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1. Introduction

A colloidoscope of colloid-based porous materials
and their uses

Katherine R. Phillips,® Grant T. England,” Steffi Sunny,® Elijah Shirman,**
Tanya Shirman,” Nicolas Vogel®® and Joanna Aizenberg*®°°

Nature evolved a variety of hierarchical structures that produce sophisticated functions. Inspired by
these natural materials, colloidal self-assembly provides a convenient way to produce structures from
simple building blocks with a variety of complex functions beyond those found in nature. In particular,
colloid-based porous materials (CBPM) can be made from a wide variety of materials. The internal
structure of CBPM also has several key attributes, namely porosity on a sub-micrometer length scale,
interconnectivity of these pores, and a controllable degree of order. The combination of structure and
composition allow CBPM to attain properties important for modern applications such as photonic inks,
colorimetric sensors, self-cleaning surfaces, water purification systems, or batteries. This review summarizes
recent developments in the field of CBPM, including principles for their design, fabrication, and applications,
with a particular focus on structural features and materials’ properties that enable these applications.
We begin with a short introduction to the wide variety of patterns that can be generated by colloidal
self-assembly and templating processes. We then discuss different applications of such structures,
focusing on optics, wetting, sensing, catalysis, and electrodes. Different fields of applications require
different properties, yet the modularity of the assembly process of CBPM provides a high degree of
tunability and tailorability in composition and structure. We examine the significance of properties such
as structure, composition, and degree of order on the materials’ functions and use, as well as trends in
and future directions for the development of CBPM.

Synthetically, monodisperse colloids can be made and sub-
sequently used to create structures similar to those found in

Functional properties in nature often arise from hierarchical
structuration in a variety of forms. In particular, unique and
interesting properties occur due to structure between the mole-
cular and bulk scales even with common materials. For example,
some feathers have bright blue colors,' ™ chameleons can change
color,® and Lotus leaves are hydrophobic,”° as shown in Fig. 14;
additionally, many seeds,'" shells,"> and butterfly wings'*™°
have bright iridescent colors, and shells can have high fracture
toughness."”’'® Generally, the structure of a material on the nano
to microscale strongly affects its optical, wetting, mechanical,
and chemical properties; thus, controlling features on this length
scale can lead to a myriad of materials possibilities.
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nature, where simple building blocks are used to achieve a
variety of functions despite a limited materials space. Self-
assembly of colloids creates nanoscale features simply, inexpen-
sively, and quickly over large areas from the bottom up by taking
advantage of molecular interactions that lead to the assembly of
nanoscale building blocks."® Block copolymers can also be used,
to achieve features below 100 nm,>>*! whereas colloids are in the
range between 100 nm and 1000 nm (1 pm). Colloids can be
used to make colloid-based porous materials (CBPM), which
provide the ability to control important aspects of the structure
including porosity and order (Fig. 1B). Control over the CBPM
structure on the colloidal length scale is particularly useful
because many important properties occur at this scale, such
as the wavelength of visible light, providing CBPM the ability
to control many physical phenomena. By expanding the range
of materials beyond what nature uses, synthetic CBPM can
achieve a variety of structures with specific compositions,
leading to properties beyond those found in natural mesoscale
materials, for example for catalytic and electrochemical uses.
Indeed, CBPM fabrication methods allow for a highly tailorable
composition and structure.
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In this review, the underlying theme is the influence of
CBPM structure on their macroscopic properties. We start our
discussion with a short introduction to colloidal self-assembly
and templating processes and survey the variety of structures
and patterns that can be generated. We then introduce and
critically review different application fields of such structures
and discuss the desired key properties for different applications
and how colloidal self-assembly processes can be applied to
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meet these requirements. We focus on the areas of optics, wetting,
sensing, catalysis, and electrodes, as summarized in Fig. 1C, to
illustrate the scope of colloidal assemblies, using specific but not
exhaustive examples. While biology uses mainly organic building
blocks, different technological applications require more special-
ized materials. A variety of materials can be incorporated into
CBPM structures including metals, metal oxides, and polymers.
All applications benefit from the tunability, tailorability, and
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Fig. 1 Colloidal particles, from biology to applications. (A) Biological examples of structures on the colloidal length scale: (i and ii) disordered particles
provide the crown feathers of the Lepidothrix coronata butterfly with a vivid blue color (scale bars = 200 mm (left), 1 um (right)),* reproduced with
permission from John Wiley and Sons, copyright 2010; (iii and iv) the skin of a Furcifer pardalis panther chameleon changes color in response to excitement
as a result of the changing periodicity of the underlying structure (scale bar = 200 nm),® reproduced with permission from Nature Publishing Group,
copyright 2015; and (v and vi) a lotus leaf has self-cleaning properties due to the microstructure of the surface (scale bar = 20 pm),” reproduced with
permission from the Royal Society of Chemistry, copyright 2008. (B) Properties and degrees of freedom of colloidal assemblies. (C) Application areas that
particularly benefit from using colloid-based materials are optics,?? wetting,?® sensing,?* catalysis,?®> and electrodes.?® Reproduced with permission from
John Wiley and Sons (copyright 2014), the American Chemical Society (copyright 2004, 2013, and 2014), and Nature Publishing Group (copyright 2013).

hierarchy of CBPM, originating from the variety of fabrication
and assembly methods. Much of the review focuses primarily
on inverse opals, ordered structures templated from colloidal
crystals, but we include comparisons with disordered and direct
(untemplated) structures as well. We intend to highlight the versa-
tility of colloid-based materials by providing a “colloidoscope” - an
overview ranging from the multitude of available structures and
their specific properties to a discussion of their advantages and
potentials in a wide range of technological applications.

2. Fabrication of colloidal assemblies

A rich variety of structures can be generated by self-assembly
using even the simplest colloidal particles as building blocks.
We focus on spherical colloidal particles, typically prepared in
the size range from 100 nm to several pm, made from common
materials without any inherent special properties (mostly poly-
styrene, poly(methylmethacrylate), and silica),®” rather than
assemblies of functional nanoparticles. Such colloids can be
synthesized with high precision and uniformity using emulsion
polymerization,*®>° dispersion polymerization,***' and Stéber
processes.**?* The composition can later be tailored as desired,
as discussed below and described in Fig. 2. With the focus on the
assembly of simple, spherical particles, this review does not cover
the synthesis and self-assembly of more complex colloidal build-
ing blocks, such as Janus particles,***> patchy particles,**>°
core-shell particles,*®™** particles with more complex internal
structures,***> anisotropic particles,*® or non-spherical nano-
crystals.”~>°

Complex properties and highly functional materials can
emerge solely by controlling the structure of the material or by
providing a template to generate patterns in another material.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Overview of various methods to control CBPM composition. The
material itself can be controlled, functional additives such as nanoparticles
can be used, and the surface can be modified, either with a conformal thin
film or with a molecular surface layer.

The classical structures created by spherical assemblies are direct
opals, consisting of three-dimensional assemblies of colloidal
particles in the ordered arrangement of a face centered cubic
crystal (Fig. 3A), and their inverse analogues created by back-
filling the interstitial sites with a second material and subse-
quent removal of the colloids which serve as templates to
generate an interconnected, porous matrix (Fig. 3C).

Within this chapter, we will briefly introduce the important
structural aspects of colloidal assemblies and highlight the
modularity and versatility of these structures. We organize the
chapter according to the length scale of structures, starting
from the composition of the material, via order and porosity
of CBPM to a short overview of types of assemblies and

Chem. Soc. Rev., 2016, 45, 281-322 | 283
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Fig. 3 Colloidal assembly structures with different order and porosity. (A) Direct colloidal crystal, or opal.,® Reproduced with permission from the
American Chemical Society, copyright 2013. (B) Disordered assembly of colloids.* Reproduced with permission from John Wiley and Sons, copyright
2010. (C) Inverse colloidal crystal, or inverse opal, prepared by filling the interstitial sites of the colloidal assembly and removing the colloidal template.>®
Reproduced with permission from the National Academy of Sciences, copyright 2010. (D) Mesoporous—macroporous material from colloidal templating,
where the inverse opal matrix is further structured with mesopores.?! Reproduced with permission from the Royal Society of Chemistry, copyright 2010.

superstructures that can be created across several dimensions
and length scales.

2.1 Control over structural features in colloidal assemblies

Composition. There is a high degree of control over the
composition of CBPM even using simple building blocks. Some
of the key benefits of CBPM are the modularity of the matrix
material, the additives, and the surface chemistry, as shown
in Fig. 2.

(A) Bulk material. The material choice for the colloidal
particles is limited by the synthetic possibilities to prepare
monodispersed spheres. There are numerous approaches to
create metallic,*”" polymeric,>*** semiconducting,® and oxidic*"°
nanoparticles, but the vast majority of colloidal assembly structures
are prepared from simple polymer or silica particles.””>*°
Inverse structures have much more pronounced material variety
since the matrix material can be chosen freely, provided it can
fill the interstitial sites of the template crystal. By controlling the
matrix material separately from the assembly process, one can
combine properties of the structure (interconnected pores, high
order, high surface area) with inherent material properties.””®
The variety of materials that can be used forms the basis for
applications of colloidal structures in sensing, catalysis, and
electrode materials, and specific examples will be discussed in
these sections. These inverse structures are generally made by
backfilling a pre-formed colloidal template with a precursor for
the matrix material; however, when the matrix and colloids are
co-assembled simultaneously, the resulting structure has better
long-range order and fewer cracks.*

(B) Nanoparticle additives. The addition of functional nano-
particles within the architecture provided by the colloids can be
used to add further functional properties. For example, carbon
black® or gold nanoparticles®* can be used for their absorbing
properties, or catalytically active nanoparticles®>™®* can be
embedded into the matrix material.

(C) Surface modification. Additional functional properties
can be introduced to the inverse opal matrix by various surface
modification techniques. The interconnected porosity enables the
entire surface to be modified uniformly, for example using atomic
layer deposition (ALD)**”? or electrodeposition®*”*>® techniques.

284 | Chem. Soc. Rev., 2016, 45, 281-322

The matrix material can also be conveniently chosen to allow
for simple and reliable introduction of a rich variety of surface
functionalities at a molecular level, for example via silane
chemistry.”””®

Porosity and order. As colloids start to assemble, they form
porous structures that can have a degree of order from single
crystalline to amorphous. Using the colloids as a template and
inverting the structure allows one to form macropores (defined
as those with pore diameter > ~30 nm”°) with interesting fluid
and gas transport properties.

(A) Order. The self-assembly of colloidal particles in three
dimensions creates close-packed structures with long-range
order if the particles are sufficiently similar in size and if the
assembly process is well-controlled.>*>® The colloids assemble
in a face-centered cubic crystal structure with periodicities in the
hundred-nanometer range, as defined by the individual colloidal
particle size. Colloidal crystals, for example in Fig. 3A, are also
known as opals.

(B) Disorder. While the assembly of colloids into ordered
structures require monodisperse particles and careful control
over assembly conditions,>*™° disordered assembly structures
can be prepared more easily. Polydisperse particles, which
are unable to crystallize in an ordered matrix, can be used
to prepare amorphous assemblies without long-range order
(Fig. 3B).»®* simplistic and scalable approaches such as spray
coating®®* or layer-by-layer assembly®>®® of particles that are
not suitable for crystallization due to high attractive forces or
insufficient crystallization time can still be used to prepare
disordered assembly structures in an experimentally straight-
forward way. Indeed, as we discuss in detail in several of the
following sections, order is not necessary for every application
of CBPM, and controlled disorder may even create desired
properties.

(C) Ordered porosity. The inversion of a colloidal crystal, by
backfilling the interstitial sites with a matrix material followed
by removal of the templating colloids, produces materials with
interconnected pores with uniform, defined neck sizes and long-
range order inherited from the colloid templates (Fig. 3C).>"®
These inverse opals are the subject of extensive research and will
be discussed in depth in the following chapters. Direct opals

This journal is © The Royal Society of Chemistry 2016
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are also porous and interconnected, although the pores are not templates can be classified according to their dimensionality
spherical and the degree of porosity much lower. into: (A) colloidal monolayers, providing two-dimensional surface
patterns; (B) colloidal crystals with periodic internal structures
(D) Mudtiple porosities. To create porous materials with increasing  in three dimensions; (C) hierarchical assemblies, creating
complexity, additional interfaces and pores over multiple length structural features at multiple length scales on solid substrates;
scales can be fabricated by co-crystallizing particle populations and (D) superparticles, dispersible structures several microns
with different sizes,®”®® or by introducing porogens to produce wide and made from colloidal building blocks.
mesopores within the matrix material (Fig. 3D).%" There have been a number of very recent review articles
Assembly structures and patterning. As showcased in Fig. 4, covering all facets of colloidal assembly, which we will refer to
colloidal assemblies and structures prepared from colloidal throughout the discussion. Nature creates these structures

Surface Pattern X : ..‘;u
(2D) ‘- X

Structured Material
(3D)

C

Hierarchical
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LS - s
; ; i
.
|

e e e e
.

Superparticle

Fig. 4 Overview of types of patterned structures that can be created from colloidal self-assembly processes. (A) Colloidal monolayers create periodic
surface structures at the nanoscale that can be used as templates or masks to produce (i) a honeycomb structure by backfiling with a second material®®
(reproduced with permission from Nature Publishing Group, copyright 2013), (ii) an array of nanocones from anisotropic etching processes using the
colloids as a mask®® (reproduced with permission from the American Chemical Society, copyright 2009), or (i) complex nanostructures by a combination of
angular evaporation and etching involving the monolayer as template®” (reproduced with permission from the American Chemical Society, copyright 2011).
(B) 3D porous materials from inverted colloidal crystals (i) with gold nanoparticles embedded inside®® (reproduced with permission from the American
Chemical Society, copyright 2012), (i) with anisotropic pore shape®® (reproduced with permission from the American Chemical Society, copyright 2014),
and (iii) with two distinct periodicities®® (reproduced with permission from John Wiley and Sons, copyright 2013). (C) Hierarchical assemblies produce
materials with periodicities at multiple length scales and can be prepared by (i) photolithography of a self-assembled structure!®® (reproduced with
permission from John Wiley and Sons, copyright 2015), (i) assembly in a topographically structured substrate'®! (reproduced with permission from the
American Chemical Society, copyright 2001), or (iii) inkjet printing of colloidal dispersions'®? (reproduced with permission from Elsevier, copyright 2006).
(D) Assembly in confinement can also produce superparticles, micron-scale structures of self-assembled colloidal particles, for example via confinement in
(i) surface channels on a substrate, producing bricklike structures’®® (modified with permission from OSA publishing, copyright 2014), (i) a silicone
microtube, forming a helical superstructure of colloidal particles*®* (reproduced with permission from the American Chemical Society, copyright 2005), or
(ili) emulsion droplets, producing spherical superparticles'® (reproduced with permission from the National Academy of Sciences, copyright 2015).

This journal is © The Royal Society of Chemistry 2016 Chem. Soc. Rev., 2016, 45, 281-322 | 285
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from 100-1000 nm proteinaceous or lipid particles assembling
into ordered structures.®>°° In synthetic systems, the interplay
of colloid interaction forces is the key factor in the control of
any colloidal self-assembly process. Within this review, we
focus on material and design aspects rather than colloidal
physics, which has been exhaustively discussed elsewhere.”'™*

(A) Two-dimensional assembly structures. The assembly of two-
dimensional (2D) arrays of colloidal particles creates surface
patterns with nanoscale dimensions and high order, with a
resolution determined solely by the size of the colloids (Fig. 4A).
Such monolayers can be deposited directly onto solid substrates
via evaporation-driven convective assembly processes,"**'%® spin-
coating,'” electric field-assisted deposition,”>''* or mechanical
rubbing of dry powders."*"'** They can also be pre-assembled
at a liquid interface and subsequently transferred to a solid
substrate.""*>"'® The choice of assembly technique depends on
the requirements with respect to the area to be coated, which
have recently been discussed in detail.*>*"”

Colloidal monolayers can be especially valuable as templates
or masks for etching or evaporation processes to create functional
surface nanostructures or coatings. There have been intense
research activities in the last decade on the generation of arrays
of nanostructures using colloidal monolayers, as discussed in
several recent review articles;''”"*° here, we only introduce general
strategies and highlight a few examples in Fig. 4A.

(i) Inversion of the monolayer structure. Backfilling colloidal
monolayers produces bowl-shaped, closed-cell nanostructures with
high mechanical stability (Fig. 4A(i)).”® Very similar structures with
microscale dimensions can also be created using water droplets as
the structuring material in a breath figure process.'*!

(it) Dry etching using colloidal monolayer masks. The presence
of colloids can shield parts of the surface from an etching
process, leading to selective removal of exposed surface areas.
Classically, this process produces ordered arrays of nanopillar***
and nanocone’® architectures (Fig. 4A(ii)).

(iii) Colloidal lithography. A colloidal monolayer can be used
as a mask through which a second material can be deposited on
the surface, typically by directed evaporation. In the simplest case,
this process yields arrays of triangular nanoparticles from the
geometry of the interstitial sites.® The process offers ample
degrees of freedom: consecutive evaporation steps with changes
in tilt angle and orientation of the substrate can create a range of
complex nanostructures.'** Adding directed dry etching steps to
selectively remove material from defined parts of the surface
further increases the accessible structures and geometries.''”"*°
Fig. 4A(iii) shows the fabrication of arrays of crescent shaped
nanoparticles by a combination of evaporation of gold under a
tilted angle followed by an etching step normal to the surface.””'*
Similarly, the colloids themselves can be used to deposit the metal
using colloids that contain metal nanoparticles or molecular metal
complexes as precursor materials.'***”

(iv) Capillary-assisted deposition of structures. If a colloid-
decorated substrate is wetted by a dispersion of nanoparticles,
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capillary forces confine the liquid to the necks in between
particles and between the particles and the substrate during
the drying process, leading to the formation of ring structures
from nanoparticles deposited selectively at the contact points.'*®

(B) Three-dimensional colloidal assemblies. Three-dimensional
(3D) colloidal crystals are predominantly prepared by convective
assembly processes in which the colloidal particles are deposited
from a dispersion via a receding meniscus.'*”*°'2 Research over
two decades has created a wealth of different assembly techniques
under this umbrella, which are discussed in great detail in a
number of recent reviews.***°>'3° Briefly, methods to assemble
colloidal particles into ordered three-dimensional crystals include
sedimentation,"*""*> Langmuir-Blodgett techniques,"** spin-
coating,”® and shear alignment.”*>'*® Using evaporative
deposition, nanoparticles can also be easily incorporated into
the structure (Fig. 4B(i)).°""®

(i) Control of crystal symmetry. The substrate onto which
colloidal particles assemble can be pre-structured with a defined
hole pattern into which the first layer of the colloidal particles
deposits in a process called colloidal epitaxy.”*” The surface
pattern thus acts as a lattice-directing layer that defines the
symmetry and lattice orientation of the colloidal particles,"*®
predominantly into face-centered cubic structures.>® Each subse-
quent layer consequently deposits into the voids present in the
former layer, enabling the substrate pattern to control the macro-
scopic crystal orientation of the assembly structure, provided that
the template structure exactly matches the size of the colloidal
spheres. The process allows the formation of colloidal crystals
with controllable crystal structures'® and enables rapid fabrica-
tion of assemblies with minimal defect densities.'*’

(it) Control of pore shape. Inverse opals with anisotropic
pore structures can be prepared from simple spherical colloidal
particles by exploiting volume shrinkage of the sol-gel matrix
material: with increasing temperature, increased condensation
induces volume loss in the matrix, which in turn leads to a
selective shrinkage of the inverse opal film. Since this film is
bound to the substrate within the substrate plane, the volume
loss occurs entirely perpendicular to the substrate, leading
to “squishing” of the pores into increasingly anisotropic geo-
metries (Fig. 4B(ii)).”°

(iii) Binary and more complex assemblies. The simultaneous
assembly of colloids with multiple sizes can result in the
formation of binary and multinary crystal structures provided
that the diameter of the small particles is chosen in a way that
they can be accommodated in the interstitial sites of the crystal
formed by the large particles.®” A size mismatch, however, will
result in disordered crystal structures.”*> Additionally, the porous
materials of an inverse opal can be backfilled by smaller colloidal
particles (Fig. 4B(iii)), producing more complex materials with
higher porosity and choice of materials.®*"*°

(v) Crack formation and homogeneity. The formation of
cracks is generally unwanted and results from various origins.
One major source of cracking is volume loss and stress during

This journal is © The Royal Society of Chemistry 2016
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drying of a colloidal crystal."*® In this case, cracking can be
reduced by addition of filler materials to the assembly solution,*
assembly on elastic substrates,"" or use of low surface energy-
substrates.'*! Cracks can also form due to chemical effects, for
example crystallization of the matrix material, or polycondensa-
tion of sol-gel precursors.”®

(C) Hierarchical patterns. We define hierarchical superstruc-
tures broadly as colloidal assembly structures with periodicities
at multiple length scales. Confining the assembled structure to a
desired region of a substrate or device can be important,'****
and this hierarchy can lead to more complex properties, for
example by introducing light-matter interactions occurring at
different length scales'® or by creating pixelated structures.*>**¢
Hierarchical structures can be produced from 2D and 3D
assemblies by a multitude of approaches, which have been
discussed in great detail recently.>*> Very generally, common
strategies to create hierarchical structures from colloidal assem-
blies involve patterning from the top down, or assembling into
patterns from the bottom up.

(i) Top-down patterning. A desired superstructure is imposed on
a pre-assembled colloidal crystal using classical top-down fabrica-
tion methods such as photolithography'®*'*>'*’ (Fig. 4C(i)), micro-
contact printing,"*® or imprinting."*® Alternatively, colloidal
dispersions can be printed onto desired parts of the substrate
using inkjet printing (Fig. 4Cf(iii))."*>"**

(ii) Bottom-up assembly. With convective assembly, the
colloidal crystal will grow directly around any surface features
present on a pre-patterned substrate.'*°* The assembly condi-
tions themselves are precisely adjusted to create superstructures,
for example stripe patterns can form in a convective assembly
process.'>>'>* Alternatively, a preferred site for the colloidal
assembly can be created via assembly on a substrate that is
patterned either physically (topographically)®>'*'*° (Fig. 4C(ii))
or chemically (wetting contrast, differences in adhesion).>>'>

(D) Superparticles. We define superparticles as dispersible
particles on the 10-1000 pm scale that are comprised of
colloids in their internal structure. Whereas the classical hier-
archical structures introduced above create multiple periodi-
cities on a substrate, for a superparticle, the hierarchical element
exists as a powder or in a dispersed state. The assembly of such
structures generally requires an element of confinement, in which
the colloids organize within the hierarchical superstructure. This
confining element can be realized in various fashions.

(i) Release from substrate. A colloidal crystal is assembled
on a substrate, patterned into a desired shape, and released to
form dispersed elements (Fig. 4D(i))."*?

(it) Removal from confined assembly. Colloidal particles are
assembled in a desired confinement and released via selective
removal of the confining architecture. The process is exemplarily
shown for a helical colloidal crystal assembled in the confine-
ment of a silicon tube (Fig. 4D(ii))."**

This journal is © The Royal Society of Chemistry 2016

View Article Online

Review Article

(iii) Confinement in emulsion droplets. A colloidal dispersion
is confined to an emulsion droplet and left to evaporate, leading
to the assembly of micron-sized spherical colloidal crystals
(Flg 4D(iii)).105’156_158

Scalability. One of the great advantages of colloidal self-
assembly is the potential to marry an inexpensive and parallel
fabrication process with the high resolution features necessary
for the plethora of applications discussed below. For any real
world application, these fabrication processes need to be scal-
able to macroscopic dimensions without compromising the
properties. While many assembly processes easily achieve very
high order and beautiful features over small areas (as observed
in electron micrographs), methodologies capable of producing
structures over macroscopic areas with similar fidelity are extremely
important. Here we highlight potential possibilities for self-assembly-
based fabrication techniques to be scaled up.

High quality colloidal monolayers can be assembled over
extended areas at an air/water interface followed by transfer
to the target substrate. Using a Langmuir trough, this process
easily yields wafer-scale colloidal assemblies in high quality
(Fig. 5A and B).'*®

There are several scalable methods for making three-dimensional
colloidal structures. Three-dimensional colloidal assemblies over
large areas can be produced, for example via spin-coating processes.
Though the presence of shear forces can be detrimental to the
order, with a proper choice of colloidal particles, polymerizable
matrix material, and a precisely controlled coating protocol,
the fabrication of wafer-scale opals and inverse opals can be
achieved (Fig. 5C and D)."%'*° Melt extrusion of core-shell
colloidal particles is another process that yields colloidal crystals
over macroscopic dimensions in an industrial extrusion process.
The particles used in this process consist of a hard core and a
shell with a low glass transition temperature and are applied in
the process as a powder without any solvent. At elevated tem-
peratures, the shell softens, leading to melting of the powder.
This colloid melt can then be extruded and sheared into a thin
film. The shear forces induce ordering of the particles and upon
cooling, a large area colloidal crystal results (Fig. 5E)."*>"'*° The
shell can further be crosslinked, producing elastomeric colloidal
crystals with strain-responsive structural color (Fig. 5F)."* Finally,
superparticles can be prepared in a microfluidic setup, allowing a
continuous flow production of self-assembled materials with high
fidelity (Fig. 5G and H)."*>'*"

The composition, order, and assembly of colloidal particles
creates a rich variety of structures. Improving the control over
cracking, large-scale synthesis, and hierarchical elements will lead
to advances in achievable structures, which will then influence
how they will be used. We next turn to how one can take advantage
of these various structures in several application areas.

3. Optical applications

In nature, colloidal particles have been used to change the
visual appearance of various organisms in several ways, including by
providing additional scattering,'* allowing for angle-independent
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Fig. 5 Colloidal self-assembly can yield surface patterns or structured
materials with nanoscale dimensions in a parallel fabrication process over
large areas. (A and B) Wafer scale colloidal monolayer deposition using a
Langmuir trough.**® Reproduced with permission from John Wiley and
Sons, copyright 2011. (C and D) Wafer scale processing of opals via spin-
coating.1°1%° Reproduced with permission from AIP publishing LLC
(copyright 2006) and the American Chemical Society (copyright 2004).
(E and F) Melt extrusion of core-shell particles can fabricate elastomeric,
mechanically stable opals over large areas.*>*3610 Reproduced with
permission from John Wiley and Sons (copyright 2008), Elsevier (copyright
2003), and the American Chemical Society (copyright 2013). (G and H)
Droplet-based microfluidics can be used to prepare spherical superparticles
in a continuous-flow method'® (reproduced with permission from the
National Academy of Sciences, copyright 2015), and (H) the throughput can
be increased by parallelization while maintaining monodispersity'®* (repro-
duced with permission from the Royal Society of Chemistry, copyright 2011).

structural color,” or providing bright, ordered structural color.®
Colloids are useful in natural and biomimetic structural color
applications because they have sizes on the same length scale
as the wavelength of visible light, such that one can tune the
optical properties of materials created from colloids by varying
the size of the colloidal buildings blocks or the dielectric
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constant of the material. Multi-step, hierarchical fabrication
methods further enable additional optical properties occurring
at larger dimensions such as grating effects and angular
reflection properties. Structurally colored materials are increas-
ingly sought for a wide range of applications, including high
reflectivity mirrors, anti-reflective coatings, and optical fibers,
as well as color elements for paint, cosmetics, decoration, or
display technologies, and colloids are often used to template
the photonic materials that enable these technologies due to
their ease of fabrication and versatility. In particular, colloids
can be assembled into structures with periodicity in all three
spatial dimensions on the same order as the wavelength of
visible light, forming 3D photonic crystals. By changing the
material composition of these 3D photonic crystals—whether
by using absorbing additives, responsive materials, or flexible
materials—a variety of optical effects can be created. Fig. 6
schematically illustrates examples of different material para-
meters that can be tuned to modify the photonic properties of
CBPM, with the resulting reflection spectra shown as insets. It
should be noted that, although direct opals are shown in the
schematics, the optical effects apply in the same way to inverse
(templated) structures.

In addition to tailoring the properties of the individual
colloids to tune the optical properties of CBPM, the assembly
of colloidal particles can also be varied in several ways to alter
the angle-dependence of the structural color (Fig. 7). Patterning
the CBPM can enable more complicated security printing or
display applications by allowing for more complex optical
materials to be created, such as diffraction gratings (Fig. 7B).
Changing the degree of order of the structure can drastically
reduce the angle dependence of a structurally colored material,
allowing for a much more angle-independent structural color
(Fig. 7C). Assembling the opal structures further into disper-
sible particles either by top-down (i.e. grinding) or bottom-up
(i.e. microfluidics) methods is an alternate method of changing
the angle-dependent properties (Fig. 7D and E).

There are several parameters that can be used to tune the
optical properties of colloidal crystals and derivatives thereof.
The location of the Bragg peak in a photonic structure can be
tuned in several ways as can be seen in the well-known Bragg-
Snell equation (assuming a close-packed 111 lattice):

A= \/%D\/(%nl + ¢z”2)2— sin 20, (1)

where / is the location of the Bragg peak of the structure, D is
the diameter of the colloids used in the HCP structure, ¢, , and
n,, are the volume filling fractions and refractive indices of the
constituent materials (colloids and air for direct opals or voids and
matrix for indirect opals), and 0 is the incidence angle measured
from the surface normal. Note that while the parameters in eqn (1)
can be used to modify the photonic stopband, the location of
the photonic peak of the structure is not the only parameter
that affects the appearance of the material. The bandwidth of
the peak, the presence of additional orders, and the amount
of scattering in the structure can also strongly influence the
macroscopic appearance of the material. It should also be
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Fig. 6 Schematic of the influence of materials properties on the photonic peak of an opal. (A) A direct opal. (B and C) Direct opals formed from different
types of colloids: (B) core—shell colloids, which can change size (and color) in response to a stimulus, and (C) colloids made of a material with a lower
refractive index than in (A), resulting in a blue shifted spectrum. (D and E) Direct opals with (D) selective and (E) broadband absorbers. Insets
show schematics of the reflected Bragg peak of the structure (black line, A-E), the reflected Bragg peak of the reference structure shown in part A (gray
line, B-E), and the absorption spectra of the absorbers added to the material (blue line, D and E).
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Fig. 7 Schematic of various methods for changing the angular dispersion of structural color in CBPM. (A) A direct opal. (B—E) Direct opals in various
geometries: (B) patterned, (C) disordered, and (D and E) assembled in confinement—both (D) spherical and (E) rectangular. Insets show schematics of the
reflected spectra for various detection angles, assuming normal incidence illumination.
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noted that this equation ignores the effects of color saturation equation assumes a close-packed, ordered lattice; changing
that can be modified by changing the number of layers in the either of these properties also affects the optical properties of
structure or adding in absorptive elements. Additionally, this the material.
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Overall, several parameters of the CBPM can be varied
combinatorially to tune the optical appearance of hierarchical
porous colloidal materials. The position of the Bragg peak can
be controlled by the periodicity of the structure, the refractive
index of the constituent materials, the presence or absence of
absorption in the material, and the number of periods of the
structure. Other properties of the material can affect the angular
dispersion of the structural color, such as the degree of order of
the structure or the inclusion of hierarchical geometries in the
structure (Fig. 7). Below, we discuss in detail how these multi-
faceted approaches can lead to a diversity of advanced optical
behaviors across a broad range of applications.

3.1 Factors affecting optical applications

Composition and additives. Structural colors are not suscep-
tible to photobleaching, so there is a large drive in the field to
generate rich and varied colors for use as photonic pigments for
paints and cosmetics. Historically, many different types of thin
films of opals, inverse opals, and other colloid-derived materi-
als have been used for their photonic properties.®>'¢* Since
scattering can greatly reduce the saturation of a photonic color,
adding absorbing elements to the matrix can enhance the color
of the structure. Fig. 8A shows examples of different structural
colors that can be created from powderized inverse opal films.

Red/Blue Blue Blue/Green

Recov er)

View Article Online

Chem Soc Rev

More recently, core-shell colloids (typically silica core with
polymeric shell) have been used to generate films of opal or
inverse opal photonic crystals on different substrates'®*'** using
organic shell components that can be annealed to enhance
adhesion to the substrate or increase the mechanical durability
of the film. Currently, the production of imperfect structures
leads to non-negligible scattering that desaturates any structural
color produced. Through the incorporation of broad spectrum
absorbers®*®%'% or plasmonic absorbers,®1%1%%166 thig scatter-
ing can be reduced, although in the case of the broad spectrum
absorbers the photonic peak intensity is also reduced. For
example, Stellar’s jays have blue feathers due to melanin coupled
with disordered colloidal particles.” These additives purify the
color and enable pigment and coating applications to access a
broader color space than would otherwise be possible.

By using responsive materials as the matrix, reversibly tun-
able colors can be achieved. The color shift of such materials is
caused by a change in either the periodicity of the structure or
the refractive index of its constituent materials. For security
materials, optical switches, or dynamic display applications, it
is important to be able to reversibly switch the structural color of
CBPM either in an on/off configuration or by a measurable shift
in the photonic stopband location. These responsive CBPM can
also be used as sensors, as discussed in more detail below.

i
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Stretch
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500 600 700
wavelength / nm

g

Fig. 8 Structural color created from colloidal photonic crystals. (A) Silica inverse opal powders with various pore sizes (red, 360 nm; green, 336 nm; blue
288 nm; other colors are 1:1 mixes of these) with mixed RGB reference images.?? Reproduced with permission from John Wiley and Sons, copyright

2014. (B) Images of a stretched colloidal crystal elastomer and absorbance spectra showing the position of the Bragg peak for different strain values.

172

Reproduced with permission from the American Chemical Society, copyright 2013. (C) Disordered opal structure generated by spray coating, showing:
left, color change by adding different amounts of carbon black to mixtures of two different colloid sizes; right, different colors for different sizes of
colloids.*8° Reproduced with permission from John Wiley and Sons, copyright 2013.
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There are several mechanisms that can be used to enable this
switching, including the incorporation of magnetic particles to
switch between ordered and disordered structures,'®”"° the use
of elastomeric materials to allow change in the periodicity of the
structure upon application of strain,'”*™”* the inclusion of light-
responsive moieties to change the average refractive index in
the material,>>'”> and the implementation of redox-sensitive
materials'”® and thermo-responsive materials®*"**77*78 o
change the lattice parameter typically by swelling and deswelling.
An example of an elastomeric stretch-tunable structural color can
be seen in Fig. 8B, where the periodicity changes upon stretching
due to the Poisson ratio of the elastomeric material, causing a
reversible blue-shift in the photonic peak of the opal structure.
Photonic crystals like these can also be used as the gain media for
colloidal crystal lasers as discussed in detail in a recent review.'”

Disorder. While typically order is necessary for photonic
structures, disordered colloidal structures—which still exhibit
structural coloration—have also been studied.*®*'8°7'82 For
many color applications, the iridescent structural color of
photonic crystal materials is undesirable. Nature has solved
this problem by incorporating disorder into its photonic struc-
tures in order to increase their angular visibility, for example in
the feather shown in Fig. 1A(i and ii)1.>® Similarly, disorder
introduced into CBPM can lead to angle-independent structural
colors."®*'% An example of such angle independence can be seen
in Fig. 8C. It should be noted that there is a blue tinge to the
colors that can be produced using this method. This additional
blue coloration is caused by the wavelength-dependent scattering
from the photonic materials and may be undesirable for the
creation of longer wavelength colors. In order to create high-
saturation structural colors, this scattering must be reduced either
by incorporating selective absorbers as mentioned above or by
creating defect-free materials.'®"

Monolayers. In addition to 3D photonic crystals, 2D colloidal
monolayers can also be tuned to create many different optical
materials and properties. For example, the monolayer can be used
for shadow deposition to generate different shapes of deposited
materials,””"?%"**'8¢ yged as an etch mask to generate high
aspect ratio structures with high order,"*>'*”'% inverted/textured
to create antireflective coatings for reducing the amount of
reflected light from a substrate surface,” or deformed to generate
structurally colored patterns on a substrate.''® Interesting
coupling effects can be observed between the photonic modes
of an opal and the plasmonic modes of thin metals deposited
on top of the crystal. '8

Colloids can also be used for antireflective coating applica-
tions.®® In particular, colloidal monolayers have been used to
create porous, graded-index materials with low reflectivity by, for
example, plasma etching of colloidal monolayers,"** inverting
the monolayer,”® or using the monolayer as an etching mask to
generate pillars.'®®'87:19 To reduce the reflection from the top
surface of solar cells, many methods are used to generate
porous materials with the proper optical thickness and effective
index for optimal transmission. A recent perspective discusses
many of these methods."*® Specifically, colloidal materials can
generate high porosity, creating the ability to reach the \/n effective
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refractive index required for perfect transmission at the desired
wavelength."®”

There are several ways to generate the graded effective
refractive index profile that causes the antireflective effect of
these coatings. Very small colloids (< 30 nm), such as organically
modified silica (ORMOSIL) particles, can be used to generate
uniform antireflective coatings, but typically require the addition
of stabilizing elements to make robust films."**?>% Larger
colloids can be used, with or without other materials, to generate
hierarchically structured materials with very high transmission

values.'®®?°12%2 pig. 9 shows an example of such a structure
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Fig. 9 Antireflective coating based on hierarchical colloidal lithography.
(A) Schematic representation of the fabrication of compound submicrometer
structures (c-SMSs) and ordered submicrometer gratings (0-SMGs) for use as
antireflective coatings. A layer of colloids is first etched to create o-SMG,
which is coated with gold and thermally treated to generate nanoparticles on
the surface, which is then etched again to generate a c-SMS. (B) Tilted-angle
and side-view (inset) SEM images of hierarchical nanostructure antireflective
coatings using Au film thicknesses of 3, 5, and 7 nm. (C) Transmittance
spectra for the structures shown in A along with the transmittance spectrum
for the bare structure (without the additional gold etching step, black line,
0-SMGs). Insets show the diffuse transmittance spectra and haze ratio values
for two different wavelengths for all samples.*®® Reproduced with permission
from OSA publishing, copyright 2013.
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created by using a monolayer of colloids as an etch mask to
make a grating structure on which a disordered array of gold
nanoparticles is created. This array of nanoparticles is then
etched to create a hierarchical structure with better antireflec-
tive properties than the original structure. The transmittance
was found to increase after the surface treatment (Fig. 9C).
Colloidal monolayers can even generate structural color if
surface diffraction modes are used as the source of the structural
color."** This type of material has a much more angle-dependent
structural color as compared to fully three-dimensional photonic
crystals due to the nature of the surface diffraction.
Superparticles. Another way to create angle-independent
structural color is via modification of the local geometry. By
using spherical or hemispherical assemblies of colloids, all
viewing directions are normal to some portion of the super-
particles. Such assemblies are typically created via evaporation
of a solvent from a droplet containing colloids. These droplets
can be created via microfluidics’®>*°* or ink-jet printing.?**>°°
For more information, a recent review covers many of the
aspects of these types of photonic crystals."”® Fig. 10 shows
inkjet-printed photonic hemispheres (Fig. 10A-C) and arrays of
buckled-sphere photonic superparticles embedded in a flexible
material (Fig. 10D), both of which show angle-independent
color. It should be noted that the structural color of these
photonic superparticles is only independent of viewing angle in
a diffusely lit environment due to the near-normal incidence
peaks being brighter than the blue-shifted, higher incidence
angle peaks. When viewing the structures in transmission or at
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an oblique angle to a strong lighting source, different photonic
or scattering colors can be seen.'® The creation of disordered
superparticles can also strongly reduce angular-dependence of the
reflection color, similar to thin films of disordered colloids.*8%*#>
Also, when larger colloids are used, diffractive colors become
dominant over the Bragg reflectance peak, leading to a much
larger variation in color with viewing angle."%>>°¢

Another geometry of dispersible photonic particles is created
using fragments of inverse opal films, which can be grown directly
into sacrificial channels'® or ground from larger inverse opal
samples®>'® to create structural color “pigments” which can be
dispersed in paint bases. Structures created in this way have a
different visual appearance compared to dense layers of spherical
photonic superparticles due to the obvious angle-dependence
of the structural color. Since the particles are typically larger,
individual domains can be seen by eye, creating a sparkle effect
when changing the viewing and illumination conditions.'®®

Hierarchy/patterning. For display applications, the patterning
of photonic materials of different stopbands into pixelated arrays
is of great interest. Such patterning has historically been achieved
via top-down processes such as photolithography'®®'*7:>%”
or microimprinting,"*® leading to static “pixels” of photonic
crystals such as those shown in Fig. 11A. Such pixelation can be
used to create near arbitrary patterns (images) from structural
color materials, provided the desired colors can be generated.
An example of an RGB pixelated array can be seen in Fig. 11B
and C. If magnetic materials are used, architectures closer to an
actual display are created'’® in which the color of each pixel can

Fig. 10 Colloidal crystal superparticles with little angle-dependence of color. (A-C) Ink-jet printed hemispherical colloidal superparticles. (A) SEM image of
a dome (scale bar: 5 um). (B) Normalized fluorescent intensity of domes (red) and dots (black) for different detection angles. (C) Top and side view images of
a pattern of domes showing a wide angular visibility of the color.2°® Reproduced with permission from John Wiley and Sons, copyright 2014. (D) 2.8 cm x
1.5 cm flexible buckled-sphere colloidal superparticle films showing lack of angle dependence of the structural color upon compression and stretching.
Colloid sizes: 170 nm (blue), 200 nm (green), 250 nm (red).2* Reproduced with permission from the Royal Society of Chemistry, copyright 2015.
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Fig. 11 Lithographic patterning of colloidal photonic crystals. (A) Left, schematic illustration of patterning method used to make multi-colored colloidal
crystals. Right, optical images of films with two and three colors under different viewing angles.*** Reproduced with permission from the American
Chemical Society, copyright 2013. (B and C) Hierarchical "pixelated” inverse opal arrays made from SU-8: (B) optical microscopic image of the
hierarchical inverse opal, and (C) SEM of the structure.?%” Reproduced with permission from John Wiley and Sons, copyright 2014.

be reversibly changed in an on/off state. The pixels, in this case,
consist of magnetic Janus superparticles with colloids compris-
ing half of the sphere to generate a photonic peak that is visible
only when the superparticles are in the correct orientation. Since
the particles are magnetic, the orientation of each “pixel” can be
reversibly switched allowing for images to be created.

3.2 Perspective

CBPM provide a platform for the development of photonic
crystal materials due to their relative ease of fabrication, con-
trolled order, and the wide variety of materials from which they
can be made. For macroscopic (i.e. wafer-scale or larger) 3D
photonic crystals, competing methods such as electron beam
lithography and two-photon lithography methods are limited to
small sizes, and they require long processing times to create the
desired photonic structures due to their serial nature. 1D Bragg
stacks and 2D nanowire forest photonic crystals have applica-
tions that compete with opal and inverse opal photonic crystals,
but they typically lack the benefits of self-assembled systems such
as low cost and facile fabrication. Still, crystal lattice defects lead
to scattering that greatly weakens the signal-to-noise ratio of the
optical response in self-assembled CBPM; it remains a great
challenge to increase the order of such materials or to allow for
controlled disorder to generate high-chromaticity angle-dependent
or angle-independent structural colors.

Additionally, the ability of hierarchical CBPM to be made via
top-down lithographic methods or assembly in confinement
allows a greater variety of optical properties to be achieved.
Research is still needed into creating CBPM with better long-
range order and using colloids with higher refractive index

This journal is © The Royal Society of Chemistry 2016

materials in order to achieve a full photonic bandgap.>*® Longer-
range order and higher refractive indices will generate stronger
photonic peaks with less scattering noise, reducing the need to
integrate absorption into the material. Increases in the sophis-
tication of CBPM with regard to the dynamic coloration via
shifting the photonic stopband or moving the photonic crystal
out of view could lead to electronic ink displays with full color
displays in the future and advanced security features in anti-
counterfeit applications.

4. Wetting applications

The leaves of many plants, water strider legs, duck feathers,
butterfly wings, and the coat of the Stenocara beetle in the
Namib desert are examples of natures’ sophisticated solutions
to keeping surfaces clean and dry.>°° Studying these organisms’
wetting properties has led to countless approaches to create
multifunctional materials with tunable wettability for applications
ranging from self-cleaning repellent surfaces to antifogging
coatings. Colloids offer a unique platform to understand and
control the wetting of liquids on surfaces for various applications
because they can systematically modify multiple parameters of
the surface with simple methods.

A recent review by Yan et al. provides a thorough discussion
of specific theoretical models used to describe wetting behav-
ior.>®® There are generally three parameters fundamental to
achieving a desired surface wetting state: surface roughness,
re-entrant geometry of the roughness features, and surface energy.
Colloidal particles assembled on a substrate allow for the direct
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control of all three of these parameters. The size of the colloids,
material used (i.e., polymers, metals, or metal oxides), surface
functionality of the colloids, spacing between particles, filling
fraction, and order of the assembly can be used to adjust the
three parameters and therefore the surface wetting state of
liquids. Due to colloids’ large surface area to volume ratio, they
can easily be used to generate surface roughness on a variety of
different substrates. Depending on the material composition,
the surface chemistry, and the final architecture of the colloidal
particles, liquids either assume a fully wetted state or a non-wetting
state, allowing for ease of use in applications that require either of
these wetting behaviors.

Here, we discuss the ordered and disordered colloidal
assemblies that are used to study wetting phenomena. In
addition to using colloidal assemblies for creating a particular
surface wetting property, inverse colloidal assemblies have also
been used to study liquid transport as a function of local pore
size and chemistry. These studies are particularly useful for
membrane and sensing applications, and are related to the
diffusion through the pores that is necessary for catalytic and

A  Wenzel State
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electrode applications. CBPM have also been used in other transport
applications such as for cell culture,'**"* for drug delivery,>'>*"*
and as membranes and filters,>'* applications we do not cover
in this review.

4.1 Factors affecting wetting applications

Surface roughness. One of the obvious benefits of using
colloidal particles for wetting applications is the inherent
increase in surface roughness provided by both ordered and
disordered assemblies. Models such as the Wenzel and Cassie—
Baxter states are commonly used to predict the wetting state of
a liquid on a surface. Both models recognize that the presence
of surface roughness alters the contact angle of a liquid droplet
when compared to a smooth surface with the same surface
energy. Liquids infiltrate the structure in the Wenzel model,**®
as shown in Fig. 12A, and complete wetting in this state is
beneficial in some instances such as when designing an anti-
fogging coating. For example, water condensate spreads on a
hydrophilic anti-fogging coating on glass containing roughness
features instead of forming droplets as it does on an untreated

B Cassie-Baxter State
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Fig. 12 Overview of different wetting states of liquids on surfaces and resulting macroscopic properties. (A) Wenzel state for antifogging coatings.
The uncoated region of the glass slide shows droplet formation while the coated region appears transparent.®® Reproduced with permission from the
American Chemical Society, copyright 2006. (B) Cassie—Baxter state for superhydrophobic self-cleaning surfaces.?*> Reproduced with permission from
the American Association for the Advancement of Science, copyright 2015. (C) Re-entrant geometry for superoleophobic surfaces, such as for oil
transport. The red droplets are dyed rapeseed oil on a duck feather modified to be superoleophobic.?*® Reproduced with permission from the National
Academy of Science, copyright 2008. (D) Liquid-infused surfaces capable of preventing bacterial attachment and thus preventing bacterial biofilms.
The fluorescent control image indicates bacterial biofilm formation on a flat polytetrafluoroethylene substrate after incubation in bacterial culture, while
the lack of fluorescence on the lubricant-infused roughened polytetrafluoroethylene surface indicates that the surface contains no bacteria after
incubation.?Y” Reproduced with permission from the National Academy of Science, copyright 2012.
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flat glass substrate, decreasing light scattering and maintaining
transparency (Fig. 12A).%® However, such behavior is not suited
for applications where repellency is desired, since it would
result in liquid pinning, high contact angle hysteresis, and
failure of the coating.

On the other hand, the Cassie-Baxter model, shown in Fig. 12B,
describes the state where liquid repellency is attainable. The model
suggests that liquid droplets can be supported by the composite air/
solid interface of a rough surface to form apparent contact angles
greater than 90° without wetting the air pockets within the rough
surface.”"® An ideal Cassie-Baxter state results in minimal pinning
and is suited for applications such as self-cleaning surfaces where
liquid droplets are shed from the surface at low tilt angles, collecting
solid particles within the droplets (Fig. 12B). By introducing rough-
ness, the hydrophobicity (for Cassie-Baxter) or hydrophilicity (for
Wengzel) of the surface chemistry can be enhanced.

In direct colloidal assemblies, the selected size of the
particles and the spacing between them can be tuned, enabling
precise control over the wetting state (Fig. 13A(i and ii)).

Waler t=0s t=1s

Fig. 13 Various types of roughness formed from CBPM. (A) Longer plasma
treatment times etch away at close-packed polystyrene particles, increasing
the interparticle spacing. This surface modification leads to increased
surface roughness and therefore increased superhydrophobicity, as shown (i)
before, and (i) after plasma treatment.2® Reproduced with permission from the
American Chemical Society, copyright 2004. (B) Inverse colloidal monolayers
infused with lubricant repel both low and high surface tension liquids such as
octane and water. (i) SEM of structure; (ii) sliding angle of water and octane.®®
Reproduced with permission from Nature Publishing Group, copyright 2013.
(C) Layer-by-layer assembly of silica nanoparticles creates superhydrophobic
surfaces after modification with a fluorinated silane. (i) SEM of the structure; (ii)
photograph demonstrating the resulting high contact angle.®> Reproduced
with permission from the American Chemical Society, copyright 2007.
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Techniques such as reactive ion etching®*® or oxygen plasma
treatment® can provide control over these parameters. The
resulting topographies of the substrate surface, such as pillars
and cones, support a specific wetting state.'**>*! By introduc-
ing the appropriate surface chemistry, a superhydrophilic or
superhydrophobic state can be achieved. For example, surfaces
after plasma etching are generally rendered superhydrophilic,
where water wets the surface structures in a Wenzel state at an
angle close to 0°. Conversely, functionalization with a hydro-
phobic fluoroalkylsilane renders the surface superhydrophobic,
where water wets the surface in a metastable Cassie-Baxter
state at an angle greater than 150° (Fig. 13A(ii)).*

The concave structures produced by inverse opal assemblies
provide ideal rough substrates to satisfy the Wenzel or Cassie-
Baxter state of wetting.?*>">** Inverse opals have been used to
template soft materials to create superhydrophobicity;***> how-
ever, the concave structures shown in Fig. 12A and B have not
been used to create superoleophobic surfaces, which instead
require a feature known as re-entrant geometry, shown in
Fig. 12C and discussed below.

Surfaces that rely on the Cassie-Baxter wetting state for
repellency often face some disadvantages, such as reduced stability
at high pressures and the formation of pinning points for the
liquid in the presence of defects. Another type of repellent surface
circumvents these issues by using low surface energy lubricant oil
infiltrated into a roughened surface (Fig. 12D).%> Through capillary
forces and matching chemistry between the oil and solid surface,
the liquid forms a thermodynamically stable wetted state. A second
immiscible liquid slides off the surface with ease. These liquid-
infused surfaces repel both low and high surface tension liquids
without the need for re-entrant geometries. They also do not fail
under pressure, can be made optically transparent, and to a certain
extent self heal after mechanical damage.”***® These omniphobic
coatings not only repel complex liquids such as blood and
crude oil, but they can also prevent bacterial biofilm formation,
for example in catheters where patients are at risk for hospital-
acquired infections.*"”

Inverse opals can be infiltrated with a lubricant to create
these liquid-infused surfaces. For example, Vogel et al. templated
silica using colloidal monolayers on a glass surface (Fig. 13B).
Following fluorosilanization with a fluoroalkyl trichlorosilane, a
fluorinated lubricant was infiltrated into the structure and was
stably trapped within the inverse assembly such that a second
immiscible liquid slid off the surface at tilt angles below 2°.°> In
this case, the surface roughness combined with the low surface
energy functionalization is responsible for stably trapping
the lubricant in a Wenzel state while the lubricant imparts
repellency. The molecular-scale, dynamic nature of the liquid
layer prevents organisms such as bacteria from forming contact
points with the underlying solid structure, resulting in poor
biofilm formation on these types of surfaces,”” with the promise
to create anti-bacterial surfaces. In addition, the regular, closed
cell porosity of the inverse colloidal monolayer provides strong
mechanical durability of the coating.”®

Similar to ordered assemblies, disordered systems contain
innate surface roughness that enhances the hydrophilic or
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hydrophobic nature of the surface. Layer-by-layer assembly and
spray deposition are commonly used techniques to cover a
substrate with disordered colloids for superhydrophilic/phobic
coatings (Fig. 13C).?2°"2*! Metal oxide colloids, especially silica,
are typically used in layer-by-layer assemblies because they
contain surface charges that can be employed for electrostatic
binding to a substrate and can be readily functionalized after
assembly. When the sizes of these metal oxide particles are
below the wavelength of visible light, they form transparent
coatings.®>®® The particles can also be sintered to improve the
mechanical robustness of the coating.”*> However, the sinter-
ing process may limit substrates to those that can withstand
high temperature treatments. While the dry coatings without
further modification are generally not omniphobic, disordered
rough surfaces can be functionalized and infiltrated with a
lubricant to form a liquid infused repellent coating capable of
repelling both high- and low-surface-tension liquids on a
variety of curved and other types of surfaces.>*

Re-entrant geometry. In general, low-surface-tension liquids
with contact angles much lower than 90° assume the Wenzel state
as opposed to the Cassie-Baxter state. Therefore, it is very difficult
to create surfaces that can repel low-surface tension liquids. Tuteja
et al.>** and Krupenkin et al.”** discovered a way to create a highly
non-wetting surface for low-surface-tension liquids using an addi-
tional parameter called re-entrant geometry.”>**** Introducing
geometry that contains an overhang, or re-entrant curvature, to
the roughness features enables these low-surface-tension liquids to
remain suspended rather than infiltrating the structures. If the
overhang makes an angle smaller than 90° to the flat substrate,
low-surface-tension liquids with a larger wetting angle than the
overhang angle will de-wet from the structures,””*'® as shown
schematically in Fig. 12C. The overhang changes the angle the
liquid makes with the roughness features, creating a convex
meniscus shape. This convex meniscus changes the advancing
force of the liquid upward against gravity, allowing a meta-
stable Cassie-Baxter state to form. These surfaces are referred
to as superoleophobic, and they are well suited for oil transport
pipelines where oil repellency from the surface of the pipeline
reduces the required pressure for transport and thus the energy
costs associated with transport.

Re-entrant curvature is not easily fabricated and typically involves
multiple process steps or hierarchical architectures to provide over-
hanging elements in the structure. Colloids can be used to build
such elements, provided they are attached to a suitable support,
such as in pillars created viz plasma etching (Fig. 14A).>*® More
robust superomniphobicity can be created from hierarchical assem-
blies: Deng et al. used candle soot to create a coating composed of
30-40 nm carbon particles, which were subsequently coated with a
thin silica shell. Upon calcination, the carbon combusts, leaving
behind a transparent superomniphobic mechanically robust coat-
ing (Fig. 14B).>*” A simple spray coating of metal oxide colloids
combined with a perfluoroacrylic polymer emulsion or fluorosilane
has recently been used to easily create superoleophobic coatings as
well (Fig. 14C).%**'>?3® These methods are promising candidates for
omniphobic coatings for applications where transparency is not a
design criterion, such as for drag reduction in pipelines.
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Fig. 14 Examples of re-entrant geometries created using ordered and
disordered colloidal assemblies. (A) (i) Side view, and (i) top view of re-entrant
geometry created with plasma etching and colloidal lithography, where the
mushroom caps are composed of polystyrene (PS) and the stems are
composed of polymethylmethacrylate (PMMA)2*® Reproduced with permis-
sion from the American Chemical Society, copyright 2011. (B) A superamphi-
phobic coating created using hollow silica particles. (i) Schematic of re-entrant
curvature supporting a low surface tension solvent droplet, and (ii) SEM
image of the coating, with an inset of a hexadecane droplet on the surface
(CA = 156°).2% Reproduced with permission from the American Association
for the Advancement of Sciences, copyright 2012. (C) An omniphobic
coating: (i) SEM of ZnO particles sprayed with perfluoroacrylic polymer
emulsion, and (i) the resulting high oil contact angle.?*® Reproduced with
permission from the American Chemical Society, copyright 2009.

Discussions of re-entrant curvature are usually made in
the context of repelling low-surface-tension liquids. However,
re-entrant curvature is also present within inverse opals and
can guide the wettability and direction of wetting within the
nanoporous structures. Interconnected pores in an inverse opal
assembly meet at an angle referred to as the neck angle 0Oy
(Fig. 15A(ii)). A liquid droplet forms an angle 6c with a flat
substrate (Fig. 15A(i)), and this angle is determined by the
surface energies of the liquid, solid surface, and liquid/solid
interface. The same liquid will only wet an inverse opal structure
composed of the same material if 6c < 0y, enabling one
to define the wetting characteristics by adjusting the surface
chemistry of the inverse opal pores.”””® Sintering an inverse opal
assembly attached to a solid substrate results in anisotropy of
the opals to varying degrees depending on the temperature
used.”® The pore anisotropy results in the ability to control
the neck angle of the pores resulting in a difference between the
in-plane and out-of-plane neck angles. Liquids can only infiltrate
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Fig. 15 Controlling bulk wettability in inverse opals. (A) Wetting condi-
tions for inverse opals. (i) Liquids form a contact angle 0c on a flat
substrate. (ii) Two adjacent pores are separated by re-entrant geometry
characterized by an angle, 0. Liquids will infiltrate an inverse opal
assembly of a given material composed of pores connected at some angle
Onif Oc < ()N.239 Reproduced with permission from the American Chemical
Society, copyright 2014. (B) Inverse opals attached to a solid support
are isotropic upon assembly, but after high temperature treatments they
form anisotropic pores, causing liquids to wet only from the side.?*°
Reproduced with permission from the American Chemical Society, copy-
right 2014. (C) Chemical patterning of an inverse opal structure leads to
varying degrees of bulk wettability depending on the liquid used, the neck
angle of the pore, and the chemistry of the pores.”® Reproduced with
permission from the American Chemical Society, copyright 2011.

and wet the structure if the contact angle of the liquid is below
the neck angle of the pore, so the anisotropy in pore shape results
in certain liquids only infiltrating within the plane (Fig. 15B).>*°
This unique tunability of the neck angle of colloidal structures
adds an extra parameter that can be used when designing coat-
ings where directional liquid wetting may be desired.>***!
Surface energy. In addition to roughness, colloidal particles
allow for easy control of surface functionality either by employ-
ing particles that possess a particular surface chemistry or by
modifying the particles or templated structure after assembly.
As mentioned above, roughness enhances the inherent surface
chemistry of the surface (whether the surface is hydrophobic
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or hydrophilic). The ease with which surface chemistry can be
tuned lends itself to producing intricate wettability patterns on
a single substrate. Because the contact angle (CA, or 6¢) influences
filling of inverse opal pores along with the structure (neck angle),
surface chemistry can be used to adjust the contact angle and thus
the wetting properties. Indeed, inverse opal assemblies have been
patterned with varying chemical functional groups so that immer-
sion of the substrate in a particular liquid will result in liquid
infiltration only in select regions.”® Fig. 15C shows an example of
an inverse opal assembly that was functionalized with multiple
distinct surface functionalities. Selective liquid infiltration will
occur in this structure depending on the criteria discussed above
and described in Fig. 15A. Clearly, both pore geometry and surface
chemistry are important for bulk liquid wetting. These types of
surfaces are useful for encryption or sensing applications, as
discussed in more detail in the following section.

Chemical patterning techniques can also be used in liquid
infused surfaces. After chemical patterning, infusion with a
lubricant leads to lubricant spreading in all the regions in a
metastable state. However, the addition of a second immiscible
liquid displaces the lubricant in regions where it has no
chemical affinity to the underlying solid structure leading to a
clear spatial confinement of the test liquid.*®

The surface energy can also be controlled based on the
material itself. Assembly conditions such as temperature®*?
and pH>*? can determine the final wetting state of the surface.
For example, particles with a hydrophobic core of polystyrene
(PS) and a hydrophilic shell of poly(n-butyl acrylate-acrylic acid)
(PBA-PAA) assembled at temperatures close to 20 °C have been
shown to form a superhydrophilic surface, while an assembly
temperature of 90 °C produces a superhydrophobic film.>*?
This has been attributed to phase separation of the polymer
segments at varying assembly temperatures.>** Wetting states
can also be modulated using stimuli-responsive materials such
as polypyrrole®* and azobenzene®** incorporated into the colloidal
assemblies. This type of selective wettability is useful for applica-
tions such as window treatments where environmental triggers
such as heat or UV from sunlight can modulate whether surfaces
repel liquids or are wetted by them.

4.2 Perspective

Colloids are capable of creating a diverse array of coatings despite
their simplicity. These coatings can be made transparent using
subwavelength colloids, while the use of larger colloidal particles
can result in “colored” wetting behaviors. Creating the underlying
geometry or surface roughness to support non-wetting states for
various liquids can be achieved using conventional fabrication
methods such as photolithography, electrochemical deposition,
electrospinning, etc.;"* however, these methods often require
expensive equipment, time consuming processes, limited sub-
strate choice, and a feature size limit. CBPM have the potential to
overcome these drawbacks: they do not generally require expen-
sive instruments, they allow diverse materials and topographies
to be coated, and they are inherently very small in dimension.

A one-size-fits-all coating method is not possible due to the abun-
dance of wetting applications that exist with competing demands.
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Therefore, choosing a method that satisfies the design criteria
for a specific application is critical. For example, an anti-
fogging coating must be transparent, but a self-cleaning surface
may not need to be. For most of the applications that require
repellency, mechanical robustness is one of the most important
criteria. Improvements have been made recently in this regard.
The honeycomb inverse opal assemblies on glass are particularly
robust, but these structures don’t easily coat variable geometries or
large surface areas without the presence of defects.”> Disordered
colloidal assemblies can be sintered to improve mechanical
strength.>*> However, a colloid-based coating that can survive the
wear and tear of daily use or hostile cleaning procedures remains
elusive and could be the subject of future research.

Ordered colloidal assemblies are extremely useful for the
precise control of structures on a wide variety of substrates. In
addition to being low cost and easy to fabricate, the resulting
assemblies are straightforward to model, and therefore it is
possible to understand, predict, and systematically tailor the
wetting behavior on these surfaces. Researchers have made
significant strides to overcome the challenges of creating these
coatings on multiple substrates and shapes, making progress to
extend their use to applications such as anti-fogging, anti-icing,
self-cleaning, or anti-microbial surfaces that was previously not
possible. From an industrial standpoint, the techniques employed
to create disordered coatings for selective wetting are far more
scalable than ordered colloidal coatings. Coatings spanning
large areas on windows and long pipelines are possible.

A. Environmental Stimuli
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These coatings can be transparent, can cover different materials,
and can uniformly coat varying geometries. They can also be multi-
functional and combine both wetting and sensing applications.

5. Sensing applications

The demand for reliable, simple, and inexpensive sensors
stems from the need to monitor and record a broad range of
conditions and analytes, including light intensity, temperature,
pressure, pH, and humidity, as well as the presence of various
chemicals and microorganisms in water, in food, and in vivo.
As described in the Optics section above, CBPM with lattice
dimensions on the length-scale of visible light can form a
photonic crystal with structural color. This structural color
allows them to be used as colorimetric sensors. In addition to
photonic properties, CBPM can also have unique phononic
properties that are useful for sensing applications.**® Colori-
metric sensors are the most common type of CBPM sensors,
and thus they are the focus of this part of the review.

A distinct optical response of a CBPM sensor can originate
from dynamic variation of its different components, as shown
in Fig. 16, namely from changes in the lattice constant, each
constituent’s refractive index, or additional components’ spec-
tral characteristics. A number of existing reviews cover various
aspects of CBPM sensors, such as materials,>*” fabrication,>*5>*°

degree of order,”" and specific applications.’”>>*> Here, we

B. Responses

) Periodicity
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Fig. 16 Overview of sensing parameters. (A) Possible physical, chemical, and biological stimuli. (B) Response mechanisms include: (i) change in the
periodicity, where an increase in the lattice constant results in a red shift in the CBPM stopband; (ii) change in the refractive index contrast between the
pores and the filler, where a decrease in refractive index contrast, accompanied by positive change in the average refractive index, results in a decrease in
the intensity of the reflectance and a red shift in the peak; and (i) change in the absorption intensity of an additive incorporated into the CBPM, where
higher absorption intensity can result in an increase in the saturation of the observed color.
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Fig. 17 CBPM colorimetric sensors with varying degrees of hierarchy designed to respond to various types of stimuli. (A) Spatially and chemically
patterned silica inverse opal film for identification of liquids.”” The sample is shown wetted with ethanol (left), and methanol (right). Scale bar 5 mm.
Reproduced with permission from the American Chemical Society, copyright 2012. (B) Spatially patterned CBPM with direct opal structure for sensing of
vapors, formed by inkjet printing of solid silica colloids (the trunk) and mesoporous silica colloids (the leaves).2%° The sample is shown (left) before, and
(right) after exposure to ethanol vapors. Scale bar 5 mm. Reproduced with permission from the American Chemical Society, copyright 2014. (C)
Temperature responsive spherical superparticles with inverse opal structure made of poly(n-isopropylacrylamide) hydrogel.?®” Scale bar 200 pum.
Reproduced with permission from the Royal Society of Chemistry, copyright 2015.

discuss how CBPM provide control over the composition,
surface chemistry, and structural hierarchy, which are all
beneficial for sensing applications.

Photonic effects can influence the photoinduced perfor-
mance of entrapped functional components such as plasmonic
nanoparticles. Indeed, efficient surface enhanced Raman scat-
tering (SERS) substrates®® have been made from colloidal
templating for enhancement of plasmonic photoexcitation
within the partial photonic bandgap. In this section, we focus
on sensing applications that rely on structural and chemical
changes in CBPM. The design of substrates for localized surface
plasmon resonance (LSPR) applications such as SERS has been
discussed extensively elsewhere®>*™>*® and is beyond the focus
of the current review.

Colloid-templated sensors can take many forms. They can be
confined in a thin film or formed as discrete superparticles,
both of which can be spatially, chemically, and structurally
patterned (as shown in Fig. 17). Because of these different
forms, CBPM sensors can be made as standalone indicators or
integrated within a complex device, such as an electrochemical
cell,>*”*38 microfluidic device,>®® or miniaturized spectro-
meter."*® Their sensing mechanism can be tailored through
chemical functionalization to achieve a response to various
environmental stimuli. In addition, CBPM sensors can be
structurally patterned in order to obtain an explicit visual
readout®® (Fig. 17A and B) or be molecularly imprinted to
target specific molecules.”®" % The high surface area inherent
to CBPM can lead to higher analyte-surface interactions with
advantageous signal-to-noise ratios. Furthermore, the presence
of macropores and stimuli-responsiveness allows the use of
CBPM superparticles for multiple functions, for example to
combine optical reporting with self-monitored drug release.>®’

5.1 Factors influencing sensing applications

Composition. Materials used for the fabrication of colori-
metric CBPM sensors define their appearance, response mecha-
nism, and ultimately possible applications. Changing the average
refractive index, refractive index contrast, and spectral properties

This journal is © The Royal Society of Chemistry 2016

of adducts in a photonic crystal results in a color shift, as
shown in Fig. 16 and discussed in the Optics section. The color
shift induced by infiltration of liquids into the pores can be
used for the identification of liquids.>*®>*° Infiltration of the
pores with a material capable of changing its refractive index
in a stimuli-responsive manner can be used as a strategy to
design CBPM sensors. For example, hexaphenylsilole (HPS) can
be reversibly transformed from crystalline to an amorphous
solid upon exposure to vapors of volatile organic compounds
(VOCs).?”° This transformation is accompanied by an increase
in the refractive index from 1.243 to 1.373 in the case of diethyl
ether vapors. Infiltration of a silica inverse opal with HPS
molecules thus enables a colorimetric response to the presence
of VOCs, as shown in Fig. 18. The sensitivity of this system to
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Fig. 18 Silica inverse opals infiltrated with hexaphenylsilole (HPS) change
color upon exposure to vapors of diethyl ether due to a change in
refractive index stemming from a crystalline to amorphous transition of
HPS within the matrix.2’° (A) Optical images of a sample upon exposure to
air and diethyl ether vapor. (B) SEM image of a silica inverse opal film before
infiltration with HPS. (C) Optical reflectance spectra obtained during
exposure of the HPS-infiltrated inverse opal film to the vapors of diethyl
ether for different amounts of time. Reused with permission from the
Royal Society of Chemistry, copyright 2014.
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the presence of VOCs is on the level of ~1000 ppm. Similarly,
a titania inverse opal infiltrated with polyaniline, which has a
refractive index sensitive to its protonation state,>’* creates a
colorimetric indicator that responds to the presence of acidic or
basic vapors (HCl and NH3;).

As discussed in the Optics section, a broadband or selective
absorber incorporated into the structure of CBPM can greatly
influence its visual properties by decreasing the amount of
incoherently scattered light or suppressing certain unwanted
diffraction peaks.”>'* Moreover, the contrast-enhancing material
can have stimuli-responsive absorption properties, which can be
used for modulations of the appearance of a CBPM sensor. In
the example shown in Fig. 19, an amorphous array of silica
colloids incorporating silver ions and a small amount of titania
nanoparticles can show different degrees of color saturation
based on the oxidation state of silver.>”> Photo-induced electron
transfer between titania nanoparticles and silver ions was used
to modulate the color saturation. The direction of the electron
transfer is wavelength dependent, allowing the formation
(under UV) or oxidation/decomposition (under visible light) of
silver nanoparticles.

The colorimetric response of CBPM sensors based on soft
stimuli-responsive materials can originate from changes in both
the periodicity and the refractive indices of its constituents, as
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Fig. 19 Photoinduced saturation changes in silica amorphous colloidal
arrays.2’? (A) Schematic representation of the photoinduced formation
(under UV) or oxidation/decomposition (under visible light) of silver nano-
particles in the presence of titania nanoparticles leading to visual changes
in the saturation of the structural color. (B) Changes in the intensity
of absorption at 500 nm of the Ag/TiO, composite film exposed to
alternating UV (313 nm) and visible (>420 nm) light. (C) Samples after
exposure to light: (left) the changes in the reflection spectra and the
corresponding optical images of the colloidal amorphous array exposed to
UV light of varying intensity; (right) the same samples after exposure to
visible light for 12 hours. Reproduced with permission from the Royal
Society of Chemistry, copyright 2014.
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shown in Fig. 16B. Examples of soft materials used for CBPM
sensors include hydrogels,'”82617263:2737280 electroactive poly-
mers,'”®*81:282 elastomers,>*!7**%3 natural polymers,'89:2847286
poly(ionic liquids),*®”~>%° and metal-organic frameworks.
Stimuli-induced shifts in the periodicity of these types of CBPM
sensors can be induced by swelling or deformation that in turn
results in the shift in the photonic stopband (Fig. 16B(i)) and
can be detected visually or using a spectrometer.

Stimuli responsive hydrogels are among the most frequently
used materials for the formation of photonic crystal-based
sensors. Upon application of various stimuli, the hydrogel
network can undergo a phase transition resulting in a volume
change.?**> Hydrogel CBPM are often formed by infiltration of a
direct opal colloidal array with a predesigned mixture of mono-
mers followed by a polymerization step (e.g. light exposure) and
subsequent dissolution/etching of the colloidal template.>*> In
fact, the dissolution is not a necessary requirement for forming
structural color sensors. Colloidal crystals embedded in hydro-
gels have been extensively developed during the last two decades
with diverse chemistry and functions.>**% These systems were
well covered in a number of recent reviews;**’?* in the current
discussion we focus on systems that benefit from colloid-templated
interconnected pores. Among the advantages of porous struc-
tures over the embedded colloids are facile diffusion and
shorter response times to various stimuli.?”*3%31°

Specific functional groups can be incorporated into the gel
by premixing the corresponding co-monomers before polymer-
ization or by modification of the CBPM after its formation.*'*"?
Hydrogel CBPM sensors based on such monomers as acryl-
amides and carboxylic acids are capable of detecting changes in
pH, ion concentration, and heat.'”®?”*3!® Moreover, incorpora-
tion of specific target molecules and enzymes allows label-free
detection of glucose,*'® enzymatic activity,””® and antibodies®”®
with remarkable sensitivity. For example, the level of detection
that was achieved using a CBPM assay for acetylcholinesterase is
of 5 mU mL " (U = “enzyme units”).””° This level is comparable
to other existing highly sensitive methods such as those based
on gold nanoparticles,>™* but the CBPM indicator is more
reliable, particularly in complex solutions.””® An example of a
pH-responsive inverse opal hydrogel sensor with high selectivity
and sensitivity to mercury ions is shown in Fig. 20.>”®

An additional method to introduce binding specificity to
hydrogel materials is molecular imprinting.***%® To generate an
imprinted CBPM sensor matrix, the template molecule is pre-
complexed to the monomer before the polymerization step. In the
next step, the template molecule is removed, exposing a highly
selective recognition site. Using this method, highly sensitive
and selective label-free colorimetric assays were demonstrated
for applications such as amino-acid chiral recognition,”*® as well
as detection of vanillin,*"® various antibiotics,*** and toxins*®® at
sub-micromolar concentrations.

Incorporation of multiple elements in a single CBPM sensor
can result in multi-responsiveness, multiple reporting mecha-
nisms, and multi-functionality. For example, incorporation of
glucose oxidase and a conductive polymer into an inverse opal
hydrogel resulted in a glucose sensitive system with both optical
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in aqueous solution. (D) Comparison of the diffraction wavelength shifts for various ions at 1 mM concentration, showing selectivity for Hg?*. Reproduced

with permission from the Royal Society of Chemistry, copyright 2014.

and electric readouts.”*® Similarly, systems responsive to both

temperature and acids/bases can be obtained, for example by
copolymerizing N-isopropylacrylamide and methacrylic acid.*"?
Moreover, these systems can be further modified with light
responsive (e.g. azobenzene) or magnetic field responsive
(e.g. iron oxide nanoparticles) functions."”®

CBPM sensors can also be made of natural materials such as
proteins and polysaccharides, for example silk fibroin,>%4>8°
chitosan,**® and cellulose.?*® The colorimetric changes in these
systems were shown to result from changes in the refractive
index contrast, average refractive index contrast, and swelling.
Thus, silk inverse opals have been made that are sensitive to
infiltration with water,”® various concentrations of glucose in
aqueous solutions, and to humidity.”®* Chitosan inverse opals>*®
were made that are sensitive to various organic solvents, pH values,
and ionic strengths. For example, the reflectance peak of the
chitosan inverse opal shifts almost linearly with increasing concen-
tration of various alcohols in water, in the entire range from pure
water to pure alcohol, with an overall shift of ~100 nm. Due to
their biocompatibility and eco-friendly character, CBPM sensors
made of natural materials can be beneficial for biomedical appli-
cations and fabrication of disposable sensors.

Porosity. High surface area and interconnectivity of the
pores are important properties of CBPM for sensing applica-
tions. The high surface area allows enhanced interaction of the
matrix with analytes resulting in an enhanced signal. The
interconnectivity of macropores allows facile diffusion within the
structure, even of large analytes,®"” and shortens the response time.
For example, the equilibration time of inverse opal hydrogel based

This journal is © The Royal Society of Chemistry 2016

sensors can be considerably shortened (seconds vs. minutes)
compared to their nonporous analogs based on direct colloidal
structures embedded into hydrogels.*'®

Infiltration of liquids into the pores of CBPM changes the
refractive index contrast and the average refractive index and
thus results in a change in the appearance of the photonic
structure.”””%2%% This property can be used for measurements
of the refractive index of the liquids and their identification, for
example for WO, inverse opals.>®® However, since the refractive
index of common liquids is in a narrow range between ~ 1.33-1.50,
the change in color and the intensity of the reflection spectrum
is not always large enough to be easily observable by the naked
eye. As discussed in the Wetting section, the geometry of the pores
of the structure and the intrinsic contact angle of the liquids with
the surface material together control liquid infiltration into silica
inverse opal pores. Therefore, modification of the surface of the
pores with functional molecules can result in selective infiltration
of various liquids, as shown in Fig. 15C. The high uniformity of
the pores originates from co-assembling the colloids and matrix
material, and it results in a narrow threshold for infiltration. In
addition, the surface chemistry can be patterned to achieve a
combinatorial wetting sensor*'® with an easy-to-read colorimetric
response (as shown on Fig. 17A). Stimuli-responsive functional
groups, such as Disperse Red 1 acrylate, can reveal the history of
the sensor’s exposure to light. Such a system has high potential
for use as forgery-resistant and age-reporting labeling.**° Another
way to record the history of exposure of the sensor to a stimulus is
to cause a deformation in the CBPM structure. For example,
exposure of silica inverse opals to high temperatures can lead to
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anisotropic structures, resulting in a predictable color change and
complex wetting properties.”®?>*°

Incorporation of mesopores into CBPM can result in a system
that responds colorimetrically to infiltration with gases due to
changes in the average refractive index of the photonic crystal.
For example, Fig. 17B shows spatially patterned CBPM sensors
made with mesoporous silicon dioxide colloids fabricated
through inkjet printing for visual detection of vapors of organic
solvents.**® The tree trunk and the leaves are made of solid and
mesoporous silica colloids, respectively. The size of the colloids
was chosen so that they appear similar in the absence of vapors
but develop different colors upon exposure to organic vapors
such as ethanol.**® Furthermore, mesopores produced through
molecular imprinting of CBPM made of stimuli-responsive
hydrogels, as discussed earlier, can result in a label-free colori-
metric sensor to various analytes with high specificity.>**2%¢

Degree of order. In addition to directly generating color from
their structure, photonic CBPM sensors can substantially
enhance the fluorescence signal of organic molecules incorpo-
rated inside the pores when the absorption spectrum of the
chromophore is aligned with the stopband of the structure.
Consequently, the signal-to-noise ratio is increased in the
presence of fluorescently labeled analytes®*" or those capable
of quenching a fluorescence signal.****>* For example, quench-
ing of the fluorescence signal in the presence of vapors of
nitroaromatics can be detected with enhanced sensitivity.>***?

As discussed in the Optics and fabrication sections, the design
of colored CBPM classically assumes crystalline arrangements of
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colloids with long-range order, analogous to the naturally iridescent
opal gemstone. Amorphous arrays generally exhibit lower saturation;
however, when a broadband absorber, such as melanin,” silver
nanoparticles,'® or iron oxide,"® is incorporated into these systems,
bright angle-independent colors can be achieved.'®*'®*> Conse-
quently, stimuli-responsive structurally-colored amorphous arrays
have become a popular topic in recent years. One recent example
of a light-responsive amorphous array is shown in Fig. 19.%7>
Additional examples include colorimetric indicators that respond
to temperature,'®* electric field,"®* and osmotic pressure.'®® Due
to their angle-independent color, disordered CBPM colorimetric
sensors simplify the readout step and thus are advantageous
when the sensors are being used as stand-alone indicators.
Hierarchy and patterning. CBPM sensors can be designed at
many length scales and can adopt different architectural features.
The ability to control the organization of CBPM architectures at
many hierarchical levels is important for obtaining systems with
dimensions appropriate for specific applications (i.e. films or
superparticles), with explicit reporting signals (for example in
Fig. 17A and B),”*° and with multi-analyte sensing capability.***
Multi-analyte cross-reactive arrays combining CBPM elements,
for example based on molecularly imprinted hydrogels, can be
used for colorimetric detection of trace amounts of toxins and
pollutants in complex mixtures even with high background
signal from the other components.”®*??** An array sensitive
to brominated flame-retardants, commonly used as additives
in consumer products, is shown in Fig. 21.>** Monitoring of
brominated flame-retardants at low levels normally requires
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Fig. 21 Spatially patterned molecularly-imprinted inverse opal array for the detection of poly-brominated diphenylethers.>2# (A) Schematic illustration of
the preparation of the array. (B) Molecular structures of the analytes used (BPA, BIP, DBDE, TBDE, and TBBPA). (C) Optical response of the BIP-imprinted
sensor to DBDE. (D) Optical response of TBBPA-imprinted sensor to TBDE. (E) 2D principal component analysis plot for the identification of TBDE and
three different mixtures by the molecularly-imprinted sensor array, where mixture 1is TBDE and BPA, mixture 2 is TBDE, BPA, and TBBPA, and mixture 3 is
TBDE, BPA, TBBPA and BIP. (D) 3D principal component analysis plots for the identification of each analyte (TBDE: 1 x 1072 M, BPA: 1 x 107° M, TBBPA:
1 x 107 M, BIP: 1 x 1071 M and DBDE: 1 x 107%° M) by the MIPPs sensor array. PC1, PC2, and PC3 represent the principal components calculated.
Reproduced with permission from the Royal Society of Chemistry, copyright 2014.
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267 (A) Schematic illustration of the fabrication

and controlled drug release of the particles. (B) Release profiles of fluorescently-labelled dextran from the particles under different temperature cycles.
Reproduced with permission from the Royal Society of Chemistry, copyright 2015.

relatively complex chromatographic analyses. The use of
molecularly-imprinted spatially patterned inverse opal arrays
combines low-cost fabrication of the sensors, simple and fast
analysis of the results, and the ability to detect picomolar amounts,
comparable to chromatographic methods. As discussed earlier,
the hierarchical network of interconnected macropores in the
CBPM allows facile diffusion of the analytes resulting in enhanced
signal and quick response.

In addition to multiple analyte sensing, hierarchy can be
achieved using superparticles, which have been used as dis-
persible indicators for various stimuli. For example, spherical
inverse opal superparticles based on poly(ionic liquids) were
used for recognition of various ions and solvents,**®?%° and
protein-modified silica superparticles were used as coding
carriers in multiplex immunoassays.**> Additionally, the high
surface area of the pores can be used for adsorption and
triggered release of drugs in addition to sensing.”®” As shown in
Fig. 17C, temperature responsive spherical inverse opal super-
particles change their color due to a change in the periodicity of
their lattice when exposed to different temperatures. Preloaded
with fluorescently labeled dextran molecules, these superparticles
can be used for self-monitored temperature-triggered drug release
based on a temperature-induced shrinkage. The formation of
the superparticles and the kinetic profile of the release of
the fluorescently-labeled dextran is shown in Fig. 22. CBPM
superparticles can also be used as a dispersible cell culture
substrate capable of reporting on the interaction of cells with
biomaterials in a single culture environment.*?® Because their
color originates from their structure, the signal from CBPM
microcarriers is stable.

5.2 Perspective

Colloidal templating is the most facile and developed up-to-
date approach for obtaining photonic crystal arrays capable of
providing a colorimetric response while using simple, colorless,
inexpensive, inert, and non-toxic stimuli-responsive materials.
The state of the art CBPM sensor can compete with consider-
ably more sophisticated analytical instruments in providing
specific responses to various physical, chemical, or biological
stimuli. A key advantage of CBPM sensors is their modularity of

This journal is © The Royal Society of Chemistry 2016

design, allowing combinations of various architectures, struc-
tural materials, surface chemistries, and degrees of order.
CBPM sensors can have very small physical dimensions, be
remotely monitored, and in principle do not require any addi-
tional optical, chemical, or electronic modules, which improves
their reliability and security. Compared to their 1D and 2D
analogs, such as Bragg stacks, gratings, and crystal fibers,
CBPM sensors have greater sensitivity due to their higher
surface area available for interaction with analytes and shorter
response time due to facile diffusion through the pores. Finally,
the response of CBPM-based sensors can be designed to be
reversible or irreversible, capable of monitoring and/or record-
ing the history of their environment.

CBPM sensors have technological potential as easy-to-use
and inexpensive sensing devices, which has motivated intense
research in the last few decades. On a fundamental level, a better
understanding of the processes governing the self-assembly of
colloidal particles on substrates and in droplets is still necessary,
particularly as the field moves to larger scale production. On a
more applied level, a great variety of sensing approaches utilizing
CBPM sensors are being explored, fostering their novel applica-
tions with additional stimuli responses, as well as improved
sensitivity, specificity, reproducibility, and longevity.

6. Catalytic applications

Heterogeneous catalysis is of paramount importance in many areas
of the chemical and energy industries including coal, oil and gas
refining; polymer production; environmental pollutant degradation;
and manufacturing of fine chemicals and pharmaceuticals.*””
Having a solid-phase catalyst improves catalyst recovery and product
separation. The great majority of practical heterogeneous catalysts
consist of metal oxides serving as solid catalyst or catalyst support,
and their design for optimum performance for a given process
requires a consideration of a combination of chemical, structural,
and mechanical properties. CBPM can be made with high surface
area, interconnected porosity, and control over material composi-
tion, all of which are important for developing catalysts having
high activity and selectivity, thermal stability, and superior
mass transport (Fig. 23).°%7°
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Fig. 23 Schematic summarizing the advantageous properties provided by CBPM for the design of an efficient heterogeneous catalyst.

CBPM possess many advantageous characteristics and degrees
of freedom that enable them to be designed for a wide range of
catalytic applications (Fig. 23). They exhibit architectural tunability
easily achievable vig hierarchical templating and characterized by
a porous network where many factors can be controlled, including
wall thickness, pore size, pore interconnectivity, and shape. The
incorporation of hierarchical porosity using colloidal-crystal tem-
plating in combination with soft templates (e.g. surfactants) offers
minimal diffusive limitations to mass transport by macropores
(pore diameter > ~30 nm), and high surface area for active site
dispersion over micro and/or mesopores (pore diameter <1.5 nm
and 1.5-30 nm, respectively).”® Additionally, templated structures
are used almost exclusively in order to increase the macroporosity
and decrease the amount of material used. CBPM assembly
methods allow good control over the composition and incorpora-
tion of functional materials (e.g. metal nanoparticles), important
for achieving improved catalytic activity, selectivity, and stability of
the resulting catalyst.

During the last decade, much effort has been put into
developing CBPM for various catalytic processes including
oxidation and reduction of industrial and automotive harmful
byproducts, chemical fuels catalysis, biomass upgrading, photo-
catalysis, and water splitting.****”® For example, CBPM have
been used in such environmentally important catalytic processes
as removal of CO, uncombusted hydrocarbons (e.g. soot),
and volatile organic compounds (VOCs) emitted from transpor-
tation and industrial activities.”®”***® Various supported noble
metals and single or mixed metal oxides have been used for this
purpose. Interconnected porosity on multiple length scales and
low tortuosity are both especially important for liquid phase
catalysis involving large bulky molecules in processes such as
chemical fuel catalysis (including crude oil cracking, isomeriza-
tion, and reforming), photocatalytic degradation of organic
compounds, and biomass upgrading.®*”®**° The importance
of structural order (periodicity) varies for the different types of
catalytic reactions. For example, ordered CBPM, widely referred
to in the literature as three-dimensionally ordered macroporous
materials (3DOM) or inverse opals, are of particular interest in

304 | Chem. Soc. Rev., 2016, 45, 281-322

photocatalysis due to their photonic properties as well as their
superior mass transfer through interconnected pore channels.®”*°

This section will focus on the application of CBPM to
distinct catalytic reactions, with emphasis on the advantages
of CBPM structural parameters for catalyst systems, namely the
ability to control the composition, porosity, and periodicity of
the structure. Table 1 lists specific examples of colloid-based
porous catalysts that have been fabricated and studied, focus-
ing on the past four years. While the material composition is an
inherent characteristic of any type of catalyst, the additional
advantages achieved with CBPM such as mass transport and
periodicity can play a significant role in specific catalytic reactions
and will be discussed in separate sections below. We summarize
how the challenges and limitations of specific catalytic reactions
can be addressed using CBPM, discussing both highly ordered
3D architectures and low periodicity/irregular systems generated
from colloidal templating.

6.1 Factors influencing CBPM catalysts

Surface area and composition. The composition and active
surface area of a catalyst are crucial to its performance, parti-
cularly for the removal of industrial and automotive byproducts
(e.g. CO, soot, NOx, VOCs). Controlling composition provides
thermal stability and chemical reactivity (e.g selectivity, large
oxygen storage capacity), while high surface area ensures catalytic
efficiency. Colloidal templating creates porous materials with facile
control in composition and morphology with wide suitability
for many metal precursors, allowing their use in a variety of
catalytic reactions.

The intrinsic catalytic activity of metal oxides can be enhanced
by incorporation of noble metal nanoparticles (e.g. Au, Pt, Pd).**®
Because the composition and additives can be controlled inde-
pendently in CBPM structures, a variety of materials have been
investigated (see Table 1). For example, Wei et al. fabricated
hierarchical macro/meso porous catalysts for soot combustion
from platinum nanoparticles (NPs) supported on various transi-
tion metal oxides (with M = Mn, Fe, Co, Ni, Cu).**” The resulting
materials possessed a well-defined macroporous structure with

This journal is © The Royal Society of Chemistry 2016
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Table 1 Recent reports describing diverse CBPM-based catalysts used in various types of catalytic reactions

Catalytic transformations

Active catalyst and support in colloid-based catalytic systems

Environmental catalysis
CO and toluene oxidation

CCOZ;331 Au/Mn203;332 Pr6011;333

Tb,0,;%*% Au/Co;0,;*** Au/Mn,0;/La, ¢Sry 4MnO;;>2

C0304/Eug 6Sto 4Fe03;*** Au/La, ¢St ,MnO,>*3¢

Soot combustion

Au/Ce0,;*** Au-Pt/Ceo gZ1020,;""

NOx reduction
Methane oxidation

Chemical fuel synthesis
Isomerization

Cracking (oil) AL 0,/8i0,**
Fischer-Tropsch Co@Cu/Si0,-La,0,;*** Fe,05°%
Biodiesel production

Selective organic transformations
Selective oxidation
Suzuki cross-coupling Pd/Sn0,**

Photocatalysis

CO, reduction Ce0,/Ti0,;>%° Au/TiO,;*¢!

Oxidation of organics

Pt/MO (M = Mn, Co, Fe, Ni, Cu);**” Pt@Ce0,/Ce0,;*** Au@Pt/Ce ¢Zr,,0,;>%° Au/LaFeOs;>***!
3 Pt/MnCeO;*** Al,0,/Ce0,;**> Au/LaFeQ;*****!

Ceq.752r9.2Mo.0502—5 (M = Fe, Cu, Mn, Co);**® Ce0,/Ti0,**

Pt/Ceg 62T 3Y0.10,;>*® Pd/LaMnO;;** Ag/Lag ¢Sto sMnO;*>°

Pt/SiO,, Al,O3, TiO,, Nb,Os, Ta,05, Zr0O,>"*

Mg-Al hydrotalcites;*** Al,O5-hydrotalcites/Si0,*>”

Pd/Si0,;*°° Al/Si0,;*7 VO/Si0,*>®

Ti0,;*%27%%® Ti0,/8i0,;%¢” Fe**/Ti0,;*%® Ti**/Ti0,;**° N/Ti0,;*"® C/Ti0,;*"" Ks[Co(H,0)PW1;030]/Ti0,;>">

CuO/Ti0,;*"® Zr0,/Ti0,;*"* Sn0,/Ti0,;*"> Au/Ti0,; %%7® Ag/TiO,;*"7"® Ag/Bi,03-Ti0,;*"® ZnO;*7538
BiFe05;**! Bi,WOg;**” W10034/MgAL* BiVO,;*®* Au, Pt, PA/AgBr/BiVO,;**® InVO,;°* Cr,0,Ti0,/Si0,**”

Water splitting

a-Fe,03;>% Ti0,;”® Au/Ti0,;*% TaON;**° WO,/BivO,;*"" WO,;°9%9 graphene/Fe,03;°** Cu,05;°%°

quantum dot/Ti0,;**¢?%” Mo/BivO,>®

mesopores of ~6 nm and Pt NPs (2.9-3.5 nm) highly dispersed
on the inner walls of the macropores. The strong metal-support
interactions and unique porous architecture in these systems
improved the contact efficiency between catalyst and soot
leading to higher catalytic activity for diesel soot combustion.

The incorporation of metal NPs into inverse opal scaffolds
can also be used to enhance photocatalytic properties. The
plasmonic properties of metal NPs can couple with the semi-
conductor properties of the support. Under visible-light illumi-
nation, plasmon-excited hot electrons in noble metal NPs can
transfer to the conduction band of an adjacent semiconductor,
leading to charge transfer/separation and subsequent chemical
reactions.®**%° For example, TiO, inverse opals incorporating
Au®%301376:490 and Ag*”7*7% NPs have shown improved photo-
catalytic dye degradation and CO, reduction.**" This effect can
be strongly enhanced by engineering periodicity at the right
wavelength through colloidal templating, and it will be dis-
cussed in more detail below.

TiO, photocatalysts also benefit from other aspects of
control over the composition. Titania suffers from a high rate
of charge carrier recombination and a relatively wide band gap
(3.2 eV), limiting the light absorption to UV irradiation, which
accounts for less than 5% of the total energy of the solar
spectrum. To overcome these drawbacks and improve photo-
catalytic activity, multiple components are often incorporated
to tune the band structures and electron-hole separation and

This journal is © The Royal Society of Chemistry 2016

transportation.****°* Many studies have attempted to introduce
metal-ions**®*% or nonmetals®”® as dopants; and dyes,*** quantum
dots,*® or carbon®”! as sensitizers or for surface modification.*”
Coupling TiO, with other transition metal oxides can enhance the
photocatalytic performance via improving the charge separation
of photogenerated charges and extending the photoresponse
region, thus facilitating the degradation of organic dyes and
CO, reduction (Table 1).>°**73737> For example, Li et al. demon-
strated excellent activity for the photocatalytic degradation of
crystal violet using a composite Ag/Bi,O;-TiO, macroporous
inverse opal with mesoporous walls by employing different
radiation sources such as UV, simulated solar light, and
microwave-assisted irradiation.*”® Compared to TiO,, the light
absorption edge of ordered macro/meso porous Ag/Bi,O;-TiO,
structures was red-shifted by about 100 nm into the visible
region. The catalytic activity of this ordered composite structure
was significantly higher than that of TiO, nanopowder (P25),
Bi,03, and disordered Ag/Bi,0;-TiO, and was retained after three
cycles. In addition to TiO,-based inverse opal photocatalysts,
novel visible-light-responsive materials have been reported
including both single semiconductor materials®’8382384:386
and heterostructured systems (Table 1).33%3%3

In the past few years, several authors developed rare earth
oxide-based catalysts for CO, toluene, and soot oxidation.**?
Among the rare earth metal oxides, ceria (CeO,) is one of the
most extensively investigated as an environmental catalyst due
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Fig. 24 Fabrication of colloid-based hierarchically porous catalysts incor-
porating metal NP for oxidation of methane. (A) Representative SEM image
of 3D ordered macro/mesoporous Ceq eZrg3Y010, (CZY) embedded with
PtNP (1.1 wt%). (B) Methane conversion versus temperature over the
macroporous CZY, x wt% Pt/CZY, and Bulk CZY catalysts.>*® Reused with
permission from the American Chemical Society, copyright 2015.

to its high oxygen storage capacity, good sulfur-resistance, and
excellent redox properties.*”® However, a major drawback of
pure CeO, is low thermal stability causing sintering and loss of
its redox and oxygen storage properties. Various ceria-based
mixed metal oxides including Al-Ce,*** Ce-Ti,**” and Ce-Zr**®
have been used as active catalysts for the oxidation of CO,
methane, soot, and NOx. Among these binary compounds,
Ce;_,Zr,0, (x = 0.1-0.9) is considered to be one of the key
components in auto-exhaust treatment catalysts due to its high
oxygen storage/release capacity and good thermal stability.
Recent studies have produced a variety of colloid-based porous
Ce-Zr binary oxides and composite structures incorporating
metal NPs.>*%3*334 por example, Arandiyam et al. fabricated
3D ordered macro/mesoporous Pt/Ce, ¢Zr,3Yo10, (CZY) cata-
lysts for methane combustion using PMMA as hard template
and pluronic (P123) as surfactant (Fig. 24A and B).**® The
excellent catalytic activity of Pt/CZY was ascribed to an increase
in surface area due to its unique macro/mesoporous structure
as well as its high concentration of adsorbed oxygen, good
low-temperature reducibility, and strong catalyst-support inter-
action due to composition.

In addition, the colloid-based templating approach has been
used to prepare high-surface area perovskite-type oxides (ABO;)
with porous architectures.>****! It was reported that doping with
rare earth metals (e.g. La, Eu) and/or loading a certain amount of
transition metal oxides onto colloid-based ABO; supports can
enhance the catalytic performance for toluene oxidation.**%33333>
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In addition, the loading of noble metal NPs on ABO; generates
catalysts with higher catalytic oxidation activity.**®?3134%35° por
example, Au NPs supported on colloid-based porous Lag ¢Sty 4MnO3
(LSMO) outperformed undoped LSMO structures in the oxidation
of CO and toluene.**® Similarly, Pd NP supported LaMnO;**°
and Ag NP supported LaSrMnO;**° demonstrated improved
catalytic activity toward methane oxidation.

Mass transport/porosity. Poor mass transfer of bulky mole-
cules and pore blockage represent significant challenges for
liquid phase heterogeneous catalysts, particularly for crude
oil cracking, selective organic transformations, and biomass
upgrading. For example, catalytic cracking of crude oil is vital
for the large-scale generation of commodity compounds. The
design of hydrothermally stable materials with an interconnected
macro-meso-micropore system remains a great challenge.***

Implementation of catalytic materials exhibiting hierarchical
and interconnected macro-mesoporous networks such as CBPM
can enhance both internal mass and heat transfer and active
site dispersion and accessibility, particularly for such low
temperature, liquid phase chemistry as selective transforma-
tions of organic molecules. Higher catalytic activity of CBPM
systems over their purely mesoporous counterparts has been
demonstrated in selective oxidation,***"**® Suzuki coupling,**®
and epoxidation reactions.*** For example, Parlett et al. investi-
gated the effect of support architecture on Pd-catalyzed aerobic
selective oxidation of sterically challenging allylic alcohols over
hierarchically ordered macro/mesoporous silica systems fabri-
cated using pluronic (P123) and polystyrene (PS) colloids as
respective meso- and macropore directing agents (Fig. 25).>°°
The hierarchically porous Pd NP/macro-meso-SiO, structures
outperformed mesoporous analogues by dramatically improv-
ing in-pore diffusion and access to active sites containing well-
stabilized palladium oxide NP.

Mass transport within CBPM is particularly useful for bio-
mass conversion. Biomass conversion into fuel and chemicals
is becoming increasingly popular as a way to diversify energy
sources. It is estimated that biomass could provide about 25% of
global energy requirements.*****>*% Agricultural crops, waste
from food processing, litter from animal feedlots and many
other sources of biomass can be converted into fuel gas, bio-
alcohol, or biodiesel, or into a syngas from which chemicals and
fuels can be synthesized. Biodiesel in particular has emerged as
one of the best potential renewable energy sources to replace
current petroleum-based transportation fuel.>*® Although recent
studies have proven the environmental and economical benefits
of biodiesel production via heterogeneous catalysis, it remains
challenging to develop suitable heterogeneous catalyst architec-
tures that will facilitate the diffusion of viscous bio-oil feedstock
during catalytic conversion. Most materials described to date
exhibit micro and/or mesoporosity, which are not optimal for
accommodating bulky triglyceride derivatives. In this respect,
colloid-templated hierarchical macro/mesoporous materials are
good candidates. For example, hydrotalcites (HTs) have been used
in the fabrication of colloid-based macroporous structures for
the transesterification of triglycerides with methanol.*** HTs
are a class of naturally occurring, solid base catalyst materials

This journal is © The Royal Society of Chemistry 2016
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Fig. 25 Hierarchically ordered colloid-based macro/mesoporous (MM) silica (SBA-15) structures loaded with Pd NP (Pd/MM-SBA-15) demonstrate
enhanced catalytic activity in the aerobic selective oxidation of bulky allylic alcohols to their aldehydes. (A) SEM and TEM images of MM-SBA-15 and
corresponding 0.78 wt% Pd/MM-SBA-15. (B) Impact of interconnected macroporosity on the oxidation of farnesol and phytol over Pd/MM-SBA-15 versus
Pd/SBA-15.%°¢ Reused with permission from the American Chemical Society, copyright 2013.

possessing layered double hydroxide structures, with the general
formula [[M(i);_,M(m),(OH),J*" (A%,)mH,O]*", where 0.17 <
x < 0.33. These materials are considered good candidates for
biodiesel formation under mild conditions due to their high
activity and robustness in the presence of water and fatty
acids.*”” It was demonstrated that HTs with a macroporous-
mesoporous architecture have superior mass-transport charac-
teristics leading to exceptional performance.*

Order and periodicity. Depending on the specific catalytic
reaction, the degree of structural perfection and long-range
order can have varying importance. While structural order and
photonic aspects were found to play a significant role in the
enhancement of photocatalytic efficiency, the requirements for
structural perfection are much less strict for other catalytic
systems. Nevertheless, the regularity of the structures can
improve catalytic properties and contribute to better quantitative
modeling of catalytic behavior.

Compared to disordered porous structures, inverse opal-
based photocatalyst systems provide not only high surface area,
but also exhibit many optical properties desirable for photo-
catalytic enhancement, such as a photonic stopband, light
scattering, and slow photon effects. Harvesting and conversion
of solar energy into chemical energy using photocatalysts is one
of the most promising strategies toward the development of
renewable energy technologies, environmental protection, and
remediation.****°® Two key requirements of efficient photo-
catalysts are: (i) effective harvesting of solar energy, and (ii) facile
separation and transportation of charge carriers. Inverse opal
structures have been extensively investigated for photocatalytic
applications in recent years and a number of reviews have been
published;***3°364%1 ‘mogt studies have focused on semicon-
ductor photocatalysts for water splitting, degradation or oxidation
of organic contaminants, and CO, conversion (Table 1).

Among semiconductor metal-oxide photocatalysts, titania (TiO,)
has been the most investigated photocatalytic material due to its

This journal is © The Royal Society of Chemistry 2016

high reactivity, low cost, chemical stability and non-toxicity.**® The
enhanced photocatalytic activity in TiO, inverse opals has been
demonstrated for efficient photodegradation of various organic
compounds®®*?%3% and stems from enhanced absorption due to
the “slow photon” effect, where certain wavelengths of light near the
photonic peak spend more time in the structure. In addition, the
synergy of the slow photon effect and the hierarchically porous
structure of the inverse opal itself results in even higher photocata-
Iytic activity due to enhanced surface area.>***® Recently, enhanced
photocatalytic activity for degradation of organic compounds has
been demonstrated in highly ordered meso/macroporous silica
inverse opals impregnated with TiO, nanoparticles.**”

Ordered macroporous structures for photo-induced solar
fuel production, such as hydrogen from water splitting, have
received much attention in recent years (Table 1). Typically, the
semiconductor is incorporated into a photoelectrochemical cell
or used as a powder suspended in solution. Many studies demon-
strated that the inverse opal morphology has a profound effect on
photoelectrocatalytic performance. Various semiconductor photo-
anode materials with inverse opal structures have been used
(Table 1). For example, Zhou et al. demonstrated enhancement
in the photocurrent density and photoelectrochemical water split-
ting efficiency for 3D ordered macroporous Mo:BiVO, inverse opal
structures as compared to the porous but disordered counterpart
(Fig. 26).>° This enhancement was attributed to the synergistic
effects of compositional and structural optimization, leading to an
improvement in charge transport properties.

6.2 Perspective

Regardless of the specific catalytic application, CBPM architec-
ture is an important but somewhat unexplored parameter in
the field of heterogeneous catalysis. In general, much better
catalytic performance was demonstrated for ordered CBPM,
inverse opals, than for their disordered macroporous, meso-
porous and bulk counterparts in various catalytic reactions,
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especially in the liquid phase. The use of the unique properties
of CBPM in different areas of catalysis is somewhat uneven.
Hundreds of reports have been published on their photo-
catalytic applications in the past few years, while only a few
reports exist on their utilization as catalytic supports in bio-
mass upgrading. Given their superior structural properties for
mass transport, it is surprising that the use of CBPM as catalyst
supports is not more widespread in liquid phase catalytic
processes involving bulky molecules. For example, in biomass
transformation, the design of pore networks with interconnect-
ing macro and mesoporous channels has clear beneficial
effects on reaction rates by improving in-pore diffusional
properties and therefore should be further pursued. Moreover,
the surface functionalization of CBPM using enzymes to
improve selectivity is a largely unexplored area.*'**'?
Practical applications of CBPM and their more widespread
use will require more systematic studies and optimization
of fabrication processes to address challenges in large-scale
fabrication. The conventional synthesis of CBPM involves the
infiltration of a matrix material, typically a sol-gel solution of a
metal-oxide precursor, into a sacrificial colloidal crystal tem-
plate, followed by its removal to produce an inverse inorganic
porous material. This conventional infiltration method does
produce highly ordered structures at small scales, but also
generates a number of defects such as cracks, domain bound-
aries and over-layer coatings at larger length scales. While for

308 | Chem. Soc. Rev., 2016, 45, 281-322

some catalytic applications long-range order is less important
for efficient performance, the fabrication of crack-free, ordered
domains over significantly large areas is crucial for photo-
catalytic applications. Vapor phase deposition (such as atomic
layer deposition) avoids the problems of liquid infiltration, but
is time consuming and expensive. Some efforts have been made
to control the cracking and domain orientation of colloidal
crystal films through control of the evaporative deposition
conditions, co-assembly methods,>® and pre-sintering of the
particles. However, the fabrication of crack-free inverse opals of
arbitrary composition remains a challenge, and further studies
should be done to expand the materials space of highly ordered
structures.

Regardless of the importance of structural perfection, low
quality, disordered CBPM can complicate their quantitative
comparison with non-structured or mesoporous/microporous
analogues. In addition, fabrication of dispersible CBPM (e.g.
spherical photonic micro-particles) can be beneficial for many
catalytic applications and is largely unexplored.?®**°%*"3

The control over metal NP size, distribution, and stability
using a simple synthetic approach represents an additional
challenge. Non-uniform distribution of functional particles can
result in the formation of hot spots and compromise the uniform
distribution of temperature and concentration profiles in the
reactor channel. Loosely bound metal NPs will reduce catalyst
durability. Different strategies of metal NP immobilization have

This journal is © The Royal Society of Chemistry 2016
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been developed including impregnation, adsorption based on
electrostatic interaction, in situ synthesis, or co-assembly with
metal oxide precursors. The post-modification methods, such as
impregnation or adsorption of preformed metal NPs, generates
structures with uniform, high accessibility metal NPs. However,
they are not very stable and are prone to sintering, especially in
high-temperature catalytic reactions. In addition, the presence of
capping ligands used for metal NP stabilization is undesirable
for catalytic applications, and they often must be removed
by annealing treatments, which generally results in loss of dia-
meter control due to particle agglomeration. Oxidative removal
(ozone treatment) can lead to changes in the surface chemistry
of the metal. In addition, to achieve high loading, pre-
immobilization treatment is required (e.g. oxidative or thermal
activation or surface functionalization to introduce a chemical
linker group). Co-assembly and in situ methods produce much
more stable metal NP systems, but suffer from non-uniform
size and low accessibility.

Nevertheless, these results highlight the significance of colloid-
based ordered macro-mesoporous architectures as promising
catalytic systems. In particular, the compositional and morphol-
ogical control of CBPM provides the ability to create more
purpose-designed catalysts with highly efficient performance.

7. Electrode applications

Electrochemical processes are fundamental to a vast range of
applications, particularly for energy storage and conversion.
Because electrochemistry occurs at the interface of an electrode
and an electrolyte, the electrode geometry has a large influence on
rates and capacities. Using CBPM, the geometry and composition
can be controlled across multiple length scales, providing an
excellent handle over electrode geometry for various electrode
applications such as capacitors, batteries, fuel cells, and solar cells.

Capacitors and batteries both store electrical energy. Capa-
citors or supercapacitors rapidly store and release energy by
separating charge across a dielectric or electrolyte. Higher
energy storage is possible with higher capacitance values, but
the capacitance is dependent on the two electrodes having large
surface area and short separation distances between them.
Batteries also store energy, by moving electrons from the

Table 2 Comparison of various electrodes that can be made with CBPM
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negative electrode to the positive electrode; however, in bat-
teries, the energy is stored in chemical bonds rather than in the
electric field. Thus, a chemical change is incorporated, such as
Li" intercalating into transition metal compounds in Li-ion
batteries. During discharge, this chemical energy is released,
reforming the initial compounds and producing a current.

While capacitors and batteries store electric energy, fuel
cells and solar cells instead generate electric current by con-
verting other forms of energy. In a fuel cell, a chemical fuel is
consumed to produce the current, much like during discharge
of a primary (non-rechargeable) battery. In solar cells, absorbed
light is converted into electric current; in dye-sensitized solar
cells (DSSC), light absorption is enhanced by adding a photo-
sensitizer such as a dye molecule to the semiconductor surface.
Photoelectrochemical cells, a type of catalyst system, take this
one step further by converting the incident light energy into
chemical bonds for storage.

All of these applications are summarized in Table 2. Because
they are based on electrochemical processes, they necessitate
the need for control over the electrode structure on the 10 nm
and 100 nm scale,""* making CBPM ideal candidates.

There are three key advantages of CBPM for making electrodes
for applications: high surface area, interconnected porosity, and
visible light control. These factors apply to all CBPM and are
shown schematically in Fig. 27 for inverse opals in particular.
For example, with a high surface area (Fig. 27A) with controlled
composition, high charging rates can be maintained in capa-
citors, and short charge transport distances are possible.**®
The macroporosity (Fig. 27B) is useful for ion diffusion through
the structure, especially in batteries.**® Additionally, because
active battery materials can undergo large volume changes,
macropores allow the material to expand without breaking the
structure. Finally, the length scale is commensurate with the
wavelength of visible light, allowing these colloidal materials to
be used for increasing photon absorption in solar cells.
Enhanced absorption can stem from the photonic nature of
an ordered structure (Fig. 27C) or from increased scattering in a
disordered structure. Additionally, these features can all be
combined in hierarchical structures using colloids. These
advantages will be discussed in more detail below.

While Fig. 27 shows inverse, ordered structures, disordered
and direct structures have also been investigated. Colloid-based

Electrode type  Surface area?“ Porosity?® Order?® Energy input Energy output Critical factor Ref.

Capacitor e 17 x Electrical Electrical Surface area 58, 73, 415, 417, 418

Battery I e x Chemical Electrical Diffusion 26, 62, 68, 74, 420-431,
(discharge) (discharge) 464-466

Fuel cell e e x Chemical Electrical Diffusion 58, 433, 434

Solar cell e 17 |7 Light Electrical Charge separation 58, 65-67, 71, 72, 201, 393, 432,

435-439, 441-447, 449-457, 462

“ For each type, the importance of various attributes of CBPM are noted as either very important (###), important (¢*), or not important (X).
Additionally, the energy input and output for each type is listed as well as their function.
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Fig. 27 Schematic of double-layer inverse opal illustrating the key advan-
tages of CBPM in electrode applications: (A) high surface area, (B) porosity,
and (C) periodicity.

electrodes are generally templated (i.e. inverse structures)
because inverse structures have larger pores, better pore inter-
connectivity, and improved mechanical stability. Using block
copolymers to make mesoporous materials,*****° the surface
area can be further increased. Charge transport generally
occurs across 1-10 nm, so the structure on the 100 nm scale
less important; however, ordered structures ensure that the
pores are fully interconnected for ion diffusion. Additionally,
ordered structures provide a good model system to study
different properties (e.g. diffusion),**>*®° and can provide
additional photon management for solar cells.****°* The pore
size can be another handle on controlling the properties,
especially for diffusion. Due to the nature of electrodes, pri-
marily three-dimensional structures are grown on supports
rather than making free-standing superparticles.

One final advantage that underpins the desirable macropor-
ous structure is the high degree of compositional tunability of
colloid-based structures. Electrochemical cells rely on different
material compositions for their conductivity, insulating nature,
or electroactivity (for catalysis or intercalation). Indeed, the
electrode composition determines its use as an electrode, with
a vast materials space possible spanning transition metal oxide
intercalation compounds,****3*° metals,®® other conductors,**+*6>
polymers,*?>**¢ and semiconductors.”®***** Hierarchical struc-
tures can be also made, for example with a conducting matrix and
either conformal growth of an active layer’"’**'%25426 or
embedded additives such as functional catalysts™” or electro-
active®® nanoparticles.

433

7.1 Factors influencing electrode applications

Composition and surface area. One of the primary reasons
hierarchical CBPM are used as electrodes is their high surface
area, with a higher active area for a given volume of material.
High surface area allows for easy access to active materials in
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batteries*>' 2426428431 and fuel cells,** improving energy
density. It also leads to higher dye loading, and thus increased light
absorption and higher rates, in dye-sensitized solar cells.****° The
surface area was further taken advantage of by Ergang et al in their
fabrication of an electrode consisting of a conducting matrix with a
conformal electrolyte layer.**® Because the cathode consisted of a
gel, it could then be infiltrated into the structure, forming an
interpenetrating cell with high surface area and extremely short
diffusion distance between the anode and cathode. Mesoporous
structures have been used as well, either in a hierarchical meso-
macroporous architecture,*®® or a mesoporous-macroporous
bilayer,*”*>* to achieve even higher surface area.

High surface area structures generally have long charge
transport distances, leading to increased recombination. CBPM
can also achieve short electron transport distances even in high
surface area structures,*! particularly with inverse structures,
by controlling the hierarchical composition. Generally, high surface
area structures have large separation between where charge is
collected and where it is generated, as well as many grain bound-
aries, making recombination more likely to occur. For example,
high surface area in solar cells can improve the rate, but it can also
lead to increased recombination.**® The simple fabrication methods
of CBPM allow one to make mixed structures, for example a
conducting matrix with embedded active particles,>*** as shown
in Fig. 28. Because the nanoparticles are fully embedded in the
matrix, they do not dislodge from the structure, and the efficiency
is stable even after hundreds of cycles (Fig. 28B).°> Alternatively,
active electrode materials can easily be grown on conducting
supports to produce a layered structure,>®*1>416:42%:465 55 shown
in Fig. 29. With hierarchical structures, the charge can quickly
travel from the active site to the conducting matrix, where it can
be collected before recombination. Small transport distances
have been found to decrease charge recombination in solar
cells,*”**** enhancing current output.

Macroporosity. While the composition of CBPM can provide
control over electron transfer processes, the porosity can allow
for the simultaneous control of ion diffusion.**"**® Much like
for catalysis, the macroporous structure of CBPM provides for
easier diffusion to the active surface; in electrodes, fast ion
diffusion means faster charging and reaction rates.**° Ordered,
inverse structures have been particularly well investigated as a
means of controlling ion transport, for example in Li-ion
batteries,”®**%%® Li-air batteries,**' dye-sensitized solar cells
(DSSC),**° and fuel cells.*** These colloid-templated structures
have also been used as separators in batteries**° and fuel cells***
due to their ability to control ion diffusion. Capacitors also benefit
from the control over diffusion, because high surface area
increases the capacitance, but it can also cause very high charging
times. Inverse opal capacitors can be made with a controllable
balance between accessible high surface area and charging
time.”**” In addition to specific applications, inverse opal struc-
tures have been used as a model system for studying diffusion in
nano-to-micro pores,*>**®® which will undoubtedly be important
when designing future CBPM-based electrodes. When considering
this control over diffusion, the amount of cracks is also important
since they can introduce other diffusion pathways.

This journal is © The Royal Society of Chemistry 2016
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Fig. 28 Nanoparticle additives lead to close contact between the electroactive material and the conductor. (A) Schematic illustrating the fabrication of a
carbon inverse opal with embedded electroactive SnO, nanoparticles for Li-ion batteries, and (B) their specific capacity and coulombic efficiency, which
remain stable after hundreds of cycles.®? Reproduced with permission from Nature Publishing Group, copyright 2013.
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Fig. 29 Swelling of an electroactive coating material does not lead to
disruption of the macroporous structure of an inverse opal. (A) A nickel inverse
opal with a conformal silicon layer shown schematically; (B and C) SEM images
showing that (B) upon lithiation, the Li,Si fills the pores but the structure
remains intact, and (C) after delithiation, the structure remains.*?® Reproduced
with permission from the American Chemical Society, copyright 2012.

Beyond diffusion, the macroporosity has an added benefit
for battery electrode stability because the structure can undergo
large volume changes without degradation. In lithium-based
batteries in particular, large volume changes are associated with
the lithiation and delithiation of the electrode materials.®®”***
Swelling and shrinking can lead to loss of structural integrity and
battery failure. Several groups have investigated using inverse opals
to avoid this degradation, especially for MnO,**® and MnSiO,***
positive electrodes and silicon negative electrodes’******” in Li-ion
batteries, as well as for sulfur in Li-S batteries.® These studies
describe hierarchical structures, where a conducting matrix is
covered with an active material. This active material can then
swell into the pores without deforming the contact to the rest of
the battery. For example, in Fig. 29, a nickel matrix is coated
with an electroactive silicon layer. During lithiation, the silicon

This journal is © The Royal Society of Chemistry 2016

swells and fills the pores; when Li" is released during discharge,
silicon shrinks back and the structure reappears. Inverse struc-
tures are used due to their macroporosity, but the effects
of parameters such as pore size and degree of order have not
been investigated and would yield important insights into the
ideal structure.

Order and periodicity. The 100 nm length scale of colloidal
materials provides a handle for controlling visible light absorption
in solar cells and for photoelectrochemistry.”*3¢>448:461:463 por
example, several groups have investigated using photonic enhance-
ment from ordered inverse opal structures in both semiconductor
and dye-sensitized solar cells (DSSC),5%436:442:443,:452,456,457 1y 5
photonic crystal such as an inverse or direct opal, light near
the photonic bandgap has increased absorption due to a longer
lifetime in the structure.*®” This additional absorption can
improve the efficiency. For example, it accounted for a >50%
increase in the efficiency of a DSSC,**” and can be seen clearly
in Fig. 30 for a photoanode made from WO3, where the efficiency
varies as a function of wavelength depending on the periodicity
of the structure.>® There is a clear efficiency enhancement for
the structure made with 200 nm colloids, which has a photonic
bandgap overlapping with the electronic absorption of WO;.
In addition to ordered structures for increased absorption
of certain wavelengths, disordered structures can be used to
increase scattering of all wavelengths,”" which also improves
absorption by increasing the path length in the structure.

Patterning and hierarchical structures. Using colloidal
patterning techniques, more complicated electrode structures
can be made. For example, interdigitated microbatteries are
possible where the anode and cathode alternate on the scale
of tens of microns (Fig. 31).>° Using patterning, Pikul et al.
achieved Li-ion batteries with extraordinary energy and power
densities. CBPM have also been used as separators in batteries**°
and fuel cells,*** where they were grown within the confines of
the other layers of the cells.

The vast majority of studies of CBPM electrodes have focused
on controlling the 10-100 nm scale since electrochemical
phenomena such as charge transfer and diffusion generally
occur on this scale. However, in actual cells, the proximity of the
anode and cathode are important. Patterning CBPM electrodes

Chem. Soc. Rev.,, 2016, 45, 281-322 | 311
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Fig. 30 Photonic crystal effects enhance efficiency in photoanodes. (A—C) SEM images of WOs inverse opals made from different sizes of colloids.
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Fig. 31 Patterning of interdigitated inverse opal electrodes. (A) Schematic, and (B) SEM image of interdigitated microbattery electrode structure with
alternating materials (scale bar 50 pm; inset scale bars 1 um). (C) Larger scale SEM image showing a top-down view of the structure (scale bar 500 pm).2°
Reproduced with permission from Nature Publishing Group, copyright 2013.

are a promising and relatively unexplored area; for example,
superparticles could be used to make even more complex patterns
with easy transport between the two electrodes.

7.2 Perspective

CBPM not only have both high surface area and porosity, but
their unique structure combining the two allows for both fast
ion diffusion and fast electron transport.>>®>**” High charging
and discharging rates stem from the high surface area and
short distance between the active area and the conducting
support. With limited tortuosity, ion diffusion is facile and
controllable, with the added benefit of being able to undergo
volume changes without loss of structural integrity. For solar
cells, scattering and photonic effects also improve the efficiency.
Furthermore, the tailorability of colloid-based materials allows
complicated structures to be made fairly easily, whether with
electrodeposition or additives. Multiple parameters can be
controlled simultaneously, across the material composition as
well as the structure. These factors are especially important in
electrodes, where the composition and hierarchical composite
structure are integral to the function. For these reasons, CBPM
have been investigated for many electrochemical energy storage
and conversion applications, with much success; however,
good comparisons are challenging because adequate controls
are often not included, for example to compare the benefits of a

312 | Chem. Soc. Rev., 2016, 45, 281-322

specific structure or hierarchical composition to a similar, flat
substrate, or to a similar structure missing one aspect of the
composition. One area that hasn’t been fully developed is to
pattern CBPM for electrode applications, which opens up a variety
of interesting possibilities for hierarchical electrochemical
cells, for example microbattery architectures.*®®

Compared to hierarchical colloid-based materials, most
other methods are either more expensive or offer less control.
Much of this text has described the advantages of porous, high
surface area structures in general; for example, nanostructured
DSSC electrodes not based on colloids can have very high surface
area. However, many of these high surface area architectures
generally suffer from high recombination rates. Comparing to
other porous structures not based on colloids, the benefits are
less clear. For battery electrodes, there are many other porous
materials in use for electrodes, such as porous carbon and
nanoporous gold, which can easily achieve hierarchical composi-
tions using electrodeposition. However, the “pore” size of these
structures is fixed and functionalization with nanoparticles
requires a second step. Nanoporous gold is also more expensive.

In order for CBPM to compete with existing porous materials,
improvements in the fabrication methods must be considered.
Most of these electrode applications would require inexpensive
fabrication methods to be cost-effectively scaled up to the necessary
scale. Certain fabrication methods, such as electrodeposition, are

This journal is © The Royal Society of Chemistry 2016
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easy to scale up, whereas others, such as ALD, are not. Disordered
structures are faster and easier to make, but most basic research to
date has centered on ordered structures. These ordered structures
are ideal for model studies, for example to investigate the effect
of the size scale of porosity on different aspects of performance;
understanding the underlying chemistry and physics will allow
us to target a specific size for scaled-up versions. However, a
better understanding of phenomena such as ion diffusion in
disordered structures will also be critical.

Because composition is so important for electrode function,
expanding the materials space will allow for new applications.
New electrode materials for Li-ion batteries are constantly
emerging, for example ZnCo,0,.**® New battery types are also
being investigated such as Li-air and Zn-air,"’° and new
compositions are necessary to be used in these applications.
Assembly strategies for making crack-free structures of arbi-
trary composition with hierarchical architecture will require a
better understanding of the underlying mechanisms of crack-
free structure formation. Crack-free structures can be made by
co-assembling a silica matrix with the colloidal crystal,>® but
this method remains to be adequately expanded to other
materials. Future electrodes will have a porous structure and
hierarchical composition with good reproducibility and dur-
ability; the benefits of CBPM for introducing these character-
istics are a huge advantage if various compositions can be
made reliably.

8. Conclusions

Biology uses structuration on the nano to the macroscale to
achieve functions beyond the inherent properties of its limited
materials scope. Using colloids, similar structural features can be
made synthetically, with a variety of assembly methods producing
structures beyond those found in nature. These structures give
rise to a variety of functionalities not present in the individual
colloidal particles, rendering such self-assembled materials attrac-
tive for a diverse range of applications, in particular optics,
wetting, sensing, catalysis, and electrodes.

CBPM can be made for many applications with controlled
composition, porosity, periodicity, order, and hierarchy. Differ-
ent application fields vary in their desired properties, but the
modularity of the assembly process provides a high degree of
tunability and tailorability in the composition and structure,
opening the door for many potential commercial products. In
terms of composition, functional particles can easily be added at
various locations in the CBPM structure due to the modularity of
the fabrication methods. These particles can act as optical absor-
bers, catalysts, or electroactive materials. Additionally, the surface
can be modified with various functionalities, which is particularly
useful for wetting and sensing applications. The degree of order
and periodicity determine most optical effects, which can subse-
quently be used as sensors that rely on a colorimetric readout.
Moreover, the order is intimately connected to the porosity, as the
degree of order can affect the tortuosity and interconnection of the
porous network. The interconnection is especially important for
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diffusion in heterogeneous catalysis and electrodes. The porosity
also influences fluid transport, whether within the structure or on
the surface for repellency. CBPM allow for precise control over
these aspects, but comparative studies highlighting advantages
over other types of porous structures are still rare.

Using hierarchical and patterned structures, complex
features can be created for advanced applications. For example,
multiple sensing responses can occur on a single chip,>*® or
complete microbatteries can be assembled.*® Complex optical
effects can be achieved by combining features on different
length scales, for example if stopband effects were combined
with grating diffraction, all in a patterned structure. With many
patterning techniques, the hierarchy can be tailored to the
specific application.

Colloids can be used in a variety of areas, but scaling up the
fabrication process is a major roadblock to commercialization,
particularly of ordered structures. At a lab-scale, colloidal assemblies
are unchallenged in their ability to provide precise model systems to
develop design guidelines for the optimization of a desired macro-
scopic property. Future work should focus on scaling up methods
of producing high quality structures of various types, including
both superparticles and crack-free templated structures of arbitrary
composition, on an industrial scale beyond typical “large scale”
assembly methods. Superparticles are already showing promise
to solve the scale-up problem, and they are particularly useful
for their ability to be transported as a powder and dispersed in
a variety of media.

Finally, many biological colloidal structures achieve multi-
functionality, optimizing for multiple properties simultaneously,
for example optical effects, wetting characteristics, and mechanical
stability.’* To date, there are limited synthetic multifunctional
structures, but we expect that this research area will provide a
variety of novel materials in the future.
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