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CONSPECTUS: Inverse opals (IOs) are highly interconnected three-dimensional
macroporous structures with applications in a variety of disciplines from optics to catalysis.

For instance, when the pore size is on the scale of the wavelength of visible light, IOs exhibit
structural color due to diffraction and interference of light rather than due to absorption by
pigments, making these structures valuable as nonfading paints and colorants. When 10

pores are in an ordered arrangement, the IO is a 3D photonic crystal, a structure with a
plethora of interesting optical properties that can be used in a multitude of applications,

from sensors to lasers. IOs also have interesting fluidic properties that arise from the re- O
entrant geometry of the pores, making them excellent candidates for colorimetric sensors ﬁ
based on fluid surface tension. Metal oxide IOs, in particular, can also be photo- and Theory &
thermally catalytically active due to the catalytic activity of the background matrix material Applications Characterization

or of functional nanoparticles embedded within the structure.

Evaporation-induced self-assembly of sacrificial particles has been developed as a scalable

method for forming IOs. The pore size and shape, surface chemistry, matrix material, and

the macroscopic shape of the IO, as well as the inclusion of functional components, can be designed through the choice of
deposition conditions such as temperature and humidity, types and concentrations of components in the self-assembly mixture, and
the postassembly processing. These parameters allow researchers to tune the optical, mechanical, and thermal transport properties of
IOs for optimum functionality.

In this Account, we focus on experimental and theoretical studies to understand the self-assembly process and properties of metal
oxide 10s without (bare) and with (hybrid) plasmonic or catalytic metal nanoparticles incorporated. Several synthetic approaches
are first presented, together with a discussion of the various forces involved in the assembly process. The visualization of the
deposition front with time-lapse microscopy is then discussed together with analytical theory and numerical simulations to
determine the conditions needed for the deposition of a continuous IO film. Subsequently, we present high-resolution scanning
electron microscopy (SEM) of assembled colloids over large areas, which provides a detailed view of the evolution of the assembly
process, showing that the organization of the colloids is initially dictated by the meniscus of the evaporating suspension on the
substrate, but that gradually all grains rotate to occupy the thermodynamically most favorable orientation. High-resolution 3D
transmission electron microscopy (TEM) is then presented together with analysis of the wetting of the templating colloids by the
matrix precursor to provide a detailed picture of the embedding of metallic nanoparticles at the pore—matrix interface. Finally, the
resulting properties and applications in optics, wetting, and catalysis are discussed, concluding with an outlook on the future of self-
assembled metal-oxide-based IOs.
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Figure 1. Evaporation-induced self-assembly routes to metal oxide inverse opals (I0s). (a) Infiltration approach. Schematic (top) and scanning
electron microscope (SEM) images of the resulting cracked IO film (bottom). (b) Co-assembly using a sol—gel matrix precursor. Schematic (top) and
SEM images of the resulting crack-free IO film (bottom). Images reproduced with permission from ref 1. Copyright 2010 Proc. Natl. Acad. Sci. U.S.A.
(c) Co-assembly using precursor nanocrystals in the evaporating suspension. (Top, from left to right) Schematic of the approach, photograph, and
transmission electron microscope (TEM) image of an IO film formed using this approach with TiO, nanocrystals. (Bottom) The approach
demonstrated for (top row) indium tin oxide (ITO) and (bottom row) zinc iron oxide nanocrystals. SEM images of the resulting highly ordered, crack-
free 10s are shown on the left with corresponding elemental mapping from energy dispersive X-ray (EDX) analysis on the right. Images reproduced
with permission from ref 12. Copyright 2022 Wiley-VCH.

inverse opals for multilevel message encryption and
colorimetric sensing.

e Li, L; Goodrich, C; Yang, H,; Phillips, K. R;; Jia, Z,;
Chen, H.; Wang, L.; Zhong, J.; Liu, A.; Lu, J.; Shuai, J;
Brenner, M. P.; Spaepen, F.; Aizenberg, J. Microscopic
Origins of the Crystallographically Preferred Growth in
Evaporation-Induced Colloidal Crystals. PNAS 2021, 118
(32), €2107588118” - This study contributes to a new
understanding of crystallographic texture development in
colloidal crystals through crystallographic rotation,
shedding light on the preferred (110) growth in the fcc
colloidal crystals synthesized through evaporation-
induced assembly.

e van der Hoeven, J. E. S.; Kramer, S.; Dussi, S.; Shirman,
T.; Park, K. K; Rycroft, C. H.; Bell, D. C.; Friend, C. M,;
Aizenberg, J. On the Origin of Sinter-Resistance and
Catalyst Accessibility in Raspberry-Colloid-Templated
Catalyst Design. Adv. Funct. Mater. 2021, 31 (49),
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2106876" - This study unveils that the origin of strongly
enhanced nanoparticle stability in raspberry-colloid-
templated (RCT) inverse opals lies in partial nanoparticle
embedding in the pore—matrix interface, yielding robust
and active materials for catalytic applications.

B INTRODUCTION

Nature is a master at self-assembling hierarchically structured
multifunctional materials, inspiring the development of
synthetic analogs that mimic certain features of the complicated
natural systems. These simplified synthetic materials allow
researchers to vary one parameter at a time, unraveling the forces
governing the assembly process and bringing us closer to the
rational design of self-assembly routes toward hierarchical and
multifunctional architectures. Key tools in understanding these
processes are controlled assembly experiments, structural
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Figure 2. Incorporation of functional nanoparticles (NPs) into IOs. Introducing NPs (a) after formation of the IO, or, (b) during, or (c) before
assembly of the templating colloids results in IOs with the NPs (a) in the pores, on top of the pore—matrix interface, (b) predominantly encapsulated in
the matrix, or (c) embedded at the pore—matrix interface. The TEM images in panels (a) and (b) are reproduced from refs 20 and 23, respectively.
Copyright 2019 and 2014 American Chemical Society. The schematics are adapted with permission from ref 4. Copyright 2021 Wiley-VCH.

characterization, analytical theory, numerical simulations, and
the feedback between them.

Here, we focus on inverse opal structures, bioinspired
materials with the potential for a wide range of applications.™®
IOs are made via the self-assembly of sacrificial colloids with a
diameter between 100 nm and 1 gm into a face-centered cubic
(fcc) lattice. A second material is used to fill the interstitials
between the assembled spheres either during or post assembly,
after which the templating colloidal particles are removed,
rendering an ordered, porous network. The high degree of order
makes 1Os valuable for fundamental studies and tractable for
simulations, where a single unit cell enclosed by periodic
boundary conditions represents the entire structure. Of
particular interest are metal-oxide-based 10s due to both
practical and functional reasons. An important practical
advantage of metal-oxide-based IOs is their ease of fabrication,
with the introduction of improved and new approaches for sol—
gel and nanoparticle-based self-assembly.”®” The higher
refractive index (1) of the oxide (e.g, n ~ 1.46 for silica® and
for n ~ 2.6 titania’) compared to the air inside (n & 1) results in
the scattering of light at each pore—matrix interface and makes
10Os valuable for optical applications. For instance, they can serve
as sensors due to the dependence of scattering on the refractive
index of the fluid infiltrating the pores. Metal oxide IOs also play
arole in heterogeneous catalysis, with the metal oxides providing
structural support (e.g, silica) or playing an active role in the
(photo)catalytic process (e.g,, titania).'"~"*

Fundamental studies provide an ever-increasing insight into
IOs and their formation, leading to a greater level of control over
various aspects of the assembly to produce multicomponent,
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shape-controlled, and chemically patterned IOs, with a rapidly
expanding materials toolkit and evolving applications in
photonics, biomedicine, and catalysis. This Account seeks to
highlight the recent developments in the synthesis, imaging,
modeling, and applications of metal-oxide-based 1Os with a
focus on our group’s work.

B SYNTHESIS
Assembly of Metal Oxide Inverse Opals

The synthesis of metal-oxide-based inverse opals can be
accomplished through a variety of methods, including spin-
coating, sedimentation, centrlfugatlon, evaporation of a
suspension, and dip-coating.” Here we focus on evaporation-
induced self-assembly as it can produce highly ordered
structures over large length scales." Typically, polystyrene or
poly(methyl methacrylate) colloids are employed as templating
particles because of established synthetic methods to produce
submicron-sized spheres with low polydispersity, easily adjust-
able sizes, and high yields. These sacrificial colloids are dispersed
in water either (i) without (Figure 1a) or (ii) with a precursor of
the matrix material (Figure 1b,c). In the (i) assembly and
infiltration approach, the precursor for the matrix material is
infiltrated into the interstitials of the preformed direct opal
template."”'* In the (ii) coassembly approach, the colloids are
assembled in the presence of a matrix precursor that is typically
either a sol— gel solution or a dispersion of metal oxide
nanoparticles.”' "> The polymeric template is then removed,
often via heat treatment (calcination) at ~500 °C, which is
above the combustion temperature of the polymer. This also
solidifies the background matrix through condensation in the
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Figure 3. Control over various aspects of the assembly. (a) Photonic brick fabrication via controlled crack formation on a prepatterned surface."®
Images reproduced with permission from ref 18. Copyright 2020 Wiley-VCH. (b) Photonic IO balls obtained via emulsion-templated self-assembly.
Images reproduced with permission from ref 19. Copyright 2018 Wiley-VCH. (c) Shape-controlled inverse opals fabricated by top-down patterning of
an IO film into the desired shape.”® The bottom high-magnification SEMs and diffraction patterns of regions in the top SEM indicate high order.
Images reproduced with permission from ref 28. Copyright 2015 Wiley-VCH. (d) Chemical surface modification of inverse opals: short O, plasma

exposure between successive silane treatments of the metal oxide matrix can be used to obtain differently functionalized regions in the IO.

2,30

Schematics reproduced from ref 30. Copyright 2012 American Chemical Society. (e) Metal (Ag) overgrowth on embedded Au NPs. The high-angle
annular dark field—scanning transmission electron microscopy (HAADF-STEM) images and EDX maps show anisotropic Ag shell growth, resulting in
Janus-like NPs.* Images reproduced with permission from ref 4. Copyright 2021 Wiley-VCH.

case of a sol—gel precursor or by promoting sintering for a
nanocrystalline precursor. Calcination can be used to manipu-
late the shape of the pores, with temperatures above the glass
transition of the matrix (800—1100 °C for SiO,), inducing the
formation of elliptical voids as the matrix deforms under its own
weight."*'” If the 10 is deposited on a temperature-sensitive
substrate such as a conductive or flexible polymer or if the crystal
structure or polymorph of the temperature-sensitive metal oxide
matrix must be preserved for intended functionality, wet-
chemical approaches relying on the dissolution of the templating
particles in an organic solvent can be applied instead. A low-
temperature pretreatment (e.g, < 200 °C) may be required to
solidify the metal oxide matrix preventing its collapse upon
dissolution of the templating colloids."”

In all cases, a high degree of order relies on: (i) low
polydispersity of the colloidal particles (<10%); (ii) sufficiently
repulsive interactions between all assembling components to
prevent uncontrolled aggregation that results from van der
Waals attraction; and (iii) solvent evaporation rate that is high
enough to ensure that the time scale of deposition exceeds that
of sedimentation but slow enough to allow the colloids to move
into a crystalline lattice position rather than being kinetically
trapped in a disordered state. The characteristics of the
precursor are also essential, especially in the case for coassembly.
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For example, the evaporation rate should exceed the
condensation rate for a sol—gel precursor.

Choice of Assembly Route

An advantage of the infiltration approach (Figure la) is that it
can easily be adjusted to fabricate IOs for a wide range of metal
oxide materials: as the colloidal crystal is formed first,
interactions between the colloid and matrix material do not
affect the self-assembly. However, cracks are more prevalent
using this approach due to capillary forces that pull the matrix
precursor into the interstices of the direct opal, whereas in
coassembly, the templating colloids can shift their location in the
gelled partially hydrolyzed sol or in the colloidal suspension,
mitigating tensile stresses between the shrinking colloidal crystal
and rigid substrate.' Voids and irregularly shaped pores can also
result in the infiltration approach if the infiltrating matrix
material does not adequately wet the surface of the templating
colloids. A challenge of sol—gel-based coassembly, however, is
its high sensitivity to the metal oxide precursor composition,
specifically its associated charge, hydrolysis and condensation
rates, and degree of shrinkage upon drying. For instance,
cracking in TiO,-containing sol gels is much more pronounced
than in their SiO, counterparts due to an ~2X %reater shrinkage
of the tested TiO, sols compared to SiO, sols."” This sensitivity
to the precursor can be addressed by employing presynthesized

https://doi.org/10.1021/acs.accounts.2c00087
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Figure 4. Drying effects in evaporative self-assembly. (a,b) Banding vs filming: Micrographs of periodic bands and uniform films of colloidal deposits
(a) and band spacing d (W) and bandwidth Ad (°) as a function of the colloidal volume fraction ¢, (b). Images adapted with permission from ref 34.
Copyright 2015 American Institute of Physics. (c) SEM images of compound opal structures at different ¢,,,o/¢Pps. Bottom insets are zoom-ins to
show the packing, while the top inset shows the diffraction pattern. Images adapted with permission from ref 12. Copyright 2022 Wiley-VCH.

metal oxide nanocrystals with sufficient surface charge
originating from the ligands on the nanocrystals surface. This
allows the fabrication of a range of metal oxide IOs without
having to change the assembly conditions, as demonstrated for
titania, alumina, zirconia, indium tin oxide, and zinc iron oxide
(Figure lc).>"

Hybrid Inverse Opals with Metal Nanoparticles

The functional properties of I0s can be expanded by
incorporating various nanoparticles (NPs) into the metal
oxide framework, such as those with plasmonic or catalytic
properties. NPs can be introduced at different stages: (i) after
the IO has been formed (Figure 2a), or (ii) during (Figure 2b)
or (iii) before (Figure 2c) the assembly of the templating
colloids, which results in their placement (i) on top of the pore—
matrix interface, (ii) mostly encapsulated in the metal oxide
matrix, or (iii) partially embedded at the pore—matrix
interface.'” Briefly, (i) involves infiltrating a NP solution into
an already-formed 10°°~** and (ii) is a three-phase coassembly
in which functional NPs are added as a third phase to the
coassembly mixture.”” The raspberry colloid templating (RCT)
approach (iii) entails first synthesizing NPs and attaching them
to the templating colloids and then adding these hybrid
“raspberry” colloids to the evaporating suspension to produce
metal-oxide IOs with NPs exclusively located at the pore—matrix
interface but largely embedded into the matrix compared to the
NPs attached to the interface, as in (i).*'? A unique feature of
the RCT materials is the sinter-resistance of the metal NPs at
elevated temperatures and in reactive gases,“’zo’24 making them
valuable materials for thermal catalytic applications as detailed
further in the Imaging and Modeling and Applications sections.

Varying the Macroscopic Structure of the 10

In addition to the choice of composition, incorporated particles,
and pore structure, the macroscopic properties of IOs can be
imposed using one of the following approaches: (i) deposition
on a substrate that is patterned,18 curved,” flexible, or made
with a sacrificial material that allows for release of brick-like IOs
(Figure 3a);"® (ii) assembly in confinement, for example, in
emulsion-based liquid droplets (Figure 3b);'***° (iii) 3D
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printing of the suspension;”” and (iv) photo- or electron-beam
lithography to create a mask above an already-formed IO on a
substrate followed by reactive ion etching (Figure 3¢).”* The
imposed curvature or pattern of a substrate affects the order of
the resulting colloidal crystal, where substrates with smaller radii
of curvature result in IOs that deviate more from perfectly
ordered crystals.18 In the case of spherical confinement,
photonic balls are most ordered at the surface and become
progressively more disordered toward the center.”

Postsynthesis Modifications

IOs can be modified after their synthesis in a variety of ways in
addition to the top-down patterning presented in Figure 3c. The
surface can be chemically functionalized (Figure 3d), generally
achieved through the addition of a silane monolayer by vapor- or
solution-phase deposition on the metal oxide surface, homoge-
neously or in a predefined pattern.”> Two or more distinct
surface chemistries can be created across the IO by using a
combination of masking (e.g., with polydimethylsiloxane
(PDMS)) and oxygen plasma etching, which removes any
silane molecules in regions which have been exposed. The IO
can be subsequently functionalized with a new silane.”*° Vertical
gradients in the surface chemistry are also possible by exposing
the IO to plasma for a shorter time to partially clean the first
silane off the surface, with more removal occurring in the
uppermost layer of pores.”’ When a second silane is introduced,
it only attaches to the cleaned sections (Figure 3d). A surface
chemical gradient across an IO can also be accom$lished by
codepositing two silanes at differing concentrations.””

Likewise, metal overgrowth can be applied to functional NPs
in hybrid IOs to produce larger nanoparticles or those consisting
of multiple metals (Fi§ure 3e). Metal overgrowth can be used to
modify the optical”>’ and catalytic properties of the NPs in
hybrid IOs and typically involves infiltrating the IO with metal
precursor solution (e.g, HAuCl, for gold” or AgNO; for
silver”), followed by the addition of a mild reducing agent.
Preferential growth in the direction of the void due to spatial-
and mass transfer limitations at the embedded sides of the NPs
results in the characteristic elongated shape of the overgrown
NPs (Figure 3e).
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B MECHANISTIC STUDIES: IMAGING AND
MODELING

Drying Dynamics

During self-assembly, the meniscus of a drying suspension is
pinned to a substrate or the walls of the container, and fluid flows
into the region of the meniscus to compensate for fluid lost due
to evaporation.”® This drives the colloids and precursor (if
present) to the contact line, where they subsequently form a wet
solid at the interface, as seen in the coffee ring effect. During this
process, the meniscus deforms as a function of the local particle
deposition and evaporation rates. Depending on whether or not
the meniscus touches down onto the substrate, the particle
packing can span a continuous solid film or can be arranged in
periodically spaced bands, as shown in Figure 4a. An in-depth
study of the deposition process combining experiments and
theory by Kaplan et al. provided an understanding of the regimes
in which filming versus banding could be expected.** It was
determined that a continuous film forms when the bulk volume
fraction of particles, @, is above a critical concentration, ..
Periodically spaced bands are formed for ¢, < ¢, with the
thickness of the bands decreasing with decreasing @, (Figure
4a). A coarse-grained description capturing the dynamics of
meniscus deformation revealed that @_ is the volume fraction for
which the rate of colloid deposition equals the rate of solvent
evaporation. The spacing between bands (d) can be predicted
for a given particle volume fraction and evaporation rate. A more
detailed multiphase model that couples the inhomogeneous
evaporation at the meniscus to the fluid flow and particle
advection was developed to enable the quantification of the
minimum deposition rate required to achieve a continuous film
for a given evaporation rate, the thickness of bands in the
banding regime (Ad), and the critical volume fraction at which
the transition from one mode of deposition to the other occurs,
all of which match nicely with the experimental findings (Figure
4b).

When nanocrystals are introduced into the coassembly
mixture, it is important that their concentration relative to that
of the colloids is appropriate for the assembly into ordered crack-
free IO films. Matching the constitutive fluxes of both types of
particles as prescribed by the packing geometry of a modified fcc
lattice and accounting for the denser packing of the bulk of the
crystal compared to the bottom substrate-anchored layer, Han et
al.'"* calculated the theoretical value of the optimal volume
fraction ratio of nanocrystal matrix precursor to templating

nano

. [
colloids, ( 4

*
) , to be ~0.023. This value was experimentally

PS
validated to produce crack-free IOs across several nanocrystal-
line metal oxide precursors, whereas cracked IOs with
underfilled interstitials or crack-free IOs with disordered

)well below or

Prano

arrangement of voids were produced for (
PS

well above this critical value, respectively (Figure 4c).
Crystal Structure of Crack-Free 10s

Evaporation-induced coassembly on vertically oriented sub-
strates results in colloidal crystals with a preferred growth along
the (110) direction. This phenomenon appears general and has
been observed for a variety of colloid chemistries, evaporation
rates, and matrix precursors.””''® The origin of the preferred
crystallographic growth orientation during coassembly has
recently been elucidated by Li et al. through analysis of the
local organization of colloidal crystals at different growth stages
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using a combination of two-dimensional large-area crystallo-
graphic mapping and crystal structure analysis at a single-particle
level by high-resolution SEM imaging, together with finite
element-based mechanical simulation and computational
colloidal assembly modeling.” This multipronged approach
unveiled that the assembly process proceeds in 3 stages: (i)
nucleation of a polycrystalline colloidal monolayer along the
horizontal meniscus direction M (Figure 5), (ii) increase of the

Si substrate

Substrate

Colloid
crystal
Colloids
Reaction solution

G: Growth. M: Meniscus. N: Normal.

Figure S. Evolution of the crystallographic direction of colloidal crystals
upon evaporation-induced coassembly. (a) Schematic of the process
and a large-area map of the crystallographic orientation demonstrating
its gradual rotation along the growth direction. (b,c) High-
magnification of the square regions from panel (a), with local crystal
orientation relative to the meniscus direction () indicated. The circles
highlight individual GND defects. (d,e) High-magnification of the
boxes regions in panels (b,c). (fg) Original SEM images for panels
(d,e), showing the individual GNDs. Images adapted with permission
from ref 3. Copyright 2021 Proc. Natl. Acad. Sci. U.S.A.

number of layers depending on colloidal concentration; and (iii)
gradual rotation of the grains in the multilayered colloidal crystal
until the close-packed direction coaligns with the growth
direction G, after which the assembled cm-sized film remains
uniformly (110)-oriented. The rotation toward the (110)
direction of the individual grains occurs regardless of their
initial crystal orientations. Geometrically necessary dislocations
(GNDs) are essential in facilitating the rotation; they arise due
to drying-induced mechanical stress that results from a
mismatch between the shrinkage of the colloidal crystal film
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Figure 6. Quantification and modeling of the nanoparticle embedding in raspberry-colloid-templated (RCT) inverse opals. (a) Bright field TEM of a
silica-based RCT IO containing AugsPd, metal nanoparticles. (b) Plot of the exposed nanoparticle surface as a function of particle diameter (middle
graph) determined from the 3D electron microscopy data. Histograms show the particle size distribution (top) and the exposed surface distribution
(right). (c) Examples of two NPs with measured 64% (top) and 93% (bottom) of the surface embedded into matrix. (d) Numerical calculations show
the equilibrium state silica sol—gel solution—air contact line at the NP—polystyrene interface, with larger trapped air bubbles leading to a lower degree
of immersion in the sol—gel. The snapshots on the right depict numerical calculations of two extreme cases of maximum (~100%) and minimum
(~30%) embedding. Images reproduced with permission from ref 4. Copyright 2021 Wiley-VCH.

and the constraint from the rigid substrate during the drying
process. As mechanical stresses are often present in evaporating
systems, it is likely that the mechanical stress-induced
dislocations and the corresponding rotation of the crystal grains
in coassembled colloidal crystals are a universal principle for
crystallographically preferred growth in evaporation-induced
colloidal assemblies and the corresponding 10s. This phenom-
enon depends on the thickness of the colloidal crystal and holds
for thin films, whereas cracking becomes the strain release
mechanism for thicker films. The thickness at which this
transition occurs depends on the shrinkage of the sol—gel
material. For example, in silica sol—gel films produced with
250—400 nm templating colloids, the threshold is approximately
20 layers, whereas for mixed titania-silica sol—gels that shrink
more, the threshold is lower.>

Nanoparticle Embedding

As mentioned in the Synthesis section, the nanoparticle
placement in hybrid IOs can be controlled via the assembly
process.””*"*** Van der Hoeven et al.* recently employed
high-resolution 3D transmission electron microscopy (TEM)
together with numerical simulations to gain insight into the
observed benefits of RCT IOs, such as sinter- and mechanical
resistance. Quantitative assessments of >200 individual AuNPs
revealed that all NPs reside at the pore wall, with >50% of their
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surface embedded in the silica matrix (Figure 6a—c). The degree
of embedding was shown to largely depend on the wetting
behavior of the precursor used to infiltrate the assembled
raspberry colloids. The measured contact angles, which a sol—
gel silica solution forms on gold and polystyrene surfaces, were
used to numerically calculate the shape of the solid—liquid—
vapor contact line that forms a stable sol—gel interface between
the gold NPs and the polystyrene colloid (Figure 6d). The
calculations revealed that the largest captured air volume that
can stabilize the contact line would lead to a minimum 30%
nanoparticle immersion into the sol—gel solution, and thus all
NPs must be largely embedded into the matrix material, in
agreement with high-resolution TEM results. The wetting
behavior of the sol—gel solution on the raspberry colloids, and
consequently the nanoparticle embedding into the oxide, can be
varied by changing the composition of the sol—gel solution or by
functionalizing the raspberry colloids with hydrophobic or
hydrophilic ligands. Gaining such control over the nanoparticle
embedding would enable one to vary the nanoparticle stability
and nanoparticle accessibility. This is particularly relevant for
applications in heterogeneous catalysis where the nanoparticle-
support interaction is known to be a key parameter in tuning the
catalytic performance, and similar control cannot be accom-
plished using conventional catalyst preparation techniques.
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Figure 7. Optical, wetting, sensing, and catalytic applications of inverse opals. (a) Reflectance spectra of TiO, I0s templated by colloids of different
sizes."” Images adapted with permission from ref 12. Copyright 2022 Wiley-VCH. (b) Optical spectra of a single sample with progressively more
elliptical voids, due to calcination at sequentially higher temperatures.'® Images reproduced from ref 16. Copyright 2014 American Chemical Society.
(c) Schematic and optical images showing a chemically encoded IO functioning as a colorimetric sensor in which the word “W-INK” is encoded by
progressively hydrophobic surface functional groups.” In different water-ethanol mixtures, different words appear. Images reproduced from ref 2.
Copyright 2011 American Chemical Society. (d) Thermal catalysis with RCT materials containing gold-palladium nanoparticles for the selective
hydrogenation of alkynes to alkenes.** Images reproduced from ref 44. Copyright 2020 American Chemical Society. (&) Photoassisted dye degradation
of methylene blue using TiO, inverse opals. Ordered IOs outperform their crushed and disordered counterparts.'> Images reproduced with permission
from ref 12. Copyright 2022 Wiley-VCH.

B APPLICATIONS salts or increase in polydispersity of templating colloids in the
assembly solution. Increased disorder results in less color-

Optical Applications travel.”’ ~** Meanwhile, the color purity of IOs can be enhanced

Inverse opals with pore sizes on the length scale of visible by forming them on a substrate which absorbs visible light such
wavelengths display structural color, whose wavelength and as a silicon wafer or by including broadband or narrowband
angle-dependence can be designed through the choice of the absorbers, such as carbon black or plasmonic particles,
refractive index of the materials, void size and shape, lattice respectively, within the 10.*
structure, and degree of order.” The observed color shifts to Ordered IOs are particularly interesting as they are 3D
longer wavelengths for IOs created with progressively larger photonic crystals, structures with a periodically patterned
templating colloid sizes (Figure 7a). A narrow peak and large refractive index that have been of great interest to the
intensity of the reflection spectrum indicate that the refractive nanophotonics community.”' #*' Beyond their use as “structural
index is organized in a periodic pattern.'* Elliptical voids change pigments,” photonic crystals provide a wealth of exciting
the length scale of the patterning of the refractive index as well as opportunities in applications involving light, such as acting as
the lattice symmetry, which affects the observed color and its mirrors for a specific wavelength range, which is useful to make
angle-dependence (Figure 7b).'® Another way to affect the filters, beamsplitters, waveguides, and lasers.*" Photonic crystals
angle-dependence of the color is increasing the deviation of the can also enhance light-matter interaction for certain wavelengths
lattice from perfect order, for example through the addition of due to the so-called “slow-light effect,” where the exact
1816 https://doi.org/10.1021/acs.accounts.2c00087
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wavelength can be designed through the choice of template size
and refractive indices of the background material and fluid in the
voids.** Researchers have employed this phenomenon to create
IO-based photovoltaics/solar cells and photocatalysts with a
high absorption of light by the IO background material,
functional NPs included in the IO, or molecules dissolved in
the infiltrating fluid.'*~">*’

The use of I0s is not limited to visible wavelengths. When
void sizes are much larger or smaller than the ones necessary for
coherent scattering of visible light, they can produce identical
effects in the ultraviolet or infrared wavelengths, respectively.
Furthermore, an IO will appear as an effective medium to
incoming light whose wavelength exceeds the IO pore size,
meaning that the IO can be treated as a bulk material with
effective refractive index given by the sum of the refractive
indices of the background matrix material and that of the fluid in
the voids. Using this principle, Shahsafi et al. demonstrated that
an SiO, IO with ~300 nm pores acts as a near-perfect absorber
with very low angle-dependence for specific wavelengths in the
mid-infrared (~9 pm). This is a hard-to-obtain and desirable
characteristic for a variety of devices, such as those that can
direct the thermal emission of materials, and for highly sensitive
sensors in the mid-infrared.*’

Wetting, Sensing, and Biomedical Applications

The re-entrant geometry of the openings between the spherical
voids of an IO creates an energy barrier to fluid infiltration, such
that a liquid will pass from one pore to another only if its contact
angle is below a threshold value, determined by the opening
angle and the chemical functionalization of the pore surface;
otherwise, the liquid will remain in the metastable nonwetted
state, pinned above an air-filled pore. When fluid fills the pores,
the absolute refractive index increases while the refractive index
contrast typically decreases, causing a redshift and dimming of
the color, respectively. These changes can be monitored by eye
or spectroscopically, making IOs valuable as colorimetric
sensors based on fluid surface tension that is limited in
resolution only by the uniformitgr of the surface coating and
the neck angles across the 10.>%*

Patterning the surface chemistry of an IO results in multiple
critical wetting thresholds across the structure, so that fluids with
distinct surface tensions produce different filling patterns. This
concegt has enabled the differentiation of test liquids (Figure
7¢,d).”**** Vertical gradients in surface chemistry (Figure 3d)
result in partial wetting into the structure, which is especially
useful for biomedical applications, as was applied to the
detection of bile salts in the urine of infants with neonatal
jaundice.”’ More targeted IO diagnostic sensors can use
antibodies bound to the surface to capture viral particles,
leading to small but measurable spectral shifts in the IO peak
reflectance.”” The IOs can also be functionalized with molecules
that shift their wetting characteristics in response to outside
stimuli. For example, IOs coated with photoswitchable
azobenzene molecules serve as cumulative detectors of exposure
to elevated temperature or UV dose, as azobenzene degradation
due to heat or ghotobleaching, respectively, reduces the 10
surface energy.”*® Such IOs can be used as effective
antitampering or quality-control sensors. In addition to static
sensing of surface tension, the dynamics of wetting and/or
drying can be used to enhance the distinction between otherwise
similar solvents."’

The textured surface of IOs functionalized with hydrophobic
molecules can also be used as a superhydrophobic material. By
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infusing lubricant into IOs, an omniphobic surface with low
contact angle hysteresis is created.””>" This fits well within the
family of slippery liquid-infused porous surface (SLIPS)
materials,”> which show exceptional antifouling properties due
to their ability to repel any contaminating substances, including
ice, blood, and bacteria.”®> The reentrant curvature of the 10
pore openings firmly locks the lubricant within the structure,
resulting in robust omniphobicity that prevails even after the
application of strong shear forces and mechanical damage.
Structural color of these IOs can also act as a reporter for
lubricant depletion.”™*> 10 SLIPS coatings on various
condensation surfaces such as copper pipes in heat exchangers
prevent droplet pinning for improved heat transfer and exhibit
only minute losses of lubricant, as measured by Adera et al.*°

Catalytic and Photocatalytic Applications

Metal nanoparticles supported on a metal oxide are widely used
in chemical industry as heterogeneous catalysts to accelerate
chemical reactions. Hybrid IOs are promising materials for
fundamental catalysis studies regarding structure-performance
relations®” > and for more applied studies under industrially
relevant conditions.”* Key advantages of IOs for catalysis are (i)
a highly interconnected porous network, facilitating mass-
transport,’ (i) well-dispersed and highly accessible catalytic
nanoparticles especially in the RCT approach, and (iii) a large
design space for the composition, size, and shape of the metal
nanoparticles and metal oxide, therefore allowing a targeted
design to match specific chemical reactions.'” So far, the
catalytic performance of well-defined mono- and bimetallic Au,
Pd, Pt, and Ag nanoparticles on silica and alumina RCT
materials have been investigated for selective oxidation and
hydrogenation reactions (Figure 7e). 2024445761 Byrthermore,
mono- and bimetallic Pd-based RCT's were used as oxidation
catalysts for CO*>** and volatile organic compounds at lower
temperatures compared to their commercial counterparts and at
significantly reduced metal loadings.”* A common problem of
commercial catalysts performing at high temperatures and/or
high air flows is that the NPs can migrate and sinter or leach,
which reduces the activity of the catalyst. The RCT design
suppresses NP sintering due to the embedding of the
nanoparticles in the metal oxide support,”** which we have
shown for a variety of RCT compositions. For example, TEM
measurements revealed minimal NP growth after thermal
treatment at 800 °C (e.g,, AuPd NPs*) and 950 °C (e.g, Pd
NPs***), whereas their nonembedded inverse opal counterparts
(prepared by infiltration post assembly) already sintered
severely upon thermal treatment at 500 °C.”

IOs are also of great interest for photocatalysis due to their
high active surface area, as well as the relatively thin metal oxide
walls, providing a short distance for reactive electrons or holes to
travel to the interface where they can reduce or oxidize reactants.
TiO, IOs are one of the most commonly employed IOs in
photocatalytic applications as TiO, has a relatively high
refractive index,'”'> which leads to strong light scattering even
when the pores are infiltrated with liquid. The performance can
be enhanced by the slow-light effect, which is an increase in light-
matter interaction time arising from the specific choice of pore
size and materials composition.'”** The slow-light effect has
been studied for a variety of systems, including for photo-
degradation of methylene blue by varying the degree of order in
the I0s, where the ordered IOs outperformed the more
disordered structures when illuminated with light of the
expected wavelength for the slow-light effect (Figure 7f).'”"*
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Bl CONCLUSIONS AND FUTURE PERSPECTIVES

This Account is focused on the synthesis, fundamental
understanding, and applications of metal-oxide inverse opals
produced by evaporation-induced self-assembly. The modu-
larity of the self-assembly approach allows researchers to create a
variety of IOs composed of different materials, with tailored
chemical functionalization, patterning, functional nanoparticle
incorporation, pore structure, overall geometry and order of the
IO, and the substrates on which they are deposited. These
aspects, in turn, influence the IO’s physical and chemical
properties, which can be critical to applications. Herein, we
discussed the mechanistic underpinnings of the evaporation and
deposition dynamics required for ordered assembly over large
length scales, the development of crystallographically oriented
IO films due to geometrically necessary dislocations, unique
wettability of IOs due to the re-entrant geometry of the porous
network, and the dependence of the NP placement within the
IO matrix on the wetting of the solution for the raspberry-
colloid-templated approach. Insights from these studies can be
applied directly to improving our understanding of and control
over the assembly process and to produce better-quality
structures targeted to specific end-uses. A greater control over
crystallographic defects during the assembly process would be
particularly valuable for guiding the flow of light. Optical cavities
in IOs could be combined with a gain or absorbing medium to
produce lasers or photovoltaics, respectively. As the condition
for light confinement in such cavities is highly sensitive to the
local refractive index, there are many opportunities to further
explore and develop IOs with controlled defects to sense minute
changes in the refractive index for biomedical applications.
Chemically functionalized 1Os are excellent candidates for
colorimetric sensing. Changes to the metal oxide could be
explored, such as adding dopants to create electrically
conductive IOs, which could be incorporated into next-
generation batteries and fuel cells. The development of IOs
for catalytic applications is an exciting direction, where the
structural characteristics of the raspberry-colloid-templated 1O0s
are particularly promising due to the unique partial nanoparticle
embedding and resulting sinter-resistance under harsh catalytic
conditions. We expect that new metal and metal-oxide
combinations open a wider range of applications in gas- and
liquid-phase catalysis and electrochemical applications.
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