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ABSTRACT: Functional porous materials are of increasing
importance in energy conversion and catalysis. Improved
analysis is needed to guide optimization. Four-dimensional
(4D) imaging [chemical mapping in three-dimensional (3D)
by spectro-tomography] of an AL,O; aerogel coated with ZnO
by atomic layer deposition was performed using soft X-ray
ptychography at the Zn L-edge. A two-dimensional spatial
resolution of 14(2) nm was achieved. Visualizations of the 3D
chemical structure are provided. The degree of ZnO coverage
of the surface of the Al,O; aerogel framework in two different
samples was estimated and found to be both thicker and less

ZnO- ALD / AlL,O; aerogel

homogeneous than expected. Other analyses of the 4D results, including the degree of contact between Al,O; and ZnO, were
extracted from the reconstructed 3D data. This pioneering soft X-ray spectro-ptycho-tomography study will anchor further

studies of functional porous materials.

Bl INTRODUCTION

Functional porous materials are attracting increasing attention
in the areas of energy conversion and storage, catalysis, and
sensing.' > From the viewpoint of materials development for
these applications, it is often preferable to introduce the
desired functionality by creating a heterostructured system in
which a functional species (e.g, catalytic nanoparticle) is
deposited on the inner surface of a porous bulk substrate that
is prepared by an existing and robust synthetic approach. This
strategy can greatly simplify materials optimization in which
structural properties of the porous support, such as mechanical
stability, thermal stability, and architecture, can be tailored
independently from the desired properties of the added
functionality. A number of gas-phase and liquid-phase
deposition techniques have been developed to uniformly
distribute a desired functional material within a porous support
material, including atomic layer deposition (ALD),"® wet
impregnation,” galvanic replacement,” and electrodeposition.”
Previous work has demonstrated the utility of ALD on porous
substrates to create functional heterostructured materials with
applications ranging from catalysis”'® and energy storage® to
laser-induced X-ray sources.® Three-dimensional (3D) charac-
terization of the nanoscale structure and chemistry within these
materials is of critical importance because it enables the

v ACS Publications  © xxxx American Chemical Society

following: (i) evaluation of synthetic pathways designed to
generate heterostructures with targeted architectures and
compositions and (ii) correlation between their structure and
performance, which, in turn, can inform the rational design of
materials with enhanced properties and behavior.

Four-dimensional (4D) imaging, in this case, quantitative
chemical mapping in 3D, is a powerful approach11 for material
characterization, which is often key to fully understand the
physical and chemical properties of heterostructured systems.
Recently, there have been significant advances in 4D imaging.
Electron tomography in transmission electron microscopy
(TEM) can be used to acquire the 3D structure of samples.'”
Tilt series tomography has been combined with energy
dispersive X-ray spectroscopy (EDS)" and electron energy
loss spectroscopy (EELS)'"'*'*7'° to provide 4D character-
ization. These TEM methods are extremely powerful and
provide outstanding spatial resolution.

Synchrotron-based microscopies'’~'” with variable incident
photon energy or EDS detection provide 4D imaging
capabilities which complement EM methods, with certain
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Table 1. Sample and Measurement Details

CODE details sample run

A 6 cycle ALD FIB cube
B 25 cycle ALD  cast from a water suspension

measure

May 2017 CLS a-STXM  STXM spectro-tomography at the Zn and Al edges Zn 2p, Al 1s spectra
Nov 2016 ALS 5321

ptychographic Zn 2p spectro-tomography

advantages in terms of accessible sample thickness and ability
to measure beam-sensitive samples. Soft X-ray scanning
transmission X-ray microscopy (STXM) characterizes elec-
tronic and chemical structure by imaging with near-edge X-ray
absorption fine structure spectral contrast at better than 30 nm
spatial resolution.'”'® STXM provides more analytical
information per unit radiation dose than TEM—EELS*
TEM—-EDS”' so it is particularly useful for characterizing
radiation sensitive materials.”* In order to perform 3D and 4D
imaging by STXM, several methods have been developed,
including lamlnography, * serial sectioning,”* and tilt-series
tomography.”> Haddad et al. first apphed soft X-ray STXM tilt-
series tomography on gold patterns.”® The first 4D soft X-ray
STXM imaging (tomography at multiple photon energies) was
implemented by Johansson et al., who used STXM spectro-
tomography to analyze acrylate polyelectrolyte-filled polystyr-
ene microspheres in water.”” In recent years, STXM
tomography has become a mature technique providing useful
information on environmental, biological, biogeochemical, and
material science samples in both dry and wet conditions.”**"
However, one of the limitations of soft X-ray STXM
tomography is spatial resolution, typically 30—60 nm, which
is much lower than EM tomography. The resolution is largely
limited by the quality of zone plate (ZP) focusing optics.
Recent advances in ZP fabrication have pushed the record
spatial resolution for two-dimensional (2D) imaging of high
contrast test objects to sub-10 nm,”” but further progress in
that direction seems to be very slow. For practical studies, 4D
soft X-ray STXM imaging only provides 25 nm spatial
resolution at best.

Ptychography is a coherent diffraction imaging (CDI)
technique,”® which has achieved spatial resolutions well
below 10 nm in the soft X-ray region.’"”* Ptychographic
imaging is not limited by focusing optics, such as the ZP in
STXM, and has the potential to achieve diffraction limited
resolutlon”3 3% which is given by the Raleigh diffraction limit of
the X-rays and ZP used, which is 4/(2 X NA), where 1 is the
X-ray wavelength and NA is the numerical aperture. NA = n X
sin 6, where n is the diffraction order and 6 is the convergent
angle of the incident X-rays. In ptychography, the sample is
illuminated with a spot of coherent X-rays which is raster
scanned to generate an array of coherent diffraction patterns
from overlapping regions on a sample.'”***° Because of the
redundant information from overlapping spots, the robustness
and rate of convergence of the iterative reconstruction
algorithm is greatly improved relative to other CDI methods.
In addition, ptychography can be combined with tomography
to produce high-resolution 3D nanostructure characterization.
For example, Holler et al. recorded a series of 2D
ptychographic images of a porous Ta,Os film sample at
different tilt angles and achieved a 3D spatial resolution of 16
nm using 0.2 nm wavelength X-rays.”” X-ray ptychography was
developed over a decade ago in the hard X-ray regime, where
high-sensitivity X-ray cameras are readily available, diffraction
is stronger, wavelength is very short, and high penetration
depths facilitate ease of implementation. Ptychography in the
soft X-ray is still under development. Giewekemeyer et al.*®

first applied soft X-ray ptychography to image a fossil diatom at
517 €V in the “water window”. Soft X-ray ptychographic
tomography usmg phase contrast at a single wavelength has
been reported.”” The first soft X-ray spectro-ptychography
measurement was reported in 2011 by Beckers et al.
Recently, multi-energy, soft X-ray spectro- ptychography has
been used to characterlze magnetotactic bacterla, cement
hydrates,”" nanocatalysts,*” lithium battery systems,* and fuel
cell membrane electrode assemblies.””*> Yu et al.** have
recently reported the first detailed, soft X-ray spectro-tomo-
ptychography study in which the 3D chemical structure of
Li, FePO, battery electrode material was measured at the Fe L-
edge, as a function of the charge/discharge state.

Here, we report a spectro-ptycho-tomography study of the
4D structure of a model heterostructured material, namely an
Al,O; aerogel coated with nanoscale ZnO via ALD. Ptycho-
graphic images of the Al,O;/ZnO heterostructure were
recorded at energies above and below the Zn L-edges and at
a series of tilt angles. At each tilt angle, quantitative chemical
maps of the ZnO were derived from the difference of these
images, whereas quantitative chemical maps of the Al,O; were
derived from the pre-Zn L-edge image by subtracting the ZnO
signal. These two tomographic tilt series were then
reconstructed and the 3D volume representations were
combined into a 4D chemical data set.

Direct comparison of the ptychography results to STXM
results on a similar sample shows that ptychography provides a
dramatic improvement in spatial resolution. Comparison of the
X-ray results to TEM imaging and EDS analysis of the same
material showed that, for the ALD conditions used, particle
growth rather than conformal film formation occurred. This
unexpected result is leading to improved understanding of
optimal conditions for ALD of ZnO on Al,Oj; aerogels. Finally,
as one of the first soft X-ray spectro-ptycho tomography
studies, this pioneering study paves the way for applications in
other nanomaterial systems.

B EXPERIMENTAL SECTION

Sample Preparation. The alumina aerogels used in this
study were prepared using a two-step sol—gel process, as
previously described.”” Following supercritical drying, the
monolith aerogel parts had a bulk density of ~40 kg/m’.
Coating of the alumina aerogels with ZnO was achieved via
ALD according to established protocols.”*** In short, the
alumina aerogels were exposed to 6 or 25 ALD cycles
composed of diethyl zinc (ZnEt,) and H,O precursor half-
cycles in a warm wall reactor (wall and stage temperature of
110 °C). To facilitate handling, the aerogels were kept in their
molds during ALD coating. Long pump (20 s), pulse (500 s at
~133 Pa), and nitrogen purge cycles (500 s) during each ALD
half-cycle were used to promote uniform coating throughout
the porous material.

Samples for STXM and ptychography were prepared by two
different methods. One sample preparation method, used for
sample A, was focused ion beam (FIB) milling. A S nm carbon
layer was deposited on a section of the aerogel for thermal
conduction. The sample was then FIB sectioned into a 20 ym
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X 30 um X 30 pm cube and mounted at the tip of a strip of
TEM grid. In the other method, used for sample B, the aerogel
sample was crushed using a clean scalpel blade and then
dispersed in distilled water to get a low concentration
dispersion of aerogel powder. A small drop of the solution
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 scalpel. In both cases, the grid strips were then glued
to a brass pin or to the support piece for ptychography and
mechanically attached to the STXM or ptychography rotation
system. Table 1 summarizes properties of the two samples for
which we report results in this paper. Samples were prepared
for TEM measurements by pressing copper grids against
fragments of the ZnO-coated Al,O; aerogels obtained via
crushing with a scalpel blade.

Methods—STXM. STXM measurements were carried out
using the ambient STXM at beamline 10ID-1 at the Canadian
light source (CLS).®* In STXM, monochromatic X-rays are
focused by a ZP onto the sample. Images are generated by
raster-scanning the sample while detecting the transmitted X-
rays. A sequence of images, covering an energy range of
interest (“stacks”),” is generated for subsequent analysis using
aXis2000.* For conventional 2D STXM studies, a stack with
91 images was recorded at the Al K edge from 1546—1631 eV
and a stack with 105 images was recorded from 1006—1124 eV
to encompass the Zn L,;-edges. For conventional STXM
tomography measurements, images were collected at each
angle for energies below and above absorption edges of Zn
(1015 and 1055 eV for the L-edge) and Al (1555 and 1571 eV
for the K-edge). In total, images were collected at 18 angles
from 0° to 180° with a step size of 10° at each energy of
interest. TEM studies were performed using a Titan 80-300
scanning TEM system, which was operated at 300 kV for both
the TEM and STEM EDS measurements.

Methods—Ptychographic Tomography and Recon-
struction. Ptychographic measurements were carried out
using Nanosurveyor 1°° at the 5.3.2.1 bending magnet
beamline at the Advanced Light Source (ALS). A ZP with
an outer zone width of 60 nm was used to illuminate the
sample. The sample was raster-scanned through the ~7S nm
focus spot with a step size of SO nm (~30% overlap, possibly
higher than the nominal geometric overlap as there is a lot of
power outside of the central beam of a ZP focus). The high-
frame-rate CCD detector of Nanosurveyor I was used to
record diffraction images with a single point exposure time of
150 ms. Ptychographic images were measured at energies
below and above the Zn L;-edge, at 1010 and 1026.8 eV,
respectively, 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 on ALS beamline 5.3.2.1 is low
at the Al K edge (1570 €V) energy, and a Si bright field filter,
used to allow a single time exposure, was overly transparent at
the Al K-edge energy. At each energy point and tilt angle, the
camera background signal is measured with the beamline
shutter closed, and the background is removed in subsequent
data processing.””>> Ptychographic images were reconstructed
using 500 iterations of the relaxed averaged alternating
reflection reconstruction algorithm implemented in the
SHARP ptychography code developed by the Center for
Applied Mathematics for Energy Research Applications.*®

Methods—Fourier Ring Correlation. Two images,
ideally measured independently, are required to perform a
Fourier ring correlation (FRC) analysis to evaluate the spatial

resolution of reconstructed ptychography images. In order to
perform the FRC analysis, each of the recorded diffraction
patterns was split into two sub-datasets in a “checker-board”
manner to guarantee that the two subsets have no
commonality. Then, two images were reconstructed from
these two diffraction image subsets. Finally, the FRC between
these two reconstructed images was calculated as described in
ref 57.

Methods—Tomographic Reconstruction. Alignment of
different energy images was usually done using the “Zimba”
routine in aXis2000. For the ptychographic tomography
measurements, further alignment of energy images to correct
for image distortion was performed using an auto affine
transformation in Image].”” The STXM chemical maps at each
tilt angle were generated as the difference of the aligned 2-
energy OD images. For ptychography, the ZnO map was
generated as the difference of ptychographic absorption images
below (1015 eV) and in the Zn L edge (1026.8 V). For the
ptychographic data, an Al,O; map at each angle was derived
from the pre-Zn edge OD image, by subtracting 68% of the
ZnO map, to correct for the absorption at 1010 eV by ZnO.
Alignment of the angle stacks for different components was
done manually in aXis2000.

A compressed sensing (CS) algorithm68 was used for the
tomographic reconstruction. The version used is based on the
FISTA code for total variation,”” which is implemented in the
Mantis analysis package (available for free at http://
spectromicroscopy.com/).”” CS reconstruction methods are
more robust than alternatives such as the simultaneous
iterative reconstruction technique, which allowed us to greatly
reduce the number of tilt angles measured, while obtaining
excellent reconstruction quality.”” The motivation for devel-
oping CS methods for tomography was to reduce the overall
radiation dose and thus allow tomography of radiation
sensitive materials.”” Although the metal oxide aerogel system
in this study is relatively resistant to radiation damage, it is
important to note that the total measurement time was
dramatically reduced via the use of CS, which is significant
because STXM-tomography and ptycho-tomography are
relatively slow methods. Even though only 19 tilt angles
were measured, the 4 energy STXM tomography measurement
of FIB aerogel sample A took 20 h while the 14 angle, 2-energy
ptychography tomography measurement of aerogel sample B
took 9 h.

Methods—Quantitative Colocalization Analysis. The
3D dataset from the tomographic reconstruction was split into
a sequence of depth slices with a thickness of 40 nm for STXM
dataset A, and 7.5 nm for the ptychography dataset B. At each
(x,y) position within a depth slice, we sum the number of
voxels which are exclusively ALO; (“only ALO;”), those
exclusively ZnO (“only Zn0O”), and those which have some
signal of ALO; and ZnO (“colocalization”), using threshold
values determined automatically from the Otsu method.’® The
relative concentration (RC) at (x,y) is then defined as the ratio
of the number of a certain type of voxel (only AL O;, only
ZnO, colocalization) to the sum of all types (only AL,O; + only
ZnO + colocalization), within that layer. Finally, to generate
the curves displayed in Figures 4c and 6b, this process is
repeated for each depth slice and the RC values as a function
of position of the depth slice are derived along the X-ray
propagation direction. The detailed quantitative colocalization
analysis was performed using in-house Python code which is
provided in the Supporting Information.
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B RESULTS

Spectroscopy of the Aerogel Samples. Figure 1
presents the Zn L, ; X-ray absorption spectra (XAS) of ZnO
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Figure 1. XAS of ZnO and Al,O; extracted from an identical area of
appended and aligned STXM stacks of the ZnO/Al,O; aerogel sample
A. (a) Zn L, ; spectrum of pure ZnO derived from the stack spectrum
by subtracting the contribution of Al,O; and converting the result to
OD per nm (OD1). (b) Al K spectrum of pure Al,O; derived from
the stack spectrum by subtracting the contribution of ZnO and
converting the result to ODI1. The inset in each panel shows an
expanded view of the near edge region. The dashed vertical lines
indicate the energies used for 2-energy chemical mapping. Further
details are provided in the text and Supporting Information Figure S1.

and Al K XAS of AL, O;. These spectra of the pure materials
were derived from the average spectrum of a 3 ym X 3 ym area
of the ZnO/ALO; aerogel (sample A), prepared by FIB
milling. Details of the sample and measurements are given in
Table 1. The spectrum of pure ZnO was isolated from the
spectrum of the mixed species sample by subtracting a scaled
version of the elemental response spectrum (OD1) of ALO;
from the Zn L; region, whereas the spectrum of pure Al,O,
was obtained by subtracting a scaled version of the elemental
response spectrum (OD1) of ZnO from the Al K-edge region,
as presented in Supporting Information Figure S1. Here, OD1
is the optical density (OD) of a chemical species (either the
elemental or the actual material) with 1 nm thickness at
standard density. The scale factors were chosen so that the
difference has a spectral shape that matches (within a constant
factor) to the elemental response spectrum of each species in
the pre- and post-near edge region—see Figure Slc,d. That
factor is then the average thickness of that material in the area
measured (Figure Sla). The average spectrum of this region
corresponded to a mixture of 80 nm ZnO and 200 nm Al,O; at
normal densities.

Figure 1 shows the OD1 spectra of pure ZnO and pure
AL, O;. The inset shows an expansion of the near edge region.
In the Zn>" ground state, the 3d orbital is fully occupied so the
lowest unoccupied Zn levels are 4s, followed by 4p and 4d."
Therefore, the lowest energy features of the Zn L; XAS
correspond to Zn 2p;,, — 4s excitations. Peak A is attributed
to Zn 2p3/, — 4s excitations while peaks B and C are Zn 2p;,
— 4d excitations."® ™" The Al K spectrum of the aerogel is
similar to that of the @ phase of Al,05.>" It has three distinct
features, shoulder A at 1566 eV, peak B at 1568 eV, and peak C
at 1572 eV, which are assigned to excitations associated with
the tetrahedral AlO, (A) and octahedral AlO4 (B,C) local
coordination environments.”">> The intensity scales of the Zn
L-edge and Al K-edge spectra in Figure 1 are quantitative,
expressed in terms of OD per unit thickness. This was
established by matching the pre- and post-edge intensities to
that predicted for the elemental compositions from standard
tabulations®” and the density of the bulk materials (ZnO d =
5.61 g/cm® ALO;, d = 3.95 g/cm®)—see Supporting
Information Figure Slc,d.

Images at two energies (a stack map) were used to measure
the Zn and Al distributions in the ZnO/Al,O; aerogel sample.
A stack map is the difference between two STXM OD images,
one measured at the energy of a characteristic X-ray absorption
resonance (“on resonance”) and the other measured below the
absorption threshold for the edge of interest (“off resonance”).
Figure 2a presents a 2D projection map of the ZnO and
derived from the difference between aligned STXM OD
images at 1055 and 101S eV. Figure 2b is the map of Al,O;
derived from OD images at 1571 and 1555 eV. Supporting

nm

|

|

Zn Al

Figure 2. STXM 2D chemical maps at 0° tilt angle of a ZnO/Al, 0,
aerogel (sample A). (a) ALO;. (b) ZnO. (c) Color-coded composite
map of Al,O; (blue), ZnO (red). The gray and color bar scales are
thickness in nanometer.
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Information Figure S2 presents the four STXM OD images
used to derive the stack maps in Figure 2a,b. The gray scales in
Figure 2a,b indicate the thickness in nm, determined by taking
the ratio of the difference in OD at the above and below-edge
energies, to that of the difference in the ODI values at the
same two energies (see Figure 1), where OD1 is the OD of
ZnO or AL O, at standard density and a thickness of 1 nm.
Figure 2c is a rescaled color composite of the ZnO (red) and
ALO; (blue) stack maps in Figure 2a,b, which reveals the
spatial correlation of these two elements. If both species were
uniformly distributed over the whole of the FIB section, all
pixels would be a uniform shade of purple. In fact, the lower
part of the section is predominantly blue, indicating that the
ion beam has depleted the ZnO during the FIB sample
preparation.

Conventional STXM Spectro-Tomography of ZnO/
Al,O; Aerogel, Sample A. Figure 3 presents results from 4D

(@) ALO, xy (b) ZnO xy

(c) ALLO; xz (d) ZnO xz

(e) Al,O, ZnO

Figure 3. 3-dimensional volume rendering of ALO; (blue) and ZnO
(red) in the ZnO/ALO; aerogel FIB sample A, derived from TXM
spectro-tomography. (a,b) xy views. (c,d) xz views. (z is direction of
X-ray beam). (e) 4D image, a color-coded composite of the two
components with Al,O; in blue and ZnO in red. The segmentation
thresholds, determined by the automatic Otsu method,*® were 0.0004
for ZnO and 0.0001 for AL, O;.

STXM imaging of the FIB-prepared ZnO/Al,O; aerogel,
sample A, in the form of volume renderings of the Zn and Al
3D maps. The voxel size is 40 nm. The blue color is Al, O3, and
the red color is ZnO. Figure 3a,b are the front view, whereas
Figure 3c,d are the top view. When examining the two 3D
chemical maps from the front views (Figure 3ab), one
observes that the bottom and right edges of the sample are
heavily damaged in terms of depletion of ZnO, which was

caused by the FIB milling. A similar situation is seen in Figure
3¢,d, where ZnO depletion damage is evident close to the top
and bottom surface. The 4D chemical representation (Figure
3e) clearly shows the spatial correlation of the two chemical
maps and the position of the mass loss of ZnO. The relatively
large scale of the sample required extensive milling to obtain
the desired sample size. The porous structure of the aerogel
allowed energetic ions in the FIB process to penetrate into the
interior of the structure. As a result, ZnO relatively far from the
milling surface was damaged.

Figure 4a shows a surface rendering of the center (S gm X §
pum X S pm) volume of the FIB sample, a region where there

(a) ZnO

AlLO,

Only ALO,
Only ZnO
Colocalization

Relative conc.(%)
Y
=)
T

0 1 2 3 4 5

Distance from x-y surface / pm

Figure 4. (a) Surface rendering of color-coded composite of the ZnO
(red) and ALO; (blue) 3D distributions from reconstruction of
STXM spectro-tomography on ZnO/AlO; aerogel (sample A), ina §
X § X 5 um® cube from the center of Figure 3e. The Otsu threshold
for ZnO was 0.0004, whereas that for Al,O; was 0.0001. (b) Relative
concentration (RC) curves of ZnO, ALO; and “colocalization”,
derived for xy slices averaged through the z direction.

appears to be negligible ion beam damage. Red in Figure 4a
indicates ZnO, selected using an Otsu threshold of 0.0004,
whereas blue represents Al,O; selected using an Otsu
threshold of 0.0001. For comparison, the voxel intensity
range of the region shown in Figure 4 runs from 0.0000 to
0.0015 for ZnO and 0.0000 to 0.0019 for Al,O;. In order to
quantitatively evaluate the distributions of Al,O; and ZnO in
the composite, the RC>* of AL,O; and ZnO in the aerogel was
calculated as a function of distance from the sample surface
(xy). Here, RC is defined as the ratio of the amounts of a
certain species (only Al,O; only ZnO, or both Al,O; and
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ZnO) relative to the sum of all three species, averaged over a
number of voxels. More details can be found in the
Experimental Methods section. Figure 4b plots the RC of
only AL, Oy (blue), only ZnO (red), and both ZnO and Al,O,
(“colocalization”, green) as a function of the distance across
the central (5 pum)®> volume. While the Al,O; spatial
distribution is relatively uniform and unstructured, that of
the ZnO shows larger spatial variations in the RC, which
suggests that much of the ZnO is present as “de-localized”
nanoclusters rather than a conformal thin film. This
interpretation is confirmed by complementary TEM and
TEM—EDS measurements (see below). Nevertheless, the
distribution of the two components generally follows the same
trend, indicating a significant uniformity of the aerogel sample
prepared via ALD, on the ~30 nm spatial scale of STXM
spectro-tomography.

Spectro-Ptychography and Spectro-Ptycho-Tomog-
raphy of ZnO/Al,0; Aerogel, Sample B. Figure Sa,b shows

Figure 5. Ptychography absorption images of ZnO/Al,O; aerogel
(sample B) at (a) 1010 eV and (b) 1026.8 eV. (c) ZnO chemical map
(ODjga68ev — ODqg10ev)- (d) Derived Al,O4 chemical map (see text).
(e) Color composite of the two component maps, ZnO in red, Al,O;
in blue.

the ptychography 2D absorption images of the ZnO/AlL O,
aerogel, sample B, at 1010 and 1026.8 eV, which correspond to
the pre-edge and Zn L; absorption resonance energy of ZnO
(see Figure la). The ptychography absorption image is
generated from —ln(APY/IO), where A, is the amplitude of
the reconstruction of a 2D ptychographic image and I, is the
incident photon intensity. Figure Sc is the ZnO distribution in
the ZnO/AlL,O; sample, derived from the difference between
the ptychography absorption images in Figure Sa,b. The Al, O,

distribution was extracted from the pre-edge signal at 1010 eV
by subtracting the ZnO signal at 1010 eV which is 0.68 X
[OD(1026.8) — OD(1010)], where the factor 0.68 is the ratio
OD(1010)/[OD(1026.8) — OD(1010)] for ZnO (see Figure
1). This estimate of the Al,O5 signal is presented in Figure Sd.
Figure Se is a scaled color composite of the ZnO (red) and
estimated AL,O; (blue) signals in the ZnO/ALO; aerogel
sample. The purple colored pixels correspond to columns
where there is both ZnO and Al,O;. The existence of relatively
pure red and blue areas, in addition to purple, indicates that
there is a non-uniform coating of ZnO. However, 3D maps of
the two chemical components are needed to determine if the
ZnO and Al,O; are in contact, or are spatially separated and
only accidentally at the same point of the 2D image.

Supporting Information Figure S3a,c shows the projections
at —5° tilt angle of the reconstructed 3D images of ZnO and
Al O3, respectively. These regenerated 2D chemical images can
be directly compared to the 2D projection chemical maps of
ZnO and AlLO; at about the same tilt angle, displayed in
Figure Sc,d. The differences between the 2D chemical maps
and the projections at the same tilt angle from the 3D
reconstruction are presented as Figure S3b,d and histograms of
the difference OD maps are presented as Figure S3e,f. This
difference analysis indicates that there is a good match between
the reconstruction and the 2D projection images, which is
better for Al,O;. For ZnO, the deviation may be related to
spatial distortion of the sample in the ptychography images,
caused by the high dose used.

Figure 6 shows surface renderings of the CS reconstruction
of the 3D distributions of Al,O; and ZnO derived from the
spectro-ptycho-tomography measurement of the irregular
water cast sample B. Thresholds of 0.0018 (Al) and 0.0026
(Zn), derived using the Otsu auto threshold procedure,*® were

(a) Al,O;

(b) ZnO

Figure 6. 3D surface rendering of ZnO and Al,O; from ptychography
of ZnO/ALO; aerogel (sample B). View at 0° of (a) AL O; (blue),
derived from the signal at 1010 eV minus 68% of the ZnO signal. (b)
ZnO (red) (ODpy65.v — ODyg10ev)- The voxel size is (5.6 X 5.6 X
5.6) nm®. The Otsu thresholds used were 0.0018 for the Al,O; signal
and 0.0026 for the ZnO signal.
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used to derive these distributions. For comparison, the voxel
intensity ranges of the region shown in Figure 4 runs from 0 to
0.0103 for AlL,O; and 0 to 0.011 for ZnO. With the higher
spatial resolution provided by spectro-ptycho-tomography, the
AlL,O; and ZnO spatial distributions are more clearly defined
than with STXM tomography (Figure 4). The overall
morphology is generally very similar, indicating that the ZnO
is attached to the Al,O; aerogel framework. However, the ZnO
distribution is clearly “clumpier”, suggesting less uniform
distributions and a non-uniform ZnO ALD coating of the
Al O; framework.

To evaluate the spatial resolution of the 2D ptychography
stack maps (Figure Sc,d), the FRC method®” was used with
results displayed in Figure 7. For the ZnO ptychographic stack
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Figure 7. Spatial resolution estimated from FRC of the ZnO and
ALO; ptychography maps (Figure Sc,d) (sample B).

map (Figure Sc), the FRC analysis (red, Figure 7) indicates a
spatial resolution of 16.7 nm, using the 0.5 threshold (dashed
black line, Figure 7a), or 14.6 nm if the conventional half-bit
threshold (dark red line, Figure 7a) is used. For the ALO;
ptychographic stack map (Figure 5d), the FRC analysis (blue,
Figure 7) indicates a spatial resolution of 154 nm (0.5
threshold) or 13.7 nm (1/2-bit threshold). In other evaluations
of the spatial resolution of ptychography using Nanosurveyor I
on beamline 5.3.2.1, the resolution is typically higher on
resonance than off-resonance, whereas the opposite is the case
for this data. The similarity of the estimated resolution
evaluated from off- and on-resonance images suggests that this
type of aerogel sample is a special case because it has a
nanostructure which diffracts strongly at all photon energies so
it is really ideal for ptychographic imaging. Compared with the
ZnO and ALO; stack maps measured with conventional
STXM (Figure 2a,b for 2D, and Figure 4a for 3D), it is clear
that the spatial resolution of the ptychography maps and 3D
spectro-ptycho-tomography 4D imaging is significantly higher
than that of the corresponding STXM results.

In order to further evaluate the structural properties of the
Al,0;/ZnO composite, the distributions of the size of the
AlL,O; and ZnO components were quantified from the
tomography results using the open source “Bone J” plugin in
Image]J software.”® This software first measures the distance of
each solid voxel to the nearest empty voxel. It then measures
the radius of the largest sphere containing that voxel which
does not include empty voxels. It then removes all redundant
spheres. The diameter of the sphere with the largest radius is
considered as the size of the particle containing that voxel.
Figure 8a,b presents histograms of the distributions of sizes of
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Figure 8. Histograms of the size distribution of (a) AL,O; and (b)
ZnO, in the aerogel sample measured by ptychography (sample B),
derived using the “Bone J” plugin in Image J. The square data points
and associated curve are the cumulative probability of the size
distributions.

the Al,O; and ZnO components, with a lower value cutoff of
10 nm. The black squares and curve in Figure 8 correspond to
the cumulative probability of the sizes of Al,O; and ZnO. This
analysis shows that the size of the Al,O; and ZnO components
ranges from 10 to 60 nm with a size below 40 nm at a
cumulative probability of 95%. The average size of the Al,O;
regions is 32 + 9 nm while that of the ZnO particles is 36 & 12
nm, where the variation band is taken from the histograms in
Figure 8.

Figure 9a presents a surface rendering of the ptychographic
4D reconstruction of the Al;03/ZnO composite with Al,O; in
blue and ZnO in red, derived using Otsu thresholds of 0.0018
for the Al,Oj; signal and 0.0026 for the ZnO signal. In order to
investigate the detailed distribution of Al,O; and ZnO in the
aerogel, the RCs of AL,O; and ZnO in the aerogel were
calculated as a function of distance from the sample surface
(xy). Similarly to Figure 4b, the RC>* is defined as the ratio of
the amounts of a certain species (only AL,O;, only ZnO or
both AlL,O; and ZnO) relative to that of the sum of all three
species, averaged over a set of voxels. Figure 9b plots the RC of
only AL, Oy (blue), only ZnO (red), and both ZnO and Al,O,
(“colocalization”, green), as a function of distance from the
surface. In this volume, there is more Al,O; toward the surface
and less AL,O; in the middle region (50—250 nm from the
surface of the 1.5 yum” volume), where the Al Oy is distributed
more uniformly. The distribution of ZnO is almost opposite to
that of Al,O;, with more ZnO in the middle region and less
ZnO toward the surface. The “colocalization” volume (green in
Figure 9b), where both AlL,O; and ZnO components are
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Figure 9. (a) Surface-rendered color-coded composite of the 3D
distributions of ZnO (red) and AlL,O; (blue) from spectro-ptycho-
tomography of ZnO/AlL,O; aerogel (sample B). The Otsu thresholds
used were 0.0018 for the Al,Oj; signal and 0.0026 for the ZnO signal.
(b) Relative concentration (RC) curves of the two pure components
and their co-localized amounts in xy slices, averaged through the z
direction.

present, has a distribution similar to that of ZnO. It is clear that
the ZnO does not fully cover the Al,O; phase, as ~30% of the
AL Oy (blue) is not coated by ZnO. More surface-rendered
views of the 4D maps at different tilt angles are shown in
Figure 10. These views show that the aerogel piece deposited
from the water suspension has an irregular shape. To estimate
the porosity of the sample, a 1.5 um® cube in the center of the
sample has been extracted, as shown in Figure S4. The
threshold values were the same as in Figure 9. Images of ~20

(d) 65°

(a) -65°

(c) -5° (f)5°

Figure 10. Views at six different tilted angles of the reconstruction of
the ptycho tomography data for sample B. (a) —65°, (b) —35°, (c)
—=5° (d) 5°, (e) 35° and (f) 65°.

nm thick xy planes at different depths along the z direction are
presented in Figure S4b. The volume fractions of the two
components in the xy planes along the z direction are plotted
in Figure S4c. The porosity of the cube is 89(2)%, which is
reduced from the porosity of the uncoated ALO;>" as
expected. The volume fraction of ZnO is 5.6(1.2)%, and the
ALO; is 6.3(1.4)%. The uncertainties were estimated by
subdividing the data into four regions, evaluating each
parameter within the subvolumes, and then taking the standard
deviation. Note that there are larger systematic uncertainties
associated with the segmentation threshold.

A movie of the 4D ptychography result (color-coded
composite of the ZnO and Al,Oj; reconstructions) is presented
in the Supporting Information. It shows the 3D chemical
structure of the composite imaged from a number of angles
and with detailed interior views. Supporting Information
Figure S5 is one frame from the movie. It clearly shows the
presence of non-conformal ZnO coatings (red) on the AL O,
aerogel framework (blue). Three 500 nm® cubes are enlarged
in Figure S6 to show samples of the spatial distributions of the
two components in several areas of the water-cast sample B.
The 3D spatial resolution has been evaluated from intensity
line profiles, as shown in Figure S7. Using a 10—90% intensity
metric, and measuring profiles at three locations in each of the
xy and yz planes, the spatial resolution is estimated to be 18
nm (3 pixels) for the xy plane and 24 nm (4 pixels) for the yz
plane.

TEM of the ZnO/Al,0; Aerogel. Figure 11ab are high-
resolution TEM (HR-TEM) images of the ZnO-coated AL, O;
aerogel. Needle- and leaflike motifs of the aerogel framework
are readily observed in Figure 11a. These are consistent with
the structures reported for Al,O; aerogels prepared via the
synthetic pathway used to make the samples of this study.”
The surfaces of the Al,O; aerogel are decorated by
nanoparticles with dimensions ranging from a few nanometers
to more than 30 nm. Z-contrast imaging (Figure 11c) reveals
that these nanoparticles contain a higher-Z element than the
aerogel scaffold, which strongly indicates that they arise from
the ZnO ALD coating. This assignment is further supported by
energy dispersive spectroscopy (EDS) measurements (data not
shown) that indicate the presence of only Al, O, and Zn in the
sample (Cu from the TEM sample grid was also observed).
The EDS data also reveal that the RC of each of these elements
varies as a function of position within the sample. Significantly,
the ZnO nanoparticles are highly crystalline and typically
observed to be single crystals, as demonstrated by Figure 11b.
Attempts to obtain the atomic resolution of the Al,O5 network
were unsuccessful as the sample fragments reacted to the
incident electron beam by moving on the Cu grid, which is
attributed to charging of the Al,O;. We were surprised initially
by the apparently significant differences between the TEM and
ptychography images. There are three contributions to these
differences. First, all the 2D X-ray images are integrating
through a substantial thickness of the aerogel sample, whereas
a much thinner region of the sample was imaged by TEM.
Second, because of the lower spatial resolution of ptychog-
raphy than TEM, the fine spatial features of the sample are
blurred. Supporting Information Figure S8 compares a
smoothed version of the TEM image smoothed to 15 nm
with the ZnO ptychography 2D projection image (Figure S4a)
to explore this aspect. Third, some radiation damage to the
very fragile Al,O; aerogel framework likely occurred in the
conditions used for the TEM image in Figure 11c.
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100 nm

Figure 11. (a) Transmission electron micrograph of an Al,O; aerogel
coated with 25 ALD cycles of ZnO. Three morphologies are
indicated: ~10—30 nm strongly scattering, square/spherical clusters
of single crystals (ZnO). Elongated, strongly scattering rods (ZnO),
weakly scattering sheetlike material (alumina). (b) High-resolution
TEM showing crystal planes of ZnO. (c) Z-contrast scanning
transmission electron micrograph of the same material in which the
higher-Z ZnO coating appears white and the Al,O; appears gray.

Bl DISCUSSION

The Al,O;/ZnO heterostructures provide an excellent system
for demonstrating the utility of spectro-ptycho-tomography for
4D characterization of functional nanostructured materials for

several reasons: (i) the samples are prepared via established
and robust synthetic procedures that enable control over the
final architecture, composition, and properties, including
manipulation of electronic structure. (ii) They offer significant
structural complexity—hierarchical pore structures with nano-
scale surface coatings. (iii) Both ZnO and AL O; have catalytic
applications. (iv) Spectroscopic-based speciation, rather than
density-based segmentation, is used. The comparative STXM
spectro-tomography at both the Zn L-edge and the
complementary Al K-edge points to further advantages of
multiedge spectro-ptycho-tomography.

As observed in other soft X-ray STXM/ptychography
comparisons,””*" ptychography provides significantly im-
proved spatial resolution relative to STXM in both 2D and
3D. Although the ptychography measurements were made only
at the Zn L-edges due to technical reasons, this was sufficient
to determine images and quantitative maps of both the ZnO
and AL,O; components. From detailed analyses of the 3D
distributions, it was possible to estimate the degree to which
the ALD deposited ZnO covered the Al,O; aerogel framework.
In the ptychography measurement of sample B, the ZnO
coverage of the AL,O; aerogel was estimated to be 33(5)%. A
similar co-localization analysis of the STXM spectro-tomog-
raphy reconstruction gave a derived ZnO coverage of 55(8)%
(uncertainties from standard deviation of results from
subdividing the data). This slightly larger value is likely due
to the lower spatial resolution of STXM than ptychography,
although the different sample preparations could also play a
role.

The ability to derive the surface coverage of the ALD
coating, combined with the structural and spectroscopic
information available for the aerogel scaffold and ALD layer
using spectro-ptycho-tomography, provided significant new
insights about ZnO ALD on porous Al,O; frameworks. It has
been reported that the mode of ZnO ALD growth on bulk
AL O; (specifically sapphire) is dependent on the sample
temperature during deposition. Island growth is encountered at
150 °C on a planar substrate, while layer-by-layer growth
occurs at 220 °C.°° The measurements performed in this study
conclusively demonstrate that island (/nanoparticle) formation
occurs on the Al,O; even with only 6 ALD cycles at a sample
temperature of 110 °C, suggesting that the lower-temperature
growth mode extends from planar surfaces to the curved
framework of the Al,O; aerogel. Furthermore, the dimensions
of the ZnO nanocrystals (tens of nm) dramatically exceeded
the sizes that were expected from the reported deposition rates
during the initial stages of ALD (~0.2 nm/cycle, for an
expected conformal film with a thickness <S5 nm). This
behavior is consistent with a growth mechanism in which
adsorbates migrate across the substrate surface to form larger
nanoparticles, thereby minimizing interfacial and surface
energies.

Comparison with the TEM data for the Al,05/ZnO material
further illustrates the value of spectro-ptycho-tomography as a
complementary or alternative method for high-resolution
materials characterization. There is clearly strong qualitative
and quantitative agreement between the structures derived
from the two techniques. Such close correlation confirms that
the formation of ZnO nanocrystals is not an artifact of
irradiation with the electron beam, that is, via beam damage/
heating, and thus greater weight can be placed on the TEM
data. Without the complementary spectro-ptycho-tomography
measurements, beam damage could have remained a concern if
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one was attempting to distinguish between layer-by-layer and
island growth using only TEM, particularly given that the
sample reacted by moving under the electron beam during HR-
TEM measurements of the Al,O; scaffold. This movement of
the sample has an additional significance in which it precluded
high spatial resolution diffraction or spectroscopy studies to
identify the phase and bonding of the aerogel using TEM. The
X-ray-based methods were able to address this gap in
knowledge via assignment of the 6 phase of AlL,O; and
identification of both tetrahedral (AlO,) and octahedral
(AlOg)-bonding environments of Al within the aerogel. The
combination of techniques also indicates that the structure of
the Al,O; aerogel remains unchanged through the formation of
the ZnO layer, which demonstrates the robustness of the
aerogel as a scaffold for functionalization by ALD.

Spectro-ptycho-tomography has far broader applicability
than this study of ZnO ALD on an Al,O; aerogel. The
enhanced spatial resolution of spectro-ptycho-tomography
versus conventional STXM spectro-tomography, combined
with the localized structural and chemical information derived
from the technique, has the potential for significant impact on
development of improved nanoscale and nanostructured
functional materials. This study demonstrates that 4D
spectro-ptycho-tomography can provide quantitative informa-
tion regarding the size, distribution, and electronic structure
(and, by extension, local bonding and phase) of nanoscale
coatings, the exposed surface area of both template and
coating, the amount of interface between them, and the pore
architecture. Such information is of direct value in under-
standing relationships between the structure and properties/
performance of nanostructured systems including catalysts, for
example, for identifying active sites, the efficiency of specific
architectures, mass transport through the material, degradation
pathways, and so forth. Furthermore, assignment of the
material structure and bonding can be used in a feedback
loop to improve synthetic pathways for generating designer
materials. Significantly, spectro-ptycho-tomography does not
impose as stringent limits over sample thickness and radiation
sensitivity as does comparable electron beam techniques,
making it a powerful complementary or alternative 4D analysis
method.

With the development of near diffraction-limited synchro-
tron radiation (DLSR) facilities such as Max IV in Sweden and
Sirius in Brazil as well as DLSR upgrade activities and plans at
many third generation facilities, it is clear that the types of
dramatic improvements in 4d imaging presented in this work
will become routinely available in the near future.’’ The
recently commissioned COSMIC beamline at the ALS, which
is dedicated to ptychography, will be an outstanding facility to
continue this type of 4D imaging.

B CONCLUSIONS

STXM spectro-tomography and ptychography spectro-tomog-
raphy were performed on several different Al,O; aerogel
samples, and 4D images were generated by reconstruction. The
spatial resolution calculated by FRC shows that the 2D and 3D
spatial resolution in the ptychography results was significantly
improved relative to corresponding conventional STXM
measurements. A quantitative analysis of both the STXM
and ptychography tomography results gave detailed informa-
tion about the ALD coatings. Non-uniform coating of ZnO by
ALD was documented by both STXM and ptychography 4D
imaging. The quantitative and qualitative structural informa-

tion provided by the X-ray methods has a direct value for
evaluating and optimizing the ZnO ALD process and illustrate
their broad applicability for characterizing heterostructures on
nanometer length scales.
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