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ABSTRACT: The 3D chemical structure (4D spectromicroscopy) of nanoporous Al2O3 aerogels
coated with ZnO by atomic layer deposition (ALD) was studied by multienergy scanning
transmission X-ray microscopy. These materials are representative of a class of designer catalysts in
which the nanoporous support is prepared separately from the active catalyst material, which is
subsequently introduced by ALD, thereby allowing independent optimization of the morphology,
chemistry, and spatial distribution of the support and catalyst. The samples studied were prepared by
Ga ion and Xe plasma focused ion beam (FIB) milling as well as drop casting from water suspension.
Zn L and Al K edge spectra of six samples with three different ZnO loadings were measured to investigate how loading and different
sample preparation methods affect the 3D distribution of the ZnO and Al2O3. Scanning transmission X-ray microscopy (STXM) and
ptychographic imaging at two energies each at the Zn L3 and Al K edge were measured. The ptychography data were analyzed by
using the SHARP reconstruction code to generate quantitative 2D chemical maps of the Al2O3 and the ZnO. The STXM and
ptychography maps were then measured at a sequence of tilt angles, covering up to 160° of rotation. The 3D structure of the ZnO
and Al2O3 was derived from the tilt series data by tomographic reconstruction using a compressed sensing algorithm. A two-
dimensional spatial resolution (half-period) of 6 nm, measured by Fourier ring correlation, and a 3D spatial resolution (half-period)
of 9 nm, measured by Fourier shell correlation, were achieved when using the COSMIC beamline at the Advanced Light Source
(ALS). The results show that for all of the ZnO loadings studied there is nonuniform coverage of the ZnO on the Al2O3 aerogel
framework. In addition, we found that both FIB methods create sample artifacts, although the distortion was less with Xe plasma
than Ga ion FIB.
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1. INTRODUCTION

Multicomponent nanoporous materials with optimized func-
tionality are of increasing importance in energy conversion and
catalysis. By adjusting pore size and connectivity of a substrate
and adding coating material(s) with controlled thickness, spatial
distribution, and overall density, we can optimize these
composite materials for specific applications. Previous work
has demonstrated the utility of atomic layer deposition (ALD)
on porous aerogel substrates to create functional heterostruc-
tured materials.1−3 However, our understanding of the
deposition process, and thus optimization of ALD, is currently
incomplete.3 4D imagingchemically specific, quantitative 3D
mappingof the nanostructure of nanoporous, ALD-coated
aerogels can provide insight into their physical and chemical
properties, thus improving the ability to prepare materials where
both the substrate and the active species are optimized for a
particular function.
Four-dimensional (4D) imaging4 is a powerful approach for

characterizing the physical and chemical properties of
heterostructured systems. Soft X-ray ptychography5 is a

coherent diffraction imaging technique readily implemented in
scanning X-ray transmission microscopes (STXM).6 By
measuring spectro-ptycho-tomography2D ptychographic im-
ages at multiple photon energies and multiple tilt angleswe
can derive the 3D distributions of multiple chemical species. Our
previous ptycho-tomography study7 of a nanoporous Al2O3
aerogel substrate with an ALD ZnO coating demonstrated the
power of chemically selective ptycho-tomography to determine
the chemical state and 3D structure of samples and achieved a
2D spatial resolution (half-period) of 14 nm. The much-
increased coherent flux at the COSMIC beamline at the
Advanced Light Source (ALS, Berkeley Lab),8 and improve-
ments to the SHARP ptychographic reconstruction software,9
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have dramatically improved soft X-ray ptychography capabil-
ities. In this work, we present an extended chemically selective,
ptycho-tomography study of six different ZnO ALD-coated
Al2O3 aerogel samples prepared using three different ALD
loadings of ZnO. A 2D spatial resolution (half-period) of 6 nm,
measured by Fourier ring correlation, and a 3D resolution of 9
nm, measured by Fourier shell correlation, were achieved by
using the COSMIC beamline and endstation.
This paper is organized as follows. Section 2 describes

experimental acquisition and data analysis methods. Section 3
presents our results: first STXM 2D chemical imaging, then
STXM spectroscopy, then ptychography 2D and 3D imaging,
followed by evaluation of the ptychographic spatial resolution in
2D and 3D. The discussion (section 4) starts by evaluating
sample damage by the different focused ion beam (FIB)
procedures used and possible X-ray damage. It then compares
the different ZnO ALD loadings (6-, 12-, and 25-cycle) and
sample preparations with respect to quantitation of amounts,
uniformity of aerogel coverage, and particle sizes. In addition to
demonstrating the significant improvement in spatial resolution
provided by the new COSMIC ptychography facility at the ALS
(relative to earlier ptychography measured by using different
beamlines at the ALS), these results give a systematic picture of
how the structure of ZnO ALD coated on Al2O3 evolves with
increasing numbers of ALD cycles.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. To understand the ALD processing and

its effect on the final nanostructure of the Al2O3 aerogel, three ZnO-
coated aerogels with different ALD layers, 6, 12, and 25 cycles, were
prepared by using the same preparation procedures. Different methods
for preparing the samples for X-ray microscopy (water casting, Ga and
Xe plasma FIB milling) have been used. Samples were measured with
both STXM at CLS and soft X-ray ptychography at beamline (BL)
5.3.2.1 and COSMIC BL 7.0.2 at the ALS. Details of the samples and
measurements are summarized in Table S1.
As outlined in Scheme 1, the alumina aerogel was prepared by using a

two-step sol−gel process.10 Following supercritical drying, the
monolith aerogel had a bulk density of ∼100 kg/m3, about 40 times
less than that of bulk Al2O3 (4 × 103 kg/m3).10,11 The alumina aerogel
was then ALD-coated with 6, 12, or 25 cycles of ZnO. Each cycle
consisted of diethylzinc (ZnEt2) and H2O precursor half-cycles in a
warm wall reactor (wall and stage temperature of 110 °C).1 In the
second ALD half-cycle, long pump (20 s), pulse (500 s at∼133 Pa), and
nitrogen purge (500 s) steps were used to promote uniform coating
throughout the porous material. To facilitate handling, the aerogels
were kept in their molds during the whole ALD coating process.
The samples measured by STXM spectromicroscopy and ptycho-

graphic spectrotomography were prepared by three different methods.

(i) Water casting: An aerogel sample was crushed by using a clean
scalpel blade and then dispersed in distilled water to obtain a low
concentration dispersion of aerogel powder. A small drop of the
dispersion was dropped on a Formvar-coated TEM grid and air-
dried. After drying, a single grid strip with the region of interest
was excised by a scalpel.

(ii) Ga FIB: Two different Ga FIB preparations were made, with the
second one designed to significantly reduce the ion beam dose to
the sample, which was thought to be the source of significant
ZnO depletion in the outer few micrometers of the first Ga FIB
preparation.7 In the first preparation (Ga-FIB#1), a 5 nm carbon
layer was deposited on a section of the aerogel for electrical
conduction. The sample was thenGa FIBmilled into a 20× 30×
30 μm3 rectangular prism and mounted at the tip of a strip of
TEM grid. In the second preparation (Ga-FIB#2), a 10 μm long
conical−cylindrical sample with a diameter varying from 3 to 4
μm tip to base was formed to be similar in shape to the Xe-FIB#2

sample. The preparationmethods of Ga-FIB#2 were intended to
reduce ion beam damage effects compared to Ga-FIB#1. The
key changes for preparing Ga-FIB#2 were (a) the aerogel
particle was attached to the TEM grid prior to any FIB trimming,
(b) a thin carbon layer was electron beam deposited followed by
a 1 μm thick ion beam deposited carbon protection layer, (c) the
conical−cylindrical shape was milled with the ion beam nearly
parallel to the long axis of the cylinder to minimize the ion beam
penetration depth, and (d) the dose from ion beam imaging
throughout the process was minimized by using low ion current
and minimal imaging. The trimming of Ga-FIB#1 into a
rectangular prism required ion beam imaging perpendicular to
the sample faces, so the Ga penetration depth was much larger
compared to the conical cylinder of Ga-FIB#2.

(iii) Xe plasma focused ion beam (PFIB): Three different samples
were made by Xe plasma FIB. In the first case (Xe-FIB#1), after
electron beam depositing a 1 μm thick layer of C + Pt on the
sample, another 3 μm C + Pt layer was ion beam deposited on
the aerogel to protect the region of interest from ion
bombardment induced damage during the milling process. A
rectangular prism was then lifted out, transferred to a Cu grid,
and trimmed to 5 μm × 5 μm × 10 μm by using 30 kV and 100
pA (2.8 × 10−9 pC/μm2, as reported by the FIB control
software). For the second and third preparations (Xe-FIB#2 and
Xe-FIB#3), the material was prepared in a similar manner, and
then a section of about 10 × 10 × 15 μm3 was lifted out and
transferred to a post on a FIB half grid. It was then trimmed to an
∼3.5 μm diameter conical−cylindrical shape ∼10 μm long by
milling with gradually decreased ion beam currents at a 30 kV
accelerating voltage. Finally, the milled sample was cleaned by
using a Xe plasma beam at 8 kV, 100 pA (2.8 × 10−9 pC/μm2).
Throughout both the Ga FIB and Xe PFIB preparation
processes, the electron beam acceleration voltage and current
were kept to a minimum to reduce electron beam damage
effects12 on this beam-sensitive material. In general, both the
electron and ion beam parameters used were chosen tominimize
thermal effects and electronic or knock-on damage.13−15

2.2. Data Acquisition. Ptychography measurements were
performed at the Advanced Light Source (ALS) while STXM was
performed at the ALS and the Canadian Light Source (CLS). Details of
the beamline used, timing, and conditions of themeasurements for each

Scheme 1. Preparation of ZnO-Coated Alumina Aerogelsa

a(a) Two-step sol−gel synthesis of nanoporous aluminum oxide. Step
1: aluminum sec-butoxide, ethanol, water mixture {Al(sec-OB-
u)3:EtOH:H2O = 1:16:0.6 molar} was heated to 60 °C and stirred
for 45 min. Step 2: after cooling to room temperature (RT), a 99%
porous gel was made by stirring a mixture of the sol, methanol, water,
and acetic acid {Sol:MeOH:H2O:CH3COOH = 1:0.2:0.003:0.03
mass} for 30 min at RT and then letting the aerogel set for 2 h in a
mold. The gel was then dried by rapid supercritical extraction of
methanol in an autoclave. (b) Atomic layer deposition of ZnO:
multiple (6, 12, or 25) cycles, each cycle consisting of (i) deposition
of diethylzinc (ZnEt2) and H2O precursor in a warm wall reactor at
110 °C; (ii) pump (20 s), pulse (500 s at ∼133 Pa), and N2 purge
(500 s).

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c02924
ACS Appl. Nano Mater. 2021, 4, 621−632

622

http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=sch1&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c02924?ref=pdf


sample are summarized in Table S1. STXM data were measured at ALS
BL 11.0.2 and at CLS 10ID1 ambient STXM. STXM and ptychography
studies were performed by using Nanosurveyor 116 on ALS BL
5.3.2.15,17 and Nanosurveyor II18 at the COSMIC beamline 7.0.1.219 at
the ALS.
2.2.1. STXM Spectromicroscopy at CLS and ALS. In general,

spectroscopy was measured in areas adjacent to the area used for
ptychography. Spectra were recorded by using the STXM stackmode,20

with a variable point spacing which is described in footnotes to Table
S1. The transmissionmode stacks were aligned and converted to optical
density (OD) by using I0 measured off the sample but through space
(for FIB samples) or the Formvar support (in the case of water-cast
samples), and the spectra were extracted from suitable areas. The
energy scales were set by using values reported in the literature. The first
feature in the Zn L23 spectrumwas calibrated to 1024.1 eV,21−23 and the
second peak in the Al K spectrum was calibrated to 1568.0 eV.24−28

Quantitative OD1 spectra6 (response for 1 nm of pure ZnO or Al2O3)
were derived by matching spectral shapes and intensities below and far
above each edge to the response predicted from the elemental
compositions from standard mass absorption coefficient tabulations29

and the density of bulk ZnO (5.61 g cm−3) and Al2O3 (3.95 g cm−3).
These OD1 spectra were then used for quantitative analysis. Images at
two energies (called a stack map) were used to measure the
distributions of ZnO (OD1027 − OD1015 or OD1050 − OD1015) and
Al2O3 (OD1568 − OD1550) in the ZnO/Al2O3 aerogel samples. All data
processing was performed by using aXis2000.30

2.2.2. Beamline 5.3.2.1 Ptychography. The first ptychographic
tomography measurements, reported elsewhere,7 were performed on
the water-cast sample A by using the Nanosurveyor I endstation at the
5.3.2.1 bend magnet beamline at the ALS. A zone plate (ZP) with outer
zone width of 60 nm was used. The sample was raster scanned through
the ∼75 nm focus spot with a step size of 50 nm. A custom-built high-
frame-rate CCD detector31 was used to record diffraction images with a
single point exposure time of 150 ms. Ptychographic images were
measured at 1010 and 1026.8 eV (below and above the Zn L3 edge,
respectively). For tomography, these image pairs were recorded at 14
tilt angles, from−65° to +65° with a step size of 10°. The ptychography
measurements were only performed at the Zn L-edge because the
coherent flux at the Al K-edge (1570 eV) in the 5.3.2.1 bend magnet
beamline was too low. In addition, at the time of these measurements, a
Si foil was installed to attenuate the bright field portion of scattering
patterns on the detector. For energies below 1200 eV, this reduced the
intensity of the bright-field signal to a level allowing a single time
exposure. However, the Si foil was overly transparent at the Al K-edge,
resulting in saturation of the bright field at exposure times sufficient to
detect the dark-field coherent scattering signal. As outlined in our
earlier publication,7 a 2D spatial resolution (half-period) of 14(2) nm
was achieved.
2.2.3. ALS COSMIC Ptychography. Ptychographic measurements

were performed by using the Nanosurveyor II (NS-II) endstation18 at
the COSMIC beamline (7.0.1.2) at the Advanced Light Source (ALS).
A 360 μm diameter zone plate with an outer zone width of 45 nm
(produced by the Centre for X-ray Optics, Berkeley Lab) was used. In
NS-II the zone plate is scanned. After setting the sample z-position to
focus, the ZP was raster-scanned by using a step size of 40 nm. The fast
DoE CCD detector,31 cooled to −50 °C by a low-temperature
immersion chiller, was used to record diffraction images with two
sequential exposures: a 10 ms short exposure in which the bright-field
signal is not distorted by detector saturation, but the dark-field
diffraction signal is recorded with inadequate statistics, followed by a
100ms long exposure in which the detector response is totally saturated
in the bright-field area but the dark-field diffraction signal is recorded
with better statistics. In some cases (samples F, F′, and H), a single
exposure of 10ms was also used. No filter was used. Ptychographic data,
typically over a 4 μm × 5 μm area (values for March 2019), were
measured at four energies: the Zn L3 pre-edge and above edge signal
(1015 and 1050 eV) and the Al K pre-edge and absorption peak (1550
and 1568 eV). These stack maps were measured at 14 tilt angles, from
−65° to +65°with a step size of 10°. At each energy point and tilt angle,
the camera background signal was measured with the beamline shutter

closed, and that background was removed from each CCD image in
subsequent data processing. The four images measured at each angle
were combined and aligned to compensate for small drifts (∼100 nm
over 2 h). At each new angle the field of view was adjusted in the few
micrometers scale to accommodate imperfect alignment of the sample
rotation axis and the X-ray beam.

2.3. Ptychographic Reconstruction. Ptychographic images were
reconstructed by using the relaxed averaged alternating reflection
(RAAR) reconstruction algorithm implemented in the SHARP
ptychography code (ver. 9.0.7) developed by the Center for Applied
Mathematics for Energy Research Applications.9 A total of 500
iterations were applied to ensure convergence to a high-quality
ptychographic reconstruction (see Figure S1). Prior to reconstruction,
the effect of isolated beam intensity fluctuations between diffraction
exposures (due to top-off injections or other transient sources) was
reduced by calculating the equivalent STXM image from the integrated
diffraction signal at each scan position and then comparing it to a
median filtered version of the same image. Diffraction frames that
deviated significantly were rescaled according to the filtered value. In
addition, a probe mask was used to reduce artifacts associated with
rectilinear scanning. The optical density (OD) of a complex valued
ptychography reconstruction is calculated as −ln(|P|/⟨|P0|⟩), where |P|
is the modulus of the complex valued image and ⟨|P0|⟩ is the spatial
average of the modulus of complex values in the region unobstructed by
the sample. The four ptychography images measured at each tilt angle
were aligned by using the stack analyze alignment routine (Jacobson),
implemented in aXis2000.30 Quantitative 2D chemical distributions
were derived from the difference between the ptychography absorption
images at the pre-edge and above-edge energies. To obtain quantitative
signals the differential response [(OD1050 − OD1015) for ZnO and
(OD1568 −OD1550) for Al2O3] was scaled to the corresponding ΔOD1
response in the Zn L23 OD1 spectrum of ZnO and the Al K-edge spectra
OD1 spectrum of Al2O3 (see Figure S2).

2.4. Tomographic Reconstruction and 3D/4D Visualization.
For the ptychographic tomography measurements, rough alignment
was performed manually in the Dragonfly software.32 The Dragonfly
alignment was followed by an auto affine transformation in ImageJ33 to
correct for global shearing or localized image distortions caused by
thermal drifts or mechanical issues. aXis2000 was then used to convert
the angle stack files for the ZnO and Al2O3 components to mrc format.
A compressed sensing (CS) algorithm34 was then used for the
tomographic reconstruction. CS reconstruction methods, which are
more robust than alternatives such as the simultaneous iterative
reconstruction technique (SIRT), provide excellent reconstruction
quality even when a very small number of tilt angles are used and there is
a significant missing wedge.34 The 3D volume reconstruction data were
then segmented and rendered for 3D chemical visualization by using
Dragonfly software.32

3. RESULTS

3.1. STXM Overview of the Xe FIB#1 Sample. Figure 1a
presents a scanning electron microscope (SEM) image of
sample F (Xe-FIB#2). Figure 1b is a STXM OD image at 1050
eV (in the Zn 2p ionization continuum). Figure 1c is a STXM
OD image at 1568 eV at the peak of the Al 1s spectrum. Figure
1d is a composite of the Al2O3 (blue) and ZnO (red) maps
derived from two energy stack maps, color-coded by the
thickness in nanometers, determined by taking the ratio of the
difference in OD at the above- and below-edge energies to that
of the difference in the OD1 values at the same two energies (see
Figure S2), where OD1 is the OD of ZnO or Al2O3 at standard
density and a thickness of 1 nm.
The area at the tip of the sample is bright in single energy

images like Figures 1b and 1c because it is dense material with an
OD much larger than the upper OD limit of the gray scale used.
Because the tip does not contain either Zn or Al, the component
maps derived from the (on−off) edge signals are featureless. The
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Zn L and Al K stacks were measured from the part of the sample
at the right side of the viewed area, while the ptychography stack
maps and tilt-angle data were measured in the area in the yellow
box in Figure 1a.
3.2. STXM Spectroscopy. Figure 2 compares the Zn L3-

edge (2p) and Al K-edge (1s) X-ray absorption spectra of the
three different ZnO ALD preparations that were studied. The
Zn L-edge spectra (Figure 2a) and Al K-edge spectra (Figure
2b) of 6-cycle spectra is the average of the spectra of samples D,
E, and G; the 12-cycle spectra are from sample H, and the 25-
cycle spectra are from sample A. The spectra of sample D (Ga-
FIB#1) were presented earlier.7 Although all spectra were
measured from ZnO-coated Al2O3 aerogels and thus are
mixtures, the spectra of the individual chemical components
can be derived with reliability because the absorption edges are
sufficiently far apart in energy that the contribution of alumina to
the Zn L-edge spectra is a smoothly declining curve, as is the
contribution of zinc oxide to the Al K-edge spectra. The
spectrum of pure ZnO was isolated from the spectrum of the
aerogel sample by subtracting a scaled version of the elemental
response spectrum (OD1) of Al2O3 from the Zn L23 region,
whereas the spectrum of pure Al2O3 was obtained by subtracting
a scaled version of the elemental response spectrum (OD1) of

ZnO from the Al K-edge region. The resulting OD1 spectra of
the pure species are presented in Figure S2.
The spectra of the 6-, 12-, and 25-cycle ZnO ALD

preparations (Figure 2a) are quite similar, although some
differences in the near-edge structure are apparent. The Zn L-
edge spectrum of ZnO has been presented previously.21,23,35

The spectra presented in Figure 2a are in reasonable agreement
with the published spectra. The characteristic ZnO L3 spectral
features are a “triplet” at 1022.5, 1024.1, and 1030.2 eV and an
additional peak at 1033 eV, all of which arise from excitations of
Zn 2p electrons to unoccupied Zn 4s and Zn 4d states. The Al K-
edge spectra of α-Al2O3 (corundum), other Al2O3 allotropes,
and alumina silicates have been presented previously.24,28,36−38

In this case there is a large variability in Al K-edge spectra,
depending on the crystal structure. Several authors have noted a
significant correlation between Al K-edge spectral shape and
position and the relative proportion of octahedral ([6]-Al) and
tetrahedral ([4]-Al) sites.24,36 In general, the main Al 1s → 3p
transition intensity in Al(III) oxidation state species in either the
pure oxides, aluminosilicate minerals, or zeolites occurs around
1566.5 eV for tetrahedral ([4]-Al) sites and about 2 eV higher,
around 1568.5 eV, in octahedral ([6]-Al) sites. Figure S3
compares the Al K-edge spectra of the ZnO/Al2O3 aerogel
species to the spectra of corundum (α-Al2O3), in which all the Al
are in AlO6 environments: mordenite, an aluminosilicate zeolite
in which all the Al is in AlO4 environments, and θ-Al2O3 in which
there is a 50:50 ratio of AlO4 and AlO6 environments. For the
reference compounds, as the structure gets more complex, the
envelope of transitions increases. The Al K-edge spectrum of the
ZnO ALD-coated Al2O3 aerogel is very broad and shows a
number of indistinct shoulders in the corresponding energy
region. This suggests that the alumina of the aerogel material has
a wide range of local structures and is noncrystalline, as was
concluded in our earlier study.7

Figure 2 presents the Zn L and Al K spectra on an OD1 scale
(response per nanometer thickness), which masks the

Figure 1. (a) SEM image of a Xe plasma FIB milled ZnO ALD-coated
Al2O3 aerogel sample (Xe-FIB#2, sample F). The region examined by
chemically selective ptycho-tomography is indicated by the yellow box.
(b) STXM OD image at 1050 eV (Zn L3 continuum). (c) STXM OD
image at 1568 eV (Al K peak). (d) Rescaled, color-coded composite of
the STXMmaps of Al2O3 (OD1568−OD1550, red) and ZnO (OD1050−
OD1015, blue). The gray scales in (b, c) indicate optical density (OD).
The red and blue color scales indicate the thickness in nm of the ZnO
(red) and Al2O3 (blue), derived from ΔOD/ΔOD1, the ratio of the
differential optical density (ΔOD) to the differential optical density
(ΔOD1) for 1 nm of the chemical species at its standard density
(COSMIC, March 2019).

Figure 2. (a) Zn L-edge and (b) Al K-edge spectra of the 6-, 12-, and 25-
cycle ZnO ALD-coated Al2O3 aerogel samples. The spectra of samples
D, E, and G were averaged for the 6-cycle spectra, while the 12-cycle
spectra are those of sample H and the 25-cycle spectra are those of
sample A. The spectra have been energy calibrated and are reported on
an absolute intensity scale, with the indicated offsets; see the text for
details (multiple runs on different synchrotron facilities and beamlines).
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quantitative compositional information accessible in an OD
scale. The ratio of amounts of ZnO to Al2O3, averaged over the
volumes imaged, was derived from the quantitative STXM data.
These values are summarized in Table S2. The dependence of
the derived composition on the number of ALD cycles and
sample preparation method are discussed in detail below.
3.3. 2D Imaging and Chemical Mapping. Figures 3a and

3c show chemically specific 2D projectionmaps of the Al2O3 and

ZnO distributions in the Xe plasmaFIB#2 sample F, each
derived from two ptychography images reconstructed with a
pixel size of 5.2 nm. These maps are derived from ptychography
amplitude signals, converted to absorption, and subtracted. The
limits of the optical density difference gray scale are indicated.
Figures 3b and 3d are expanded areas of the lower center region
of the area measured, which show the structure in greater detail.

The Al2O3 aerogel structure is a relatively uniform porous
network (Figure 3a). The ZnO distribution (Figure 3c) is
superficially similar but is less uniform and more “patchy”.
Figure 3e is a rescaled color composite of the Al2O3 (blue) and
ZnO (red) signals. The red and blue scales indicate thickness in
nanometers, where the thickness is that the material would have
at standard density for ZnO and Al2O3. Figure 3f is the expanded
area of Figure 3e. In Figures 3e and 3f the purple pixels
correspond to columns where there is both ZnO and Al2O3. The
existence of relatively pure red and blue areas, in addition to
purple, indicates that the ZnO coating is nonuniform.

3.4. 3D Tomography Reconstruction. 3D spatial
distribution maps of the two chemical components are needed
to visualize the distribution of the ZnO coating on the Al2O3
substrate. Figure 4a and Movie S1 present a rendering of the

rescaled color-coded composite of the 3D reconstructed Al2O3
(blue) and ZnO (red) volume signals of sample F with voxel size
of 5.2 × 5.2 × 5.2 nm3. Otsu thresholds39 of 7.3 × 10−4 (Al) and
6.3 × 10−4 (Zn) were used. The porosity of the entire volume
(57 ± 2%) was calculated by using the Bone Analysis plug-in
tool in Dragonfly.32 The volume fraction of Al2O3 is 25 ± 1%
and ZnO is 18 ± 1%. Figure 4b shows a 100 nm thick slice from
the center of the 3D volume. This indicates that the ZnO ALD
coating is not uniformly distributed on the Al2O3 framework
structure. We also found ∼10% depletion of ZnO in the outer
200 nm of the pillar (see Figure S4) probably caused by
modification of the sample by the Xe plasma beam. We expect
that ZnOwould be preferentially sputtered relative to Al2O3 and
the Xe plasma beam would penetrate a significant depth into the

Figure 3. 2D chemical maps of a 6-cycle ZnO/Al2O3 aerogel sample
(Xe-FIB#2, sample F) derived from reconstructed ptychography
amplitude images. (a, b) Al2O3 (OD1568 − OD1550), (c, d) ZnO
(OD1050 − OD1015). The gray scale indicates the difference in optical
density. (e, f) Color-coded composite map of ZnO (red)/Al2O3 (blue).
The color scales indicate thickness in nm from ΔOD/ΔOD1. (b, d, f)
are expansions of (a, c, e) in the same area at the edge of the sample. (g)
Two-dimensional (2D) spatial resolution of ptychographic imaging
estimated from a Fourier ring correlation (FRC) analysis of the Al2O3
and ZnO ptychography reconstructed 2D chemical maps (a, b) of
sample F (COSMIC, March 2019).

Figure 4. (a) Volume rendering of the Al2O3 (red) and ZnO (blue)
chemically selective 3D distributions from ptycho-tomography of a Xe
plasma FIB-milled ZnO/Al2O3 sample (Xe-FIB#2, sample F). Otsu
thresholds of 7.3 × 10−4 (OD/voxel) for Al2O3 and 6.3 × 10−4 for ZnO
were used. (b) 100 nm cross-section slice cut through the position
indicated by the yellow rectangle in (a). (COSMIC, March 2019).

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c02924
ACS Appl. Nano Mater. 2021, 4, 621−632

625

http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c02924?ref=pdf


highly porous aerogel. The ZnO depletion at the surface of the
FIB pillar was higher for samples prepared by Ga FIB than Xe
plasma FIB (see Figure S4 and ref 7).
Figure 5a displays a 30 nm thick slice cut from the Al2O33D

map derived from the reconstructed chemically selective ptycho-

tomography data for sample F. Figure 5b is the ZnO map from
the same 30 nm thick slice. In contrast to the linked “ribs” of the
highly porous Al2O3 aerogel, the ZnO signal in the slice is in the
form of discrete, quasi-circular “dots”. High-resolution TEM of
the 25-cycle sample previously showed these are 10−20 nm
ZnO single crystals.7 Figure 5c is a color-coded composite of the
Al2O3 (Figure 5a) and ZnO (Figure 5b) component maps. The
essentially pure red (ZnO) and pure blue (Al2O3) colors
indicate there is negligible mixing. If the ZnO was actually
perfectly conformal, the presence of both ZnO and Al2O3 in the
same volume would lead to a composite map with mostly shades
of purple. Thus, the map in Figure 5c clearly shows that the ZnO

(red) is not conformal (as expected for an ideal ALD), but rather
present as roughly spherical particles, irregularly attached to the
Al2O3 porous structure (red). This structural conclusion is
consistent with the results of our previous, lower resolution,
chemically selective ptycho-tomography study.7 The present
analysis is much more convincing on account of the higher
spatial resolution. Figure 5d plots an expanded representative
area of the Al2O3 map indicated by the yellow square in Figure
5a, which shows the Al2O3 signals in more detail. The profile
across the edge of the Al2O3 “rib” indicated by the blue line in
Figure 5d is plotted as a line profile in Figure 5e. A knife-edge
analysis of the intensity line profile yields an estimated 3D spatial
resolution of 9 nm.
Figure S5 shows ptychographic 2D projection and 3D

tomographic reconstruction results from the 12-cycle ALD
aerogel, sample H, with a pixel size of 4.8 nm and voxel size of
4.83 nm3, respectively. Unfortunately, that sample was damaged
in the process of introducing it into the COSMIC microscope.
Despite that, it was possible to measure ptychographic maps and
tomography data sets and do a sufficiently high-quality
ptychography reconstruction, alignment, and tomographic
reconstruction to obtain meaningful results.
Movie S1 is a color-coded composite of the ZnO and Al2O3

ptycho-tomography reconstructions. It shows the 3D chemical
distribution and structure of the composite from a number of
angles and fields of view and with a cut-through view.

3.5. Evaluating Ptychography Resolution in 2D and
3D. As used previously,7 the spatial resolution of the 2D
ptychography chemical maps (Figure 3a,b) was evaluated by
using the Fourier ring correlation (FRC) method40 which gives
estimates of the half-period resolution. The results for 2D spatial
resolution are displayed in Figure 3g. The FRC analysis of the
Al2O3 map indicates a spatial resolution of 6.8 nm by using the
0.5 threshold or 5.3 nm by using the half-bit threshold. For the
ZnO ptychographic stack map, a spatial resolution of 6.6 nm
(0.5 threshold) or 5.2 nm (1/2-bit threshold) is indicated via
FRC analysis. This is a significant improvement compared to the
14 nm spatial resolution achieved with the earlier ptychography
studies at beamline 5.3.2.1.7 We attribute this improved spatial
resolution primarily to the much higher coherent flux at the
COSMIC beamline which provides a clearer visualization of the
spatial distribution of the ZnO ALD coating on the Al2O3
porous framework. Figure S6 compares the 2D spatial resolution
achieved in earlier chemically selective ptycho results on the
same type of sample, but water cast, by using ALS bend magnet
BL 5.3.2.17 with that achieved by using on sample E via the
COSMIC beamline. A significant improvement in spatial
resolution was achieved. The 2D spatial resolution of individual
ptychographic images was in the 5−7 nm range for each of three
different COSMIC runs.
The 3D spatial resolution of the tomographic reconstruction

of sample F was analyzed by the Fourier shell correlation (FSC)
method.41 The results are shown in Figure 5f. The FSC analysis
indicates a spatial resolution (half-period) of 9.0 nm for the ZnO
structure and 8.9 nm for the Al2O3 frame. Note that the actual
3D resolution is likely somewhat higher since FSC reduces the
signal-to-noise ratio of the data by a factor of 2 at all spatial
frequencies.42 A 3D spatial resolution of 9 nm was also deduced
from the sharpness of the intensity line profile (Figure 5e). A
slight improvement (∼2%) in the 3D spatial resolution was
observed by increasing the number of iterations of the CS
tomographic reconstruction from 50 to 200 (see Figure S7), but
this did not affect the main conclusions of the analysis. The 3D

Figure 5. (a) 30 nm slice from the Al2O3 3D map extracted from the
tomographic reconstruction of the multienergy ptychography of the
ZnO/Al2O3 sample (Xe-FIB#2, sample F). (b) ZnO 3D map in the
same 30 nm tomography reconstruction slice. (c) Color-coded
composite of the Al2O3 (blue) and ZnO (red) maps. (d) 10 nm slice
of Al2O3 ptychography map in the region of the yellow box in (a). (e)
Intensity profile across the indicated line in (d) used to estimate the 3D
spatial resolution. The black dashed lines are guides for the 10−90%
spatial resolution criteria. (f) Three-dimensional (3D) spatial
resolution estimated from a Fourier shell correlation (FSC) analysis
of the 3D Al2O3 and ZnO ptychography tomography reconstruction
(Figure 4) (sample F) (COSMIC, March 2019)
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spatial resolution of these COSMIC ptycho-tomography results
(∼9 nm) is significantly better than the 3D spatial resolution of
∼30 nm achieved by using other ALS beamlines in our previous
investigation.7

4. DISCUSSION
4.1. Sample Damage by Focused Ion Beams and X-

rays. Focused ion beams are designed to remove material by ion
bombardment. It is known that interactions of the ion beam and
the sample can selectively modify chemical composition by
preferential sputtering, implantation, or chemical reaction.43 In
fact, in our earlier ptychography and STXM study of a Ga FIB
ZnO/Al2O3 aerogel,

7 there was a large depletion of ZnO from
the surface region (up to 2 μm into the 20 × 20 × 30 μm3

rectangular prism, sample D), which was ascribed to a higher
sputtering rate of ZnO than Al2O3. In this study we prepared
samples by both Ga FIB and Xe plasma FIB to investigate
possible differences in sample damage effects between these
methods. Figure S4 compares the lateral uniformity of the ratio
of ZnO to Al2O3 in the first Xe plasma FIB (sample F) and the
second GaFIB (sample G) samples, evaluated from STXM stack
maps at the Zn L- and Al K-edges. In the case of the two Ga FIB
samples, depletion of ZnO at the surface of the pillar was
observed in both samples, but this was only over a depth of∼0.8
μm in the second preparation (Ga-FIB#2, Figure S4b,d),
whereas the depletion occurred to a depth greater than 2 μm in
the Ga-FIB#1 sample.7 In the case of Xe plasma FIB, some ZnO
depletion was observed (∼240 nm in Xe-FIB #1 and∼200 nm in
Xe-FIB#2 and -#3 (Figure S4a,c), but it is much less than that
observed for Ga FIB. In fully dense materials, preferential
sputtering is usually only seen at nanoscales since sputtering is a
surface phenomenon. However, in the porous structure of the
Al2O3 aerogel, the ions pass through many alternating layers of
material and vacuum, which leads to a deeper sputtering effect.
Ga is smaller than Xe so it tends to penetrate deeper, despite
having less momentum. Therefore, preferential sputtering
effects are expected to extend farther into the sample when
using Ga rather than Xe FIB.
When the combined Zn L and Al K spectra of the rectangular

prism Ga FIB#1 sample D were analyzed, it was important to
include the elemental response of Ga to account for the
implanted Ga.7 However, for the Ga-FIB#2 sample G, where
additional efforts were deployed to reduce damage effects, the fit
to the combined Zn L- and Al K-edge spectra of the aerogel did
not improve when a Ga reference signal was added, consistent
with much lower levels of Ga implantation.
A second concern was possible radiation damage by the very

high flux of X-rays used in making the ptychography measure-
ments, which is ∼2 orders of magnitude larger at the COSMIC
beamline (∼109 ph s−1 in ∼60 nm diameter spot) than in
conventional STXMs (∼107 ph s−1 in ∼30 nm diameter spot).
The estimated total doses for the STXM and ptychography
measurement of each sample are listed in Table S1. Figure S8
compares the Zn L- and Al K-edge spectra measured before and
after the ptychography measurements on sample F. In terms of
the spectral shapes there is reasonable agreement between the
spectra recorded before and after ptychography at each edge.
Unfortunately, because the spectra were measured from
different positions on the pillar, it is not possible to check for
preferential loss of ZnO.
4.2. 4D Chemical Structure. Our previous research7

demonstrated the capability of soft X-ray chemically selective
ptycho-tomography to derive structural and spectroscopic

information for both the Al2O3 aerogel scaffold and the ZnO
ALD coating. However, the results were limited by the 2D (14
nm) and 3D (30 nm) spatial resolution. The higher spatial
resolution of the COSMIC ptycho-tomography measurements
provides new insights and can lead to a better understanding of
optimal conditions for achieving more uniform, thin coatings of
ZnO on Al2O3 aerogels. The structure of the ZnO ALD coating
depends on the ALD parameters, such as coating temperature,
deposition rate, and number of ALD cycles. This study examined
how the 3D structure of the ZnO coating and its distribution on
the Al2O3 aerogel framework change with the number of ALD
deposition cycles. Figures 6a and 6b present volume renderings

of the color-coded composite of the ZnO (red) and Al2O3
(blue) 3D distributions derived from ptycho-tomography on the
6-cycle (sample F) and 12-cycle (sample H) ZnO/Al2O3 aerogel
samples. In each case the rendered volume is a 1 × 1 × 1 μm3

cube which was extracted from the center of the full volume to
avoid artifacts from ion beam depletion of the ZnO at the edges

Figure 6. 3D chemical mapping of Al2O3 (blue) and ZnO (red) signals
in a 1 × 1 × 1 μm3 volume from the tomographic reconstruction of
ptychography maps of (a) the 6-cycle ALD-coated aerogel FIB sample,
(Xe-FIB#2, sample F). Otsu thresholds of 7.3 × 10−4 (OD/voxel) for
Al2O3 and 6.3× 10−4 for ZnOwere used. (b) The 12-cycle ALD-coated
aerogel FIB sample, (Xe-FIB#3, sample H), Otsu thresholds of 4.72 ×
10−4 (Al2O3) and 5.41× 10−4 (ZnO). (c) Plot of the volume fraction of
Al2O3, ZnO, colocalization (both Al2O3 and ZnO), and porosity as a
function of ALD deposition cycles.

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c02924
ACS Appl. Nano Mater. 2021, 4, 621−632

627

http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig6&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c02924?ref=pdf


of the FIB samples. The voxel size is 5.2 × 5.2 × 5.2 nm3 for
sample F and 4.8 × 4.8 × 4.8 nm3 for sample H. The volume
fractions of the Al2O3 and ZnO components in the central 1 μm3

volume unit for the 6-, 12-, and 25-cycle ALD materials,
calculated by the bone analysis plugin in the Dragonfly software,
are shown in Figure 6c. The volume fraction of pure Al2O3 is 25
± 2% in all three types of ZnO-coated aerogels, while the ZnO
increases roughly in proportion to the number of cycles, as
expected. The quantitative volume fraction analysis determines
the percent porosity as 100% minus the sum of the volumes that
are exclusively Al2O3, ZnO, and those which have both signal of
Al2O3 and ZnO (“colocalization”) by using threshold values
determined automatically by the Otsu method. The volume
fractions of porosity in all threematerials are significantly smaller
than those predicted from themeasured density of∼40 kg/m3 of
the Al2O3 aerogel substrate,

10,11 which corresponds to a porosity
of ∼98%. The difference is in part due to the presence of the
ZnO ALD coating (which amounts to 20−30% of the volume,
and thus should be added to the measured porosity volume, to
compare to the porosity of the uncoated Al2O3 aerogel) and in
part due to the finite 3D spatial resolution. The FSC analysis
shows a spatial resolution of 9 nm in the 3D reconstruction of
samples F and H, which means that any particle smaller than
∼10 nm will be effectively 4 pixels when a 2D projection is
derived from the 3D reconstruction and up to 8 voxels in 3D.
This factor means that the solid material will be significantly
overestimated relative to that which would be determined if the
spatial resolution was only 1 nm. There are also cases where
there are double layers or joints among different parts of the
Al2O3 framework that are too close to be distinguished at∼9 nm
spatial resolution, which thus introduces more volume assigned
to solid material as opposed to pore space.
To quantitatively evaluate the spatial distributions of Al2O3

and ZnO as well as porosity in the three different aerogels, the
relative concentration (RC)44 of each species was calculated as a
function of distance across the central 1 μm3 volume unit (in the
direction along the long axis of the FIB cylinder). RC is defined
as the ratio of the amount of one species relative to the sum of all
species, averaged over a number of voxels. Figures S9 and S10
present the results of this analysis for the 6-, 12-, and 25-cycle
ALD samples. Figure 6c and Figure S9 show that the Al2O3
aerogel scaffold retains its shape and thus concentration in the
selected volume unit for both materials, which makes the
comparison of results for the three ALD coating deposition
cycles more convincing. The average of “only ZnO” RC
increases from 16 to 19 vol %, and the RC of colocalized voxels
(ones with both Al2O3 and ZnO) increases from 2 to 7 vol %
when the number of ALD deposition cycles increases from 6 to
12. This is accompanied by a decrease in the porosity fraction, as
the ZnO partially fills the pore volume. Because the 3D spatial
resolution of the chemically selective ptycho-tomography results
for the 25-cycle ZnO/Al2O3 aerogel (sample A) is much lower
(∼30 nm, versus 9 nm for the 6- and 12-cycle data), detailed
comparisons of this type cannot be extended to the 25-cycle
sample. Instead for the remainder of this section, we discuss the
effect of the number of ALD cycles on material structural
properties based on data from only the 6- and 12-cycle samples.
To further evaluate the effect of the number of ALD

deposition cycles on the structural properties of the ZnO/
Al2O3 aerogels, individual ZnO crystals and Al2O3 scaffold
sections were identified and segmented by the Dragonfly
software by using the Feret diameter45 as a measure of particle
size. Here the Feret diameter46 is used to identify individual

ZnO particles or Al2O3 scaffold sections. Because the 3D spatial
resolution is ∼9 nm, particles below 10 nm in Feret diameter
were excluded from the segmentation. To distinguish different
sizes of ZnO or Al2O3 sections, the object sizes are classified into
two groups: (i) 10−40 nm and (ii) >40 nm. The results of this
“Feret” analysis are presented in Figure 7a (Al2O3) and Figure

7b (ZnO). This analysis accounts for 99% of the porous Al2O3
framework for both the 6- and 12-cycle ALD samples. Figure 7b
shows the frequency distribution histogram of Feret diameters
of the segmented ZnO crystals/layers in the 6- and 12-cycle
materials. The sizes of the ZnO crystals, which range from 10 to
150 nm, follow a log-normal distribution. The particle size
distribution of ZnO in the 12-cycle sample is broader than that
of the 6-cycle sample.
Size distributions of the ZnO volume maps were evaluated.

Visualizations of the segmentation results for the ZnO coating
are presented in Figure 8a−c for the 6-cycle and Figure 8d−f for
the 12-cycle ALD ZnO/Al2O3 aerogel. The porous ZnO
structures are shown in Figures 8a and 8c. The majority of the
ZnO volume in the 6- and 12-cycle materials segments as a
porous quasi-continuous network, which is intertwined with the
Al2O3 scaffold. The rest of the ZnO consists of individual
particles/crystals. The difference in the 3D distributions of the
isolated ZnO crystals between the 6- and 12-cycle samples can

Figure 7. (a) Distribution of the Feret diameter (bar plot) of isolated
individual Al2O3 entities in the aerogel material and their fraction of the
entire Al2O3 volume for 6-cycle (Xe-FIB#2, sample F, black) and 12-
cycle (Xe-FIB#3, sample H, red) ALD-coated aerogels in a selected (1
× 1× 1 μm3) volume of sample. (b) Distribution of Feret diameter (bar
plot) of isolated individual ZnO crystals in the materials and their
fraction of the entire ZnO volume in a selected (1× 1× 1 μm3) volume
of sample.
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be seen by comparing Figures 8b and 8c with those of Figures 8d
and 8e. The 3D ZnO particle size distributions in Figure 8a and
the ZnO volume fraction analysis (Figure 8b) indicate there are
more individual ZnO crystals in the 6-cycle sample (18% of the
ZnO volume) than in the 12-cycle sample (7% of the ZnO
volume). It is noted that many of the larger isolated particle
aggregates (40−400 nm) are located at the surfaces and corners
of the (1 μm)3 central volume unit (see Figure 8b,d). We
investigated whether this could be an artifact of the data
processing, in particular the choice of the central (1 μm)3

volume for analysis. To estimate possible bias from this effect,
the size distribution and RC analysis was also performed on a 2×
2× 2 μm3 volume at the center of the measured area. The results
of that analysis are very similar to those from the size distribution
analysis of the 1× 1× 1 μm3 volume. There was a slight increase
of bulk ZnO (∼0.2%) and bulk Al2O3 (∼0.05%) when the
analyzed volume was increased (see Figure S11).
4.3. Relationship to ALD Optimization. While an ideal

ALD process should result in conformal layer-by-layer growth,47

under the growth conditions used, it seems that the ZnO did not
wet the Al2O3 framework but instead aggregated into individual
ZnO crystals. In the 25-cycle sample, the crystalline nature of
these aggregates was revealed by high-resolution transmission
electron microscopy.7 With successive cycles, the ZnO nano-
crystals grow, and some of the individual crystals join others to
make a partially continuous structure. With increasing numbers
of deposition cycles, a quasi-conformal, 3D network structure of
ZnO gradually develops, as shown in Figures 7 and 8a,c. The
apparent ZnO spatial distribution and degree of continuity of
the ZnO coating on the aerogel scaffold do depend on the spatial
resolution (compare the present results to those in ref 7) and
also on the segmentation threshold. When the threshold is
reduced, more spherical-shaped single ZnO crystals are
observed in the longitudinal section. However, in many parts
of the sample, they are still connected with each other when

examined in sections perpendicular to the long axis of the FIB
samples (see Figure 4b). We note the observation of
nonconformal growth and discrete ZnO crystals has important
consequences for potential use of these ZnO ALD-coated Al2O3
aerogels as catalysts. Relative to a more uniform and thinly
dispersed ZnO layer, the efficiency would be low in these
materials, since the bulk of the ZnO would not contribute and
only the surface of the 10−40 nm sized nanocrystals would be
catalytically active.
The ZnO ALD-coated Al2O3 aerogel is an example of a

customizable nanoporous material, in which the support and the
coating can be optimized independently. Such systems have
enormous potential for applications such as catalysis and energy
storage. In such cases surface area is a critical parameter. The
specific surface area (SSA) is a property of solids defined as the
total surface area of a material per unit volume.48 It is a physical
value which has particular importance for adsorption,
heterogeneous catalysis, and reactions on surfaces. The SSA
corresponding to the segmented components was also evaluated
by the Dragonfly software. The SSA for the Al2O3 framework is
very similar for the 6- and 12-cycle samples, with an average of
0.131 ± 0.002 nm−1 for the 6-cycle sample and 0.134 ± 0.002
nm−1 for the 12-cycle sample. However, the SSA of the ZnO
samples is significantly different for the 6- and 12-cycle samples.
Figure 8 displays SSA distributions color-coded by their
corresponding calculated SSA (in nm−1). The SSA of ZnO in
both materials has a wide distribution, ranging from small
individual particles to larger layers. Compared with the large
layers or porous bulk (0.13−0.28 nm−1) for both 6 and 12 cycles,
the small individual particles have a larger specific surface area
per unit volume (0.28−0.54 nm−1), which indicates the 6-cycle
ALD material has a larger net surface area of ZnO than the 12-
cycle material (see Figure S12). The quantitative results indicate
that when compared to the 6-cycle samples, the ZnO in the 12-
cycle sample is more uniformly distributed. The porous bulk
ZnO structure in the 6-cycle sample has a mean SSA of 0.153 ±
0.003 nm−1 (color-coded in Figure 8a), while the porous bulk
ZnO in the 12-cycle sample has a mean SSA of 0.134 ± 0.002
nm−1 (color-coded in Figure 8d). In addition, the 6-cycle sample
contains a higher proportion and quantity of individual crystals
and larger layers with a higher specific surface area than found in
the 12-cycle sample, as shown in Figure 8.
Table 1 reports the calculated volume fraction, surface area,

and specific surface area (SSA) of Al2O3 and ZnO inside the
selected (1× 1× 1 μm3) volume unit of the 6- and 12-cycle ALD
samples. The volume and surface area of the Al2O3 component
are similar for the 6- and 12-cycle samples. In contrast, the
volume fraction of ZnO increased by 26% as the number of ALD
deposition cycles increased from 6 to 12. However, the surface
area increased by only 6.5%. With additional deposition cycles,
the small individual crystals and thin layers grow thicker, which
decreases the SSA. The SSA of ZnO in the 12-cycle sample (0.13
± 0.01 nm−1) is smaller than that of the 6-cycle sample (0.16 ±
0.01 nm−1). The uncertainty in the derived SSA values was
evaluated by comparing the SSA in the larger (2 × 2 × 2 μm3)
volume by using the same analysis method (see Table S3). The
individual ZnO crystals in the 12-cycle sample have a smaller
SSA distribution than the 6-cycle one (see Figure S12). These
results show that increasing the number of ALD deposition
cycles introduces more deposited ZnO. However, the change in
surface area not only is related to the amount of ZnO deposited
but also depends on the 3D structure of the aerogel and the
nature of the first cycles of ALD coating.

Figure 8. (a, b, c) 3D analysis of the sizes of the patchy ZnO coating in
the 1 × 1 × 1 μm3 central volume unit of the 6-cycle ALD aerogel
sample, (Xe-FIB#2, sample F): (a) segmented one-piece bulk ZnO 3D
structure isolated from the selected volume in Figure 6a, (b) isolated
ZnO layers (40−350 nm Feret diameter), and (c) isolated ZnO small
crystals (10−40 nm Feret diameter). (d, e, f) 3D analysis of ZnO
coating in the 1 × 1 × 1 μm3 volume unit of the 12-cycle ALD sample
(Xe-FIB#3, sample H): (d) segmented one-piece bulk ZnO 3D
structure, (e) isolated ZnO layers (40−350 nm Feret diameter), and (f)
isolated ZnO small crystals (10−40 nm Feret diameter). Each display is
color-coded by the specific surface area (SSA) scale in a purple-yellow
color scheme (COSMIC, March and October 2019).
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Pore connectivity and effective diffusivity are important
features of nanoporous materials for applications in high-
performance adsorption, energy conversion, and catalysis.10,11 A
quantitative analysis of the pore network and pore connectivity
in the 6- and 12-cycle samples has been performed by using the
Dragonfly software.32 The pore networks and isolated pores
were extracted and derived by using customMATLAB code and
Dragonfly by inverting the intensity of the sum of the Al2O3 and
ZnO 3D volume maps. Figure 9 shows segmentations of the 3D

pore network in the 6- and 12-cycle ALD coating aerogel
samples, corresponding to the cut-out 1 × 1 × 1 μm3 volume
unit in Figure 6. The majority of the pore structure consists of
continuous connected networks in both samples: 99.4± 0.2% of
the total pore volume in the 6-cycle sample and 98.9 ± 0.2% in
the 12-cycle sample, as shown in Figure 9a,b displayed in a gray
scale. The 3D distributions of isolated pores are displayed in
Figure 9c,d, by using a color scheme that relates to their size
(Feret diameter). The 6-cycle sample has better pore
connectivity and thus more effective diffusivity with a lower
quantity and smaller size of isolated pores in the unit volume.
Some of the isolated pores in the 12-cycle sample are arranged in
a “tube” (marked by a blue dashed line in Figure 9d) which
suggests that originally open channels in the uncoated aerogel
are being blocked by a thicker ZnO coating.
Movie S2 is a fly through the interior structure of the 1× 1× 1

μm3 central volume of sample H.
Movie S3 is a volume rendering of the pore network extracted

from the 1 × 1 × 1 μm3 central volume of sample H. This movie
gives a good sense of the extent of pore connectivity in the 12-
cycle sample.

5. CONCLUSION

Chemically selective ptycho-tomography was performed on a set
of ZnO ALD-coated nanoporous Al2O3 aerogel samples. These
materials are representative of a class of designer catalysts in
which the nanoporous support is prepared separately from the
active nanoscale catalyst material, which is subsequently
introduced by ALD, thereby allowing independent optimization
of the morphology, chemistry, and spatial distribution of the
support and catalyst. FRC analysis of 2D ptychographic images
and single-component maps measured with the new ALS
COSMIC dedicated ptychography beamline give a 2D half-
period spatial resolution below 7 nm while FSC analysis
indicates a 3D half-period resolution below 9 nm. The higher
coherent flux at the COSMIC beamline has provided a clearer
visualization of the spatial distribution of the ZnO ALD coating
on the Al2O3 porous framework. This is a significant
enhancement relative to our previous chemically selective
ptycho-tomography results, measured earlier on the same type
of material at ALS bend magnet BL 5.3.2.1.7

In addition to illustrating the exceptional performance of the
ALS COSMIC ptychography facility, this study confirmed the
previous conclusion that the ZnO coating does not uniformly
cover the surface of the Al2O3 aerogel framework. It has
provided information that may contribute to optimization of the
ALD process parameters with the ultimate goal of identifying
those that provide the highest surface area per unit deposited
mass of ZnO.
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Table 1. Volume Fraction, Surface Area, and Specific Surface
Area (SSA) of Al2O3 and ZnO Components Inside the
Central 1 × 1 × 1 μm3 Volume of the 6- and 12-Cycle ZnO/
Al2O3 Aerogel Samples

sample 6-cycle ALDa 12-cycle ALDb

component Al2O3 ZnO Al2O3 ZnO

volume
(×108
nm3)

2.51 ± 0.03 1.76 ± 0.03 2.62 ± 0.03 2.22 ± 0.03

surface area
(×107
nm2)

3.31 ± 0.06 2.79 ± 0.03 3.50 ± 0.05 2.97 ± 0.03

SSA (×10−1
nm−1)

1.31 ± 0.01 1.59 ± 0.02 1.34 ± 0.01 1.35 ± 0.01

aOtsu thresholds used for segmenting the 6-cycle ALD sample F: 7.3
× 10−4 (Al2O3) and 6.3 × 10−4 (ZnO). bOtsu thresholds used for
segmenting the 12-cycle ALD sample H: 4.7 × 10−4 (Al2O3) and 5.4
× 10−4 (ZnO).

Figure 9. Volume rendered display of 3D porosity in the in 1 × 1 × 1
μm3 volume unit of (a) the 6-cycle (Xe-FIB#2, sample F) and (b) 12-
cycle (Xe-FIB#3, sample H) ALD-coated Al2O3 aerogel sample. The
segmented one-piece continuous 3D-mesh pore structure is displayed
on a gray scale. (c, d) Isolated small pores in the cut-out 0.53 μm3

volume (indicated by the yellow box plotted in (a, b)) colored by their
Feret diameter in a purple- yellow color scheme. A set of isolated pores
arranged in a “tube” inside the 12-cycle sample are marked by a blue
dashed line in (d).

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c02924
ACS Appl. Nano Mater. 2021, 4, 621−632

630

http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_003.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_004.mp4
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_003.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c02924/suppl_file/an0c02924_si_004.mp4
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02924?fig=fig9&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c02924?ref=pdf


■ AUTHOR INFORMATION

Corresponding Author
Adam P. Hitchcock − Department Chemistry & Chemical
Biology, McMaster University, Hamilton, ON L8S 4M1,
Canada; orcid.org/0000-0002-1598-7886; Phone: +1
905 525-9140; Email: aph@mcmaster.ca

Authors
Hao Yuan − Department Chemistry & Chemical Biology,
McMaster University, Hamilton, ON L8S 4M1, Canada

Hui Yuan − Canadian Centre for Electron Microscopy,
McMaster University, Hamilton, ON L8S 4M1, Canada

Travis Casagrande−Canadian Centre for ElectronMicroscopy,
McMaster University, Hamilton, ON L8S 4M1, Canada

David Shapiro − Advanced Light Source, Lawrence Berkeley
National Laboratory, Berkeley, California 94720, United
States

Young-Sang Yu − Advanced Light Source, Lawrence Berkeley
National Laboratory, Berkeley, California 94720, United
States

Bjoern Enders − National Energy Research Scientific
Computing Center, Lawrence Berkeley National Laboratory,
Berkeley, California 94720, United States; Department of
Physics, University of California, Berkeley, Berkeley, California
94720, United States

Jonathan R. I. Lee− Lawrence Livermore National Laboratory,
Livermore, California 94550, United States

Anthony van Buuren − Lawrence Livermore National
Laboratory, Livermore, California 94550, United States

MonikaM. Biener− Lawrence Livermore National Laboratory,
Livermore, California 94550, United States; orcid.org/
0000-0001-7289-5905

Stuart A. Gammon − Lawrence Livermore National
Laboratory, Livermore, California 94550, United States

Theodore F. Baumann − Lawrence Livermore National
Laboratory, Livermore, California 94550, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsanm.0c02924

Author Contributions
Hao.Y., A.P.H., J.R.I.L., and T.V.B. conceived and planned the
experiment. D.A.S., Y.-S.Y., and B.E. developed experimental
equipment and ptychographic reconstruction codes. The ALD-
coated aerogel samples were fabricated by M.M.B., S.A.G., and
T.F.B. Hui.Y. and T.C. prepared the FIB samples. Hao.Y. and
A.P.H. performed the data analysis and spectral interpretation.
Hao.Y. and A.P.H. prepared the manuscript, which incorporates
critical input from all authors.

Funding
Research was supported by the Natural Sciences and Engineer-
ing Research Council (NSERC) of Canada (Grant RGPIN-
06141-2015). The Advanced Light Source (ALS) is supported
by the Department of Energy (DoE), Basic Energy Sciences,
under Contract DE-AC02-05CH11231. Lawrence Livermore
National Laboratory is supported by the DoE, Office of Basic
Energy Sciences, Division of Materials Science and Engineering,
Contract DE-AC52-07NA27344. STROBE is a National
Science Foundation Science & Technology Center, supported
under Grant DMR 1548924.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Alexander Baker for valuable support. STXM
and ptychography were performed by using the COSMIC
beamline at the ALS. STXM analysis was also performed at the
Canadian Light Source (CLS, Saskatoon, Canada) which is
supported by the Canadian Foundation for Innovation. The
SHARP ptychography data analysis software is supported by the
Center for Applied Mathematics for Energy Research
Applications (CAMERA), which is a partnership between
Basic Energy Sciences (BES) and the Advanced Scientific
Computing Research (ASRC) at the US DoE. Portions of this
work were performed at LLNL. BE thanks STROBE: ANational
Science Foundation Science & Technology Center, for financial
support. Sample preparation by Ga and Xe FIB was performed at
the Canadian Centre for Electron Microscopy (CCEM), a
national facility supported by NSERC, the Canada Foundation
for Innovation, under the MSI program, and McMaster
University.

■ REFERENCES
(1) Biener, J.; Baumann, T. F.; Wang, Y.; Nelson, E. J.; Kucheyev, S.
O.; Hamza, A. V.; Kemell, M.; Ritala, M.; Leskela,̈ M. Ruthenium/
Aerogel Nanocomposites via Atomic Layer Deposition.Nanotechnology
2007, 18 (5), 055303.
(2) Biener, J.; Stadermann, M.; Suss, M.; Worsley, M. A.; Biener, M.
M.; Rose, K. A.; Baumann, T. F. Advanced Carbon Aerogels for Energy
Applications. Energy Environ. Sci. 2011, 4 (3), 656−667.
(3) Baji, Z.; Lab́adi, Z.; Horvat́h, Z. E.; Molnaŕ, G.; Volk, J.; Baŕsony,
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