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ABSTRACT: To enable the design and manufacturing of hierarchical Atemic L2yarS = hes
nanomaterial architectures, there is a need for synthesis and processing methods A r 0

that can enable tunable geometric control at the nanoscale while maintaining TR v /
conformality on complex 3-D templates. In this study, we explore the #°42 P et ...L: .Na.m:eets
programmable control of vertically oriented Zn—Al layered double hydroxide -» »

(LDH) nanosheet arrays using atomic layer deposition (ALD) to deposit a seed
layer of Al,O;, which is subsequently consumed and converted into the LDH
phase under hydrothermal growth conditions. We demonstrate tunable control
over the spacing and length of the nanosheets by varying the thickness of the
initial ALD seed layer with subnanometer precision. This can be viewed as a
nanoscale titration reaction, where Al acts as the limiting reagent during the
hydrothermal synthesis of the nanosheets. Elemental mapping demonstrates the
dynamic evolution of the resulting morphology, which is driven by surface
diftusion and nucleation processes. The conformal nature of ALD allows for hierarchical growth of nanosheets on the surface of a
variety of nonplanar substrate geometries, including microposts, paper fibers, and porous ceramic supports. This illustrates the power
of ALD to enable bottom-up growth of 3-D nanoarchitectures with tunable geometries by controlling nucleation and growth in
subsequent solution reactions.
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B INTRODUCTION

The synthesis of nanomaterials with tunable control of their
geometry in three dimensions has attracted attention in recent
years in applications such as semiconductors, catalysts, and
batteries.' " A variety of bottom-up and top-down techniques

In electrochemical devices such as batteries and catalysts, the
ability to tune electrode architectures results in the ability to
decouple contributions of kinetics and mass transport.'”'® For
example, by tuning the length, spacing, and shell thickness of
core—shell nanowire arrays, the photoelectrochemical perform-
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have been developed with the aim of fabricating 2-D and 3-D
nanostructures with control over their geometric parameters
(e.g., feature size, shape, and orientation), which in turn affect
the functional properties of the resulting material systems.”~""
This has led to the concept of “architected” materials,"”~"*
where the process of conceptualizing, designing, and
manufacturing nanostructured materials can approach the
degree of control that can be achieved in macroscopic
buildings and machines.

The ability to control and tune the geometric properties in
nanoarchitected materials has been shown to enable advances
in applications ranging from energy conversion/storage,
biological interfaces, and structural materials. For example,
vertically oriented nanowire (NW) arrays have been shown to
facilitate tunable transport of electrons by controlling their
separation and periodicity."> In addition, ZnO NW arrays have
been used to produce optoelectronic devices with tunable
properties through control of their orientation and density.'®

© 2024 American Chemical Society

7 ACS Publications

ance of photoanode materials can be precisely optimized."” In
the field of biology, the attachment and interactions of
microorganisms of different sizes can be prevented or delayed
by tuning the geometric properties of nanoarchitected
surfaces.”” These examples help to highlight the importance
of rationally tuning the geometrical properties of hierarchical
nanomaterial systems to ensure precise control of the resulting
functionality.

To enable rational control and patterning of nanoarchitected
materials in three dimensions, a variety of bottom-up and top-
down fabrication approaches have been developed.”' ~** Top-
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Scheme 1. Surface-Directed Assembly of LDH Nanosheets
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down approaches include chemical etching, focused-ion beam
milling, and laser ablation.”*™*” On the other hand, bottom-up
approaches such as directed self-assembly, seeded hydro-
thermal/solvothermal synthesis, and additive manufacturing
have also been of great interest in recent years.”® " Using
these well-established processes, high resolution and control of
geometric features can be achieved.

A common feature in many of these techniques is the
requirement for a prepatterning step (e.g, photolithography,
self-assembly), which can be increasingly difficult to implement
when the geometric complexity of the substrates grows in three
dimensions. This can result in challenges and trade-offs
between reproducibility, geometric tunability, and conformal
coverage, especially when attempting to pattern a nonplanar
surface topology, which may include high-aspect-ratio features
and/or re-entrant geometries that are not compatible with line-
of-sight methods.”" Patterning and self-assembly processes can
become particularly challenging when designing hierarchical
material architectures such as hyperbranched geometries,
which may be composed of multiple layers of dissimilar
materials and geometries. Moreover, many patterning
techniques suffer from low throughput and high costs, require
high-temperature or high-vacuum processing, and are often
limited to planar structures, which restricts their ability to
control the resulting 3-D geometry over complex surfaces and
large areas. Therefore, there is a continual need for new
fabrication methods that can enable rational control of material
geometry and composition at the nanoscale while facilitating
integration into hierarchical 3-D substrate geometries.

A class of synthesis methods that has the potential to
overcome some of these challenges can be categorized as
“surface-directed assembly”.”” The surface-directed assembly
approach is typically composed of a two-step process. First, a
surface modification layer is deposited onto the underlying
substrate, which can be in the form of a continuous film or
discrete particles. A key requirement of this initial deposition
step is that it must be highly conformal (to fully cover the
underlying substrate geometry) while also being highly tunable
(to control the surface properties that guide the following
step). In the second step, the “information” that is encoded
into the initial surface layer (i.e., control of surface
composition, surface energy, surface morphology, grain size,
etc.) is used to guide the subsequent growth of a 3-D
nanostructured material (i.e., nanowires, nanoparticles, nano-
sheets, etc.) by exposing the surface to a reactive fluid, such as
a gas or liquid.”* ™ Because the resulting material geometry is
determined by the properties of the initial surface modification
layer, this process can eliminate the need for lithography or
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other patterning methods, enabling the programmable growth
of hierarchical geometries on a diverse range of substrates.

As a model system, we have previously demonstrated a set of
surface-directed assembly processes where atomic layer
deposition (ALD) is used to deposit a seed layer of a given
material (e.g., metal oxide), which can be used to guide the
hydrothermal synthesis of ZnO nanowires (NWs) with tunable
control of NW length, diameter, spacing, and angular
orientation with respect to the substrate.”>*® ALD was chosen
because of its unique ability to combine subnanometer
precision in the thickness and composition of the seed layer,
while maintaining unparalleled conformality and uniformity of
these properties on high-aspect-ratio surfaces.””** Further-
more, since ALD is a low-temperature, low-vacuum process, it
enables compatibility with a versatile range of substrates,
including micro/nanopillars, fibers, porous and flexible
polymers, and even biological substrates. Because it is not a
line-of-sight technique, ALD can coat both convex and concave
surface topologies, including those with re-entrant texture that
would not be uniformly coated by using traditional physical
vapor deposition (PVD) or solution-based methods. We have
further demonstrated that the surface-directed assembly
process can be scaled up to macroscopic objects with
nonplanar surface geometries, which was facilitated by the
development of a hydrothermal flow reactor.”

To date, these previous demonstrations that used ALD for
surface-directed assembly were based on the epitaxial growth
of the NWs from the polycrystalline ALD seed layer, which
remains intact during the hydrothermal growth proc-

55.203%333639 Thege epitaxial relationships can be further
tuned by controlling the mechanical strain in the seed layer or
by partially blocking nucleation sites with a secondary
submonolayer overcoat using ALD.*

To build upon this platform, in this study, we explore an
alternative approach for surface-directed assembly based on the
conversion chemistry of the ALD seed layer during the
hydrothermal synthesis process, which results in the formation
of a secondary material phase on the surface. This builds upon
prior demonstrations of solution-phase conversion chemistry
of ALD films, including cation/ anion exchange reactions, !
formation of “grass-like” Al,O,,"** hierarchical LDH nano-
tubes,” 3D tubular hierarchical fibers,"> and metal— organic
frameworks (MOFs).*® Additionally, there have been several
examples of gas-phase conversion reactions of ALD films for
anion/cation exchange or formation of new phases.w_51

However, to date, there is a lack of research into the use of
ALD seed layers in conversion reactions to tune the 3-D
geometric properties (e.g, feature size, shape, orientation) of
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Figure 1. Characterization of the LDH nanosheet morphology and composition. SEM imaging of NS arrays from (a) plan-view and (b) cross-
sectional perspective. (c) Grazing incidence XRD spectrum (LDH LPF Collection Code #1818345 and ZnO ICSD Collection Code #169463)°1%*

and (d) XPS survey scan of the nanosheets.

the resulting new phase, which represents a complementary
approach to the seeded hydrothermal synthesis methods
described earlier. This would open up a new “toolbox” for
material engineers to use the favorable properties of ALD
described above, for the generation of a versatile range of
nanoarchitected materials.

In this study, we introduce a new platform for surface-
directed assembly: first applying an Al,O; seed layer of well-
defined film thickness via ALD and then enabling its
conversion to an array of Zn—Al layered double hydroxide
(LDH) nanosheets (NSs) through a hydrothermal synthesis
process, as shown in Scheme 1. By varying the number of ALD
cycles (and thus changing the seed layer thickness with
subnanometer resolution), we achieve tunable control of the
inter-NS spacing and NS length. This ability to tunably control
the resulting NS geometry is attributed to a sequence of
surface diffusion, nucleation, and growth processes. These
surface processes are quantitatively probed using scanning
electron microscopy (SEM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), scanning transmission
electron microscopy (STEM), and elemental mapping with
energy-dispersive spectroscopy (EDS). Finally, we highlight
the versatility of the ALD process by demonstrating that this
programmable geometric control is retained when NSs are
deposited on a variety of nonplanar surface geometries,
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resulting in the formation of hierarchical nanomaterial
architectures with potential applications in fields such as
microplastics, electrocatalysis, and batteries.”*™>* This new
approach of surface-directed assembly based on the conversion
of ALD films expands the ability of materials engineers to
rationally control 3-D nanostructured geometries without the
need for any lithographic patterning steps.

B RESULTS AND DISCUSSION

Nanosheet Composition and Morphology. Figure 1a,b
shows top-down and cross-sectional SEM images of the
morphology of the synthesized Zn—Al LDH nanosheets. The
nanosheet geometry is typical of the 2-D layered structure of
the LDH material, which results in anisotropic growth in the
in-plane vs through plane directions.””*” XRD analysis was
performed to confirm the presence of the layered double
hydroxide phase (Figure 1c), wherein the phase of the
nanosheets is consistent with an LDH with a Zn:Al ratio of
approximately 2:1.°" We note the presence of a minor ZnO
impurity phase in the XRD spectra, which is a result of
homogeneous precipitation of ZnO nanostructures in the
hydrothermal growth solution that subsequently settle on the
substrate surface. This phenomenon has been previously
observed in surface-directed assembly of ZnO nanowires
(refer to Figures SI1 and S2) and does not affect the

https://doi.org/10.1021/acs.chemmater.4c01194
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Figure 2. (a) Cross-sectional HAADF STEM image of a single nanosheet. EDS elemental mapping of (b) aluminum, (c) zinc, and (d) oxygen of
the same nanosheet. (¢) HAADF STEM image along the thickness direction of a single nanosheet. Elemental mapping showing distribution of (f)
aluminum, (g) zinc, and (h) oxygen along the nanosheet thickness. (i) Composite EDS elemental map along the thickness, with (j) corresponding

line scan. The green box denotes the location of the line scan.

heterogeneous growth of nanosheets on the substrate surface,
which are observed in the SEM analysis to be the majority
phase (Figure 1a,b). XPS analysis further confirms the surface
composition to be Zn, Al and O, with a Zn:Al ratio of
approximately 2:1 (Figure 1d).

Figure 2 shows a high-angle annular dark-field (HAADF)
STEM image of a single nanosheet. Energy-dispersive
spectroscopy (EDS) analysis of the nanosheet was performed
to study if any compositional gradients were present within a
nanosheet. The Zn, Al, and O elemental profiles shown in
Figure 2b—d,f—h show a uniform distribution of each element
viewed along both the basal and edge planes. This is further
confirmed by a line scan (Figure 2ij) taken along the thickness
of the nanosheet. The EDS analysis additionally confirms the
Zn:Al ratio of approximately 2:1.

Tunable Control of Nanosheet Spacing. In our
previous work on surface-directed assembly using nanocrystal-
line ZnO seed layers, we demonstrated the ability to tune the
geometric parameters of the resulting ZnO nanowire array
(angular orientation, NW diameter, inter-NW spacing) by
varying the number of ALD cycles.’”*® This was attributed to
the epitaxial growth relationships between the seed layer and
the resulting nanowires. However, for the formation of LDH
NSs in this study, the ALD film serves as a coreactant during
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the hydrothermal synthesis process, which is consumed during
the reaction. We therefore hypothesize that the geometric
properties of the resulting nanosheets may be tunable by
varying the ALD film thickness, where the total number of Al
atoms serves as the limiting reagent for the conversion
reaction, which will influence the nucleation and growth
processes.

To study the effect of the ALD seed layer thickness on the
morphology of the resulting NS array, identical hydrothermal
synthesis conditions (solution molarity, temperature, and
reaction time) were used after different numbers of cycles of
AL O, were deposited onto the substrate surface (Figure 3a—f).
The thickness of the ALD seed layer increases linearly with the
number of cycles of AL, O; as measured with ellipsometry
(Figure S3). Figure 3a—f shows plan-view SEM images of the
resulting NS arrays, where the spacing between nanosheets can
be observed to monotonically decrease as a function of the
Al O; film thickness (number of ALD cycles).

Image analysis was performed to quantify the areal surface
coverage of the NS arrays as a function of the thickness of the
initial ALD film (Figure 4). The increase in surface coverage is
approximately linear until 30 cycles of Al,O; are deposited,
which approaches an asymptote at higher ALD cycle numbers.
This trend can be rationalized by considering how the initial

https://doi.org/10.1021/acs.chemmater.4c01194
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Figure 3. Zn—Al LDH nanosheet geometry as a function of the number of ALD cycles. SEM images of NSs synthesized using initial ALD Al,O,
films grown with (a) S cycles, (b) 10 cycles, (c) 20 cycles, (d) 30 cycles, (e) SO cycles, and (f) 100 cycles.
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Figure 4. Percentage of area covered by the nanosheets as a function

of the number (#) of cycles of Al,O5. Error bars are based on 3
independent measurements at different locations within each sample.

ALD film affects the nucleation density along the surface.
When the ALD film is very thin (<30 cycles), the areal
nucleation density can be viewed as reactant-limited, where the
spacing between nuclei is limited by the amount of ALO;
available to react and form the ternary LDH phase. Therefore,
the spacing between the NSs monotonically decreases as the
ALD film thickness increases.
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When the areal nucleation density becomes sufficiently high
(after SO cycles of ALD), the packing density of the sheets
increases. This generates a steric-hindrance effect, where only
the sheets that are vertically oriented (growing in the direction
normal to the substrate) are able to grow, and NSs that
nucleate with orientations at more acute angles relative to the
substrate normal experience termination in their growth as
they are blocked by adjacent sheets. As a consequence, the
areal coverage fraction starts to asymptote as the spacing
between nuclei that are able to successfully grow in the vertical
direction reaches saturation.

To further elaborate on these nucleation mechanisms,
elemental mapping was performed before and after the
hydrothermal synthesis process to observe the dynamic
evolution of the Al atom distribution during the nucleation
and growth stages. Figure S shows top-down (plane-view)
elemental maps of aluminum using SEM energy-dispersive X-
ray spectroscopy (EDS) analysis at the beginning and end of
the conversion reaction. As expected, the initial ALD-deposited
AL, O; before conversion exhibits a uniform distribution of Al
across the surface (Figure Sb,d). After 30 min of hydrothermal
synthesis, we observe an accumulation of Al in discrete regions
corresponding to areas of nanosheet nucleation and growth
(Figure Scje). In the adjacent regions, a depletion of Al is
observed in areas devoid of nanosheets. This accumulation-
depletion behavior suggests that the mechanism for nanosheet
formation is governed by the diffusion of Al along the surface,
which results in a flux of Al atoms from the ALD seed layer

https://doi.org/10.1021/acs.chemmater.4c01194
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https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Surface Diffusion
and Nucleation

Nanosheet Growth

i

(a) Initial Film
Zn e
\.}U A

Sl otetiy

Increasing Time
0 min NS Growth

30 min NS Growth

2um SRR, '
(d) 'l (e) Al
v EE 2ym

Figure 5. Accumulation/depletion of aluminum in areas correspond-
ing to the presence and absence of nanosheets. (a) Scheme depicting
the surface diffusion of Al atoms and reaction with Zn ions during the
nucleation phase of nanosheet formation. Elemental mapping for
different cycles of Al,O; and growth times: 30 cycles of Al,O; after
(b) 0 min and (c) 30 min; 100 cycles of Al,O; after (d) 0 min and (e)
30 min growth time.

Increasing Number of Cycles
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into the nanosheets (Figure Sa). The observation of Al
accumulation and depletion along the surface supports the
hypothesis that Al serves as a limiting reagent in the kinetic
process of the nucleation and growth of the nanosheets.
From the lens of classical nucleation theory, we can
rationalize why the thickness of ALD-deposited material
should correlate with the internanosheet spacing. For
heterogeneous nucleation to occur, the nuclei must reach a
critical radius r* to overcome the nucleation activation barrier
AG*. The number of nuclei that overcome this barrier will

define the areal nucleation density, determining the number of
nanosheets within a given area. The areal nucleation density is
in turn determined by the flux of Al atoms along the surface,
where the driving force for the diffusive flux is the
concentration gradient along the surface.”> The nucleation
sites for NSs act as aluminum “sinks” as the LDH phase forms,
and the extent of the resulting concentration gradients is
determined by the molar quantity of Al present in the initial
film (the source of Al) or, equivalently, the ALD film thickness.

From this standpoint, we expect that as the ALD film
increases in thickness, the diffusive flux of Al into the
nanosheets from the adjacent regions will remain higher for
a longer period of time. This would result in a higher areal
nucleation density and lower internanosheet spacing, a
behavior that is consistent with both Figure 4 and Figure 5.
This highlights the power of ALD as an atomically precise
method of controlling the film thickness with subnanometer
resolution and without significant gradients in film thickness
over large areas. This precise control is further illustrated by
the relatively small error bars in Figure 4, which enables
reliable and predictable tuning of the geometric parameters of
the NS arrays. Because of these relationships between the ALD
thickness and areal nucleation density, the ALD film is also
expected to have an impact on the growth stage, where a
continual flux of Al atoms into the nanosheets is required to
facilitate the formation of the LDH phase. In particular, as
suggested by the asymptotic behavior shown in Figure 4, as the
inter-NS spacing saturates with thicker ALD films, one could
hypothesize that nanosheet growth in the vertical direction
(normal to the substrate) may become preferred. Therefore, in
the following section, we examine the relationship between the
ALD film thickness and nanosheet length.

Nanosheets Length Regimes. Figure 6a—f shows cross-
sectional SEM images of NSs grown with different numbers of
ALD cycles (5x—100x), while keeping the hydrothermal
synthesis conditions constant. The average and standard
deviation in NS length are plotted in Figure 6g. We observed
a nonlinear trend in the length as a function of ALD film
thickness, where the behavior can be characterized within three
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Figure 6. Zn—Al LDH nanosheet length as a function of the number of cycles of ALD. SEM images of nanosheets synthesized using initial Al,O;
films grown with (a) S cycles, (b) 10 cycles, (c) 20 cycles, (d) 30 cycles, (e) SO cycles, and (f) 100 cycles. (g) Nanosheet length as a function of
number of cycles of ALO;, categorized by three regions: (I) depletion limited, (II) length independent, and (III) steric-hindrance limited. Error
bars are based on 4 independent measurements at different locations within each sample.

8305 https://doi.org/10.1021/acs.chemmater.4c01194

Chem. Mater. 2024, 36, 8300—8310


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194?fig=fig6&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

regions: (I) depletion limited, (II) length independent, and
(III) steric-hindrance limited.

Within the first region (5x), the length of the nanosheets is
depletion limited, meaning that the Al atoms from the ALD
film are quickly consumed, and the hydrothermal growth is
terminated at a short NS length. In the second region (10x-
30x), the NS length is approximately constant (within the
statistical uncertainty) as the number of ALD cycles increases.
This can be rationalized by examining the trend in areal
nucleation coverage shown in Figure 4, where the areal
coverage fraction increases approximately linearly with
increasing number of ALD cycles in the range of 10—30
cycles. This increase in surface coverage is associated with a
decrease in inter-NS spacing, as discussed in the Tunable
Control of Nanosheet Spacing section. Therefore, because the
total mass of Al atoms is conserved and determined by the
thickness of the original ALD film, as the coverage area
increases approximately linearly, it follows that the length of
NS will remain approximately constant. These observations
illustrate the coupling between the nucleation and growth
behaviors during this conversion reaction process, both of
which are dictated by ALD cycle number.

In the third region (50—100x), the NS length is observed to
increase once again with increasing cycles. This also can be
explained by examining Figure 4, where the rate of increase
(slope) in the coverage area fraction decreases for cycles S0—
100. This is because of a steric-hindrance effect, where the
spacing between NSs starts to approach an asymptote as the
areal nucleation density increases. In other words, because the
NSs cannot continue to nucleate closer together, the excess Al
atoms from the original ALD films result in more vertical
growth. These effects inhibit the growth at nonperpendicular
angles and prevent the collapse of the nanosheet array.

Growth of Hierarchical Nanoarchitectures. To dem-
onstrate the versatility of this process for the rational design of
nanoarchitected materials on nonplanar surfaces, nanosheets
were synthesized on top of various 3-D substrates including
silicon microposts (Figure 7ab), a fibrous membrane (filter
paper, size 2.5 ym) (Figure 7c) and a porous ceramic (quartz
frit, Figure 7d). These substrates were chosen to highlight the
versatility of the surface-directed assembly process on both
flexible and nonflexible substrates, as well as geometries with
both convex and concave surface topologies, including re-
entrant textures.

(a)Si Posts (b) Si Posts

(c) Fibrous Membrane ——%5—— d)Q_uartz Frit

Figure 7. SEM images of hierarchical NS growth on 3-D substrates:
(a, b) silicon microposts, (c) filter paper, and (d) quartz frit.
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Figure 7 shows the conformality of the growth along the
surface and into the pores of the 3-D templates. This
conformality and uniformity in the hierarchical NS growth
are facilitated by the self-limiting nature of the ALD reaction,
which distributes the Al atoms uniformly throughout the
porous morphology of the 3-D substrates. The ability to
maintain this degree of precision in the nanoarchitecture while
conformally growing material off of a complex, tortuous
substrate would be challenging to accomplish with traditional
solution or vapor phase growth methods. This demonstrates
the power of surface-directed assembly to enable rational
design of 3D nanoarchitectures without the need for any
lithography or patterning steps.

To study the potential application space of the synthesized
NS arrays, their stability was examined under elevated
temperatures and humidity levels and across solution pH
values (Figure S4). The nanosheets were able to withstand
high-temperature and high-humidity environments for up to
24 h without any observable changes. Furthermore, the NS
arrays remained stable under neutral and alkaline environ-
ments. However, a change in morphology was observed when
the NS array was exposed to an acidic environment (pH = 4).
This indicates that the NS arrays may be used as a template
and/or active material for a variety of potential applications in
the future and can withstand a range of relatively harsh
conditions.

B CONCLUSIONS

This study examines the conversion chemistry of an ALD seed
layer to synthesize nanoarchitected LDH nanosheets with
tunable geometries under hydrothermal growth conditions.
The key findings of this study are summarized below:

(1) Zn—Al LDH nanosheets were synthesized using a
surface-directed assembly process, where ALD is used
to deposit an initial Al,O; seed layer that is subsequently
consumed and converted to an LDH through a
hydrothermal synthesis. The presence of the LDH
phase and composition was confirmed with XRD and
XPS.

(2) The inter-NS spacing can be tuned by changing the
number of cycles of the initial Al,O; film. When the film
thickness is sufficiently small, the areal surface coverage
of the NS arrays increases in an approximately linear
manner with respect to ALD cycle number. However, as
the thickness of the ALD film continues to increase, this
trend approaches an asymptote. This is attributed to a
steric-hindrance effect, which forces the nanosheets to
grow vertically instead of continuing to increase the
nucleation density.

(3) Surface elemental mapping confirmed that aluminum
acts as the limiting reagent during the nucleation stage of
the hydrothermal synthesis, where Al atoms diffuse
along the surface, agglomerate, and cluster into the
nucleation sites where nanosheets grow.

(4) The length of the nanosheets exhibits a nonlinear trend
with respect to ALD film thickness. This growth
behavior was characterized within three regions: (I)
depletion limited, (II) length independent, and (III)
steric hindrance. Within the first region, the Al,O; film is
quickly consumed, resulting in a short NS length. In the
second region, the NS length is approximately constant
with respect to ALD cycle number, which is attributed to
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the approximately linear increase in areal nucleation
density within this thickness regime. In the third region,
the NS length increases once again, which is attributed
to the fact that the nucleation density reaches an
asymptote. Since the areal nucleation density cannot
continue to increase within this steric-hindrance regime,
the excess Al atoms from the original ALD films result in
more vertical growth.

(5) To illustrate the versatility of this process for the rational
design of 3-D nanoarchitectures, Zn—Al LDH nano-
sheets were conformably grown on flexible and non-
flexible complex 3D substrates including silicon micro-
posts, a porous membrane, and a quartz frit. A uniform
growth of the NS array along the porous and tortuous
substrate geometries was observed, including both

convex and concave surface topologies.

In this study, Zn—Al LDH nanosheets were used as the
model system. We aim to motivate future studies in which a
variety of LDH compositions can be formed. For example,
Zn* could potentially be replaced by Mg**, Co*, or Ni**
based on 6previously reported hydrothermal synthesis pro-
cesses.>* 7% Furthermore, we envision that the surface-directed
assembly process introduced in this study will inspire a range
of new conversion reactions for ALD films, with the goal of
tuning 3-D geometric properties (feature size, shape, and
geometry) in the resulting nanomaterial arrays. The ability to
tune these geometric properties without the need for any
prepatterning or lithography steps represents an important tool
for materials engineers to rationally design and manufacture
hierarchical nanomaterial systems, which may be composed of
heterogeneous compositions of multiple different material
phases and compositions. The ability to “think like an
architect” and fabricate 3D nanostructures with tunable
geometric parameters using this type of low-cost and scalable
process could further accelerate the use of nanomaterials in
applications ranging from biomedical devices to energy
conversion and sustainability.

B EXPERIMENTAL METHODS

Solution Fabrication. The hydrothermal growth solution was
synthesized following the procedure described previously for the
growth of ZnO nanowires.”*>* The following chemicals were
purchased from Sigma-Aldrich: zinc nitrate hexahydrate (molecular
weight: 297.49 g/mol), hexamethylenetetramine or HMTA (molec-
ular weight: 140.19 g/mol), and polyethylenimine, branched or PEI
(molecular weight: ~25 000 g/mol). 25 mM Zinc nitrate hexahydrate
(25 mM) was mixed with 25 mM HMTA, S mM PEIL, and 1000 mL
of deionized water (DI water). To dissolve the chemicals, the solution
was stirred (250 rpm) at 95 °C for 30 min. It was allowed to cool in a
water bath. After the solution reached a temperature of ~60 °C, it was
filtered three times (with 8, 2.5, and 0.22 um filters) using a vacuum
filtration assembly (Sigma-Aldrich).

Seed Layer Deposition. The AL,O; seed layers were deposited
using a lab-built and hot-walled crossflow atomic layer deposition
reactor. S, 10, 20, 30, 50, and 100 cycles of Al,O; were deposited
using trimethylaluminum (TMA) and DI water as the chemical
precursors at a temperature of 150 °C and a ~1.6 A/cycle growth
rate. Before the ALD deposition, the silicon wafers and silicon
micropost substrates were cleaned with oxygen plasma for 20 min
using a plasma cleaner (Harrick Plasma). Filter paper substrates were
baked at 105 °C using a convection oven (Thermo Scientific) for 24 h
prior to the ALD deposition. Quartz frit substrates were sonicated in 1
M HCI for 3 min and were subsequently baked in the convection
oven for an hour.
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Hydrothermal Synthesis. The hydrothermal growth process was
performed using the procedure described previously.’® The growth of
nanosheets and the formation of the LDH phase in this study result
from the use of Al,O3, rather than ZnO as the seed layer, while the
hydrothermal growth solution composition and synthesis procedure
remained the same. Nanosheets were synthesized at a temperature of
87 °C while stirring at 350 rpm for 30 min. Before hydrothermal
synthesis, the substrates were cleaned with oxygen plasma for S min
using a plasma cleaner (Harrick Plasma).

Conversion Reaction. The conversion reaction from Al,O; to the
Zn—Al LDH phase has been previously reported to follow two
possible mechanisms, depending on the solution pH. At near-neutral
pH values, Al,O; may solvate to undergo surface hydrolysis, thereby
creating a hydrolyzed layer that reacts with Zn** ions in solution to
form Zn—Al LDH.*>>**> A second possible mechanism suggests that
presence of the additive HMTA may create a locally alkaline
environment near the reaction surface by thermally decomposing
during the hydrothermal synthesis reaction.****** In the reaction
conditions used in this study, while the solution chemistry is initially
neutral, the increase in pH associated with HMTA decomposition
could also allow for the formation of reaction intermediates such as
Al(OH),” and Zn(OH), which can subsequently react to form the
Zn—Al LDH phase at the substrate surface. It is possible that either,
or both, of these reactions may contribute to the observed conversion
processes in this study.

Materials Characterization. Top-view SEM images of the
nanosheets were taken using a TESCAN RISE SEM with a voltage
of 5.0 kV and a beam intensity of 10. For the quartz frit, the beam
intensity was lowered to 3. Cross-sectional imaging of the nanosheets
was performed using a TFS Helios 650 Nanolab SEM/FIB
microscope with a voltage of 2.0 kV and a current of 100 pA. To
reduce charging during SEM imaging of the NS samples, gold was
sputtered on top of the substrates for 10 s using an SPI-Module
Carbon/Sputter Coater. The SEM-EDS elemental maps shown in
Figure S were taken using a TESCAN MIRA3 SEM.

For cross-sectional STEM imaging and EDS, nanosheets were
sectioned using a plasma focused-ion beam (PFIB) and transferred
onto a TEM grid using a Thermo Fisher Helios G4 PFIB UXe. Using
a Thermo Fisher Talos F200X G2 S/TEM, a single nanosheet was
isolated and imaged using a HAADF detector, and elemental mapping
was performed by EDS. In addition to elemental maps, a line scan was
collected when viewing the nanosheet along the edge.

Grazing incidence XRD was performed using a Rigaku SmartLab
X-ray diffractometer with an incidence angle of 0.5°. XPS measure-
ments were taken using a Kratos Axis Ultra X-ray photoelectron
spectrometer with a spot size of 700 X 300 ym”. A monochromatic Al
source (10 mA, 12 kV) and pass energies of 160 eV (for the survey
scans) and 20 eV (for the core scans) were used during scanning.

Quantitative Image Analysis. The covered area of the
nanosheets was measured for the top-view SEM images (with field
of view between S and 10 um, for accuracy) using Image]. First, the
image was converted to an 8-bit gray image. The area coverage
fraction was obtained by thresholding the image. The area covered by
the nanosheets was measured at three different positions within the
same sample.

The length of the nanosheets was manually measured from the
cross-sectional SEM images using Image]. The length of the
nanosheets was calculated from top to bottom, disregarding the
orientation angle. The length of 20 nanosheets was averaged by
measuring 5 different nanosheets at 4 different positions.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01194.

SEM image of ZnO homogeneous precipitates formed
during hydrothermal synthesis (Figure S1); XRD
pattern of LDH nanosheets with increasing hydro-
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thermal growth time (Figure S2); thin-film thickness as a
function of ALD cycle number for ALO; (Figure S3);
and stability tests for LDH nanosheets at high humidity,
chemical exposure, and high temperature (Figure S4)
(PDF)
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