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A centrifugal field can provide an external force for the ordering of nanoparticles. Especially with the knowledge
from in-situ characterization by analytical (ultra)centrifugation, nanoparticle ordering can be rationally realized in
preparative (ultra)centrifugation. This study summarizes the work back to the 1990s, where intuitive use of
centrifugation was achieved for the fabrication of colloidal crystals to the very recent work where analytical
(ultra)centrifugation is employed to tailor-make concentration gradients for advanced materials. This review is
divided into three main parts. In the introduction part, the history of ordering microbeads in gravity is discussed and
with the size of particles reduced to nanometers, a centrifugal field is necessary. In the next part, the research on
the ordering of nanoparticles in analytical and preparative centrifugation in recent decades is described. In the last
part, the applications of the functional materials, fabricated from centrifugation-induced nanoparticle

superstructures are briefly discussed.

centrifugation sedimentation nanoparticle concentration gradient

non-equilibrium process superstructure functional material

| 1. Introduction
1.1. The Era of Microbeads in Gravity

The sedimentation of particles is a long-standing phenomenon in nature. One of the most impressive examples
may be the formation of opals WEEIH where the sedimentation of silica particles gradually forms iridescent
mineraloids over a long period of time. Besides these great phenomena in nature, the first experimental work to
study particle sedimentation was conducted by Jean Perrin 2! in 1912. He used an optical microscope to observe
the 3-dimensional motions of microscopic gamboge particles during their sedimentation, under gravity. The
observation directly proved the constant random motion of any small object, was raised by Albert Einstein € in
1905 and also led to an experimental estimation of the Boltzmann constant. This work paved the way to the
understanding of the reality of atoms and molecules, and thus earned Jean Perrin the Nobel Prize for Physics in
1926. After this breakthrough work, extensive research on the movement of particles in sedimentation has been
conducted from the early-20th century on, especially the establishment of fundamental theories of sedimentation 4
[BIDILOL  Besides these theoretical advances, experimental research also saw major progress [12I[13][14][15]116]
especially the classical experiments conducted by P.N. Pusey and W. van Megen. They synthesized hard-sphere

latex particles, which represent the simplest possible interparticle interaction 17 case. They observed the ordering
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process of these microbeads with a good size monodispersity (diameter: 0.61 um + 0.02 um) under gravity and the
final formation of Bragg-reflecting crystalline samples 8, which demonstrated an iridescent structural color [
(201 jn front of a beam of white light, as shown in Figure 1. The phase diagram was also obtained, which described
the ordering transition from fluid to crystal 211122 and then to glass with an increasing volume fraction. Research on
the ordering of binary hard sphere mixtures in dispersion followed 23124 which displays a richer phase diagram
2 with a large variety of ordered structures, as shown in Figure 2. With these exciting experimental observations,
the theoretical studies also stepped forward [231128] particularly in the area of fundamental studies on crystal
nucleation and growth (7281 of particles. At the beginning of the 21st century, the idea of a combination of
fluorescence labelling 22 and refractive index matching was realized by van Blaaderen et al. and thus allowed in-
situ observation BYBLE2 of the whole sedimentation and ordering process of colloidal particles in a gravitational
field. The representative examples 3134l gre displayed in Figure 3. These studies led to the visualization of the
whole ordering process of the particles during sedimentation and provide insights into the tuning 286l of the

ordering of superlattice structures, typically for near-micrometer-sized colloids.
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Figure 1. Hard-sphere latex suspensions in cuvettes, illuminated obliquely from behind by white light, (A)

immediately after mixing, (B) after 1 day, and (C) after 4 days. In the lowest column (after 4 days), the lower part of
the right cuvettes shows the glassy phase with the volume fraction larger than 0.58, the middle cuvettes show the
nucleated crystal phase with the volume fraction between 0.545 and 0.58 while the left cuvettes show mostly the
fluid phase when the volume fraction is lower than 0.494. Reproduced with permission from 28 Copyright the
Royal Society, 2009.
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Figure 2. (A). Scanning electron micrograph and model of an AB, superlattice of the sample composition: ng/n, =
6, pa + g = 0.536 for a binary hard sphere mixture at size ratio Rg/Ra = 0.58; (B). Scanning electron micrograph
and model of an AB,3 superlattice of the sample composition: ng/na = 9, @A + @g = 0.552 for a binary hard sphere
mixture at the same size ratio; (C). Phase-diagram of a binary hard sphere mixture at size ratio Rg/R5 = 0.58. The
axes are the volume fractions @, of particle A and @g of particle B. ¢; and @, indicate the freezing and melting
concentrations of each species. The points show the samples studied. At the low concentration, the phase is fluid
(F), while at higher concentrations four regions of coexistence of crystal (B, ABq3, ABy, or A) and fluid (F) are
found, where B or A denotes the crystal phase of only one species of B or A, AB, the atomic analogue of borides
such as AIB, and AB;; the atomic analogue of NaZn;3, UBe;s, etc. Reproduced with permission from [24]

Copyright the American Physical Society, 1992.
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Figure 3. (A): A polycrystalline section of 1-octadecanol-coated silica spheres (particle radius 505 nm, initial
volume fraction 20%) in chloroform inside the capillary, observed by confocal laser scanning microscope (CLSM).
The photobleached pattern (FCC) was created by the high-intensity illumination with the imaging beam. Scale bar:
10 um. (B—E): CSLM images of xz scans after an hour and of xy scans after several days for the sedimentation of

polymethylmethacrylate (PMMA) particles in a reactive index matching solvent of (B,C): initial volume fraction:
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2.05%, polymer concentration: 51.72 mg/mL; and (D,E): initial volume fraction: 2.18%, polymer concentration:
51.18 mg/mL. The polymers were used here to tune the interaction strength between these colloidal particles.
Reproduced with the permission from B4, Copyright the American Chemistry Society, 1992; and 23, Copyright the
American Physical Society, 2001.

1.2. The Era of Nanoparticles: Gravity Is Not Sufficient Anymore

Nanotechnology BZIE8I391 has been developing rapidly since its emergence in the 1980s, especially in the field of
nanoparticles. A large variety of nanoparticles (with the diameter typically between 1 and 100 nm in at least one
dimension “9) can be synthesized by well-established protocols, such as quantum dots 21, silica ¥2, and noble
metal nanoparticles 43, These nanoparticles can be furthermore ordered into superstructures via so-called bottom-
up organization 4l The important examples are colloidal crystals made of spherical nanoparticles 42 as well as
mesocrystals 46471481 made from anisotropic nanocrystals, as shown in Figure 4. These superstructures are
proven to be promising as functional materials in many different applications 2BABLB2ESI4] The preparation
approaches for these superstructures are reviewed in several key papers B2IB8IE7 Especially in the review paper
by Boles et al. B2 all widely used methods are summarized, as shown in Figure 5. Among these methods, solvent
evaporation and destabilization are the two most popular methods, with a wide selection of examples [B8I60]
However, the traditional gravitational sedimentation approach, which worked quite well for near-micrometer-sized
colloids, becomes a much less commonly used method for nanoparticles due to the lack of effective sedimentation
for particles <1 um under gravity, consequently resulting in very limited research 8. The plausible hurdles may be
two-fold. Firstly, it is the intrinsically small size of nanoparticles that makes the sedimentation extremely slow under
gravity. To elaborate this in a quantitative manner 2, the gravitational energy to move a particle with the
mass m by its own diameter, d can be calculated: mgd (g is the Earth’s gravity resp. gravitational acceleration). The
significance of the gravity to the sedimentation of particles can be calculated: mgd/kBT with kBT being the thermal
energy scale. For microbeads with a typical diameter of 1 um, the value is in the order of 106, which means that
the gravity is so significant compared to thermal motion that sedimentation progresses in a relatively reasonable
time scale. In comparison, for nanoparticles with a diameter of 100 nm, the value is significantly decreased to 107°.
This means that the gravity becomes so insignificant that nanoparticles can hardly sediment in a gravitational field
but move by diffusion caused by particle collisions. Thus, an external centrifugal field 83 is compulsory for the
sedimentation of nanoparticles instead of natural sedimentation. The second hurdle is the lack of in-situ analytics to
monitor the sedimentation of nanoparticles during centrifugation. For example, confocal laser scanning microscopy
(34][641(65] (CLSM), which worked perfectly with microbeads, does not have enough resolution to observe
nanoparticles in-situ. Therefore, the understanding of the ordering process for nanoparticles is still missing, not to
mention the significant turbidity of the dispersion at very high nanoparticle concentration, especially close to the
fluid to crystal transition point (at around 50 vol%), which severely hinders the in-situ observation. These main
problems may have caused the sedimentation method to be unpopular so far for the ordering of nanoparticles,

even though it is quite intuitive, convenient, and can be easily scaled-up.

https://encyclopedia.pub/entry/7060 4/25



Ultracentrifugation Techniques for Nanoparticles Ordering | Encyclopedia.pub

.II|r||: |;1

T e 9 %

2 D & B & B
L3 B B N

B O B

Hl.‘l-!l!):"\-i o packing

Jec Super altice

- F . ; .

Figure 4. Two important examples of superstructures from the bottom-up organization of nanoparticles. (A) The
colloidal superlattices made of spherical PbS nanoparticles of 3.1 nm (a) and 8.0 nm (b) are shown in (d) and (e)
respectively; (c) shows the schematic fabrication approach of the oversaturation technique for growing
superlattices. (B) The piece of mesocrystal, as shown in the green box: (a) is the SEM image of the mesocrystal
with (b) the corresponding Fast Fourier transform (FFT) of one Focused ion beam (FIB) slice, (c) the simulated
structural models of the mesocrystal, and (d) the experimental and simulated electron diffraction (ED) pattern. The
mesocrystal was synthesized by the bottom-up fabrication from truncated octahedrally shaped PbS nanopatrticles
of 5.5 nm, as shown in upper left (al) with (b1) the corresponding ED pattern of the 2D assembly and (c1) the
structural modeling of the assembly in the blue box. Reproduced with permission from 43, Copyright the American
Chemical Society, 2010; and 44 Copyright the Royal Society of Chemistry, 2016.
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Figure 5. Schematic experimental approaches to prepare superstructures from nanopatrticles, including (A) Solvent
evaporation based methods, such as evaporation over a polar liquid in a Teflon trough; (B) Solvent destabilization-
based methods, such as nonsolvent diffusion; (C) Gravitational sedimentation, which is a less common method
due to insignificant gravitational forces for intrinsically small sizes of nanoparticles; (D) Pattering, where the
template is normally used to guide the ordering and (E) Ordering in an external field, especially magnetic and

electric fields. Reproduced with permission from 22!, Copyright the American Chemical Society, 2016.

1.3. Ordering of Nanoparticles: Centrifugation Needs to Be Involved
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Recent decades have seen the development in both analytical (ultra)centrifugation (AUC) 88 and preparative ©2
(ultra)centrifugation (PUC) techniques, with important software and hardware advances BEIEAZO7LZ2] The
application of this knowledge may make the ordering of nanoparticles more accessible in the centrifugal field,
finally reaching the goal of tailor-made superstructures by centrifugation. It is worthwhile mentioning that one key
advantage of using centrifugation is the possibility of a continuous variation of the force exerted on the
nanoparticles with the distance to the rotational center and thus the formation of concentration gradients. This will
be extremely useful for the ordering of nanoparticles as richer superstructures will be possible in this out-of-
equilibrium gradient B2 rather than a homogenously distributed suspension. In this review, we will focus on the
ordering of nanoparticles in a centrifugal field, both in analytical and preparative instruments. Both the intuitive use
of centrifugation for nanoparticle ordering and more rational research work with the assistance from powerful
analytical (ultra)centrifugation in recent years will be summarized. At the end of the review, the current problems

and the future possibilities in this field will be discussed.

2. Ordering of Nanoparticles in Preparative
(Ultra)Centrifugation (PUC)

2.1. General Introduction to PUC

Preparative (ultra)centrifugation (PUC) is a widely used method in a variety of disciplines, especially in chemistry
and biology. It is employed to apply an enhanced gravity effect up to 100,000 rpm (correspondingly roughly
800,000x g), which is suitable for the sedimentation of samples of a wide size range from micron-sized species
down to the smallest nanoparticles 473, |ts conventional application relies on the isolation/purification of a
mixture of species. The mechanism is that different species have varied sedimentation velocities due to their
intrinsic properties such as size, density and shape. The main centrifugation-assisted separation methods Z8I[Z7178]
include differential centrifugation, isopycnic separation and density gradient centrifugation 2. The rotors for PUC
can be divided into four main categories: swinging-bucket, fixed-angle, vertical and near-vertical, as shown
in Figure 10. In recent decades, PUC has demonstrated its advantage in nanoparticle purification. Gold
nanoparticle mixtures of different shapes BY[El and sizes 82, graphene oxide B3 and carbon nanotube mixtures
[84] of different lengths were all demonstrated to be purified quite well by PUC, especially with the pre-knowledge
from AUC experiments. In this chapter, we focus, however, on the ordering of nanoparticles in PUC, which has also
shown many promising results in recent decades. Especially with the assistance of AUC, the PUC experiments

become more rational, inducing fully controllable ordered superstructures.

= S

Figure 10. Four main types of rotors used in the preparative ultracentrifugation experiments, including (A) fixed-

angle rotor, (B) swinging-bucket rotor, (C) vertical rotor and (D) near-vertical rotor. For the ordering of
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nanoparticles, a swinging-bucket rotor is recommended since all the nanoparticles can sediment horizontally
towards the bottom of the tube, which is most comparable to an AUC cell. Reproduced with permission from 83,

Copyright Beckman-Coulter, 1993.
2.2. Ordering of Monodisperse Nanoparticles in PUC

The ordering of monodisperse nanoparticles in PUC was demonstrated in the 1990s by several groups [BEIE71[88](89]
[201[91]921[93][94] to be a quick, robust and versatile approach for the formation of three-dimensional crystalline
superstructures, which can be further fabricated into microporous materials. A representative example was shown
by Holland et al. 931981 |n their study, monodisperse latex nanoparticles with a very narrow size distribution were
firstly synthesized. Then a dispersion of these latex nanoparticles was centrifuged into a sediment (which showed
an iridescent color) at the bottom of a centrifuge tube. Finally, the sediment was observed by scanning electron
microscopy (SEM), to be a close-packed array of latex nanoparticles, as shown in Figure 11A. This piece of three-
dimensional close-packed crystal can be further used as a template for a variety of inorganic or hybrid porous
structures, particularly of titania 22! (TiO,) and silicon 28! (Si) which both have a very high refractive index and are
thus very promising for photonic applications 22, Besides three-dimensional structures, monodisperse silica
nanoparticles were demonstrated by Fan et al. 199 to order into two-dimensional crystalline films by centrifugation,
as shown in Figure 11B. During centrifugation, the aqueous phase was forced to float with the sinking of the
hydrocarbon mixture phase (as less dense hexane in the mixture evaporated). In this case, the silica nanoparticles
were separated from the aqueous phase and ended up in the interface between the hydrocarbon mixture and oil
phases. At the interface, these nanoparticles were finally ordered into a crystalline film due to interparticle capillary
water bridges. In addition to crystalline superstructures, nanoparticles were also demonstrated to be ordered into
glassy superstructures [L01I102]1103] i, the PUC. Garcia et al. 2% found the two methods, namely the destabilization
of charge-stabilized nanoparticles and the introduction of nanoparticles of a different size, to make colloidal
glasses, as shown in Figure 11C—E. Recently, it was shown by Chen et al. [294] that by the use of AUC as an in-situ
characterization technique, the amount of oligomers formed during the centrifugation could even be quantified in
nanoparticle dispersions with different salt concentrations. Therefore, the nanoparticle ordering can be controlled
rationally in the PUC by varying salt concentrations, as shown in Figure 12. The final example is the research work
presented by Roca et al. 193] They found that by using the PUC, gold nanopatrticles can be ordered into clusters of
different sizes. Moreover, the composition of the gold nanoparticle clusters can be controlled by tuning the angular
velocity in the PUC. To conclude, we showed that the ordering of monodisperse nanoparticles in the PUC began
with intuitive centrifugation experiments, which proved robust in the ordering of nanopatrticles into both crystalline
and glassy superstructures. Nevertheless, with the assistance of AUC techniques as an in-situ characterization
method, the PUC experiments can become more rational and controllable, with the ordering of monodisperse

nanoparticles fully tunable between crystals and glasses.
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- (100]

Figure 11. (A) SEM image of a small colloidal crystal of monodisperse latex nanoparticles after the centrifugation
with (100), (111) and (011) faces being labelled; (B) SEM image of a crystalline film of monodisperse silica
nanoparticles after the centrifugation experiment; (C—E) SEM image of a colloidal glass of latex nanoparticles after
the centrifugation experiments. In (C), salt was added to break the stability of these particles and to introduce the
coagulation for the disordered structure. In (D,E), a second type of nanoparticle was introduced first and then
selectively etched for the disordered structure. Reproduced with permission from [28 Copyright the American
Chemical Society, 1999, and 19 Copyright Wiley-VCH, 2007.
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Dircction of contrifugal force

Figure 12. SEM images of colloidal glasses prepared in centrifugation in the presence of different salt
concentrations. With a lower salt concentration, small crystalline domains can be still present in the upper part of
the sediment (left panel) while at a higher salt concentration, the superstructure becomes totally disordered (right

panel). Reproduced with permission from 194 Copyright Wiley-VCH, 2017.

2.3. Ordering of Binary Nanoparticles in PUC

The ordering of binary nanopatrticles in PUC is much more complicated compared to the ordering of one species of
nanoparticles, because much more parameters play vital roles in the ordering process, including the particle
size/number/charge ratio, the total particle concentration, the centrifugation time, the centrifugal force and so on
(1081 Therefore, an intuitive PUC experiment is even impossible for binary nanoparticles, which otherwise worked
very well for the ordering of the single species cases. Only recently, Chen et al. 1971 showed that with the important
sedimentation coefficient information obtained from AUC experiments, the rational design of binary nanoparticle
ordering in PUC became possible. In their study, they first evaluated the sedimentation coefficient distributions,
which are dependent on the total volume fraction, for the binary latex nanoparticles by using the AUC. With this

information, they designed the PUC experiments with different conditions by varying total particle volume fractions,
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number ratios, total volumes, centrifugation time and centrifugal force. They finally found that binary nanoparticles
ordered into different superstructures in the PUC experiments, which showed dependence on different radial
positions in a centrifugation tube, as shown in Figure 13A. The main reason for this is the formation of different
concentration gradients of the binary nanoparticles by centrifugation. Xu et al. found that the concentration
gradients could be tailor-made 198! (as shown in Figure 8B) for a rational fabrication of a superstructure gradient
along the radius in the sediment after the PUC, as shown in Figure 13B. Therefore, AUC is proven to be an
important tool for the tailor-made concentration gradients, which helps with the formation of different binary
nanoparticle-ordered structures in PUC. Moreover, this protocol may even be useful for the discovery of a library of
crystalline phases for other species, such as a metal organic framework (MOF) (293 For example, Park et al. 119
used reaction diffusion (RD) systems 11l to obtain the concentration gradients of both coordinating metal ions and
organic ligands in a gel, which finally led to several bands of different microcrystals at different positions (which
also evolved with time), as shown in Figure 13C. A final piece of work, which used PUC to order binary
nanoparticles, was shown by Song et al. 112 They ordered binary gold nanoparticles of two different sizes into
hetero clusters of different sizes by “crashing” one type of gold nanoparticles into a layer of the other type under
the centrifugal force in PUC. To sum up, binary nanoparticles can be rationally ordered into a variety of

superstructures in PUC with the sufficient knowledge from AUC experiments beforehand.

Figure 13. (A). SEM images and schematics of the corresponding binary crystal lattices at different radial positions

for a binary mixture of 150 nm and 300 nm latex nanoparticles after the PUC: (a) layered structure akin to AlIB2; (b)
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distorted AIB2 structure; (c) the tetragonal A3B variant; the tetragonal A2B variant before (d) and after distortion
(e). Scale bars = 200 nm; (B). SEM images at different radial positions for a binary mixture of 30 nm and 40 nm
silica nanoparticles after the PUC: (a) Representative image of a crystalline structure in the upper part of the
sediment; (b) Overview of the transition position where the last piece of crystalline structure was observed (=50 pm
from the meniscus); (c) Representative zoom-in image of the transition position where only discrete small pieces of
crystalline structures were observed. (d) Representative image of a glassy structure below the transition position;
The crystal to glass transition agreed with the previous study 118: (C). Confocal microscopy images of the
morphology evolution of the MOF-crystal in the precipitation bands at different positions (horizontal axis) due to the
concentration gradients of both metal ions and ligands, and at different time (vertical axis). Reproduced with
permission from 197 Copyright the American Chemical Society, 2015, 1981 Copyright the American Chemical
Society, 2019 and 229 Copyright Wiley-VCH, 2020.

2.4. Highlight of Gradient Materials

A unique application of the PUC is the fabrication of gradient materials 114 which have a gradient transition in
microstructure features instead of a sharp boundary. The application of centrifugation in making gradient materials
is summarized in several books 1131116 gnd reviews (1171118l \We already showed in Figure 9 that nanoparticle
gradient materials can be achieved in the PUC for monodisperse nanoparticles. This can be extended to more
complicated binary nanoparticle mixtures. Chen et al. (119 showed that the latex nanoparticles of two different sizes
can be ordered into gradient materials in the PUC, with the concentration of smaller nanoparticles gradually
decreasing and that of larger nanoparticles gradually increasing along the radius, as shown in Figure 14. It was
further shown that this method is even applicable to ternary nanoparticle mixtures 222! or a mixture of nanoparticles
of completely different chemical natures, such as the mixture of latex and metal organic framework (MOF)
nanoparticles 129 Moreover, a functional gradient can be added into this structural gradient to make a double
graded material, as shown by Bahner et al. 121l They modified latex nanoparticles of one size with silver patches
and then mixed these functionalized nanoparticles with bare latex nanoparticles of a different size. Then the
sediment after the PUC featured both structure and chemical gradients. These nanoparticle gradient materials

indeed represent a new class of material, which may be easily fabricated in the PUC in a controllable fashion.
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Figure 14. Schematic image of a nanoparticle gradient material, made of a binary mixture of latex nanoparticles
(left) and a representative SEM image of this gradient structure (right). Reproduced with permission from 071,

Copyright the American Chemical Society, 2015.

2.5. Current Status and Future Possibilities

We demonstrated in this chapter that ordering of nanoparticles in the PUC has shown a series of promising results
in recent decades. Dating back to the 1990s, the ordering of monodisperse nanoparticles was conducted in the
PUC only empirically, because nanoparticles with a narrow size and shape distribution crystallize very fast [£22],
which is not sensitive at all to nanoparticle concentration and centrifugal force. The same story holds for glassy
superstructures, since the presence of oligomers suppresses the crystal nucleation and growth significantly 221891,
Nevertheless, we showed that with the assistance of the AUC, the tuning of nanoparticle ordering can be rational,
which means that AUC can provide important information about the amount of oligomers in the dispersion during
centrifugation 224, which finally determines whether a crystal or glass may form. Therefore, we have a handle to
tailor-make superstructures with different degrees of order by systematically changing the ionic strength of the

dispersion and the centrifugation force. The importance of AUC becomes more evident when multi-modal
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nanoparticles are ordered in the PUC because the final superstructures after centrifugation are heavily dependent
on so many different factors that the in-situ characterization of nanoparticles in the AUC becomes vital. We thus
showed that with the sedimentation information from AUC, different binary superstructures can be realized and
tuned in the PUC due to tailor-made concentration gradients. The field of rational nanoparticle ordering in the PUC
just emerged and we shall see more developments in the future with the following aspects: (1) software
development may be needed by which we can design tailor-made concentration gradients in a convenient way for
the fabrication of desired superstructures in PUC experiments; (2) the ordering of nanoparticles may be realized on
an industrial scale, which will increase the impact beyond academics; (3) the ordering of a mixture of nanopatrticles
with complicated shapes and chemical compositions can be targeted if multi-functionality is desired; (4) templating
or confinement can be combined with the centrifugation for a more controllable ordering process; (5) the
measurement of concentration gradients without the need of fluorescence labelling and refractive index matching,

especially at high concentrations, will improve the versatility of this approach.

| 3. Applications
3.1. Crystals and Glasses

The most direct application of these materials relies on the structural order of nanoparticles after the centrifugation.
Generally speaking, the nanoparticle ordering can be classified into two categories: a crystal, which is periodically
ordered across a long range 123, and a glass, which lacks a long-range order (124, The most promising application
of these ordered/disordered structures is the utilization of their photonic properties 123, Photonic crystals [221[126]
(2271 have been studied for more than a decade so far to control and manipulate light 128112291 Of particular interest
is the photonic bandgap of a photonic crystal. In this bandgap, within a specific range of frequencies, light is
forbidden to exist inside the crystal. However, any defect existence in the otherwise perfect crystal will lead to
localized photonic states, which can be used to “mold” or control the properties of light, as shown in Figure 15A. A
very promising example, which attracted much attention recently, was presented by Hynninen et al. 139 They
found that by constructing crystal superstructures of a MgCu, Laves phase 131 from binary nanoparticles, a
bandgap in the visible region can be achieved, which may bring about many exciting possibilities in the future. In
the meantime, disordered photonics 132 also attract much research interest. Due to the random packing of
nanoparticles in the materials, light is multiply scattered (1331341 gnd leads to many disorder-based optical
applications. For example, Garcia et al. [232 demonstrated the resonant behavior (such as in diffusion constant and
energy velocity of light) for photonic glasses, as shown in Eigure 15B. This study opens a new route to tune the

light diffusion by employing photonic glasses.
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Figure 15. (A) Photon density of states (DOS) in free space, a photonic crystal, and a photonic crystal with a local
defect. A perfect photonic crystal inhibits spontaneous photon emission within a band gap centered at a
frequency w while the spontaneous photon emission can be enhanced dramatically at frequency w by a localized
point defect in the colloidal crystal; (B) (a) Top: picture shows a photonic crystal (left), which shows visible
iridescences and a photonic glass (right) white and without any iridescences. Bottom: Left is the SEM image from a
photonic crystal (scale bar is 10 um) while Right is the SEM image from a photonic glass (scale bar is 10 um); (b)
Experimental diffusion constant in a photonic glass made of PS spheres. Two particular wavelengths are marked
with a triangle (A; = 744 nm) and a square (A, = 828 nm). These two wavelengths correspond to the maximum and
minimum value of a Mie resonance; (c¢) Experimental values of the energy velocity (vg) as a function of the
wavelength (A) for a photonic glass made of PS spheres and for TiO, powder. For the photonic glass, a full
oscillation of around 5% amplitude is illustrated, while for the TiO, powder, a flat velocity dispersion is illustrated,;
(C) Schematic picture of a highly efficient catalysis system for methane combustion, which is composed of Pt
nanoparticles embedded in latex nanoparticle-templated macroporous structures; (D) (a,b) porous gradient
material-based Li-O, battery testing setup; (c) different Li-O, electrochemical discharge curves by using different
gradient pore sizes; (d) SEM image of a typical porous gradient structure after charging/cycling. Reproduced with
permission from 281 Copyright Elsevier, 1997; 133 Copyright the American Physical Society, 2008; [136]
Copyright the American Chemical Society, 2015; and 119 Copyright Wiley-VCH, 2017.

3.2. Porous Materials

After the infiltration and removal of templating nanoparticles, porous materials 237! can be fabricated. There is a
large number of reviews [238l139]140] op the applications of macro- (pore diameters larger than 50 nm) and meso-
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(pore diameters between 2 and 50 nm) porous materials 141, Most applications arise from the presence of the
pore structure, which provides an extremely large surface area over a relatively small volume. This makes porous
materials suitable for many applications, such as catalysis, chemical sensing, selective adsorption, and molecular
separation. For example, Arandiyan et al. 1361 demonstrated that Pt nanoparticles embedded in macroporous
materials made of CeqgZrp3Y0.10> (3DOM CZY) possessed an excellent efficiency for the catalysts of methane

combustion, as shown in Figure 15C.

3.3. Functional Gradient Materials

Functional gradient materials 142 exhibit spatial gradients of microstructures and properties 1141118]143] Hmans
have extensively used these materials since the old ages of craftsmanship and engineering constructions,
especially those like case-hardened steel, which is still commonly used today 124, The microstructure gradient can
be quantitatively controlled for the optimization of material properties for specific requirements, such as mechanical
(2441 thermal [118] and chemical properties 143, The related applications 142! range into different industrial fields,
such as aerospace, defense, mining, power and tool manufacturing sectors. Especially, nanoparticle gradient
materials have recently proven to be rather feasible to tailor-make by employing the centrifugation technique (48],
Chen et al. 119 demonstrated that binary nanoparticle gradients such as a mixture of latex nanoparticles of
different sizes were fabricated by centrifugation. The resulting gradient material was then infiltrated with resorcinol-
formaldehyde. The thermal treatment finally induced the transformation to gradient porous materials. The final
material can be applied as an electrode in a Li-O, cell 144, as shown in Figure 15D. The cell performance can be

easily tuned by both the gradient structure and the gradient direction.
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