ionized gas inside the specimen chamber.'®
In particular, our results reveal the presence of large-
scale pores (i.e., hundreds of nanometers in size) in some
AGs and the existence of a highly-defective skin layer
on otherwise crack-free monoliths for all the AGs stud-
ied. These features cannot be studied by the abovemen-
tioned techniques, and have important implications for
understanding AG properties affecting their mechanical,
gas/fluid diffusion, adsorption, and electronic transport
behavior.! We use the LVSEM results to interpret SAXS
curves for these complex nanoporous systems.

We studied three recently synthesized AGs with string-
of-pearls (a-AlIOOH), nanorod (GeOg), and nanoleaflet



FIG. 1: Low-vacuum SEM (a-c) [Vo = 5 kV, P = 55 Pa] and
conventional bright-field TEM (d) images of a cross-section
of the a-AIOOH aerogel.

(v-AlOOH) ligament morphologies. Table I gives a brief
description of these AGs, while additional details of
AG synthesis and their basic properties can be found
elsewhere.!1 13

Figures 1(a-c) show typical LVSEM images of a cross-
section of the a-AIOOH AG, which has a string-of-pearls
morphology.'* Such cross sections were prepared by frac-
turing AG monoliths. The ligament shapes and sizes of
this AG are also illustrated by a higher-magnification
TEM image in Fig. 1(d). Figures 1(a-c) clearly show
that the structure of this AG is nonuniform, containing
pores with diameters of up to ~ 200 — 300 nm, which
is significantly larger than an average pore size of ~ 20
nm measured by Barrett-Joyner-Halenda (BJH) nitrogen
desorption analysis (see Table I). Such structural inho-
mogeneities cannot be observed by conventional TEM,
and the BJH analysis is not sensitive to macropores with
diameters > 200 nm.'?

We note that high-resolution LVSEM images in
Figs. 1(a-c) do not show any evidence of charging. Such
artifact-free imaging of strongly insulating nanoporous
solids is challenging because of the wide pore and liga-
ment size distributions. Indeed, during image acquisi-
tion, when the electron beam is scanned across the sam-
ple surface, the charge-up and discharge rates of neigh-
boring volume elements are affected by the local pore
structure. Hence, for artifact-free imaging, an effective
charge control mechanism must respond in real time to
the resulting fluctuations in charging. In LVSEM, this is
achieved by ensuring that electron irradiation gives rise
to net negative sample charging and by regulating the
flux of gaseous ions at the sample surface.'® The ion flux
is made to self-regulate by (i) ensuring that the ion gen-
eration rate in the gas is much greater than the electron

FIG. 2: Low-vacuum SEM (a-c) and conventional bright-field
TEM (d) images of the (exterior) surface (a-b) and a cross-
section (c-d) of a 7-AlIOOH aerogel monolith. Images (a) and
(b) [Vo = 5 kV, P = 60 Pa] show the same sample area
under different magnifications. For image (c), Vo = 18 kV
and P = 55 Pa.

implantation rate in the sample, (ii) providing an ion sink
(i.e., a grounded metal) in the vicinity of the sample sur-
face, and (iii) setting up the electrostatic boundary con-
ditions such that the trajectories of ions are much more
sensitive to subtle electric fields at the sample surface
than are the trajectories of primary beam and secondary
electrons. A detailed discussion of the optimum exper-
imental conditions required for artifact-free imaging, as
presented here, can be found in Refs. 16 and 17.

The structure of the v-AIOOH AG, with a nanoleaflet
ligament morphology [see a TEM micrograph in
Fig. 2(d)], is illustrated in a LVSEM image in Fig. 2(c).!
Figure 2(c) illustrates that the v-AIOOH AG has a more
uniform pore size distribution than the a-AIOOH AG
shown in Fig. 1. The morphology of the GeOs AG is
illustrated by LVSEM and TEM images in Fig. 3.4 This
GeOs AG consists of a continuous network of elongated
amorphous GeO; ligaments, ~ 15 — 20 nm in diameter
and ~ 50 — 200 nm in length. Larger particles (~ 40 — 60
nm in diameter) with aspect ratios < 2 are also clearly
visible in Fig. 3. The LVSEM image in Fig. 3(a) shows
that GeOs AGs exhibit structural inhomogeneities, with
some pores as large as ~ 200 — 400 nm, similar to those
of a-AlIOOH AGs (Fig. 1).

We have also used LVSEM to image the exterior sur-
faces of a number of as-cast AG monoliths: a-AIOOH,
~v-AlOOH, and GeOy AGs, described in Table I, as well
as amorphous TiO; (Ref. 18) and §-FeOOH (Ref. 19).
Interestingly, the exterior surfaces of all these AGs (i.e.,
the monolith skin layers) contain cracks, which are not
observed in images of cross-sections. The crack size varies



TABLE I: Selected properties of the three aerogels studied. Radii of gyration (R,) and power law slopes (as and ., ) obtained
from standard Guinier and Porod analyses of SAXS curves are also listed.

Phase

Sample Precursor Morphology Density APD * Rg Rg2 - —Om
(mgem™) (%) (nm)  (nm) (nm)
a-AlIOOH  Al(NOs)3 e 9H2O  string-of-pearls  diaspore 135 3.97 20 5.0 50 4.0 1.8
v-AIOOH  AlCI; ¢ 6H2O nanoleaflet boehmite 48 1.41 20 2.5 20 3.8 2.1
GeO2 Ge(OMe)4 nanorod amorphous 35 0.80 15 20 - 4.0 1.3
“APD = average pore diameter, measured by Barrett-Joyner-
Halenda nitrogen desorption analysis in Refs. 11-13.
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FIG. 3: Low-vacuum SEM (a) [Vo = 18 kV, P = 55 Pa] and &L ] <«
conventional bright-field TEM (b) images of cross-sections of —~ 2‘
the GeO2 aerogel. = e
widely, from hundreds of nanometers up to tens of mi- L ]
crons. The areal density of cracks is highly non-uniform. ] 7-AIOOH ]
As an example, Figs. 2(a) and 2(b) show the morphol- 4 o-AIOOH

ogy of the skin layer on a v-AIOOH AG monolith, with
numerous microcracks clearly visible. These cracks likely
originate from gradients of tensile stresses that develop
during supercritical drying. Clearly, the presence of such
a highly defective skin layer on AG monoliths is crucial
for a correct analysis of properties and performance of
cast monolithic AGs.

Finally, we demonstrate how the information obtained
from direct imaging with LVSEM and TEM can be used
to interpret data measured with SAXS — currently one
of the most common tools for studying AG morphology.*
Figure 4(a) shows that SAXS intensity I(q) curves for a-
AlOOH, 7-AlOOH, and GeOy AGs are drastically differ-
ent, reflecting the differences in their morphology. Values
of power law exponents («s and «,,) and radii of gyra-
tion (R4 and Rgo) obtained from standard Porod and
Guinier analyses?® are listed in Table I, and the corre-
sponding linear fits and knee points in SAXS curves are
shown in Fig. 4(a) by straight lines and arrows, respec-
tively. Since scattering curves of nanoporous dielectrics
are typically interpreted based on a fractal model (see,
for example, Refs. 4,6,20-22), below we will use it to in-
terpret SAXS data from Fig. 4. We note, however, that
the fractal analysis of SAXS data for disordered systems
is somewhat controversial: the same SAXS curves could,
for example, be interpreted in terms of density fluctua-
tions, asymmetry in the shape of ligaments, and/or large
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FIG. 4: Plots of SAXS intensity I(q) (a) and I(g) x ¢* (b)
as a function of scattering vector ¢ for a-AIOOH, v-AIOOH,
and GeOg; aerogels. Positions of knee points in (a), related to
radii of gyration, and the first maxima in (b) are indicated
by arrows. For clarity, in (a), curves are offset by a factor of
100, and only every second experimental point is shown.

ligament polydispersity rather than fractals.?32°

In the fractal model,?° Rg1 and Rgp are related to
the mean size of ligaments a and the correlation range
¢ (which is roughly the fractal size), respectively. The
difference in a in our AGs is also more clearly illustrated
in Fig. 4(b), where I(q) x ¢* versus ¢ is plotted. The
position of the first maximum in such I(g) x ¢* plots
is related to the mean size of scatterers in the Porod
regime.26 However, how exactly Ry and Ry are related
to a and ¢ strongly depends on the shape and size dis-
tribution of scatterers.?? 22 For a non-speculative inter-
pretation of SAXS data, information from direct imag-
ing methods is required. For example, values of Rg;
from Table I translate into a mean particle diameter of
24/5/3R41 ~ 13 nm for the a-AIOOH AG (with roughly



spherical particles as building blocks),?? into a mean lig-
ament width of 24/4/3Rg1 ~ 45 nm for the GeOy AG
(with rod-like ligaments),?* and into a mean nanoleaflet
thickness of 2Ry, ~ 5 nm for the 4-AIOOH AG (with
leaflet-like ligaments).?* These numbers are consistent
with microscopy data from Figs. 1 and 3, particularly
given that the Guinier analysis overestimates the mean
scatterer size for polydisperse systems.??

The slope «; of the first high-¢g linear region in Fig. 4(a)
describes the surface roughness of ligaments and is re-
lated to the surface fractal dimension via Dy = o, + 6.20
A surface fractal dimension of 2.0 (i.e., oy = —4) is
characteristic of a smooth (non-fractal) surface. Table
I shows that a-AlIOOH and GeOs AGs have smooth sur-
faces (Ds = 2.0), while D, for the v-AIOOH AG is ~ 2.2,
which is consistent with a leaflet-like, irregular shape of
ligaments in v-AlIOOH AGs (Fig. 2).

The slope «, of the second power law region in Fig. 4
(at low ¢, between the two Guinier regimes indicated
by arrows) describes the mass fractal dimension D,, =
—a,, or the dimension of the scatterers.2? The values
of a, given in Table I are consistent with (i) diffusion-
limited cluster aggregation (DLCA) resulting in a fractal
string-of-pearls morphology for a-AIOOH AGs, (ii) 2D
leaflet-like ligaments for v-AIOOH AGs, and (iii) rod-
like ligaments for GeOs AGs. Indeed, in ideal cases of
DLCA gels, thin sheets, and rods, a,, values would be
1.8, 2.0, and 1.0, respectively,?%?2 which are close to the
vy, values measured (Table I).

Figure 4 and Table I also show that, while the GeOq
AG exhibits a mass-fractal-like behavior over a very large
q range of, at least, two orders of magnitude (1073 < ¢ <
107! nm™1), the effective mass fractal range (~ Rg2/Rg1)
for a-AIOOH and v-AIOOH AGs is only about one or-
der of magnitude. Such mass fractal ranges shorter than
an order of magnitude are, however, typical for silica
AGs. 14621 In addition, inhomogeneities in the pore size
distribution (resulting in density fluctuations), with the
presence of large pores of ~ 200 — 300 nm in diameter,
revealed by LVSEM for a-AIOOH and GeOs, can explain
the power law slopes in SAXS curves for ¢ < 5 x 1072
nm~* for these AGs (and not for the v-AIOOH AG, which
has a more uniform structure [Fig. 2]). An accurate
qualitative description of SAXS curves with a physically
meaningful model for the AGs studied here is, however,
challenging due to their complex morphologies.

The above results demonstrate that, in contrast to
highly model-dependent interpretation of (reciprocal
space) scattering data, electron microscopy provides un-
ambiguous real-space visualization of the morphology of
nanoporous dielectrics. We note, however, that the mea-
surement of parameters such as fractal dimensions and
correlation ranges for fractal solids as well as 3D corre-
lation effects in non-fractal solids is straightforward by
SAXS but is very challenging by LVSEM since pixel in-

tensity in LVSEM images is governed by electron contrast
formation mechanisms and does not necessarily scale
with the height of surface features. In addition, SAXS
provides information on 3D morphology statistically rep-
resentative over large sample volumes (~ several mm?),
which is not readily probed by electron microscopy.

In conclusion, we have demonstrated the use of low-
vacuum SEM to image directly the ligament and pore
size and shape distributions of representative aerogels
over a wide range of length scales (~ 10° — 10° nm).
As most aerogels are strong insulators with poor me-
chanical properties, direct studies of their structure by
methods such as atomic force and conventional SEM
have not proven feasible. The structural information ob-
tained from LVSEM imaging in the present work is used
for unambiguous, real-space interpretation of small-angle
scattering curves for these complex nanoporous systems.
Low-vacuum SEM permits imaging of both cross-sections
and skin layers of nanoporous monoliths. Images of skin
layers reveal the presence of microcracks which alter the
properties of cast monolithic aerogels.

Ezxperimental

Low-vacuum SEM was performed in an FEI Nova
NanoSEM with water vapor as the imaging gas. High
magnification secondary electron (SE) imaging of un-
treated, bulk AG monoliths was achieved using a
recently developed magnetic-field-assisted gas cascade
detector.'%27 This detector uses the field of a magnetic
immersion electron lens to induce axial and cycloidal
SE oscillations inside the detector volume. The result-
ing magnetic confinement leads to an intense gas ioniza-
tion cascade which amplifies the SE signal and generates
gaseous ions. These ions are used to stabilize charging
under the conditions imposed by ultra-high resolution
magnetic immersion electron lenses.'%27 Wide field width
SE imaging of AG skin layers was done using a pinhole
electron lens and a standard, off-axis gaseous detector.!”
Bright-field TEM imaging was performed using a Philips
CM300FEG electron microscope operated at 300 kV.

Ultra-small-angle x-ray scattering measurements of
monolithic samples, ~ 5 x 5 x 3 mm? in size, were carried
out at beamline 33-ID at the Advanced Photon Source at
Argonne National Laboratory. The data were collected
with a double-crystal Bonse-Hart instrument. The x-ray
energies were 9.5 and 11 keV, and the x-ray beam size
was ~ 2.0 x 0.4 mm?. All SAXS measurements were
performed at room temperature in air at ambient pres-
sure. The slit-smeared SAXS data were corrected for
background scattering, calibrated against an empty-cell
blank run, and desmeared.
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